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Foreword

he House Committee on Merchant Marine and Fisheries requested that the Office
of Technology Assessment (OTA) examine the role of fish passage and protection
technologies in addressing the adverse effects of hydropower development on
North American fistpopulations. After the elimination of the requestammmit-
tee, the report was continued on behalf of the House Resources Committee, Subcommittee
on Fisheries, Wildlifeand Oceans.

Hydropower development may adversely affect fish by blocking or impedoiggpi
cally significant movements, and altering the quantity, quality, and acitiégsib neces-
sary habitat. Fish moving downstream that pass through hydropower turbines can be
injured or killed, and the inability of fish to pass upstream of hydropower projects prohibits
them from reaching spawning grounds. Hydropower licenses issued by the Federal Energy
Regulatory Commission (FERC) may include requirements for owners/operators to imple-
ment fish passage technologies or other measures to protect, enhance, or mitigate damages
to fish and wildlife, as identified by the federal resource agencies. Although FERC is
directed to balance developmental and nondevelopmental values in licensing decisions,
many contend that balancing has been inadequate. Thus, fish passage and protection has
become a major controversy between the hydropower industry and resource agencies.

This report describes technologies for fish passage, and those for protection against tur-
bine entrainment and mortality, with an emphasis on FERC-licensed hydropower projects.
OTA identifies three areas f@olicy improvements. First, to establish and maintain sus-
tainable fisheries, goals for protection and restoration of fish resources need to be clarified
and strengthened through policy shifts andiiohal research. Secondly, increased coordi-
nation is needed among fishway design engineers, fisheries ibtsJognd hydropower
operators, especially during the design and construction phases of fish passage and protec-
tion technologies, to improve efficiency. Finally, navitiatives with strong scigce and
evaluation components are needed to advance fish passage technologies, especially for
safe downstream passage.

OTA sincerely appreciates the contributions of the advisory panel, workshop partici-
pants, contractors, and reviewers. \&fie especially grateful for the time and effort
donated by the federal and state resource agencies and the Federal Energy Regulatory
Commission. The information and assistance provided by all of these individuals was
invaluable.
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Executive
Summary and
Policy Directions ' 1

he focus of this report is technologies a hydropower dam unless some fish passage
for fish passage around hydropower facility is present. Downstream passage facilities
generation facilites and protection may not always be necessary if the fish can
against entrainment and turbine mortal- safely pass through turbines, spillways, or sluice-
ity. Emphasis is given to Federal Energy Regula-ways, though there is significant debate about the
tory Commission (FERC)-licensed hydropower adequacy of these latter two passage mettods.
projects where fish protection is a subject of con-  pacisions about the need for fish protection
troversy and congressional interest due_ to thémeasures at dams are often based on the per-
Federal Power Act (FPA) and the Electric Con- ..ived or measured impacts on one or more spe-

sumers Protection Act (ECPA). Thus institu- cies at the site (242). Fish populations may be

tional issues related to FERC-relicensing are alsg s
discussed. (Major points of controversy are high_adversely affected by hydropower fées and

lighted in box 1-1.) Federal hydropower projects, mam;loth der acfsw;ues ?jnd f?cnmes (Ie % m"p_lpi d
especially in the Columbia River Basin, and irri- use, flood control, and water supply .ams, an
gation water diversions in the Pacific Northwest use p.ract|ces I!ke grazing and forestry; and fac!l-
and California are included to the extent that theym(_ES I|ke_ coql-flred power pllants that cause acid
provide information on fish passage technologies'@n)- Migrations and other important fish move-
(see table 1-1). Many of the technologies dis-MeNts can be blocked or delayed. The quantity,
cussed are applicable to other types of dams angu@lity, and accessibiy of up- and downstream
water diversions. In fact, there are many morefiSh habitat, which can play an important role in
obstructions to fish passage that are not coveredopulation sustainability, can be affected. Fish
by FERC-licensing requirements, than are that pass through power generating turbines can
(approximately 76,000 dams versus 1,825be injured or Kkilled. Increased predation on
FERC-licensed facilities) (70). migratory fishes has also been indirectly linked
Fish passage is considered necessary whereta hydropower dams (e.g., due to migration
dam separates a target species from needed halsglelays, fish being concentrated in one place, or
tat. Fish are generally unable to pass upstream ahcreased habitat for predatory species). Habitat

1 spillways are used to pass water over a dam. Sluiceways are usasktdebris, ice, logs, etc.

| 1



2 | Fish Passage Technologies: Protection at Hydropower Facilities

BOX 1-1: Fish Passage At FERC-Licensed Hydropower Facilities: Controversial Issues

This study was initiated because of significant controversy about technical issues related to fish pas-
sage and the relicensing of a large number of hydropower facilities, beginning in 1993 and continuing
through 2010. Major con troversial issues that are discussed in this study are listed below:

Discussed in Chapters 1-4:

» Do riverine fish need passage? (chapter 2)

» Do riverine fish need protection from entrainment? (chapter 2)

= Is experimentation with alternative behavioral technologies warranted? (chapters 1 and 4)
Discussed in Chapter 5:

» Is FERC's balancing of developmental and nondevelopmental values adequate?

= How should the baseline goal for mitigation be defined?

= How timely is the licensing process?

= How well are license reopeners implemented?

» Should dams be decommissioned and/or removed?

SOURCE: Office of Technology Assessment, 1995.

TABLE 1-1. Columbia River Basin: Downstream Fish Passage Methods And Research

Status Stakeholder views Effectiveness

Downstream passage

technique Resource agencies  Hydro industry
TRANSPORTATION

Barging Conventional Mixed Accepted Good
Trucking Conventional Mixed Accepted Good
SCREENS (low-velocity)

STS Conventional Mixed Contentious Good
Vertical traveling Conventional Accepted Accepted Good
Rotating drum Conventional Accepted Accepted Good
SCREENS (high-velocity)

Eicher screen Experimental Mixed Mixed Very Good
MIS Experimental Mixed Mixed Very Good
ALTERNATIVE BEHAVIORAL DEVICES

Acoustics (sound) Experimental Hopeful Hopeful Unknown
Surface collector Experimental Hopeful Hopeful Unknown
OTHER METHODS

Turbine passage Conventional Contentious Accepted Fair
Spilling Experimental Contentious Accepted Good

NOTE: Many of the downstream passage technologies and devices discussed in this report are being experimented with in the Columbia River
Basin. For further discussion of these, see chapter 4. For further discussion of the Columbia River Basin, see appendix A.

SOURCE: Office of Technology Assessment, 1995.
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alterations and increased predation pressurEONTROVERSIES
caused by hydropower dams are significant issue

The need for fish passage fit@s is widel
but fall beyond the central scope of this report. P d y

accepted for anadromous fish (i.e., fish that

This study was initiated loause of significant - jgrate from the ocean to spawn in freshwater)
controversy about technical issuesated to fish  (gee hox 1-2). Considerable controversy exists

passage and the relicensing of a large number @ftween resource agencies and hydropower

hydropower facilities, beginning in 1993 and operators about the passage and protection

continuing through 2010. Major points of contro- requirements for riverine fish (i.e., the so-called

versy are discussed below. resident species that spend their entire lives in
freshwater) (see chapter 2).

BOX 1-2: Chapter 2 Findings—Fish Passage and Entrainment Protection

= The need for entrainment protection and passage for riverine fish is very controversial. There is a grow-
ing body of evidence that some riverine fish make significant movements that could be impeded by
some hydropower facilities. The need for passage for riverine fish is most likely species- and site-spe-
cific and should be tied to habitat needs for target fish populations. This will be difficult to determine
without establishing goals for target species.

» The acceptability of turbine passage for anadromous fish is site-specific and controversial. There is
major concern when anadromous fish must pass through multiple dams, creating the potential for sig-
nificant cumulative impacts. Passage of adult repeat spawners is also a major concern for most Atlan-
tic Coast species.

» The effects of turbine passage on fish depend on the size of the fish; their sensitivity to mechanical
contact with equipment and pressure changes; and whether fish happen to be in an area near cavita-
tion or where shearing forces are strong. Smaller fish are more likely to survive turbine passage than
larger fish. Survival is generally higher where the turbines are operating with higher efficiency.

= Riverine fish are entrained to some extent at virtually every site tested. Entrainment rates are variable
among sites and at a single site. Entrainment rates for different species and sizes of fish change daily
and seasonally. Entrainment rates of different turbines at a site can be significant.

= Turbine mortality studies must be interpreted with caution. Studies show a wide range of results, prob-
ably related to diversity of turbine designs and operating conditions, river conditions, and fish species
and sizes. Turbine mortality study design is likely to affect results. Different methods may yield differ-
ent results.

» Methods for turbine mortality study include: mark-recapture studies with netting or balloon tags, and
observations of net-caught naturally entrained fish, and telemetry. Methods for entrainment studies
include: netting, hydroacoustic technology (used especially in the West), and telemetry tagging. These
methods have advantages and disadvantages depending on target species and site conditions.
Hydroacoustic technology and telemetry tagging can provide fish behavior information (e.g., tracking
swimming location) useful for designing passage systems and evaluating performance.

= Early agreement on study design would help minimize controversies between resource agencies and
hydropower operators. Lack of reporting of all relevant information makes it difficult to interpret results.
Standardized guidelines to determine the need, conduct, and reporting of studies could help over-
come this limitation.

= Mitigation by financial compensation is very controversial. The degree of precision necessary for eval-
uation studies and how fish should be valued are items of debate.

SOURCE: Office of Technology Assessment, 1995.
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This controversy over whether riverine fish ment under section 10(j) of the FPA. The deci-
need safe passage relates to whether or neton to include section 10(j) recommendations in
movement to habitats blocked by a dam have hydropower license order rests with the Federal
adverse impacts on the population. Although théenergy Regulatory Commission. FERC s
paradigm is beginning to change, the predomirequired to balance developmental and nondevel-
nant thinking has been that riverine fishes hav@pmental values of hydropower development in
restricted movements. This may be true at somthe licensing progss. This requires an evaluation
sites, but the generalization may in part be amf the need for (i.e., benefits) and costs of recom-
artifact of the movement studies that have beemended mitigation compared to the benefits of
done. Recent research has identified major difthe hydropower project; such evaluations have
ferences in fish movements among different spemany limitations.
cies of riverine fish and there are some studies Apart from the controversies about the need
that document different movements of the samdor fish passage and protection, there are issues
species in different watersheds. The need for mitabout the technologies (boxes 1-3 and 1-4). For
igation to provide passage for riverine fishes isupstream technologies, the issues relate to proper
most likely site- and species-specific and shouldiesign, operation and maintenance, understand-
be tied to the specific habitat needs for target fisling fish behavior, and the need to develop tech-
populations in a given river reach. nologies for additional species (see chapter 3).

The controversy over whether riverine fish These upstream technology issues are not partic-
need protection from entrainment is largely unre-ularly controversial.
lated to issues about passage requirements (seeFor downstream technologies, the primary
chapter 2). The controversy centers on the lack afontroversy is the value of investing time and
information on the impact of entrainment on themoney in alternative behavioral technologies,
overall fish population. Population impact stud-especially for conitions where conventional
ies would be exceedingly complex, time consumimethods with high levels of effectiveness are
ing and costly, and are rarely, if ever, done (146)possible. This issue is highly controversial and
The hydropower industry and resource agenciesomplex (see chapter 4). It is not readily
take very different positions about the need forexplained without an understanding of the tech-
entrainment protection, given the lack of goodnologies for fish passage and the different posi-
site-specific information. Industry generally saystions of key stakeholders, including:
that entrainment protection is not necessary for resource agencies with respibilities for pro-
riverine fish. Resource agencies consider entrain- tection of fish species, many of which are in
ment a chronic loss of fish that requires mitiga- serious decline;
tion, or at least compensation. As a result of this hydropower operators with the mission of pro-
controversy, entrainment and turbine mortality viding a renewable form of electricity vibut
studies are frequently done. Thesteidies also the emissions and adverse environmental
have limitations. effects associated with alternative generation

The National Marine Fisheries Service methods; many operators are seriously con-
(NMFS) and the U.S. Fish and Wildlife Service cerned about their viability in anticipated
(FWS), referred to throughout this report as fed- deregulated markets; and
eral resource agencies, have the authority to pre- developers of new technologies who are con-
scribe mandatory fish passage mitigation under vinced they have viable approaches to fish
section 18 of the Federal Power Act, as amended passage and protection that will cost much less
(FPA). These agencies, along with their state than conventional methods.
counterparts, may also make aixial recom- Resource agencies take the position that con-
mendations to protect, mitigate, and enhance fiskientional downstream passage technologies
and wildlife afected by hydropower develop- should be installed lbause the alternative meth-
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BOX 1-3: Chapter 3 Findings—Upstream Technologies

= There is no single solution for designing upstream fish passageways. Effective fish passage design for
a specific site requires good communication between engineers and biologists and thorough under-
standing of site characteristics.

» Technologies for upstream passage are considered well-developed and understood for particular
species.

» Upstream passage failure tends to result from less-than-optimal design criteria based on physical,
hydrologic, and behavioral information or from a lack of adequate attention to operation and mainte-
nance of facilities.

SOURCE: Office of Technology Assessment, 1995.

BOX 1-4: Chapter 4 Findings—Downstream Technologies

= There is no single solution for designing downstream fish passage. Effective fish passage design for a
specific site requires good communication between engineers and biologists and thorough under-
standing of site characteristics.

= Physical barrier screens are often the only resource agency-approved technology to protect fish from
turbine intake channels, yet the screens are perceived to be very expensive.

= The ultimate goal of 100 percent passage effectiveness is most likely to be achieved with the use of
physical barrier technologies; however, site, technological, and biological constraints to passing fish
around or through hydropower projects may limit performance.

» Structural guidance devices have been shown to have a high level of performance at a few studied
sites in the Northeast. The mechanism by which they work is not well understood.

= Alternative behavioral guidance devices have potential to elicit avoidance responses from some spe-
cies of fish. However, it has not yet been demonstrated that these responses can be directed reliably;
behavioral guidance techniques are site- and species-specific; and it appears unlikely that behavioral
methods will perform as well as conventional barriers over a range of hydraulic conditions and for a
variety of species.

SOURCE: Office of Technology Assessment, 1995.

ods are unproven, will likely remain highly site cial interest groups (e.g., environmentalptive
specific, and may never provide the levels of proAmerican tribes, individual owner/operators, and
tection of well-designed and operated conventhe public at large are all involved. Balancing all
tional measures under the wide range obf these competing interests in licensing is a
conditions present at a site. On the other handomplex process, generating much dispute
hydropower operators and promoters of newamong the participants. Key areas of controversy
technologies want the opportunity to find lowerinclude: adequacy of FERC's balancing of
cost solutions to fish protection. developmental and nondevelopmental values;

Hydropower licensing is a highly controver- defining the baseline goal for mitigation; timeli-
sial issue among the many stakeholders involvedess of the licensing process; license reopeners;
in the process (see box 1-5). State and federaind dam decommissioning and/or removal (see
resource agencies, the hydropower industry, speshapter 5).
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OTA does not resolve these controversies irchapter continues with policy directions, a sum-
this report. OTA does, however, discuss themary of technologies, and overall conclusions
issues underlying these controversies and theelated to technologies and hydropower licens-
context in which they have developed. Thising.

BOX 1-5: Chapter 5 Findings—Federal Role

» The Federal Energy Regulatory Commission (FERC) has exclusive authority to license nonfederal
hydroelectric facilities on navigable waterways and federal lands, which includes conditioning of
licenses to require operators’ adoption of fish protection measures.

= Section 18 of the Federal Power Act gives the federal resource agencies authority to prescribe
mandatory fish passage conditions to be included in FERC license orders. Section 10(j) recommen-
dations relate to additional mitigation for rehabilitating damages resulting from hydropower devel-
opment or to address broader fish and wildlife needs (e.g., minimum flow requirements). Yet, these
recommendations are subject to FERC approval.

» FERC's hydroelectric licensing process has been criticized as lengthy and can be costly for appli-
cants and participating government agencies. In some cases, the cost of implementing fish protec-
tion mitigations from the utility perspective may render a project uneconomical.

s FERC uses benefit-cost analyses in its final hydroelectric licensing decisions; yet economic meth-
ods for valuing habitat or natural resources are not well established and many economists feel that
they fit poorly in traditional benefit-cost analysis.

= There is no comprehensive system for monitoring and enforcing resource agency fish passage pre-
scriptions. FERC’s monitoring and enforcement authority has been used infrequently, and only
recently, to fulfill its mandate to adequately and equitably protect, mitigate damages to, and
enhance fish and wildlife (including related spawning grounds and habitat) affected by the devel-
opment, operation, and management of hydroelectric projects.

= Parties must perceive a need to negotiate in the FERC hydropower licensing process, beyond the
regulatory requirements of applicants and agencies, in order to achieve success. FERC must be
seen as a neutral party to motivate participants to find mutually acceptable agreements in accom-
modating the need for power production and resource protection. If FERC is perceived to favor cer-
tain interests, the need to negotiate is diminished or eliminated.

= There are no clearly defined overall goals for North American fishery management, and Congress
has not clearly articulated goals for management of fishery resources and/or priorities for resource
allocation.

» Fish protection and hydropower licensing issues return repeatedly to the congressional agenda.
The 1920 Federal Power Act (FPA) was designed to eliminate controversy between private hydro-
power developers and conservation groups opposed to unregulated use of the nation’s waterways.
Greater consideration of fisheries and other “nondevelopmental” values was called for in the Elec-
tric Consumers Protection Act of 1986 (ECPA) and oversight on these issues continued with the
passage of the Energy Policy Act of 1992. In the 104th Congress, efforts continue to address power
production (e.g., sale of PMA’s; BPA debt restructuring) and developing sustainable fisheries (e.g.,
Magnuson Act Amendments; Striped Bass Conservation Act).

SOURCE: Office of Technology Assessment, 1995.
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POLICY DIRECTIONS [ Advancing Fish Passage Technologies

Three key areas exist for policy improvements: For the successful development of new fish
establishing sustainable fisheries, improving perpassage technologies, there is a critical need for
formance of fish passage technologies, angood science and independent evaluation of tech-
advancing fish passage and protection technoldiologies. This is essential for experiments that
gies. are currently underway, future site-specific stud-
First, to establish and maintain sustainabld€S; and for any efforts to create more systematic
fisheries, goals for protection and restoration of"d comprehensive research programs in the
fish resources need to be clarified and strengtHond term. A sound sc;nentllflc Qpproa;_cgﬂﬁz devel-
ened through policy shifts and additionalOlc_),:_ng’I ixe(;rl:tlng, an er? uztmg at ¢ yflsf_ h
research. Congress could give FERC rESponSibifégsl(;:geotecﬁnzr:;gzs l1J'hea (\allaerrfsmsn cg‘ooa q IS
ity to sustain fish populations through IegISIatlvetest include the establishment of clear objectives,

language similar to that used in the Central Val'agreement amongst all parties on thedg

ley Improvement Act (title 34 of the Reclamation design including quantifiable standards of
Projects Authorization and Adjustment Act, PL acceptability that are measurable in the studies,

102-575), which elevates the importance of fishyhg 3 protocol that lends itself to repeatability.
and wildlife protection in Central Valley Project stdies should be designed by an interdiscipli-
management. Congress could direct FERC t@ary team including not only those knowledge-
expand river-wide planning and cumulative anal-aple about fisheries, hydrology, hydraulics, and
ysis in the hydropower relicensing process byhydropower operations, but also biologists
synchronizing license terms on river basinsknowledgeable about fish behavior and sensory
Additional research would be needed on theaesponse. In addition, there must be a proper
effects of obstructions and habitat alterations orccounting of environmental variability and doc-
fish populations. umentation of underlying assumptions. Studies
Second’ mechanisms to ensure the gooéhOUld span mUItlple seasons in order to collect
design, construction, and operation and mainteddequate data and include appropriatessizl
nance of all fish passage technologies ar&valuation. Regular communication among
needed. Improved coordination is needed amongtakeholders should occur throughout the study

fishway design engineers, and fisherigislo- process. Evaluative reports on the worlowdd

gists, and hydropower operators, especially durpe peer reviewed by credible professionals with

ing the design and construction phases. Alsorjo vested interest in the results, and then pub-

S : . lished. Agreement on performance criteria and
institutional mechanisms must be improved for . . -
adequate oversight commitment. and enforCe§tandards prior to study will facilitate acceptance
q ¢ fish gnt, , d ) of data and recommendations (210). An effort to
me.nt. _O IS \{vay operations ap ma'nte_nar_lcesystematically evaluate the potential for acoustic
activities. An increased emphasis on mon'tor'ng(echnologies is underway in the Columbia River
and evaluation of fish passage performanCg,sin, This may serve as a useful model for sys-
could provide useful feedback information on theiematic research. However, a mechanism to
performance of technologies that could be usegansfer results and expand investigations to fish
to make improvements. guidance problems in other parts of the country
Third, new initiatives are needed to advances needed (see box 1-6).
fish passage technologies, especially for safe If Congress decides that a coordinated effort
downstream passage. This area, the focus of this advance fish passage technology is ddsia
report, was addressed in an OTA-sponsoretechnology certification organization could be

workshop, and is discussed in detail below. established that would provide unbiased data.
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BOX 1-6: Columbia River Acoustic Program—A Model For Systematic Research

The U.S. Army Corps of Engineers and Department of Energy initiated a program to develop acoustic
technologies to improve fish passage in the Columbia River Basin at the end of 1994 (165). This multi-
year program provides a systematic guide for evaluating existing technologies; conducting needed
research that prevents immediate application of acoustic methods; developing prototype systems; and
evaluating their feasibility and potential effectiveness. It also demonstrates field performance of sound-
based fish behavior modification systems under normal operating conditions for extended time periods.
Specific research areas include: sound characterization, fish hearing characterization, target behavior
stimulus identification, fish behavioral models, target behavior stimulus delivery, behavioral response
monitoring and evaluation, assessing predictive tools for sound fields, and evaluating other potential
behavioral stimuli. The program is directed at solving problems of downstream fish passage on the
Columbia River, including need for increased bypass screen guidance efficiency, enhanced surface col-
lection, increased spill effectiveness, and reduced predation losses. The Columbia River Acoustic Pro-
gram involves technical reviewers as well as resource agencies, Indian tribes, Bonneville Power
Administration, and the Corps of Engineers.

It is not clear how transferable results from these investigations will be for other smaller hydropower
sites and water diversions in other parts of the country. Basic research to develop evaluation tools for fish
behavior in sound fields, and information on fish hearing capabilities will be useful at other sites. If the
background studies resolve uncertainties associated with the use of sound to guide targeted fish, then a
similar effort to meet needs of targeted species in other parts of the country should be pursued.

It must be recognized, however, that other fish species in other locations will likely need different
behavioral stimuli and delivery systems. Thus not all of the results that emerge from the Columbia River
program will be applicable to other settings. However, a mechanism (e.g., a workshop) could be
designed to review progress and evaluate transferability of results to other fish guidance problems. A
parallel and broader research, development, demonstration, testing, and evaluation program, possibly
centered at the Conte Anadromous Fish Laboratory of the National Biological Survey, could be devel-
oped to meet the needs for fish guidance at FERC relicensing sites. Additional centers of research may
be needed to address other fish populations, such as riverine fish in the Midwest and declining popula-
tions in the Central Valley of California.

SOURCE: Office Of Technology Assessment, 1995.

This group would have no proprietary interest in but would provide a controlled evaluation of its
the technology under investigation. It would effectiveness under specific conditions. It would
carry out applied laboratory and field tests ofprovide data on performance that would be the
newly developed technologies (as well as conequivalent of peer reviewed materiathus
ventional technologies) and verify claims of per-removing the possibility of the misuse or misin-
formance and cost. The certifying organizationterpretation of data. The work of such a certifica-
would set the standards for methodology oftion organization would be considerably
investigation, would test the system, and wouldenhanced with the availability of clear standards
define the conditions under which certain levelsand expectations for protection of species of fish
of performance could be expected. It couldin different regions.

arrange for pilot test locations on federal proper- The certification organization could produce a
ties or private sites, and have a mechanism toatalog similar to a physician’s desk reference.
compensate vendors as appropriate. The organirformation would be provided on conditions
zation would not actually approve a technology where the technology is likely to be useful,
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counter-indications, possible problems, and perBoth organizations provide an indication of the
formance at other sites. It would evaluate appliform that such an organization could take.
cations of the technology. All technologies to be

included in the catalog would need to undergosSUMMARY OF FISH PASSAGE
the same levels of testing. TECHNOLOGIES

The certification organization should be ade_This section summarizes fish passage research
guately and independently funded and free of P g

" . : programs and technologies for upstream and
political pressure. One option might be to have . e
surcharge placed on all electricity generatecfmwnStream passage. Brief ment|on. IS given to
through hydropower plants; this would be placecpew concepts in hydropower generation.
into an escrow account to pay for the opera )
of the organization and the dissemination of datal] Fish Passage Research Programs
Alternatively, a portion of FERC license feesFederal agencies play pivotal role in water
might be diverted to support such an organizaresources management and research and devel-
tion. Other sources of funding that could be conopment of fish protection technologies. The
sidered would be a tax on utidis, or the National Biological Survey (NBS), Bureau of
diversion of some public funds or taxes sinceReclamation (BuRec), U.S. Army Corps of Engi-
hydropower sites are often not the only contribuneers (COE), Department of Energy (DOE), and
tors to fishery problems in a watershed. How-the Bonneville Power Administration (BPA) are
ever, one can be certain that any efforts tkey agencies involved in current fish passage and
increase fees on electricity or raise taxes woulgbrotection research, and development and evalu-
be strongly resisted. ation of technologies. Research on fish passage

Congress could give certification responsibil-technologies under investigation by these federal
ity to the National Biological Survey. This may agencies is summarized in table 1-2.
only be feasible if NBS remains as an indepen- The need for more research and development
dent research group and is not reswidated in the area of fish passage is great. Federal
with the FWS. (The FWS has a key role in rec-money for fish passage research is extremely
ommending and prescribing fish protection in thelimited and funneled to a few research facilities.
FERC-relicensing process, aftous is not con- Although these centers conduct hydraulic model-
sidered to be entirely objective in this arena.)ng and behavioral analysis and develop their
This option would take advantage of the uniqueesearch agenda to generate broadly applicable
NBS Conte Anadromous Fish Laboratory. Otheresults, the task is much broader than what they
research facilities may be needed in other partsan accomplish alone. Partnerships between the
of the country. agencies and the private sector show some prom-

Alternatively, Congress could create an inde-se in this respect. For example, Alden Research
pendent, non-profit fish passage -certificationLaboratory and Northeast Utilities are testing a
organization, modeled as a research and educaew weir design at the NBS Conte Anadromous
tional foundation. Possible models might be theFish Research Center for application at projects
Electric Power Research Institute (EPRI) or theon the Connecticut River and elsewhere.

Rocky Mountain Institute. EPRI knows the Many unanswered research questions remain,
power generating industry, issues of concern andnd the scope and variety are extensive. Despite
the stance of most of the parties involved.this, the hydropower industry is becoming
Although EPRI is now linked to industry, the increasingly unwilling to provide high levels of
new organization would be independent andinancial support for research and development,
impartial in its approach. The Rocky Mountainand many feel that the burden for deyshy
Institute has a broader mandate, crossing bounarew and improved methods for fish protection
aries and addressing a number of disciplinesshould be borne by the resource agencies who
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TABLE 1-2: Federal Agency Research on Fish Passage Technologies

Upstream Downstream Alternative
Conventional and physical Conventional and physical Behavioral guidance devices
barrier technologies barrier technologies (and other methods)
Federal Agency (and other methods)
Bonneville Power Flat plate and rotary drum Surface collector
Administration screens Acoustics
U.S. Bureau of Reclamation Hydraulic modeling Archimedes screw pump
Hydrostal-volute pump
U.S. Army Corps of Advanced turbine design Surface collector
Engineers Acoustics
U.S. Department of Energy Advanced turbine design
National Biological Survey/ Denil NU-Alden weir
U.S. Fish and Wildlife Steeppass Denil Cabot sampler
Service Notching

KEY: NU=Northeast Utilities.
SOURCE: Office of Technology Assessment, 1995.

prescribe their implementation. However, thethem. Special designs for catadromous fish (i.e.,
Electric Power Research Institute (EPRI), andish that migrate from freshwater to spawn in the

the Empire State Electric Energy Research Corecean) are used in Europe, but have not been
poration (ESEERCO), organizations financed byused in the United States.

industry contributions, have funded a large part The upstream passage or transport of fish can
of fish passage research in the field. EPRI hage provided for through several means: fish lad-
produced numerous publications highlightingders, lifts (i.e., elevators or locks), pumps, and

experimentation with new and evolving technol-transportation operations. Ladders and lifts, or

ogies and summarizing performance of moreishways, are widely accepted technologies.
conventional methods. Hydropower operatorspymps are a more controversial method. Trans-
indicated to OTA that funds for research, indUd'portation operations are often used as an interim

ing for support of research groups like EPRI, argneasuraintil fishways are completed, especially

declining. when there is a series of dams that must be

passed. Transportation is also used as the long-
[ Upstream Passage Technologies and term solution at some high-head projects. Site-
Alternative Methods and species-specific criteria, project scale, and

9_egonomics help to determine which method is

Upstream passage technologies are in use at ; . )
ost appropriate. Fish passage succesglgyhi

percent of the 1,825 FERC-licensed hydropowe . o . - :
plants (242). The need for upstream passage flependent on creating a “fish friendly” environ-
well established for anadromous speciesMent
whereas the need for upstream passage for river-
ine species remains controversial. Fish Ladders and Lifts

Upstream passage technologies are considergsbme fish ladders perform well because they
well-developed and understood for certainaccommodate fish behavior and the target spe-
anadromous species including salmon, Americagies’ alility to respond to particular hydraulic
shad, alewives, and blueback herring. Upstreamonditions. An understanding of fish swimming
passages have not been specifically designed fgerformance and behavior is essential to fish pas-
riverine fish, although some of these fish will usesage success. It is difficult fwnpoint the range
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of responses that fish might exhibit under naturageneric. However, because river systems are var-
conditions, but significant knowledge existsied and dynamic, each site presentspgbssibil-
which must be applied to fishway design. Speity of new challenges. The full involvement of
cies require different types of flows and condi-agency personnel with the experience and exper-
tions to encourage and support movement, or itise necessary for designing effective fish pas-
some cases to prevent movement of unwantesage systems may not be possible, due to lack of
species. There is some controversy over the ussifficient staff and/or their time constraints. In
of certain ladder types for some species. addition, the individuals responsible for fish pas-
Fish ladders (e.g.pool and veir, Denil, sage may not be as experienced or may not have
Alaska steeppass, vertical slot, hybrid) can bghe information necessary for proper design. As a
designed to accommodate fishes that are bottomesult, a fishway may be inappropriate. There-
swimmers, surface swimmers, or orifice swim-fore, a successful passage project will likely
mers, fishes that prefer plunging or sméag depend on the cooperative efforts of the project
flow, and weak or strong swimmers (102). Butowner, the resource agencies, consultants, and
not all kinds of fish will use ladders. Fish lifts, research scientists. In the Northeast, the FWS
including elevators and locks, are favored forreviews and comments on all fish passage facil-
species that will not use ladders. Fish elevatordy final designs under FERC project licenses.
can move fish to a high vertical level. Locks, like
boat locks, where the water level is controlled toFish Pumps

move fish to a slightly higher elevation, canThe use of pumps for fish passage at dams is
move a large number of fish. controversial and largely experimental. There are
Poor fishway performance, on the other handseveral different types of fish pumps in exist-
can generally be attributed to inadequate operasnce, a few of which are new methods under
tions and maintenance including ill-maintaineddevelopment, while others are technologies
flow regime; and poor design including inappro-being transferred from other applications. This
priate siting, inadequate capacity, inadequatgechnology is relied upon in aquaculture for
coordination between design of fishway andmoving live fish, and in fishing operations for
hydropower generation, inadequate attractioff-loading dead fish from boats. It has recently
flow, or excessive fishway length (e.g., fish been tested at government-owned fish hatcheries.
become fatigued or delay in resting areas). WateThese pumps can be used to force both juveniles
quality may also affect passage performanceand adults into bypass pipes for passage either
Lack of goals for fish passage often contributesiownstream or upstream of projects.
to design failures. The FWS in the Northeast and some state
Attraction flow can make the difference resource agencies do not support the use of
between fish passage success and failure. This pumps due to the nature of the passage method.
true for fish ladders and lifts. A lack @food Fish movement is completely facilitated and fish
attraction flow, or the inability to maintain the are subjected to an artificial environment. Pump-
appropriate flow, can result in delays in migra-ing of fish can lead to injury and de-scaling as a
tion as fish become confused, milling aroundresult of crowding in the bypass pipe (196).
looking for the entrance. The proper location andPumping fish may also cause them to be disori-
position of the fishway entrme will help ented once released baicko theriver environ-
enhance effectiveness by decreasing the time fisiment. These conditions support the conventional
can spend looking for a means past the obstruaisdom of the agencies to use passage methods,
tion. like ladders, which allow fish to move of their
Conventional fish ladder designs have beemwn volition (196). The agencies also have con-
experimented with and used often enough to passrns about capacity, and reliability of parts, and
certain species that the design criteria are almostverall system operation. However, the resource
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agencies have approved the use of a fish pump && raised by some fishing interests if fish are
an interim measure for thgpstream transport of removed from key stretches of a river. For exam-
adultalewives at the Edwards Dam on the Ken-ple, the proposed trucking of Atlantic salmon
nebec River in Maine. In the Northwest, thearound the proposed Basin Mills hydropower
Bureau of Reclamation is currently testing twoproject on the Penobscot River in Maineuid
types of pumps for downstream passage of juveremove fish from the usual and customary fish-
niles at the Red Bluff Diversion Dam on the Sac-ng locations of the Penobscot Indian Nation—
ramento River. one of their negotiated treaty rights.

Transportation [J Downstream Passage Technologies

The use of trucks to move adult migrants . .
) . 9 Downstream passage technologies are in use at
upstream is somewhat controversial. (Down-

M 13 percent of the 1,825 FERC-licensed hydro-
stream transportation is discussed below.) Som ower plants (242). The primary passage method
practitioners have concerns regarding the effe é

i . ._at other sites is through turbines. The need for
that handling and transport has on fish behav'ordownstream assage is well established for
health, and distribution. On the otheand, trans- P 9

. . . anadromous species, whereas the need for down-
portation using trap and truck operations has L . .

) . Stream passage for riverine species remains con-
been successful in some cases for moving adul

S .
: . ttroverS|aI.
upstream of long reservoirs where they might

become lost or disoriented on their way to )
spawning grounds. Accepted Downstream Passage Technologies

The trap and truck technique for transportingThere are egional differences in the recommen-
upstream migrants has been used as an interiitions of resource agencies for downstream pas-
measure until upstream fish ladders or lifts aréS@ge. Variations relate to differences in target
constructed. In somkigh-head situations, trans- fish. including differences in swimming ability
portation is the long-term passage method,Of_ down-mlgratllng juveniles, susceptibility to
Where dams occur in series and fishway installalliury, and the history of concern for endangered
tion occurs as a staged process, trucking may ' threatened  species. Structural methods,

used as an interim measure. For example, on t chuding _Screens _that physically exclude fish
’ rom turbine entrainment and angled bar racks

Susquehanna River in Pennsylvania, fish eleva-

: . ?nd louvers that may alter flow patterns and rely

tors are in operation at the downstream-mos . : :

dam to assist a trap and truck operation which " fish behavior for exclu_3|on, are the most
widely accepted technologies for downstream

supports the restoration of American shad, bluebassage. Downstream technologies that are

back herring, and alewives. The fish are transé\ccepted by resource agencies in different
ported upstream of the four projects on the riveteigns of the country, and those that are consid-
and released in the highest headpond near e experimental, are summarized in table 1-3.
spawning grounds. The 10-year-old program peqqrce agencies generally prephtysical
supported by state and federal resource agencigs rrier screening techniques with associated
is considered to be successful. bypasses for downstream passage (e.g., drum,
Trap and truck techniques can work well foryrayeling, and fixed screens). This type of tech-
some species, provided there is a good methogblogy is well understood. Physical barrier and
for collecting and handling fish. However, pypass systems can prevent entrainment in tur-
resource agencies have concerns about potentigines and water intake structures. Design criteria
adverse effects of handling on some species, th@acorporate hydraulic characteristics and take
potential for trapping non-target fish, and theinto account the swimming ability and size of
intensive labor requirements to implement tragfish present to avoid impingement problems. A
and truck operations. In addition, objections carcommonly cited advantage of these systems is
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TABLE 1-3: Downstream Fish Passage Technologies: Status and Use

Accepted in the Accepted in the

Northwest and Northeast and In use Considered
Downstream passage technology California Midwest experimental
PHYSICAL BARRIER DEVICES
Drum screen O O
Travelling screen (submersible; | |

vertical)

Fixed screen (simple; inclined) O O
Eicher screen O O
Modular inclined screen O
Barrier net O O O
STRUCTURAL GUIDANCE DEVICES
Angled bar/trash rack | |
Louver array O O
Surface collector O O
COMPLEMENTS TO TECHNOLOGIES
Bypass chute or conduit | | |
Sluiceway | |
ALTERNATIVE BEHAVIORAL
GUIDANCE DEVICES
Acoustic array | |
Strobe and mercury lights | |
Electric field O O
OTHER METHODS
Trapping and trucking | | | |
Pumping | |
Spilling | | |
Barging | | |
Turbine passage | | |

SOURCE: Office of Technology Assessment, 1995.

that they are effective for any species of the size In the Northeast, resource agencies more fre-
and swimming ability for which the system is quently recommend the use of angled bar racks
designed. This type of downstream passage techvith relatively close spacing and an associated
nology is usually recommended in the Pacificbypass for down-migrating anadromous juve-
Northwest and California. Acceptance is basediles. This approach is also supported by favor-
on experience at many sites and non-peeable evaluations in one peer reviewetdy
reviewed (i.e., gray literature) evaluations of per{167) and a small number of gray literature stud-
formance. Design criteria are mandated for somées, although the mechanism that leads to suc-
species by some state and federal agencies. Criteessful performance is not understood (198). A
ria vary among the agencies but generallysimilar approach is louve, a behavioral system
address approach velocities and flow-throughhat alters the flow characteristics of the water
velocities, size of mesh, and materials, for differthat fish are able to respond to. Louvers are
ent sizes and species of fish. Designs generallyiewed favorably by some, but have been
must be tailored to the individual site and targecriticized by the NMFS NW region as having
fish. unacceptably high entrainment rates for small
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fish, even with favorable hydraulic systems (seeand barging) and spilling. Controversy centers
appendix B) (236,236a). In the Northwest, manyaround whether the techniques are actually bene-
poorly performing louvers have been replaced byicial to the fish populations. Both the trap and
physical barrier screens and bypass systems.  tryck method and barging depend on the success-
Screens built prior to the mid-1980s some-f| cojlection of fish. Methods are being explored

times experlenped poor performance mdg_ng .to improve collection for transportation, includ-
juvenile fish. Since then, new screen designs in

the Pacific Northwest and California have |ng. surface collgctors and behaviogalidance,
achieved nearly 100 percent guidance efficienq\/\’hICh are described below.

(59,245). However, these screens can be expen-

sive. A significant portion of costs are due toTransportation

structural measures required for proper anchorfransporting juvenile out-migrants around dams
ing and installation and there are frequently operin trucks or barges helps to prevent the loss of
ation and maintenance deficiencies. Incompatiblgish in long reservoirs, avoids the potential
operation of hydropower facilities or water impacts of nitrogen supersaturatidhat may be
diversions may also reduce the effectiveness ofssociated with spilling water, and decreases the
the technology. These accepted technologies aig,ipility of turbine entrainment and predation

usually designed to withstand normal Variationsproblems at intervening dams and reservoirs. In

n f!OW; however, flow caditions can k.)e hlghly the Columbia River Basin the use of transporta-
variable. In some cases, changes in the river

itself can cause problems; thesition of the tion tg move juvenile_salmon is controversigl.
river can actually change over time, resulting inBenefits of transportation during low flow peri-
screen failuré. This is more likely to be a prob- 0ds are generally recognized because transporta-
lem at water diversions where there are no damién may reduce the time it takes fish to move
controlling water flow. through the system. The controversy mainly cen-
Adequate operation and maintenance igers around transportation during the mid-range
required to optimize the performance of theseof flows. Delay in migration may have a negative

accepted technologies. Preventive maintenancgnpact on the physiological development of
can minimize failure. Manual methods of clean-gmots which is critical to survival. Transporta-

ing are generally favored to reduce capital costs;on may expose juveniles to disease, cause stress
but few resources are devoted to e”S“F'“’f from overcrowding, and increase the chance of
manual cleaning occurs. Frequent cleaning ma .

edation upon release.

be needed where there is a lot of debris. Some

the more sophisticated and expensiveigies Whether transportation contributes to more
provide automated cleaning, but these are raref@dult returns to spawning grounds does not
installed due to the high capital costs. appear to be conclusive. There is some agree-
ment that barges are preferable to trucks. How-
Controversial Downstream Passage ever, agenciesndicate that barginghould be
Techniques regarded as experimental (251). Yet transporta-

There are some downstream techniques in us&0n is only as good as the collection technology;
especially for juvenile salmon in the Columbiajuveniles not collected pass through the turbines.
River Basin, that are controversial. These techEfforts are ongoing to improve the collection
niques include: transportation (trap and truckphase of this passage technology (see chapter 4).

2The Glenn-Colusa Irrigation District in Hamiltont@Zi CA, is an example. A drustreen was built for thetsi then the river changed
course and gradient, and the technology was no longer appropriate.

3 As spill water plunges below the dam, the hydrostatic pressure causes air—mostly nitrogen gas—to be entrained in the flows. The pres-
sure at the bottom of the stilling basins forces the gases into solution, crestipgraaturated ndition. When a fish is exjsed tothis
supersaturated water, gas bubbles can forits iloodstream and result in a variety of traumatic effects and even death.
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Spilling nile fish. The concept was derived from observa-
Spilling water to pass juvenile fish is a techniquetions of high levels of safe juvenile passage at
used to move down-migrants past hydropowelVells Dam, which uses a hydrocombine configu-
projects in the Columbia River Basin. The COEration where spill intakes are located directly
considers the use of spills to pass fish to be onabove turbine intakes. If successful, the method
of the lowest mortality optionfor getting fish may be useful for attracting juveniles to
past dams, yet recognizes that spill has its owbypasses, or allowing more efficient collection of
associated risks (231). There has been some difish for transportation (40).

pute over the effects of #mg on the health of

fish. However, recently the NMFS NW office Experimental high-velocity screens

and the Intertribal Fish Commission, which rep-The development and application of the Eicher
resents tribes in the Columbia River Basin, recscreen and the dtlular Inclined Screen (MIS)
ommended that spilling should be implementechave followed similar paths. Both have under-
on a broader scale to support juvenile downgone a deliberate process of development which

stream migration. has included extensive laboratory testing with a

variety of species, as well as prototype develop-
Experimental Downstream Passage ment and field evaluation. These efforts have
Technologies been championed largely by EPRI, in some

There is a strong desire to have downstream pasgistances working jointly with Alden ésearch
sage technologies that are less expensive toaboratory (ARL) and Stone and Webster Envi-
design, install, operate, and maintain; easy to reronmental Services. Successful laboratory exper-
rofit into existing facilities; and water-conserv- imentation led researchers to identify appropriate
ing with respect to the primary purpose of thesites for field testing of prototypes. These appli-
facility. This desire haked to the investigation of cations have showhoth screening technologies
methods to improve performance of currentlyto be successful in guiding certain types and
used methods (e.g., surface collector) and altesizes of fish under a range laigh-velocity con-
natives to accepted passage methods. Thesktions. However, these screens only collect fish
alternatives include both physical barrierwhen water is flowing over them. Operational
approaches and behavioral guidance techniqueshanges may be necessary to ensure adequate
(Fish pumps are also being investigated foflow to the screens, especially during seasons
downstream passage of juveniles, but die  when reservoirs are filling and little power is
cussed previously under upstream passage techroduced.

nologies.) Efforts are underway to develop new Research and evaluation of the Eicher screen
turbine designs that reduce problems of turbindnas led to approval from agency personnel for
entrainment and mortality. New concepts inspecific sites. Eicher screens are in use at the
hydropower production that would eliminate someElwha Hydroelectric Project on the Elwha River
of the dangers for fish passing through generatioim Port Angeles, Washington, and at the Puntledge

systems also are being explored (box 1-7). Hydropower Project in British Columbia.
Resource agency approval for use at other sites
Improving current passage technologies will depend on documentation that the design

The COE has been working for decades in thgerforms well for target fish at velocities present
Columbia River Basin to identify modifications at the site.

that can be made at specific sites on the Colum- A prototype (reduced-scale) MIS has been
bia River to improve fish passage performanceconstructed and will be field-tested in the spill-
One example of this effort is a new emphasis onwvay sluicegate at Niagara Mohawk Power Cor-
surface collector technology that will capitalize poration’s 6-MW Green Island hydropower plant
on the surface orientation behavior of the juve-on the Hudson River in New York during Sep-
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BOX 1-7: New Approaches to Hydropower Generation

Turbine passage in current settings potentially exposes fish to blades and physical contact, which can
either de-scale or kill them, and pressure changes, which may cause physical injury and/or death. Tur-
bine entrainment has become a major issue in FERC relicensing. Turbine entrainment levels and mortality
vary widely from site to site. Results of studies of turbine passage vary and there is some dispute over the
necessity and interpretive value of these studies. Entrainment studies are most common when relicensing
applicants question the level of adverse impact and the need for protection measures, especially for riv-
erine species. Nevertheless, the cumulative impact of entrainment on juveniles passing through turbines,
especially where dams exist in a series, can have a significant impact on the population.

The Department of Energy’s (DOE) Hydropower Program and the hydropower industry have co-
funded the Advanced Hydropower Turbine System Program. It is an effort to look at innovative solutions
to problems associated with the operation of turbines at hydropower projects. DOE has the lead role in
program development, proposal review, and implementation. The program is meant to stimulate and
challenge the hydropower industry to develop new environmentally friendly concepts in power generation
by applying cutting edge technology and innovative solutions to support safe fish passage. The Army
Corps of Engineers-Portland District is also working to develop relatively minor modifications of existing
turbines in the Columbia River Basin to increase survival of downstream migrants.

Technologies that can produce large quantities of electricity without adverse effects to river ecosys-
tems may be feasible. However, a significant commitment to research and development, demonstration,
testing, and evaluation will be required. The current hydropower generation technologies were developed
with the objective of producing power. Although the need for fish passage was recognized when many of
our nation’s existing dams were built, effective passage was not incorporated into designs. New designs
that simultaneously optimize for energy production, fish protection, and ecosystem integrity are conceiv-
able. OTA received information on more than one concept of this nature during the course of this study.
However, evaluation of these ideas was beyond the scope of this study.

SOURCE: Office of Technology Assessment, 1995.

tember of 1995. This test is important in theAt sites where icing is a problem, nets may be
development and acceptance of the technologgifficult to use in winter and thus may only pro-
However, resource agencies will belikely to  vide seasonal entrainment protection.

approve full-scale applications of the MIS with-

out additional testing (12). Alternative behavioral guidance methods
Experimentation with various stimuli (e.g.,
Barrier nets lights, sound, electricity) to elicit a response in

Barrier nets are used to prevent fish entrainmerfish has been going on for decades. With a few
and impingement at water intakes. The ability ofnotable exceptions for specific species at specific
the net to exclude fish depends on local hydraulisites, there is no behavioral guidance technology
conditions, fish size, and the size and type othat has been used to meet resource agency
mesh used (59). Low approach velocities, lightobjectives and guide fish downstream at hydro-
debris loading, and minimal wave action are crit-power sites or at water diversions. Behavioral
ical to success. Barrier nets are not considered tmethods can repeatedly elicit startle responses in
be appropriate at sites where the concern is forarious species of fish, but the problem of getting
entrainment of very small fish, where passage ofish to move consistently in the desired direction
fish is considered necessary, and/or where thergas proven to be more difficult. Given the limited
are problems with keeping the net clear of debrisswimming ability of many down-migrating juve-
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niles, behavioral mechanisms may not be able t¢<50 Hz)* The response of fish to ultrasonics
direct fish to bypasses that are small compared twas discovered in experiments witthah-fre-
an intake or river flow. It is rarely economical to quency fish counter. Most of the work has been
devote a significant percentage of flow to adone with clupeids (especialhjAlosa spp.,
hydropower fish bypass. including blueback herring, alewives, and Amer-

Successful guidance has been reported for clucan shad). Signals from 110-130 kHz have been
peids (eg., blueback herring and shadying used for clupeids. The COE is completing testing
ultrasound and strobe and mercury lights. Experof a system at the Richard B. Russell pumped
imentation with sound has also shown somestorage site in South Carolina. A commercial
promise with salmonids. General claimshijh  system, FishStartle™, by Sonalysts, Inc., has
performance and low cost cannot be verifiedoeen tested at hydropower facilities on the Con-
with the limited experience available. However,necticut and Susquehanna Rivers and at other
there are indications that lower costs than conkinds of generating statioRsOther species have
ventional methods and good performance may bbeen evaluated in laboratory cage tests with vari-
possible for some systems at some sites. able, species-specific results.

Soundis a potentially useful stimuli to guide  Low-mid frequency sound experiments have
fish. Advantages of sound are that it is direc-included historic tests of pneumatic poppers and
tional, rapidly transmitted through water, nothammers conducted by Ontario Hydro. Results
affected by water turbidity, and unaffected bywith these technologies were variable, and prob-
light changes (i.e., diurnal changes). Sound isems with the reliability of the equipment led to
used by fish to get a general sense of their envihe utility abandoning the effort.
ronment (207). There is some evidence that Another low-mid frequency concept of play-
fishes may respond to sounds tha¢ produced ing back modified fish sounds was developed
in association with structures such as barrieand tested by American Electric Power (141).
screens and turbines (6,164), although little isThis system has been further refined and is cur-
known about the actual behavioral response teently being marketed by Energyn@ineering
these sounds. Services Company (EESCO) and has been

Various species have narrow ranges of soundndergoing testing since 1993 at a number of
which they can detect, and some species respomnater diversion sites on the Sacramento River.
differently at different times of the day. This may Much of the work on this system has been
be an advantage or disadvantage, depending docused on defining the appropriate array of
which species are targeted for guidance. It mayransducers, dealing with equipment anchoring
be possible to develop systems that specieand reliability problems, and establishing appro-
respond to differently, allowing managementpriate testing protocols and statistical methods.
objectives for different species to be met. Onénvestigations have been hampered by difficulties
disadvantage of sound stimuli is that they can bénstalling equipment due to extreme flows and
masked by dam noises and other ambient soundsigh water levels. There have also been delays in

Experimental sound guidance technologieghe studies due to the presence of endangered
include several methods that use various frespecies. The experience at several sites has been
guency ranges. For the purposes of this discustery contentious and the evaluations have failed
sion, methods are loosely divided into threeto reach the efficiency goals of the resource
frequency ranges: ultrasonic (above 30 kHz)agencies. The process has been proceeding best
low-mid frequency (50-900 Hz), and infrasonic at Georgiana Slough, a natural diversion site

4OTA did not identify any mid-high frequency (900 Hz—30 kHz) systems.
5 Full-scale sound system tests of the Sonalyst, Inc., Fish Startle System at a nuclear power plant on Lake Ontariofe®re been
reviewed and are highly regarded. However, the hydraulic conditidhis @fite are very different from those gdhopower fadities.
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which carries about 15 percent of the flow, wherestream primarily at night (as is the case with
there are no practical physical barrier alternajuvenile American shad).
tives. An interagency group is involved in the Mercury or other forms of incandescent illu-
tests, and results during the spring of 1995 werenination and strobe lights have undergone labo-
considered encouraging (50 percent overall guidratory testing for a number of species. Field
ance at a statistically significant 95 percent levellesting also has been conducted for a few
by at least one agency (100). selected species. The effect of lights vaies by

The EESCO technology is also undergoingspecies and the type of lights. Some species are
tests on the Columbia River system in 1995 asttracted to the lights, others are repelled. And
part of the new Columbia River Acoustic Pro-the response may change with age of the fish,
gram, sponsored by DOE and COE to evaluatphysiology, motivation, etc. EPRI has supported
existing sound-based fish guidance and detemesearch in this area and has developed guide-
rence systems for the Columbia River systeriines for implementing light systems at water
(see box 1-5). The EESCO system uses militarjntakes (60). These guidelines recognize the need
grade speakers, originally designed for use by thtor careful site-specific evaluation of field condi-
U.S. Navy, that weigh 50 pounds and can bdions.
installed on buoys (170). The speakers produce a Strobe lights have been receiving considerable
sound field with very little particle motion (39). attention in recent fish guidanctudies in the
Field test results are nobnsistent with what is mid-Atlantic region and New England. A multi-
known about sound detection capabilities ofyear testing effort has been underwaygtade
salmonids, thus some reviewers are very criticajuvenile American shad to a bypass at the York
of this system (179). However, the mechanismsdaven Hydropower Plant on the Susquehanna
that fish use to respond to other more accepteRiver (61,152). These tests have often been ham-
technologiesare not well understood either. pered by water conditions, years when there were

Infrasound has shown some success ghlyi few fish, and other environmental variables.
controlled field experiments in Norway with Nevertheless, there apositive indications that
Atlantic salmon. A consistent behavioral respons¢he lights can increase use of the bypass,
was demonstrated in laboratory experiments. Thalthough effectiveness varies with environmental
developers of this approach are now workingconditions. At this site, preliminary tests combin-
with the Columbia River Acoustic Program oning strobe lights and ultrasonic methods have had
Pacific salmonids. This approach requires largeencouraging results. Tests of strobe lights are
displacement transducers of special design thalso being conducted at other hydropower sites
generate a sound field with large particle motionin New England. These tests are primabéing
The current system only works with fish within a done as enhancements to conventional trash rack
few meters of the sound source. This finding ismeasures. Yet, the installation of some of the
consistent with what is known about the soundconventional measures and dam operation has
detection capabilities of salmonids (39). Othemot been in accordance with resource agency
private initiatives are underway to develop infra-expectations at some of these sites.
sound systems (50, 219). Electrical barriers have been successfully

Lights are also a potentially useful stimulus toused to prevent upstream passage of fish. Sys-
guide fish. Light is directional, is transmitted tems are operating in Salt River Project irrigation
rapidly through water, and is not masked bycanals in Arizona to prevent the mixing of spe-
noise. However, light may be hampered by tur<ies of fish from the Colorado River and other
bidity. Although it is most #ective as a stimulus Rocky Mountain streams.
when there are sharp contrasts between the light Development of downstream protection is
and background (usually at night), this may notmore challenging. Key requirements are favor-
be an issue if the target species move dowmable flow condions and adequate security to
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ensure safety of people and other animals. Therassess the effectiveness of the techniques. Much
have been field trials that were abandoned due tof the work is not peer reviewed, and the gray lit-
problems in these two areas. Other problemgrature often does not contain sufficient informa-
have been encountered with corrosion of election to allow critical analysis and possible
trodes. A number of questions about the impacteplication of the experiment. In some cases,
of electrical pulses on fish have been raised bylaims of high levels of guidance and reliability
resource agency biologisteeviewing experi- of equipment have not been supported in further
ences with electric barriers (111). Field tests ofield tests.

the Smith-Root Graduated Field Fish Barrier There is genera| CONsensus among resource

(GFFB) are underway at a water diversion on thgygencies and scientists that development of new
Sacramento River. In this test, major efforts haveyehavioral approaches requires a combination of
been devoted to ensuring appropriate flow conditay and field experimentation. Because there are
tions with the installation of structural devices many variables at work when dealing with living
(209). Tests by the manufacturer have indicate‘érganisms, especially in uncontrolled environ-
that flow (i.e., velocity) requirements will vary ments, there have been many cases when lab
with different species. Yet, results of th®95  yesyits of response to stimuli have not been
tests were inconclusive and indied that flow epeatable in field tests. Thus, laboratory investi-
and velocity conditions were still difficult to con- gations of fish behavior are not sufficient. Nor

trol (100). are field tests alone. Data from field studies need
to be evaluated in the lab to fully understand the
Alternative behavioral guidance issues nature of the results.

Several generalizations can be made from exper- gy, dies to determine the basic sensory abili-
iments to date with alternative behavioral guid-jas of fishes are best done in the laboratory

ance measures. Response to various behaviorghjie stydies of ovell fish behavior in response
stimuli is very species specific and is variabley, enyironmental variables might be started at
even for a single species, depending on condiig|q sites. But there needs to be close interaction
tlon_s at the site. Slf[e cditions are |anuence_d bY petween lab and field work if the mechanisms by
gnvwgnmenta(;_\_/anables (e”.g., vr\]/eather,htm;e _?(Nhich behavioral methods work are to be fully
ay, flow conditions) as well as the way the facil- ;4o g0, Understanding mechanisms of response

ity is Qperated. _It is 6,“50 likely that Fhe responsgg necessary to design widely applicable systems
of a single species will vary depending on its Ilfeto control fish behavior

stage and motivation. Favorable hydrology is a Many of the technology vendor companies are

key element o the success of any Of. the_se SY¥ustrated in their efforts to conduct field investi-
tems. Fish must be capable of moving in the

) . . ! . . ations. Generally, they must obtain agreement
desired direction for a stimuli to be effective. 9 Y y 9

M X e fish h limited swimmi from the hydropower operator and resource
agl?g/ej:veme ISh have very limited swimming agencies to conduct a test. Hydropower operators

. . are motivated by a desire for lower cost fish pro-
~ For the most part, knowledge of fish behaviorigction, yet they have little interest in participat-
is very limited. Nothing is known of how fish of g in a test, let alone helping to finance it, if they
many species respond to various stimuli, flowcannot be assured that positive results will be
conditions, and structes. In the more well-stud- \jewed favorably by the resource agencies.
ied species, major informational gaps remain irHydropower operators are concerned that they
our knowledge of behavioral responses andnay be forced into paying for conventional mea-
mechanisms. sures after having invested in testing new

Field investigations of behavioral methodsapproaches, or even penalized with fines if the
have for the most part been weak. Analysis anéxperimental methods result in significant loss of
statistical methods havbeen too limited to fish.
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A technology company may be successful in  The current system of site-by-site investiga-
getting an initial field test sited at little or no costtion, short-term funding of experiments, lack of
to the hydropower operator. If gitive results are rigorous scientific methods, and lack of wide dis-
obtained, the next hurdle is locating anothersemination of favorable and unfavorable results
appropriate test site and possible salet, Ynajor is unlikely to result in robust technologies
questions exist regarding the transferability ofacceptable to agencies within a time frame rele-
performance information from one site tovant for relicensing atities in the next 10
another. years. Even with a major coordinated research

Performance of any passage technique is gere_nd development effort to advance alternative
erally considered to be site specific. InformationP€havioral technologies, it is unclear whether
that is most transferable from one field site toSignificant progress will be made in developing
another concerns what went right and what wenp€havioral systems to ‘guide fish past hydro-
wrong. One would also generally expect that thd?@Wer generation facilities and water diversions.
operation of the device would be similxom And yet, if behavioral methods prove successful,

site to site. It is the species response that may H8€Y could mean large cost savings for the indus-

expected to vary, due to different site and envilly- _ . o
ronmental conditions. Is it worth pursuing a significant research pro-

In general, the resource agencies’ responses %am on behavioral methods, for settings where

. i ' ?
eests 1 et new lchnologie have Been neG#11GT 0proaces e ieve? On e
ative. Yet they are under considerable pressure to. " e

with behavioral systems and so little is known

allow field testing. Resource agencies are skeptiy out the behavior of fish that further investment

cal about performance claims, and are concerne .
. L may not be warranted. The process of applying a

that testing of unproved technologies is time con- . d
suming. expensive. and mav detract from h dro_system developed for one site to another will
9, €xp ' y Y require significant expenditures and time for test-

power operators’ willingness to spend funds toIng and finetuning. Also, too many spies are

install the technologies agencies prefer. Resourchy oived at most sites to assume that a single

agencies are concemed that technologieg, .| system will be effective. On the other
installed for experiments tend to become the perp, 4 the successes with sound lightts suggest
manent solution at the test site, despite substafy, pehavioral systems have real potential for at
dard performance relative to conventionaligast some species. Alternative behavioral sys-
measures. Resource agencies are concerned thafns if perfected, may be very cost effective:
experiments with alternative technologies maygng they may be particularly useful when several

be used as a delay tactic to avoid expenditureg,e combined, or they are used to enhance the
for conventional technologies. Resource agenperformance of physical barriers.

cies are more willing to entertaimnovative

epproaches, either as an enhancement to CONVERHNCLUSIONS

tional measures or at locations where conven-

tional measures are not practical. The NMFSThe incomplete state of knowledge regarding
regional offices in the Northwest and Southwesfish population dynamics, the impacts of hydro-
have developed policy statements that allow testower development on fish, the need for mitiga-
ing of experimental systems, provided a tieredion in various contexts, and the protection/
process of research and evaluation is followedpassage effectiveness of available mitigation
along with the simultaneous design for a physicalechnologies exacerbates the sometimes adver-
barrier/bypassystem for the site (237,238,239). sarial relationships among stakeha&leThissit-

By setting standards and criteria for effective-uation is unlikely to be alleviated unless a solid,
ness, NMFS establishes goals for technologgcience-based process for mutual undedstean
vendors and state agencies to follow. The FW&nd rational decisionmaking can be developed
has no similar policy. (see box 1-8).
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BOX 1-8: Development of Fish Passage Technologies: Research Needs

There are no “sure things” in the world of fish passage technology. The technologies themselves,
which are based on hydraulic engineering and biological science, can be designed to accommodate a
wide range of environmental conditions and behavioral concerns, but in the real riverine world anything
can happen.

Upstream and downstream fish passage problems differ considerably and both present a range of
obstacles and challenges for researchers and practitioners. Despite these differences, common consid-
erations in design and application exist, including: hydraulics in the fishway, accommodating the biology
and behavior of the target fish, and considering the potential range of hydrologic conditions in the water-
way that the passage technology must accommodate. Engineers and biologists in the Northeast and
Northwest are collaborating in a number of research programs designed to improve understanding of the
swimming ability and behavior of target fish. Understanding how fish respond to different stimuli, and
why, is critical to improving passage methods.

Using a scientific approach to explore as many scenarios as possible, and collecting data in a careful
manner, can improve researchers’ abilities to design improved technologies. In addition, producing infor-
mation that all parties can acknowledge as credible is key to the successful advancement of fish pas-
sage technologies. A sound scientific approach to developing, executing, and evaluating a field study is
critical to the successful advancement of fish passage technologies. The elements of a good test include
the establishment of clear objectives, agreement among all parties to the study design, and a protocol
that lends itself to repeatability. In addition, there must be a proper accounting of environmental variabil-
ity, documentation of all assumptions, and sufficient replications to support findings. Regular communica-
tion among stakeholders and peer-reviewed research results are key requirements.

Employing a process of this type could increase the potential for information transfer between sites.
That information might include data regarding the response of the device to hydraulic parameters (e.g.,
flow/acoustical response), fish response to stimuli under hydraulic parameters, and basic biological infor-
mation within species. Agreement on performance criteria and standards prior to study will avoid lack of
acceptance of data and recommendations in the long term.

SOURCE: Office of Technology Assessment, 1995.

A combination of academic, government, andhydrologic, and behavioral information, or lack
industry expertise is needed in a concerted efforef adequate attention to operation and mainte-
to focus science and technology resources on theance of facilities. Downstream fish passage
question of the effects of hydropower develop-technology is complicated by the limited swim-
ment on fish population sustainability; and on theming ability of many down-migrating juvenile
assessment of available and developing fish pagPecies and by unfavorable hydrologic condi-

sage and protection technologies at hydropowelions. There is no single solutidor desiging
facilities. up- and downstream passageways; however,

both types must be designed and applied in such
. a manner that in theory, model, and reality they
[ Technologies should suit the range of conditions at the site—
Technologies for upstream passage are morstructurally, hydraulically, and biologically.
advanced than for downstream passage, but botffective fish passage design for a specific site
need more work and evaluation. Upstream pasrequires good communication between engineers
sage failure tends to result from less-than-optiand biologistand thorough understanding of site
mal design criteria based on physical,characteristics.
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Downstream passageways for fish and protec- The lack of clear goals is, in part, reflected in
tive measures to reduce turbine mortality arghe disjunction between section 18 presavipd
probably the areas most in need of researctand section 10(j) recommendations of the FPA.
Many evaluations of conventional and alterna-Section 18 fish passage prescriptions are manda-
tive technologies have not been conducted witfiory; however, section 10(j) recommeridas
scientific rigor. This results in unsubstantiatedMay be altered based on consistency with other
claims and arguments. Moreover, some experidPplicable law or the goals for the riverde
mental results contradict others. Ambiguous opVhitéwater rafting/recreation, power production
equivocal results of many fish passage studie8€€ds)- Yet, the recommendations made under
have caused concern as to whether certain tecfECtion 10() may be critical to maintaining habi-

nologies are effective or generally useful. Thetaj{ for. fish popula}tlons or promoting t|me!y
N . ... migrations for certain species. FERC, as the final
variability of results may reflect site variability;

. " ... ' authority for balancing developmental and non-
uncontrolled environmental conditions in field . .
. . . developmental values, is not specifically charged
studies; or incomplete knowledge of fish behav

. Th ; lai b'with sustaining fish populations. Withouatear
lor. us, some periormance Claims may by nification of the goal for mitigation, monitor-

based on incomplete assessments. Advocates % and evaluation become less meaningful and
both sides of the fish/power issue can select frondi| 1o become critical to the process.

a diverse body of scientifically unproved infor- Monitoring and evaluation conditions for

mation to substgntlgte thelr.pomts of V'eW'_Carenydropower licenses are infrequently enforced,
must be taken in interpreting much publishediggyiting in litle information on hoveffective
information on fish protection, arguments drawngy,ailable mitigation technologies are in improv-
from it, and conclusions reached. Whgood ing fish passage and survival at hydropower
scientific research and demonstration is carrieghjants. Operation and maintenance failures have

out, results can be dramatic. been implicated in poor efficiency of fishways.
Forty percent of nonfederal hydropower projects
O Hydropower Licensin96 with upstream fish passage mitigatibave no

Controversy abounds in the FERC hydropowelperformance monitoring rqulrements. Those
Shat do generally only quantify passarges,

licensing process..ln p?‘r_" this may be a.result OWithout regard to how many fish arrive at and
the lack of clearly identifiedoalsto be achieved

h h mitigati Alth tobiect e fail to pass hydropower facilities. Moreover,
through mitigation. Althouglobjectivesexist in- g monitoring has dealt with anadromous

the legislative language of the FPA, as amendedsamonids or clupeids; much less is known about
these lend themselves more tphalosophy than o effectiveness of mitigation measures for
to hard goals that describe numbers, timeframesjess-yalued” or riverine fish. Research is needed
and methods for achieving and measuring thg determine whether river blockage is even neg-
stated goal. Clearly defined goals for protectiongtively affecting riverine species.

and restoration of fish resources might refer to Rejicensing decisions often are not based on
numbers or percentages of fish expected to sugiver-wide planning and cumulative analysis.

cessfully pass a barrier and/or projecpeppula-  FERC is required to review existing river man-

tion sizes. Since resource management goals akgyement plans to assure that the project will not
rarely articulated, mitigation and enhancemeninterfere with the stated goals (pursuant to sec-
measures are judged on a case-by-case basiimn 10(a) of the FPA). Yet, comprehensive river

with no means for assessment or comparison. basin planning is fragmented. Synchronizing

6 These conclusions are largely based on discussiithghe OTA Advisory Panel for this project. Due to the elimination of OTA, this
project was terminated early, without an opportunity to analyze fully many of the isklressd in this section.
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license terms on river basins could improve thestruction and operation of fish passages could
relicensing process and promote cumulativeprovide significant opportunities for restoring
impact analyses. Terms could be adjusted taistoric fish runs. In the western states, water-
meet the ecological needs of the basin and to prgheds on national forests provide about one-half
vide timeliness and predictability for licensees.of the remaining spawning and rearing habitat
Under such a plan, multiple sites could be relitor anadromous fish in the United States. Ecosys-
censed simultaneously, although operators maym or watershed management in these areas

be unlikely to respond positively to undergoingcoyid have immediate and long-term impacts on
the relicensing process “early.” On the otherggh populations.

hand, consolidation could yield benefits, allow- The following chapters provide detailed infor-
ing licensees to develop integrated management

. ; mation about current understanding about the
plans to maximize the energy and capacity val-

ues of their projects; making it easier for an”‘?ed for fish passage and protection associated
involved parties to view the projects and theirW'th_ hydropower facilities (.chapter 2); the stgtus
impacts in their totality; and facilitating under- of fish passage technologies, both conventional
standing of cause and effect reteuships. and emerging (chapters 3 and 4); and the federal
There is a need for further research on cumut©le in fish passage at hydropower facilities
lative fish passage impacts of multiple projects(chapter 5). Appendices providistorical infor-
and for consideration of fish needs at the watermation on fish passage research in the Columbia
shed level. In several northeastern states, coopeRiver Basin (appendix A); experimental guid-
ative agreements between resource agencies aftice devices and resource agepojicy state-
hydropower companies have generated succesgents (appendix B); and additional suggested
ful approaches to basin-wide planning for fishreadings related to fish passage tetbagy
protection. Carefully planned sequential con-issues (appendix C).
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PART 1: ISSUES AND CONTROVERSIES fishes ithe so-calledresidentor non-migratory
his chapter focuses on the need for fispsPecies) that cannot tolerat_e Iong-term exposure
passage and entrainment protection aio salt water (105). These fishes |_nclude all of the
Federal Energy Regulatory Comsiisn res_,hwater species tha_t use the river or s_tream as
(FERC)-licensed hydropower dams residence for their entire life. Such fish include

(see box 2-1). Hydropoweelated habitat the sunfishes, -catfishes, minnows, suckers,
changes, habitat accessibility, and predation arB€"ches, and many other families. The second

discussed where they directly relate to the pascatedory is theanadromous fishes which are

sage or protection needs of various fish species.bom in freshwater streams and rivers, migrate to

It is often unclear to what extent fish popula-saltwater for their adult phase, and return to

tions are affected by the impacts of blockage/feShwater to spawn (see box 2-2).

entrainment, and turbine mortality associated This chapter is divided into two parts. Part 1 is
with hydropower (71). Theoretically, consider- @ discussion of the controversial issues concern-
ing the great diversity of fish species, hydro-ing the need for fish mitigation at hydropower
power dam designs, and river basin typedrojects. The emphasis is largely on passage and
involved, fish mitigation should be highly site- Protection for the riverine fishes, because at
specific. In addition, the lack of information Present this is here the most controversy is. Part
regarding the biology of some target fish may2 provides more technical information regarding
add further uncertainty to mitigation deoiss €xperimental design for entrainment and turbine
(215). mortality studies.

This study focuses on two categories of oblig-
atory freshwater fish, since these are the most] Anadromous Fish Protection
common fishes that come in contact with hydro-

X T The significaace of delaying or blocking fish
power facilities. The first category is thigerine movements within rivers and the possibility of

1These two terms are highly controvatsiThe terms “non-migratory” arftesident” are often misinterpreted to mean that these fishes
do not engage in biogically significant movementwithin the river basin. As a matter of biological terminology, these fish are perhaps best
described as “freshwater dispersants.” This term is used by zoogeographers to describe fish that have evolved in freshwater and that cannot
disperse via marine routes due to their low tolerance for high-salinity water.

| 25
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BOX 2-1: Chapter 2 Findings—Fish Passage and Entrainment Protection

= The need for entrainment protection and passage for riverine fish is very controversial. There is a
growing body of evidence that some riverine fish make significant movements that could be
impeded by some hydropower facilities. The need for passage for riverine fish is most likely spe-
cies- and site-specific and should be tied to habitat needs for target fish populations. This will be
difficult to determine without establishing goals for target species.

» The acceptability of turbine passage for anadromous fish is site-specific and controversial. There is
major concern when anadromous fish must pass through multiple dams, creating the potential for
significant cumulative impacts. Passage of adult repeat spawners is also a major concern for most
Atlantic Coast species.

s The effects of turbine passage on fish depend on the size of the fish; their sensitivity to mechanical
contact with equipment and pressure changes; and whether fish happen to be in an area near cav-
itation or where shearing forces are strong. Smaller fish are more likely to survive turbine passage
than larger fish. Survival is generally higher where the turbines are operating with higher efficiency.

= Riverine fish are entrained to some extent at virtually every site tested. Entrainment rates are vari-
able among sites and at a single site. Entrainment rates for different species and sizes of fish
change daily and seasonally. Entrainment rates of different turbines at a site can be significant.

= Turbine mortality studies must be interpreted with caution. Studies show a wide range of results,
probably related to diversity of turbine designs and operating conditions, river conditions, and fish
species and sizes. Turbine mortality study design is likely to affect results. Different methods may
yield different results.

= Methods for turbine mortality study include: mark-recapture studies with netting or balloon tags,
and observations of net-caught naturally entrained fish, and telemetry. Methods for entrainment
studies include: netting, hydroacoustic technology (used especially in the West), and telemetry tag-
ging. These methods have advantages and disadvantages depending on target species and site
conditions. Hydroacoustic technology and telemetry tagging can provide fish behavior information
(e.g., tracking swimming location) useful for designing passage systems and evaluating perfor-
mance.

= Early agreement on study design would help minimize controversies between resource agencies
and hydropower operators. Lack of reporting of all relevant information makes it difficult to interpret
results. Standardized guidelines to determine the need, conduct, and reporting of studies could
help overcome this limitation.

= Mitigation by financial compensation is very controversial. The degree of precision necessary for
evaluation studies and how fish should be valued are items of debate.

SOURCE: Office of Technology Assessment, 1995.

fish being injured or killed in turbines was rarely diversion projects, cattle grazing, water pollu-
consideed when hydropower dams wendially  tion, and over-fishing. It is unknown which of
designed and built. However, stocks of someahese has had the greatest impact on fish stocks.
high-profile anadromous fish species such aslowever, it is widely agreed that the recovery of
Pacific salmon (157,162), Atlantic salmon many of these socially and economically impor-
(152,154,155,166), and American shad (155}ant fish species is in part dependent on provid-
have severely declined. These declines have beémy safe and efficient passage around dams that
linked to a combination of environmental have excluded them from historically critical
impacts, including hydropower dams, waterhabitat (155).



Chapter 2 Fish Passage and Entrainment Protection | 27

BOX 2-2: Fish Terminology and Life History Notes

Fishes Found At Hydropower Dams

Many different species of fish may come into contact with hydropower dams at various stages in their
life cycles. Depending on the site, the species may range in size from a few centimeters to a few meters
and display an astounding plethora of behaviors and life histories. Some species complete their life
cycles entirely within the boundaries of freshwater rivers, streams, and associated lakes (riverine), while
others move between marine and fresh water (diadromous).

In this report, fish that spend their entire lives in freshwater are referred to as riverine . This group
includes sunfish, perch, gar, catfish, minnows, suckers, trout, paddle fish, bowfin, some sturgeon, her-
ring, lamprey, and many others. The terms resident and non-migratory have also been applied to these
fish, but can be misinterpreted to mean that such species do not engage in biologically significant move-
ments within the river basin. The term riverine was specifically chosen for this report because it does not
group fish together based on their movement patterns.

The hundreds of fish species included in the riverine category have such extremely diverse life histories that
no generalizations concerning their propensity to make biologically significant movements can be made. Some
riverine fish species may be quite mobile and others highly sedentary. In addition, their movement patterns may
change from site to site (i.e., a species may be mobile in one river, and sedentary in another).

Some of the riverine fish may exhibit spawning migrations between lakes and rivers, or from one area
of a river to another. This migratory pattern is referred to as potamodromy . Some common examples of
fish that engage in potamodromous migrations include trout, sauger, mooneye, some redhorse, some
suckers, some sturgeon,? some lamprey, etc.

Some fish exhibit specialized migratory patterns involving regular, seasonal, more or less obligatory
movements between fresh and marine waters. This strategy is generally referred to as diadromy , and
there are three distinct forms.

First, in some species, sexually mature adults migrate from the sea to spawn in freshwater streams/riv-
ers and associated lakes. This migratory pattern is called anadromy . Examples of fish that engage in
anadromous migrations are Pacific and Atlantic salmon, American and Hickory shad, Atlantic sturgeon,
alewife, searun lamprey, etc.P

Second, sexually mature adults of some species migrate from freshwater streams/rivers and associ-
ated lakes to spawn in the sea. This migratory pattern is called catadromy . The most notable example of
species that make catadromous migrations is the American eel.®

Third, some species make seasonal movements between estuaries and coastal rivers and streams.
This migratory pattern is called amphidromy and is typically associated with the search for food and/or
refuge rather than reproduction (149). Examples of fish that engage in amphidromous movements
include striped mullet and tarpon.

Diadromy is relatively rare, represented by less than 1 percent of the world’s fish fauna. Of the diadromous
fish, anadromy (54 percent) is most common, followed by catadromy (25 percent), and finallyamphidromy (21
percent). In the United States, anadromy is by far more common than catadromy or amphidromy.

As with every artificial classification scheme for organisms, some species will not fit neatly into the
groups. Some species may have populations that would be classified as riverine and other populations
that make anadromous migrations. For example, steelhead, rainbow, and Kamloops trout are three differ-
ent types of the same species. Steelhead stocks are anadromous, rainbow stocks are riverine, and Kam-
loops stocks are lake-resident.

(continued)
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BOX 2-2: Fish Terminology and Life History Notes (Cont'd.)

Life History Details
Riverine

The riverine fishes are an incredibly diverse freshwater group represented by nearly 1,000 species
from over 40 families. The various species exhibit a multitude of life styles, and within its scope, this chap-
ter could not begin to describe all of the diversity. The different species occupy virtually every kind of riv-
erine habitat.

Unlike the diadromous fishes, the riverine species do not require a marine phase to complete their life
cycles. The various kinds of habitats in the river (and associated lakes and streams) must meet all of the
biological needs of these fishes. For instance, the river must provide habitats to hunt prey, hide from
predators, engage in courtship, build nests, spawn, and over-winter. Quite often fish must use very differ-
ent areas within a river to accomplish these activities. In addition, habitat requirements of most riverine
fish species change with their size, age, and with the season. In order for their populations to survive,
they must be able to access sufficient quantities of each important habitat type. For example, some spe-
cies prefer deep pools with muddy bottoms and slow-moving water to feed and/or to seek refuge in, but
require shallow riffles with pebbly bottoms in which to spawn.

Because of the sheer diversity within the riverine fish group and the unique (site-specific) conditions
created by the interplay of different rivers with different hydropower designs, very few useful generaliza-
tions can be made concerning the potential impacts from hydropower dams on riverine fish populations.
However, the distribution and abundance of the various riverine fish species in a given river reach can be
altered by changes in the quantity and quality of macro- and/or micro-habitat. These changes will likely
favor some species while selecting against others that lose access to crucial habitat.

Hydropower dams do alter the natural riverine environment to varying degrees and, in the process, often
replace the original habitat types with different habitat types. For example, many hydropower dams create res-
ervoirs which provide pool-type habitat. Bluegill, crappie, and largemouth bass which may have been rare or
even absent in the river reach prior to damming, may become the dominant species in these reservoirs.

On the other hand, the populations of some species may be diminished, displaced, or even extirpated
from a given river reach due to the changes in the environment up- and downstream of a hydropower
dam. For example, fish species that prefer or require riffle-type habitat may disappear from reservoirs.

Some hydropower dams have turbine intakes that draw cold and clear water from near the bottom of
their head ponds (hypolimnetic releases). These releases often change the pre-dam water flow, tempera-
ture, and turbidity patterns, as well as changing the topography of the river bottom. These tailwater condi-
tions may support productive trout fisheries, even in a river reach where trout are not native and probably
could not have survived prior to the hydropower facility.

Anadromy

Fish that exhibit anadromous migrations are born in freshwater streams and rivers and spend a period
of time in their natal stream. At some point they begin a migration toward the ocean and then spend one
to several years there. After a period of growing in the marine environment they migrate back to a river
where they will ultimately spawn, thus completing the life cycle.

Various species of anadromous fish home in on their natal streams and rivers with different degrees of
precision. There is also a great deal of variation in the distance upstream that they migrate and the kinds
of freshwater spawning habitats they utilize, both within and among species. In addition, while some spe-
cies, or some individuals within a species, may repeat the cyclic migration several times, others will die
after one completed migration cycle.

(continued)
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BOX 2-2: Fish Terminology and Life History Notes (Cont'd.)

Even with the incredible diversity and variation within this life style, these fishes all have at least one
important thing in common: a need to enter freshwater to spawn and return to saltwater to feed and grow.
This biological requirement is the reason that such species are highly vulnerable to impacts related to
hydropower dams.

Hydropower dams may alter the quantity of spawning habitat for anadromous fishes. Adult upstream
migrations are blocked by hydropower dams unless fishways are in place. If fishways are present, they
must be designed to accommodate the biology of the target species and must be maintained properly, or
migrations can be delayed. Juveniles and adults that are migrating downstream toward the ocean may
be delayed in slack-water reaches of reservoirs or if they cannot locate a route past the dam. If the tur-
bines are used as the migratory route, some fish will be injured and killed.

Catadromy

Catadromy is less common than anadromy in North America. In the United States, the American eel is
the only catadromous species that has been well documented. In general, fishes that exhibit catadro-
mous migrations require a fresh- and saltwater phase to complete their life cycles. They are known to
migrate hundreds and even thousands of miles between their fresh and salt water habitats and, thus, are
highly likely to encounter dams and other blockages. Catadromy is essentially the ecological opposite of
anadromy.

These fishes migrate out of lakes and rivers into estuaries and finally to offshore marine waters where
they will spawn. The juveniles migrate from the ocean to an estuary and eventually swim up the river.
They grow and mature for several months or years in freshwater until they reach sexual maturity and
begin to migrate back to the ocean to complete the life cycle.

Adult fish migrating downstream may be injured or killed in turbines. They may also be delayed in
slack-water reaches of reservoirs. Juvenile fish migrating upstream can be blocked by hydropower dams
unless fishways are in place. Fishways must be designed to accommodate the biology of the target spe-
cies and must be maintained properly, or migrations can be delayed.

Amphidromy
Amphidromous migrations are much less studied and understood than anadromous and catadromous

migrations. Fish species that spawn in freshwater (freshwater amphidromy) and in the sea (marine
amphidromy) can exhibit this migratory pattern (149).

Amphidromy is not directly related to spawning and may occur at many life stages. Some species may
not necessarily require a freshwater or saltwater phase to complete their life cycle, and thus amphidro-
mous migrations may be less obligatory than catadromous and anadromous migrations. However,
coastal weirs, which are used to control water levels in fresh- and saltwater marshes, may block some
amphidromous movements, effectively eliminating or limiting important rearing habitat. Hydropower dams
located in proximity to estuaries could also block amphidromous movements, but at the time of this
report, we could not find an example in the United States of a request for fish passage at a hydropower
dam for a fish species classified as amphidromous (i.e., movements between rivers and marine waters
for purposes other than spawning).

2 See box 2-5 for more detail on lake sturgeon.

b Some salmon and sturgeon have become “landlocked,” either naturally or due to human intervention. These fishes may
now migrate from lakes into rivers and streams to spawn. This migratory pattern (either between a lake and a river/stream or
entirely within a river/stream), which is also adopted by many riverine species, is referred to as potamodromy .

¢ In North America, the anadromous strategy is more common than the catadromous pattern. However, the catadromous
migratory strategy is more prevalent than the anadromous pattern in Australia (149).

SOURCE: Office of Technology Assessment, 1995.




30 | Fish Passage Technologies: Protection at Hydropower Facilities

In addition, hydropower dams are also knownaccuracy, etc., it is widely known that anadro-
to kill fish that pass through their turbines. How-mous fishes must migrate upriver to their spawn-
ever, the percentage of fish that die from turbinéng grounds to complete their life cycle. In
exposure is a matter of debate and also a gregHdition, it is also known that anadromous juve-
deal of research. Prior to the 1950s, fish protecpjles and some anadromous adults must migrate
tion efforts were focused on estahiisg  gopnstream to the ocean. Consequently, there is
upstream fish passage facilities at hydrOpoWebeneral consensus that anadromous fish need

plants. By the middle of that decade there Wer%afe and efficient passage routes around the dams

growing concerns about the_potentlal hazards Ohat are located between their marine and fresh-
turbine passage for some fish, especially thos\?vater habitat2
that migrate between the sea and inland streams. ' ] )

The catadromous migrations of eels have also

Since the 1950s there has been extensive :
research on fish turbine mortality. Even with thisP€en studied. Adults must return to thea for

considerable base of resela, there istill some Spawning and juveniles must migrate upriver to
disagreement over the risk to variokinds of their rearing habitat. Logically, fishes that have

fish that pass through turbine designs. catadromous migratory patterns (American eels
are the most conspicuous example in the United
O Fish Passage for Anadromous Fish States) need safe and efficient passage around

Fish passage is widely accepted as necessary f8RMSs just as much as the anadromous fish. How-
anadromous fish. This may be due to the fact th&tVer, at least ithis country, there is very little
anadromous fish migrations are conspicuous angnowledge as to how to provide this passage.
have been observed and studied extensivelﬁonsequently, resource agencies more com-
Although there is a great deal of variation in themonly request passage for anadromous fish than
seasonal timing, duration, distze, and homing for eels (see box 2-3).

BOX 2-3: Eel Biology and Protection

The American eel (Anguilla rostrata) is native to the North Atlantic and may be found in the United
States along the Atlantic coast and throughout the Gulf of Mexico. They do not occur on the Pacific Coast
of North America. The American eel is catadromous, migrating from inland freshwater lakes, streams, and
rivers to spawn in the open ocean.

American eels spawn in the southwest part of the North Atlantic Ocean, at a location known as the Sar-
gasso Sea. The adults spawn at great depths and die after spawning. Unlike most fish, eels have a true
larval stage (called leptocephalus larvae), in which the young eels do not resemble the adults. Rather,
they are transparent ribbon-like creatures with very conspicuous eyes.

The eels spend several months growing in the ocean and arrive in coastal waters about one year after
birth. The larval eels metamorphose at about 2.5 inches, which typically takes place during the winter
months just prior to entering, or while swimming in coastal waters. Metamorphosed eels look more like the
adult eels and gradually become pigmented as they grow. When they become entirely pigmented, which
generally happens by the time they move into the streams and rivers, they become known as elvers. As
they grow and become better swimmers they are referred to as “young” or “small” eels.

(continued)

2There is often argument over what constitutes “safe and efficient passage routes.”
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BOX 2-3: Eel Biology and Protection (Cont'd.)

Elvers often occur in great numbers and may be fished along the shores of some rivers and streams
with stationary nets. The elvers make their way upstream, where they may live in shallow streams or deep
rivers or even associated lakes and ponds. They typically bury themselves in muddy or silty areas or hide
beneath large rocks during the daylight hours and generally feed at night, consuming a wide variety of
fish and invertebrates.

Very little is known of the early life history of this species. Females generally grow to 25 to 40 inches in
length, while males seldom exceed 24 inches. Little is known concerning their age at reproduction, although
it is likely to be between six and 12 years. During their freshwater stay, they are generally yellow or orange in
color, leading to the term “yellow eel.” However, when they reach sexual maturity and begin their downstream
migration, they take on a metallic shine and are known as “silver eel.” Adults migrate all the way back to the Sar-
gasso Sea (reportedly, as far as 5,600 km) where they will complete the life cycle (158, 208).

The European eel (Anguilla anguilla) also migrates to the Sargasso Sea to mate. The two species are
exceedingly similar and differ mainly in the number of vertebrae (103 to 111 for American eels and 110 to
119 for the European eels) and adult size (American eels are bigger). European eels apparently take
three years on average to get to coastal waters, as compared to one year for American eels. However,
most arrive as elvers at about the same size (2.5 inches) as the American eels and thus it seems that the
European eels grow considerably slower, at least during the early life stages in the ocean. They are similar in that
they migrate long distances upstream in many stream and rivers. Like American eels, they are often found in
great numbers and may make a significant contribution to the biomass of certain ecosystems.

The predatory habits, long stay in freshwater, large numbers, and migratory habits have caused some
authors to speculate that the decimation of the American and European species could have a considerable
impact on the nutrient cycles and energy relationships within lakes, streams, rivers and associated terrestrial
habitats (212). Hydropower dams may affect eels in a variety of ways, including killing or injuring some eels as
they pass through turbines (92), as well as blocking elvers from migrating upstream (183).

Some biologists, especially in Europe, have explored new technologies to protect eels at hydropower
dams and cooling-water intakes (92). For example, lights, air bubbles, and electrical screens have all
been tested to keep eels from being entrained. While most of these methods did not work, the experi-
ments with lights were promising. In these tests, eels tended to avoid areas that were illuminated with
either incandescent or high-pressure mercury vapor lamps (or both). More research will be needed to
determine the efficacy of such technologies to protect eels from entrainment at hydropower dams.

Other scientists have been working on providing upstream fishways for elvers. They are relatively
small (10 to 40 cm) and are poor swimmers, thus some traditional fishway designs used for salmon, etc.,
may not be appropriate. In addition, fishways for elvers may need to accommodate millions of fish in a
brief time period. Specially designed fishways for young eels are being developed, mainly in France,
where this species is of considerable economic importance (183).

SOURCE: Office of Technology Assessment, 1995.

Turbine Mortality ways are closed and during times of no spill, the
If a dam has no downstream bypass, every indimajority (or all) of the fish must use the turbine
vidual of an anadromous fish population reach<hannels as their migratory route (56,193).
ing the dam must either pass by the turbinesTherefore, the question of whether these anadro-
sluiceways, or mllway during their seaward mous fishes are being entrained is often moot.
migration. If fish migrate at times when sluice- However, the question of whether the fish are
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injured or killed during turbine passage is stillof the turbine blades, fish will experience a
somewhat controversial. region of subatmospheric pressure and then
Scierntists began studying turbine mortality in quickly be returned to atmospheric pressure in
the United States in the late 1930s. Nearly all othe draft tube and tailwaters. The region of subat-
this research was focused on juvenile anadromospheric pressure will only be slightly less than
mous salmon (19,199,224). Beginning in 1980he pressure that a surface swimmer was adapted
the experimental effort expanded somewhat taqo, but may be a substantial decrease for bottom
include other anadromous species, especiallgwimmers. The amount of pressure damage may
American shad and alewives (18,87,135,206,2221epend on the depth of the intake, net head, as
There is much variation in the data gatheredvell as the pressure tolerance and the acclima-
from these experiments. In fact, turbine mortalitytion pressure of the target fish species or life
has been estimated anywhere from 0 to 100 pektage.
cent (19,46). This wide variance is probably due  cayitation is caused by localized regions of

to the great diversity of turbine designs and OPershatmosphic pressure (on the trailing edges of
ating parameters, as well as the different rivet;, ner blades). Air bubbles form when the
conditions and fish species where the mortality,y yrostatic pressure decreases to the vapor pres-
tests were done. However, in some cases thel§, .o of water. These airubbles. which can be
may be large qlifferences in turbine mortalitiesrelatively large, are then swept downstream into
E_stlmateg by_ dlfl‘ﬁrent SIUd'eS.at.Ithi. shame tF”Fegions of higher pressure, which causes them to
E'ge’ and using the same or simriar s Spec'egollapse violently, creating localized shock
(55). . . . . ..., waves that are often strong enough to pit metal
Studies of turbine mortality have identified o ,nqer piades. The shock wave intensity dissi-

four poFentlaI categories of dangers to T'Sh.: ates rapidly with distece from the center of
mechanical damage, pressure changes, cavitation

X collapse. Undoubtedly, if fish are passing near a
damage, and shearing damage. . .
. . ..,region of collapse, they will be damaged or
Mechanical damage is caused by contact with : A )
. . ) . . killed. However, it is difficult to predict how
fixed or moving equipment, and is a function of

the characteristics of the turbine (number of 12y fish will pass nearby such regions. Cavita-

. tion is an undesirable and costly condition for
blades, revolutions per second, blade angle, rur'é q ¢ d fish alike. The int
ner diameter, hub diameter, and discharge) an ydropower opera.ors an ) Ish all e.. € Inter-

lay between turbine setting (centerline of the

the size of the fish. Models have been develope i ) ; i
funner in relation to tailwater elevation) and net

to estimate the number of fish of various size tha ) oe

will come into contact with the turbine machin- €ad affects turbine gfﬂcmngy, a_”?' often mea-

ery. Among other things, these models predicfUres can be taken to incredsie efficiency. The

that fish size is positivelycorrelated with the incidence of cavitation decreases with increasing
turbine efficiency, and therefore it is desirable to

potential for physical strikes (35). e = i - .
The pressure changes that entrained fish expénamtam high turbine efficiency to reduce fish

rience are a function of the turbine design andnortality.

flow rate, as well as the location of the fish in the Shearing occurs at the boundaries of two adja-
water column prior to entering the intake. Fishcent bodies of vater with different velocities.
that are swimming at depth will be acclimated toPassing through such a zone can spin or deform a
relatively high pressure and will experience littlefish, which could lead to injury or death. Shear-
change in pressure when entering a submergdtlg is most pronounced along surfaces, like walls
turbine intake. Surface swimmers will be accli-or runner blades, but is extremely difficult to
mated to near atmospheric pressure and willjuantify in a turbine. Therefore it is difficult to
experience an increase in pressure as they “divatetermine what percentage of fish deaths from
to locate the intake. Just on the downstream sidiirbine exposure are caused by shearing forces.
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It is often difficult to ascertain which type of using very large sample sizes and may confound
damage caused the visible injuries to the fish, astatistical comparisons of control and test fish.
they are often manifested similarly (205). In gen- Scientists have alsbeen concerned with the
eral, there appears to be a positive correlatiogeneral stress, shy of immediate physical injury
between turbine efficiency (less cavitation withor death, that could be acting on fish that pass
higher efficiency) and fish turbine passage surthrough turbines. The hypothesis is that all fish
vival and there is generally a negative correlationthat are exposed to turbines are affected to some
between fish size and fish turbine passage sudegree. This hypothesis suggests that different
vival (64,55). individuals react to turbine exposure to varying

Early studies of turbine mortality typically degrees, and thusven though many fish may
only estimated immediate mortality. In other survive the initial passage, their chances of future
words, investigators focused on fish that weresurvival are reduced by the exposure. However,
collected dead or dying after passing through thé a review of the salmon turbine mortality litera-
turbines. However, sombiologists assert that ture, Ruggles concluded that “... fish that survive
delayed mortality is also possible and as a resulpassage through turbines without physical injury,
some investigations have attempted to estimatky and large, do not have their chances for subse-
total mortality by studying both immediate and quent survival reduced” (205). However, some
delayed mortality (62,205). Bell has suggestedstudies have shown that even minor de-scaling
that, for salmon smolts, 72 hours is an acceptablean reduce the ability of fish to cope with other
time period to judge total mortality (17). Delayed environmental stress (24).
turbine mortality estimates are often difficult In general, the experimentalesign used to
because of problems associated with manma  study turbine mortality is likely to affect the
the fish for a period of time after turbine expo-results considerably (62). goodexample is the
sure. For example, if control fish havehagh  controversy over turbine mortality estimates for
mortality level (or a highly fluctuating mortality the American shad, blueback herring, and ale-
level among control replicates) due to streswife juveniles. Using standard netting tech-
caused by various parts of the experimentahiques, scientists have estimated mortality rates
apparatus, it becomes difficult to test forfor American shad and blueback herring juve-
statistical signifiance of test fish mortality niles at between 21.5 and 82 percent in a Kaplan
(62,64,203,206). turbine at Hadley Falls Hydropower Station in

Resource protection agencies also suggest thitolyoke, Massachusetts, on the Connecticut
turbine mortality studies probably underestimateRiver (18,222). However, severstudies using a
the number of fish that die from turbine passagedlifferent collection technique (balloon tags) esti-
because many study designs do not take predaated turbine mortalities much lower, 0 and 3
tion into account. They suggest that as fishpercent on average, for these same species at the
emerge from draft tubes they are often subjectedame (144) and similar (103) Kaplan units.
to high predation in the tailwaters (or even in the In addition, other aspects of experimental
draft tubes). This is due to a variety of tailwaterdesign may also affect results. For instance, the
conditions, including the supposition that fish areway the experimenter defines “dead” is critical.
disoriented after turbine passage, fish gettingsome experiments have included fish that are
caught in hydraulics that detain them in the tail-swimming “normally” but that are noticeably
water, increased predator habitat, and the generdamaged (i.e., scrapes, cuts, bruises, loss of
concentrating nature of turbine passage. Somscales) in the “dead” column. If another experi-
study designs may be able to include predation imenter included that type of fish in the “live”
their estimate of turbine mortality, but they maycolumn, the same study results may estimate
suffer from low re-apture rates, which require considerably different mortality rates (see Part 2
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of this chapter for more details on turbine mortal-
ity studies).

Despite some controversy over the extent of
turbine mortality, it is still widely believed to be
a significant factor in the reduction of many
anadromous fisheries around the country. The
concern is greater when there are multiple dams
in a system, because of the potential cumulative
impact (193). If there is only one dam to pass,
mortality rates lower than 10 percent may not
seem so alarming. However, when fish must pass
multiple dams, as is often the case with anadro-
mous fish, the cumulative impact of severa dis-
tinct low mortality rates can result in severe
losses (35). For instance, a group of salmon
smelts migrating downriver will be decreased by
half after passing seven dams, each with a 90
percent survival rate (see figure 2-1).

Therefore, downstream protection to reduce
entrainment and also some measure of safe
downstream passage is often sought for anadro-
mous fishes (i.e., fish bypass, spill measures, trap
and truck, etc.). However, all bypass systems are
not harmless to fish. Some fish may be killed in
bypasses, and thus the mortality rate from the
bypass should be compared to the mortality rate
of other possible routes (i.e., turbine, spill,
sluiceway) (78). In some cases hydropower oper-
ators have tried to establish that turbine mortality
on anadromous fishes is minimal, suggesting that
turbine passage is a viable migratory route for
some species at some sites (103). For example,
the Federal Energy Regulatory Commission
(FERC) has approved turbines as the preferred
passage route for juvenile American shad at Safe
Harbor hydropower facility on the Susquehanna
River in Pennsylvania and for juvenile blueback
herring at Crescent hydropower facility on the
Mohawk River in New York. The United States
Fish and Wildlife Service (FWS) has supported
the conclusion at Safe Harbor and is contesting
the Crescent case (29,30).

However, accepting turbine passage as a
migratory route is still highly controversial and
will certainly be highly site-specific. In addition,
many anadromous fish have repeat spawners.
These fish migrate back to the ocean after

FIGURE 2-1: Cumulative Mortality
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SOURCE: Office of Technology Assessment, 1995.

spawning and return the following year to repro-
duce again. In fact, on the Atlantic Coast, every
anadromous fish species, except the sealamprey,
has repeat spawners. Therefore in addition to
providing safe passage for down-migrating juve-
niles, many projects must also provide safe
downstream passage for adult repeat spawners
(32). Since turbine mortality is more severe with
increasing fish size (62,64), presumably turbine
passage would not be an acceptable route for
adults of most species (18,134).

« Entrainment Protection for Riverine Fish

The relatively new interest in riverine fish at
hydropower dams has mainly been concerned
with entrainment and turbine mortality. Research
has focused on determining the magnitude and
the species and size composition of entrainment
and turbine mortality. Hydropower operators
may have the option to forgo these studies and
develop and implement an enhancement plan for
minimizing the entrainment of fishes at their
project(s).
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Entrainment Studies The species, size, and number of entrained

A wide array of study designs and methods hafish may differ significantljoetween units at the
been employed to study entrainment at hydroS@Me site. The operating time, flow volume, and
power dams. The diversity in experimental _relatlve Io'catlon Of. t_he various L.m'ts may be
design may be partly linked to site-specific Iogis-'mportant in determining the entrainment rate of
tical constraints or safety concerns. Dam an ach. In general, the longer a unit is operated and

h desi I . hvdrol he greater the flow volume per unit time, the
POWEThOUSE design, as wWell as Tver nyarology e fish are entrained. Intakes that are posi-
hydraulics and geo-morphology,

may limit the yioned near areas where fish like to spawn or feed
methods that can be used. In additiotydg  ay entrain more of these fish than units that are
goals, experimenter preference, and financiajy ther away. Therefore, extrapolation of entrain-
constraints may also play a role in deteim  ment data from onanit to another is often con-
what methods are gtoyed. troversial. State and federal agencies generally
Unfortunately, the diversity in study methods do not like studies that attempt to sample entrain-
limits our ability to compare entrainment resultsment from a subset of turbines and extrapolate
from site to site. Two major reviews of recentthese values to other untested units. In addition,
entrainment studies have been done. Bot#e efficacy of extrapolating entrainment rates

reviews focused on studies done at sites east ¥fill depend on how similar the sites are in fish
the Mississippi river, primarily Michigan and COmPposition, powerhouse and dam design, as

Wisconsin. The Electric Power Research Insti-we” as on many physical characteristics of the

tute (EPRI) contracted Stone and Webster Envit V&r

. : Research concerning the entrainment of fish
ronmental Services (SWEC) to prepare a review . .
. . . . eggs and larvae at hydropower projects is very
of entrainment (and turbine mortality) studies

rare. Studies that collect fish eggs and larvae are

(62). The Federal Energy Regulatory CommiS,nensive and difficult. However, it is well

sion also contracted SWEC to prepare an assessstaplished that the egg and larval stages repre-
ment of fish entrainment at hydropower projectssent a critical period that often determines the
(71). strength of a given year-class of many fish spe-

The following findings regarding entrainment cies (2,129,138). Some studies have suggested
of riverine fish are largely drawn from the FERC that entrainment of larvae and eggs at hydro-
1995 review Preliminary Assessment of Fish power facilities can beery high and can affect
Entrainment at Hydropower Projectfunless the abundance of some species (256). Similar
otherwise cited). In general, riverine fish of vari-fesults have been obtained at pumped-storage
ous species are entrained to some extent at virtf@cilities (184,214). However, at least one study
ally every site that has been tested. Entrainmer{Pund no direct link between entrainment of lar-
rates are extremely variable among sites. Smallef?€ and population size (48).

fish tend to be entrained at higher rates (62,71). Severa! models have been develope_d to esti-
. ate the impact of egg and larval entrainment at
For example, more than 90 percent of entraine

fish in several studies were Ies§ than 20 cm i uec)llear;qasogsr argglri];b(l)g I:)S pr?yr/)(;lrlggg\:]vse’r a(;];ms
length (62). However, the entrainment of large(11g). This seems to be an area that deserves
fish is not uncommon. more attention in the hydropower arena, but will
The location of the intakes relative to fish hab-pe difficult and costly. In addition, a recent
itat may be a key factor in determining how report on the potential for mortality of fish early
many and what types and sizes of riverine fishife stages (i.e., eggs and larvae) suggested that
species are entrained. Penstocks that are locatastbine mortality may be low (35).
far from shore in open water may tend to entrain Some state and federal resource agencies have
different kinds (and quantities) of fish than drafted specific guidelines on how entrainment
intakes that are located near the shoreline. and turbine mortality studies should be done
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(35,264). Some argue that studies should be coreal strikes) (35). The review suggested that mor-
ducted over a period of at least three years, anglity rates may be low for fish eggs and larvae.
in some cases five, because of changing weath@fowever, direct measurements of turbine mortal-
patterns (which affect river flow, etc.) and natu-ity for fish eggs and larvae have never been done.
ral fluctuations in fishpopulation levels (264). It is simply too early to make any generaliza-
Presently studieare generally one year in dura- ions ahout turbine mortality of riverine fish.

tion and are relatively expensive. For ex""mpIeResource agencies currently prefer that turbines

the mean cost of seven different 12'm0m2§un at or near peak efficiency to reduce cavita-

entrainment studies (using nets to capture fish lon damage. More research is needed to better

27 71). E i . ) .
Was_reported to bg $273,006 (71) Xtenqm)}jetermlne the risk of death from turbine passage

escalate these costs, especially when the costs [f Various sizes and species of riverine fish.
a turbine mortality study arecluded. Guidelines for turbine mortalitgtudies would

Standardizing the types of experimental@/S0 help to standardize results.

designs that can be useauwid help in attempts

to compare data from sevesilidies. Agreement Population perspective

on study designs between resource agencies aiMbst research on entrainment and turbine mor-
hydropower operators could minimize controver-tality has not attempted to determine the fishery
sies about how to interpret results. Such compatimpacts at the population level. The entrainment
isons could also be important in identifying and turbine mortality rates for riverine fishes,
trends that might help to guide fish protection\yhich have been gathered now at many hydro-
mitigation. Suggested guidelines for deteTmg  power facilities, onlyrepresent part of the pic-
the need for entrainmestudies, as well as for .o While entrainment (risk of injury or death)
conducting studies @., defining targefish and o oyiously significant to the individudish, it

f]';g.i’ trs]? gzgrospa”ritel.#Sic%fezy?éga(;?:és?g ";?g not necessarily significant to the population.
g sildies, Piing ules) POrE o instance, entraining 100,000 fish per year

ing results (e.g., the type of information to . .
include, such as sampling times and frequencieé’vIth a 30 percent mortality rate may represent a

entrainment rates and flows for different hydro-U29iC consequence for one species, while the
plant units, appropriate information on environ-€Xact same rates may represent a lesser impact

mental variables, methods used to account fofor another. The severity of the impact will
unsampled periods, statistical methods) pro- depend on many aspects of the population biol-
vided in the FERC 199Breliminary Assessment 09y of the fish species being entrained. Such

of Fish Entrainment at Hydropower Projects parameters include the size of the population, the
length, weight and age structure of the popula-

Turbine mortality tion, the reproductive potential of the population,

Estimates of turbine mortality specifically for and the natural survival rates (unrelated to
riverine fishes were rare until recently, and theyentrainment) of the population.

are still less common than for anadromous spe- It would be ideal to know the effects of
cies. However, a number of recesitidies sug- entrainment and turbine mortality on fish popula-
gest that smaller fish experience less mortalitytions. However,studies designed to determine
than larger fish, similar to findings for anadro- these impacts would be very time consuming and
mous fish discussed above (62). Cada revieweexpensive, if not impossible. The FERC has
the scientific literature pertaining to the kinds ofrecently issued a statement concerning the need
stresses that fish are exposed to in turbines (i.€fQr proving population impacts when requesting
shear, cavitation, subatmospheric pressure, physaitigation at hydropower projects (71).

3The Electric Power Research Institute is also currently prepsuiciyguidelines (219).
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Ohio Power’s argument appears to be that an
effect on fish population as a whole is necessary
before any mitigation may be required, and that
no such effect has been demonstrated here.
However, there are many other environmental
variables that influence fish populations, partic-
ularly in a large system like the Ohio River.
Consequently, it would be very difficult, if not
impossible, to isolate the effects of turbmer-
tality on fish populations in the vicinity of the
Racine Project Clearly, there is the potential
for an effect on a fislpopulation when a large
number of its individuals are removed. These
effects can range from the dramatic, such as a
reduction in numbers sufficient to affect the
long-term viability of the population, to the sub-
tle, such as changes in the average size of fish
or their growth rates.Mitigation can be
required even if it cannot be proven that project
operation threatens the long-term viability of
the entire populatioffemphasis added).

Thus the positive impact of the “compensatory
mechanism” could counteract the negative
impact of the entrainment.

On the other hand, the resource agencies and
conservation groups view entrainment as a sig-
nificant and chronic source of fish loss. Regard-
less of turbine mortality, entrainment decreases
the populations of upstream fisheries that cannot
be replenished by downstream stocks because of
the blockage created by the dam. The resource
agencies generally disagree with the “compensa-
tory mechanisms” theory. They suggest thdt-
viduals in many fish populations are not limited
in reproduction, growth, or survival by intense
competition over limited resources with other
members of the population (88,259). Thus, elim-
inating “x” number of fish from gpopulation
may free up “y” amount of resource, but if the
individuals were not limited by that resource in
the first place, they are not likely to benefit
appreciably from the additional amount. While
the compensatory mechanism may occur in some

tively affected by d dthe d I,gopulations for some animals, there has been no
negatively afiected by dams, and the dam oWNeTz, o ch to date that shows that it does (or does
feel they are obligated to show that the project

. . hot) work for riverine fish species at hydropower
does not have a negative impact on the fish. Nei- ) P ydrop

o rojects.
ther objective is easy. proJ

There is disagreement on whbould bear the
“burden of proof’ (36). The agencies feel they
are often asked to prove that fishes hging

: . Financial compensation for fishery losses
Controversy concerning entrainment .
: . . At some sites, hydropower operators may have to
In general, thandustry views entrainment and . '
. . L . . .~ pay a fee equivalent to the value of the fish that
turbine mortality as a minimal risk to the riverine . . .
are killed by turbine passage. This is known as

fish since the bulk of entrainment consists of, LT
small fish (primarily young of the year) and the compensatory mitigation” and has also been
P y youhg y eferred to as “fish for dollars” mitigation. This

turbine mortalities associated with these smal e .

fish are low (35,62). In addition, in some cases pe of mltlgatlon is controversial for several
there are viable fisheries above and below damrseasonhs ?S d|scr:Jssed bkc)alow. 41 ) |
(48). They argue that any negative effects on the | €chniques that can be used for environmenta
population due to fish being entrained will e Mitigation have been identified and prioritized

countered over time by “compensatory mechaly the President’s Council on Environmental
nisms” at the population level. This theory sug-Quallty (CEQ) (40 C.F.R. S 1508.20) as follows:

gests that as the population getsatier due to " avoid_ing th_e impact altogether _by not taking a
entrainment, the competiton over limiting Certain action or parts of an action;

resources between the remainimgdividuals *
decreases. Those fish that are not entrained will
benefit from the decrease in competition for

important resources and this benefit may lead te
increased reproductive potential and/or survival.

minimizing impacts by limiting the degree or
maghnitude of the action and its implementa-
tion;

rectifying the impact by repairing, rehabilitat-
ing, or restoring the affected environment;
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= reducing or eliminating the impact over time cost of the fish lost. 44However, we think that
by preservation and maintenance operet the parties misapprehend the nature of the
during the life of the action; and undertaking to the extent they believe that the

. compensating for the impact by replacing or defensibility of the amount to be set aside for
providing substitute resources or environ- compensatory mitigation turns on the precision
ments(emphasis added) of the estimates of lost fish and their associated

. . L replacement costs. No such precision is called
Thus, f!n_anglal compensation is an acceptable for; rather, the goal is to establish a reasonable
form of mitigation when all of the other preferred expenditure with which to compensate for the
forms of mitigation are deemed impossible or project impact on fish....
inappropriate. The United States Fish and Wild-

life Service (FWS) defines “compensation” as

full replacement of project-induced losses to “value” reflected only the cost of hatchapyo-

fish and wildlife resour@s, provided such full duction of the different species and size classes
replacement has been judged by the FWS to be q fish (72).

consistent with the appropriate mitigation plan-
ning goal.” It defines “replacement” as “the sub-
stitution or offsetting of fish and wildlife
resource losses with resources consideto be
of equivalent biological value” (253).

44/ The Division Director referred to the
“value” of killed fish, but clarified that the

There is also debate over how to value the fish
that are killed. The American Fisheries Society
(AFS) Handbook on the Valuation of Fish Kills
is often used to determine the value of the tur-

The hydropower operators pay a yearly ﬁnan_bine-killed fish. This publication .valugs fish
cial compensation to the state resource agencieg?‘sed_ on the cost to replace t_he fish with hatch-
which is said to be equivalent to the estimateda_ry'ra's_ed fish Of eguwalent size (5). The agen-
yearly amount of fish killed by a project. Unlike cies claim that- thls_ is not approprlate_ an.d that this
screens, monetary compensation does ndype of yaluatlon ignores f[he other intrinsic apd
directly protect the fish that are being entrainedc0NoMIc values of the fish (264). They c!a|m
and killed, but rather the monies can be used tEhat the AFS replacement values underestimate
support other fishery enhancement projects (hat}-he “true” value of the fish by as much as 90 per-
itat restoration, artificial production, etc.). cent (see chapter 5).

Compensatory mitigation is becoming more
common for projects that entrain riverine fish, Passage for Riverine Fish
but it is controversial. For instance, there is dis-Though some resource agenciestaginning to
agreement over the degree of precision thamake an issue of it, fish passage has rarely been
should be required for the entrainment and turfrequested for riverine species (relative to the
bine mortality studies that are used to determin@umber of requests for anadromous species).
the compensation amount. In general the utilitieSome argue that the fish populations that became
believe that order-of-magnitude estimates arestablished after a hydropower dam was con-
adequate while resource agencies contend thatstructed (often 30 to 100 years ago) have been
higher degree of precision is required to ensureelatively sustained without the existence of fish
that the level of mitigation is equivalent to the passage. This argument would apply to fish pas-
fish loss. FERC discussed study precision in asage requests during FERC relicensing. How-
order issued concerning Ohio Power’s 40-megaever, it is also argued that since the riverine
watt Racine Project, on the Ohio River at a Fedfishes spend their entire lives withireghwater,
eral Dam in Meigs County, @&y and Mason they may not necessarily need to move past a
County, West Virginia (71). dam to complete their life cycles.

In this case, we understand that the Commission Some resource agencies have begun to argue

staff sought to calculate a compensation amount that some riverine fish species do make signifi-
that is roughly equivalent to the replacement cant movements within the river. Depending on
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habitat availability at a given river segment andother reason (e.g., mortality, largmmpulation

the biological needs of the target fish speciessize, etc.).

dams may (or may not) separate certain riverine Second, by setting the spatial and temporal
fishes from critical habitat (e.g., spawning areaspoundaries of the study the investigator is pre-
that could be important for enhancing or sustainsupposing how far and when the fish will move.
ing their populations. Some scientists have alséor instance, if the study concentrates recapture
speculated on the ecosystem level impacts offfort on a small region of the stream and a
providing or denying fish passage (see box 2-4)tagged fish ventures beyond the study bound-
The assumption that riverine fish do not requirearies, it will not be recaptured and thus its move-
passage may reflect a lack of knowledge of thénents cannot be known or included in analyses.

magnitude and significance of their movements. T0 alleviate the bias, researchers can focus
recapture efforts over a larger area (e.g., by
Methodology and fish movements including angler returns). Recapture efforts
Though the paradigm is beginning to changeShOUId also have a broad temporal focus, so that
the predominant thinking has been that riverineseasc_)nal f,'Sh movements can be de.tected.
Third, fish that are recaptured in the same

fishes have restricted movements (i.e., “seden-t h wh th il ht
tary”).* The theory that riverine fishes are IargelyS ream reach where the€y werelatly caugnt are

sedentary is partially attributable to the methods‘?‘ss'ume<j fo have been there all along. This could

used to study their movement89). The vast cons!derably undgrestlmate the propensity of a

o . i species to move if the fish had left and returned
majority of studies since the 19.405 .used th%o the area between the two capture events.
Mark-.Recgpture tec_hnlque which !nvolves Mark-recapture studies can provide useful data
capturing fishes, tagging them, releasing them

i concerning fish movements and populations size
and then attempting to recapture them.

. A In-many,pen they are designed to alleviate these poten-
of these studies those fish that were recapturegl| ias problems

apparently remained very near the initial capture

site, causing the investigators to conclude tha1telemetry to study fish movements. This technol-
these fish are relatively sedentary. Howeveryqy ajjows the investigators to track individual
only a small percentage of fish were recapturegigp, from a population over long distances from
in many of these studies and thus conclusiong,e point of initial capture. Aese studies do not
concerning the amount of fish movement ignorepre-suppose how far the fish move and thus are
the portion of fish that are not recaptured. less likely to bias the results. Howevkrgistics
There are several ways that mark-recaptur@ind cost may limit the number of fish that can be
studies may bias results about fish movementsollowed, which has sometimes led to basing
First, there is no information about the move-conclusions about fish movements on data from
ment patterns of the fish that are not recaptured relatively small number of fish. In dition,
and in many cases this is the majority of thetransmitter life-span limits the length of time a
tagged fish. This could mean that these fishefish can be followed.
have moved beyond the boundary of the study or Telemetry and mark-recapture studies can
that they may have evaded recapture for somprovide data on where a fish is at a particular

Other studies have attempted to use radio

4The theory that most stream (i.e., riverine) fish aedéntary” originated in 1956ith a paper entitle@he restricted meement of fish
populations(86).

5A fish may be captured and released at “point A,” swim some distance to “point B” and then swim back to “point A” and be recaptured.
This fish would be incorrectly counted as matving movedFor éample, awalleye was captured, fitted with a radio transmitter, and
released at Prairie du Sac dam in Wisconsin. The walleye was then radio tracked for 10 months and found to have traveled a distance of 40.6
miles during that period. Three years later, the same fishavaghtby an argr behind Prairie du Sac dam. Had there been no radio-track-
ing data this fish would have agared (incorrectly) to have restricted movement.
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BOX 2-4: Ecosystem Perspective for Fish Passage

The need for fish passage can be considered at the population and ecosystem levels. Most research has
focused on the need for passage as it relates to the sustainability of a particular fish population or species.
However, some scientists have theorized about the potential ecosystem level impacts related to fish passage.
In other words, hydropower dams can preclude fish from migrating or moving to a given river reach. This may
or may not have a negative impact on that particular fish population, but it could have a negative impact on
other organisms that depend to a greater or lesser extent on the presence of those fish (146).

For instance, many species may depend on fish resources in a given stream reach. Some mammals,
birds, reptiles, amphibians, fishes, and invertebrates may prey on fish eggs, larvae, juveniles, or adults. These
predator-prey relationships may in some cases represent important ecological interactions between aquatic
and terrestrial ecosystems, or within the aquatic ecosystem. Such interactions can be affected (interrupted,
decreased, or severed) if some fish can no longer swim to a historic portion of their range.

In addition, many species of anadromous fish die after spawning and their carcasses provide energy
to some of the organisms that live in the area. Studies have shown that the carbon from salmon, shad,
and lamprey is recycled in the local stream environment and may make a significant contribution to the
energy flow of the local ecosystem (261).

Thus, hydropower dams may affect the natural flow of energy through the river basin by impeding nat-
ural fish movements, thereby fragmenting the environment and having a negative impact on the entire
ecosystem (140,261). Even though the movements of a particular fish population may not always be criti-
cal to its own sustainability, the movements may still be critical for other species and thus overall ecosys-
tem health and stability.

These ecological interactions may be more profound in certain river basins and less important in oth-
ers. Most of the current empirical evidence relates to anadromous fish movements, but the same concept
would apply to the riverine and catadromous fishes as well (212,261). More research is needed to exam-
ine the significance of ecosystem fragmentation at a level that can guide mitigation.

SOURCE: Office of Technology Assessment, 1995

time and the minimum distae it moved within tances, while others remain very near the point of
a given time frame. However, these data must bimitial capture. Some scientists believe there may be
carefully analyzed before making judgmentsa “sedentary” and a “mobile” portion of many fish
concerning the biological significance of the populations (84,95,102,104,148,216,218). The
observed movement patterns. Fish may mov@roportion of the population that is “sedentary”
within a body of water for many reasons (seeor “mobile” seems to vary from species to spe-
table 2-1). Studies of movemepatterns using cies, population to population, and even year to
telemetry or mark-recapture may provide littleyear (89). Individual fish may be either “seden-
evidence to draw conclusions about the reason@ry” or “mobile” for their entire lives or a fish
for the observed movement patterns. Othethat is sedentary at one point may become mobile
experiments and natural observations regardingt another time (89).
the fish and their habitat may provide supporting The significance of having mobile and seden-
evidence to help formulate such conclusions. tary subpopulations is not always well under-
stood. However, some case studies have shown
Sedentary and mobile hypothesis that the mobile portion of the population bene-
Telemetry studies (as well as some mark-recaptuffided substantially from roaming. For example,
studies) have shown that some fish move long disndividual Arctic char that migrated from their
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TABLE 2-1: Some Widely Recognized Riverine Fish Movements

Dispersal
Passive fry dispersal with water flow
Active fry or juvenile dispersal, possibly mediated by competition
Specialized dispersal with patchy resources
Habitat shifts
Shifts in microhabitat related to life stage (age or size)
Seasonal movements between summer and winter habitat
Daily movements between feeding and resting positions
Spawning migrations
Potamodromous migrations between lakes and rivers
Movements in all directions when spawning and rearing habitats are interspersed
Homing movements
Following displacement (floods, capture and release, etc.)

Home Range Movements

Daily movements related to territory defense
Daily movements related to feeding

SOURCE: Office of Technology Assessment, 1995.

home lake to a more highly productive lake 5 km Smallmouth Bass (Wisconsin and New York):
upstream grew faster and reached sexual maturitark-recapture and telemetry were usedttmy
two years sooner than their sedentary counterparsgnallmouth bass movements between winter and

that remained in the home lake (160,161). summer habitat in the Embarrass and Wolf rivers
in east-central Wisconsin. It was concluded that
Study examples decreasing water temperature at the summer hab-

Lower Connecticut River Catfish and Per&tn  itat in the Embarrass River caused smailthe
intensive mark-recapture study of several specie® travel 40 to 60 miles downstream in search of
of riverine fish was done as part of a major ecodeeppools for over-wintering in the WoRiver.
logical investigation of the Lower Connecticut The following spring with increasing water tem-
River (1968 to 1972) (143). Thousands of fishederatures the bass returned to the Embarrass
(9,817) were captured, tagged, and released. F&ver, most to the same three-mile reach of river
all the years that data were taken, recapture rat¥¢éhere they were found the previous year (137).
ranged between 3.8 and 10.7 percent (918 totd|n€ extensive migration pattern observed in this
recaptured; 9.4 percent). The data indicated th&tudy may be linked to wide spatial separation
the recaptured fishes of some species were fal€tween prime summer and winter habitat.

from stationary and that soniedividuals occa- In contrast to this example of long-distance
sionally traversed the entire 85.3 km of the lowedirected movements by smallmouth bass (i.e.,
Connecticut River from Old Saybrook to Enfield migration), other studies have concluded that
Dam. White catfishes (range: 23 km downstreangmallmouths are less mobile. For imste,
and 61.2 km upstream; average of 15.4 km fronMcBride, using mark-recapture, found small-
tagging site) and yellow perch (range: 23.3 kmmouth bass in the Mohawk Watershed in New
downstream and 54.7 km upstream; average ofork to be highly sedentary (148). Ninety-one
13.5 km from tagging site) moved the furthestpercent of the bass were recaptureithiw the
from the point of initial capture and the brown same sub-reach of the river that they were ini-
bullhead catfish (average 3.6 km from taggingtially caught and tagged. However, seasonal
site) moved the least. migrations, if they occurred, may have been
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missed because sampling was concentrated previous year (258). In the Chesapeake Bay
one month only. Recapturesooered from one region, yellow perch migrate from downstream
to 22 days after initial tagging. McBride inter- stretches of tidal waters seeking sjpavg habi-
preted these data to mean that Mohawk Rivetat in upper reaches (less saline) of feeder
smallmouth bass populations had a relativelystreams and rivers. The migration distance
large “sedentary” and a smaller “mobile” compo-depends on the location and availability of
nent, similar to earlier findings about smallmouthspawning habitat (83).
bass movements in Missouri streams (84,148) Shortnose SturgeonAnnua| movements of
Largemouth Bassiargenmouth bass move- shortnose sturgeon were studied in the Connecti-
ments have also been extensively studied. Mosjut (31) and Merrimack (125) Rivers in Massa-
studies (mark-recapture) indicate that adulichusetts. In the Connecticut River shortnose
largemouth bass et limited movement sturgeon exhibited two distinct migration pat-
showing a high degree of fidelity to home areasterns prior to spawning. Some of the sturgeon
For example, one study recaptured 96 percent gbstimated 25 to 30 percent) spent the latter part
the tagged fish within 100 m of their respectiveof the summer, the fall, and the winter about 24
release sites (139). However, radio telemetryy, downstream of their spawning grounds. In
studies on Florida largemouth bass indicated thghe spring this portion of the population migrated
adults moved out of home areas to locate suitablge 24 km and eventually spawned. Following
spawning habitat (44,151). spawning, the spent sturgeon moved back to
A mark-recapture study of largemouth bass indownstream feeding and oventering sites. The
Jordan Lake, North Carolina, focused on themajority of the sturgeon (estimated 70 to 75 per-
movements of juveniles (young-of-the-year andcent) spent the winter at the spawning grounds, thus
yearlings). Researchers tagged 1,619 fish oveequiring no spring spawning migration. Hawe
two years and recaptured 87 (5.4 percent) Offter spawning these fish migrated downstream to
these from one to 133 days after initial releaseyyo distinct summering sites (23 to 24 km or 54 to
The vast majority of recaptured juveniles (youngsg km). These sturgeon leave the summering sites
of-the-year and yearlings) were caught in the samg, ¢4 (August to October) and migrate back
cove or area where they were initially captured a”ﬁpstream to the spawning/overwintering sites.
released. A few fish (eight; or 9.2 percent of recap- In contrast, all of the sturgeon in the Merri-

tured fish) did move beyond the point of initial mack River overwintered downstream of the
release. Unfortunately nearly 95 percent of thespawning site and made a spring migration to
fishes were not recaptured and no data is availabjg,se areas. The different movement patterns
about their movement patterns (45). observed for these populations of shortnose stur-

Yellow Perch:Yellow perch from Lake Win- geon are probably related to the availability and
nebago in Wisconsin migrateto the Fox River the location of the critical habitat. If the spawn-
in search of spawning habitat and travel as falhg areas are far removed from feeding areas, the
Eureka Dam, 40 kmpstreanfrom the nouth of  fish may conserve energy by making an early
the river. After spawning they return to Lake migration during the fall to coincide with low
Winnebago and repeat the migration the follow-river flows. On the other hand, if feeding and
ing year, with the majority (85 percent) homing spawning sites are in close proximity, spring
to the same spawning sites that were used in thaigrations are not as energetically co§tly.

6 Shortnose sturgeon are anadromous in soutesrs (e.g., Savannah River), spending the sumfalérand winter in saltwater. They
make long-distance upstream spawningratigns in the spring (between 175-275 km), traveling asynas 30 km a day. Shortly after
spawning they return downstream and enter brackish waters by two weeks post spawning (93).
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Implications of riverine fish movements for require long-distance spawning migrations to

fish passage mitigation o _ locate suitable areas. In contrast, in the Green
The need for passage for riverine fishes is mosk;, or spawning habitat was less common and

likely site- and species-specific. An excellent, - highly clumped, requiring fish to swim long
illustration of site variation is the biology of the .
edlstances to locate acceptable areas.

Colorado squawfish. Colorado squawfish hav i : .
been extensively studied in the Green, White and These stud|gs uqderscore the pomt that miti-
Yampa Rivers in Colorado and Utah and resultgation concerning fish passage will have to be
indicate that adults make seaal long-distance site- and species-specific and should be tied to
migrations upstream (65 to 160 km) to locatethe specific habitat needs for target fisbpula-

spawning habitat. After spawning the adults returdions in a given river reach. Seasonal habitat
downstream, often homing within a few miles oftypes (e.g., rich feeding habitats v. spavg

where they were prior to the spawning migrationsites) are sometimes widely spatially separated
Squawfish larvae in these rivers drift to nurseryand may require extensive migrations of some
areas far downstream of the spawning sites (as f@ierine species (169). Goals concerning the tar-

as 100 to 160 km) (225,226,227,228,260). get species’ population sizes as well as size and
However, McAda and Kaeding studied the yge (lass structure, etc., will be important in

same species in the upper Colorado River anfeia mining whether fish passage is needed.
found that adult squawfish had much shorter Some riverine fish may need to make long-

spawning migrations (< 50 km; mean = 23.2 km) .

than those described fopopulations in the distance -movemepts past one or .more damg to
Green, White and Yampa Rivers (65 to 160 km)loc.ate critical habitat (e..g., spawning, overwin-
(147). The availaility of spawning habitat may tering, etc.). Some species that make long pota-
help explain the difference in the movement patmOdromOUS migl’ations from |akeS into streams
terns of these populations. Spawning habitat wa@r rivers may need safe passage routes around
abundant and widely distributed in the upperhydropower dams to allow access to spag
Colorado River and consequently the fish did nohabitat (see box 2-5).

BOX 2-5: The Lake Sturgeon

The lake sturgeon, Acipenser fulvescens, has one of the widest geographic ranges of all freshwater
fish. It is found in three major drainage basins: the Mississippi, the Great Lakes, and the Hudson Bay.
This species, which once ranged so widely throughout North America, is now nearly decimated through-
out most of its native range (110,118). Lake Michigan in 1880 produced a commercial catch of over
3,800,000 pounds of lake sturgeon (15a). A combination of overfishing, dam construction and pollution
nearly eliminated these vast populations, to the point that today they are considered threatened or endan-
gered species throughout most of their range. The Menominee River, a boundary water between Wiscon-
sin and the upper peninsula of Michigan, is currently the only tributary to Lake Michigan that still contains
a fishable lake sturgeon population. This same scenario has been played out numerous times throughout
the historic range of these fish. The lake sturgeon is included on the U.S. Fish and Wildlife Service’s list of
candidate species being considered for listing as endangered or threatened. It is considered a “Cate-
gory 2” species which comprises taxa for which information now in possession of the Service indicates
that proposing to list it is possibly appropriate, but for which conclusive data on biological vulnerability
and threat are not currently available to support proposed rule making.

(continued)
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BOX 2-5: The Lake Sturgeon (Cont'd.)

Lake sturgeon are considered living fossils. They have many primitive characteristics which have
been lost on most of our modern-day fish. These include a large cellular swim bladder, a heterocercal tail,
a cartilaginous skeleton and a notochord, instead of bony vertebrae. These fish are long-lived and often
reach a large size. On average females do not reach sexual maturity until they are 25 years old and
approximately 50 inches long, while males generally mature around 15 years of age when they are
around 45 inches in length. There are records of these fish living over 100 years and attaining lengths in
excess of six feet and weights over 200 pounds.

Lake sturgeon are generally found in large river systems or in lakes connected to these rivers. They often
move long distances, over 100 miles, to reach suitable spawning habitats. Seasonal movements of lake stur-
geon outside of spawning time are not well documented. Lake sturgeon spawn in the spring or early summer.
Most spawning occurs in rivers below falls or in rapids. High-velocity water with a rock rubble substrate is pre-
ferred. Eggs adhere to these bottom substrates prior to hatching in 7 to 10 days after deposition.

Dams have impacted lake sturgeon popuations in a number of ways. Lake sturgeon have been
blocked from obtaining their traditional spawning areas by dams that are located at or near the mouths of
rivers (15a,96). Brousseau and Goodchild describe how fluctuating flows in a spill channel can adversely
impact lake sturgeon populations (28). Low and/or fluctuating flows immediately after spawning will affect
spawning success as eggs experience variable water temperatures, low oxygen concentrations and
exposure to the atmosphere. Fry become trapped in shallow pools and are subjected to heavy mortality
through predation, temperature stress, and oxygen depletion. Water level fluctuations between dams,
both seasonal and periodic, have caused decreased production and loss of species such as lake stur-
geon from some reaches (173). In addition Altufyev et al. (4), Khoroshko (124), Voltinov and Kasyanov
(255) and Kempinger (122) have all shown that changes in magnitude and timing of river flows below
hydroelectric dams have affected the reproduction and early life stages of several sturgeon species.
Auer has documented significant changes in behavior and population characteristics in the spawning run
of lake sturgeon when a project was converted from peaking to run of the river (8,9,10,11). The following
changes were documented: 1) an increase in the average size of the lake sturgeon; 2) an increase in
spawning readiness; 3) a decrease in the amount of time the spawning fish remained in the area of the
spawning grounds, thus decreasing their exposure to adverse conditions and poaching; and 4) an
increase in the overall size of the spawning run. Lake sturgeon are adversely impacted by daily flow
instability like that created by peaking hydroelectric projects, thus run of the river flows in the main chan-
nel and stable spillway flows are critical to the rehabilitation and restoration of lake sturgeon populations.

A key component to lake sturgeon restoration is to provide a means for fish to return upstream to suit-
able spawning, summer, and winter habitat. By allowing adult sturgeon to pass these dams, historic
spawning, nursery and foraging habitat could be utilized by these fish. This could be accomplished by
installation of upstream fish passage facilities. Upstream passage of lake sturgeon at dams with heads
higher than five to 10 feet has not been successfully accomplished with traditional-style fish ladders.
Resource agencies in the Midwest and Ontario are currently working on developing the technology to
safely and effectively pass lake sturgeon over these dams. Research is currently being conducted by the
National Biological Survey and researchers in Canada on swimming speeds of adult and juvenile lake
sturgeon and behavioral response of lake sturgeon to various fishway types. This information is critical to
designing an effective upstream fishway for lake sturgeon.

SOURCE: Thomas Thuemler, Area Fisheries Supervisor, Wisconsin Department of Natural Resources, August 1995.
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Other fishes may find adequate habitat within[] Entrainment Study Methodology
the dammed portion of the river. For example,

hydropower dams often change the habitajetting

upstream by creating head ponds (i.e., reservoirsnetting is the most common method used to
which provide different habitat than the original aasure entrainment. Full tailrace nets (most
flowing environments that they replace. There isyreferred netting technique) are anchored to the
often a change in species composition favoringyit of the draft tube and sample the entire dis-
fish species that prefer lake-like or pool-typecharge from one or several turbimeits. Floating
habitat. Such species include some sunfishes likgesh boxes of various sizes and types (iiee
queglll,. largemouth bass, and crappie. Some Ofars”) are often attached to the end of the net to
these fish are generally structurg oriented a’??’educe mortality caused by fish scraping and
may not need to leave the reservoir to locate critentangling in the net (i.e., net impingement). Par-

ical habitat. tial tailrace netting may be used where full tail-
race netting is impossible or prohibitively
PART 2: STUDY METHODS expensive or even dangerous due to the physical
and hydraulic conditions of the tailrace. These
O Entrainment and Turbine Mortality nets are usually anchored in the tailrace on a
Studies metal frame held in place by guy-wires, or some

] ] ) _other anchors, and they sample some portion of
Entrainment studies quantify the numbers, sizesyq gischarge from one or several turbines. Nets

and species of fish that pass through the turbiner§Iay also be deployed some distance downstream

at hydropower facilities. Turbine mortality stud- ¢ ihe tailrace and may cover the entire width of
ies (which are often done in conjunction with theihe strean.

entrainment studies) determine the risk of death . nain problem with full and partial tail-
caused by passing through a given turbine for th?ace netting is contamination of the sample by

various species and sizes of fish. Prior to 198051 that did not pass through the turbine (i.e.,

nearly all of the research on entrainment and Wrregiding in the draft tube or the surrounding areas
bine mortality examined anadromous juvenileyt he tailrace). This is particularly true for par-

salmon (17,19,199,224). Between 1980 and 1990, nets because they do not completelylate
the experimental effort expanded somewhat tgjsh that reside in the tailrace from swimming

include other anadromous  species, especialliztg them. In addition, fish may be able to escape
American shad and alewives (18,87,135,206partial nets. This is the primary reason that full

222). tailrace nets are preferred. However, tailrace and
Since 1990 there have been intensive effortgraft tube intrusions may also occur in full net
to study entrainment and turbine mortality atdeployments, due to gaps between the draft tube
sites that primarily or solely support riverine fish. and net frame, gaps between the net frame and
Many of these studies were requested by statie net itself, or ripped portions of the net. Obvi-
and federal resource agencies during the Federalsly, gaps or rips may also allow entrained fish
Energy Regulatory Commission (FERC) re-to escape. These problems can be minimized by
licensing process. The results of these studies awareful net anchoring to avoid large gaps and fre-
used to determine what level of mitigation andquent net inspections to locate rips which may

what kinds of mitigation are appropriate. develop.

7 In general sucheployments suffer from low recapture rates of entrained fish because the fish can rigsideilrace upstream of the
net for considerable time, where they may suffer from atharces of injury or death (e.g., pagidn). There is also high incidence of cap-
turing non-entrainefish that were naturally residing in the tailrace prior to the study.
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Intrusions may also occur if the net is raisedtypically done by introducing marked fish of var-
allowing some fish to swim into the draft tube, ious sizes and species into the turbine intake at a
and later be captured when testing resumes. Mogbint where they are committed to passage
studies guard against this type of intrusion bythrough the unit. Good net efficiency studies
running the turbine for a period of time without should test with both live and dead fish. In some
the net in place so that the draft tube will becases, it may not be possible to introduce fish at a
flushed of fish when netting begins. However,point in the intake where the fish are committed
the effectiveness of this technique is unclear. to turbine passage. In such cases, fish may be

Nets may be deployed within the turbine directly introduced into the collection nets. How-
intake. Intake collection nets are relatively shortever, the distribution and behavior patterns of
so as not to interfere with turbine function, andspecimens entering the net from the introduction
usually several smaller nets are used rather thaapparatus may be different than fish entering
one large net. This is accomplished by anchorindrom the draft tube.
the nets onto a frame which slides down into the There is some argument concerning the net
gatewell. Problems of intake netting include theefficiency level that is acceptable for entrainment
possibility that some of the fish that are sampledtudies. EPRI suggests that 85 to p@@cent net
in intake nets may not have been committed tefficiency is required to demonstrate the efficacy
passing through the turbine, as well as the poss6f a full-flow recovery net (62). Low net effi-
bility of injury to collected fishbecause live cars ciency may result from rips or gaps in the net
cannot be used. In addition, nets that come apa#pparatus which allow fish to escape. In some
from the frame may become lodged in the tur<ases, strong-swimming fish may be able to
bine, which could cause considerable damage. maintain positions within, or near, theaft tube,

Partial netting techniques, whether located irthus avoiding capture. Finally, the net mesh size
the tailrace or intake, assume that there is equanay allow certain fish shapes and sizes to
distribution of fish throughout the sampled areaescape.
and that fish cannot avoid the nets or netted Partial flow collection nets will have much
areas. These assutigms are not ahays, and lower net efficiencies, the range of which may
probably rarely, tested in the field or based ortdepend on the fish size and behavior, net size and
any supporting evidence. Estimates of entrainlocation, and the flow conditions. Net efficien-
ment using partial netting techniques are only asies less than 10 percent are common. As previ-
good as these assumptions. ously discussed, net efficiency is assumed to be

If both tailrace and intake nettingre ruled proportional to flow (i.e., even siribution of
out, nets may be deployed in the power canagntrained fish) and often entrainment rates from
entrance. Fish that enter the canal are assumed partial-flow nets are extrapolated to the full plant
be bound for turbine passage, but this may ndiow. In these cases net efficiency testingudd
always be the case, as there are often residel€ repeated to test the reliability of the estimates,
populations of fish within the poweranals, or especially given the possibility of intrusions of
groups of fish that frequently move between ahon-entrained fish and avoidance behavior of
reservoir and its associated power canal. Thigntrained fish.
method may be acceptable for downstream
migrating anadromous fishes or when otheHydroacoustic Technology (HAT)
methods are ruled out. Hydroacoustic technology (HAT), also known as

One of the most critical features of netting SONAR, has been widely used to estimate fish
studies is “net efficiency.” Since samplimgts entrainment at hydropower facilities, especially
are almost never 100 percent efficiegipod on the West Coast. This technology involves
entrainment studies (even with full tailrace nets)using a transducer to alternately transmit sound
should include net efficiency tests. Testing iswaves of a known frequency, usually between 40
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and 500 kHZ, into the water and then monitor for The major disadvantages include the initial
any returning sound waves that may bounce oftost of the system, which is generally much
of an objecf Most of the newer systems require higher than nets. The technology is also very
state of the art computers to decode the data am®mplex and requires experienced personnel or
may rely on various software packages or humagonsiderable training (months or years). By
judgment to determine whether signals are frontlesign these systems collect a tremendous
debris or from fish. amount of data, much of which may not be rele-
For entrainmentstudies there are basically Vant to the study (detection of debris or entrained

three methods of HAT sampling: echo integra-@if). In adlition, fish that lie on the bottom or
tion, echo counting, and target tracking. EchcsWim very close to a boundary (like a retaining
counting and target tracking count individual wall, etc.) are very difficult, if not imossble, to
fish, allowing a direct estimate of fish abun-detect with HAT. HAT studies should not be
dance. These methods are often preferred OVé;londucted in areas with electrical interference or

echo integration, which is used to get an estimat%l”bmer}f[ \I/vat(_arfflow W'th entrat:nedbduybtc)jles.
of fish biomass over time. Echo integration is 0 (or little) information can be obtained con-

usually used when fish are swimming in Iarge’cerning the species of the fish being detected,

tight schools, and individual fish cannot be rec-and fish which are milling around rather than

ognized by the system. Echo integratiommigre tahc;lr:/((a)lzcrglgratlng are likely to be counted more

susceptible to background noise levels and errors i
HAT has been used to study entrainment on

in estimates of target strength, especially when

schools are not of homogeneous species or sizet.he West Coast since about 1976. There have

. . . een more than 100 HAT entrainment studies
The major advantage to this technology is that ___. o : i )
. : mainly targeting juvenile downstream migrating
it is often cost effective over the long run as com-,

. . salmonids) on the Columbia River alone. Several
pared to netting. HAT sampling can operate 2Lgites have had multiplgear studies (e.g., Wells

hours a day for months at a time with very little Dam has had more than 10 consecutive years of
labor cost. HAT counts all fish (within chosen a1 entrainment sampling). In many cases, the
si_ze limits) th_at swim intg the ensqnified region study objectives went beyond simply quantifying
without harming or delaying the animal. In €OM- e gize and number of fish that were entrained.
parison, nets may detain, injure, or kill fish andsy,dies have been used to evaluate different
are subject to avoidance behavior. bypass alternatives (e.g., submerged spill orifices
Recent HAT equipment, in addition to provid- y. surface sluiceways (191) and thificacy of
ing size and abundance of entrained fish, can alsgertical inclined traveling screens and other
determine the temporal distribution of entrain-structural devices) which have led in some cases
ment and the spatial distribution of fish as theyo increased bypass efficiencies (130).
enter a power canal, forebay, or intake. Informa- HAT has also been applied at some sites in the
tion on important fish behaviors like swimming Midwest and on the East Coast, but has been far
velocity and trajectory is also available. Thesemore limited in scope. Early HAT studies in the
data can help experimenters detect when, howidwest (especially Wisconsin and Michigan)
and where fish enter turbine intakes ahdis were not very successful, leading resource agen-
may provide assistance in designing mitigationcies in that area of the country to be very skepti-
Real-time data analysis is available, which maycal of the applicability of HAT to entrainment
be used to alert plant operators when fish arstudies. Many factors may have limited the
passing the plant in large numbers. results of these early studies. HAT investigias

sTypicaIIy, the technique involves a pulsed cycle of alternating “transmitting” and “listesgogiencethat may be repeated msany as
50 or 60 times per second.
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in the Columbia Basin are usually done withColumbia River (192)) and have generally com-
state-of-the-art equipment and multiple transducpared favorably.
ers. This allows full coverage of intakes, etc., and
increases the likelihood of gathering statisticallyTelemetry Tagging Technologies
useful data. Thenitial cost of these systems is Telemetry tagging technologies, including radio
relatively high, as compared to older HAT tech-tags, sonic tags and Passive Integrated Transpon-
nologies and to using fewer acoustic samplersder (PIT) tags, can be used to study the behavior
Cost may not be a limiting ¢or at many of fish that are approaching or swimming in the
Columbia River sites where adequate budgetseighborhood of a dam. While these types of
allow state-of-the-art research. However, in thestudies cannot be used to quantify natural
Midwest there is generally less money availableentrainment, they can provide valuable informa-
to fund entrainment studies, and therefore HATtion that can aid in the interpretation of the
studies tended to use cheaper tetbgies and potential for a problem. For instance, such stud-
designs. ies can be used to estimate the percentage of fish
There are severalsubstantial diférences that use various routes past a dam (spill, log
between the Columbia River sites and the MidSluice, bypass, turbine, etc.) or to estimate the
west sites, including fish fauna (size range, Spe_r_isk c_)f entrainment for different species of river-
cies richness, behavioral diversity), hydropowern€ fishes that are caught, tagged, released and
designs and operations, and overall scale. Fdpen m-onltored in various parts of a reservoir. .
example, most studies on the Columbia River Radio tags have been developed to transmit

have targeted juvenile downstream migrating®th Pulsed and continuous signals. Continuous
salmonids which are generally of uniform Spe_3|gnals are easier to distinguish from background

cies, size, and behavior. Studies in the Midwes'fIOise and are perceptible from greater distances.
: ’ Pulsing systems use less energy, so batteries last

must typically contend with numerous SpeCIeslonger, and individual fish can be distinguished

with a broad size and behavioral range. Thes% S .
: . . y adjusting the lengthate or interval between
differences result in more complexity that must Ulses

be qddressed in the early design phase of HAT Transmitters can be attached externally, or
studies. However, these challenges can often bq . ) .
met with the prober exoerimental desian an aced in the stomach, or implanted surgically.
Prope b . 9N NG s the size of the fish will determine the size
adequate technologies. The efﬂcacy of HAT’_ IIkeof the transmitter. A small whip antenna sends
qther me.;hods to stud.y entralnmentt,) "?’”“y the signal. Prior to attachment, transmitters are
s_lte—spe(_:l Ic. Al some sites HAT.may € IMPrac-c,yered with a variety of substances to protect
tical, while at others it may be highly feasible. ”them from corrosion during operation
budgets (odogistical cqnstraints) do not allow The signal is stronger when the tagged fish is
for adequate HAT equipment, then oth@idy  ¢joser to the surface. Turbulent as well as saline
methoc.lology should be sought. _ _ water may disturb the signal quality. Radio trans-
Netting studies are often used in certcwith  mitters are best suited for surface-oriented fish
HAT. This can be useful if SpeCieS identiﬁcationthat are Swimming in calm freshwater. Lower
is important. In addition, the entrainment ratesfrequencies are transmitted further than higher
estimated from each method can be compared fequencies, but require larger batteries and
one another, which may give a good idea ofeceiving antennae.
study accuracy. Compaons of HAT and net- The receiverunit must beable to detect the
catch estimates of entrainment have been done Bandwidth and exclude ambient noise. Wider
several sites (e.g., Tower and Kleber dams ifbandwidths are easier to detect, but wittlude
Michigan (119); Ice Harbor, Rocky Reach, more background noise. Receivers may be
Lower Granite, and Wanapum dams on themounted on boats or airplanes, or may be porta-
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ble. Radio tags are comparatively expensiveand internal tags (e.g., coded wire tagsish
often leading to relatively small sample sizes. may be recaptured in the tailrace with various net
Sonic tags are used less frequently than radidesigns, or in some cases for anadromous fish
tags because they operate over a more limitethey may be captured when they return as adults.
range, underwater hydrophones must be usedf the latter method is used, careful control
and fewer unique signals can be simultaneouslgroups must be used and a very large sample size
monitored. The tags operate from 30 to 70 kHz,s required. However, it does have the advantage
and therefore do not work well in areashafh  of taking predation on turbine-passed fish into
background noise in overlapping frequencyaccount. Another recapture method involves
range (e.g., waterfalls, pslways, underwater attaching “balloon tags” to the fish that inflate
movable machinery, etc.). after a given time and cause the fish to be buoyed
PIT tags have been developed over the past 110 the surface where they can be captured by per-
years and allow billions of different codes. Theysonnel working from a boat.
have no internal power source and are only acti- Observations of naturally entrained fish have
vated in the presence of an electromagnetic fieldalso been used. Fish that are captured in tailrace
They are thus suited to monitor longer termnets (partial or full flow netting) can be retained
migrations of adult salmonids, because thdn a live car and observed over a given time
devices can be implanted during downstreanframe to check for mortality. Advantages of test-
migration and still be functioning when the fish ing naturally entrained fish include sampling fish
return. Since the returning adults must passpecies and sizes that actually are entrained at the
through confined areas to get past dams, Plproject, elimination of stresses associated with
monitors, when installed in a series of dams, cahandling, holding, tagging, and introducing fish,
provide information on many fish passage quesand elimination of any potential bias associated
tions. These include rate of passage, mortalityith the placement of the introduction pipe. Dis-
during upstream migration and success rate dddvantages include inability to contrfir the
individual bypass facilities. The principdtaw-  number, size, and species of the fish, the occur-
back of the tEChn0|Ogy is the need for the fish tQ'ence of pre_existing injuries on fish, and the
be within a highly confined area to be detectedynpredictable nature of the timing of fish turbine
Depending on the transponder, the range Opassage. These problems often lead to meager
detection is 7 to 33 cm. statistical analyses of turbine mortality risk and
therefore resource agencies do not recommend
O Turbine Mortality Study Methodology them.

Turbine mortality may be assessed using three
basic types of studies: ark-recapture studies Mark-recapture—Tailrace Netting
(e.g., tailrace netting, balloon tags), obseprat  Partial or full tailrace nets are the most fre-
of net-caught naturally entrained fish, and telem-quently used system for estimating turbine mor-
etry techniques. tality. Full tailrace netting is preferred where
Mark-recapture studies are preferred becausteasible? Experimentally introduced fish should
they allow for the use of control groups. Cur-be released at a point where they cannot avoid
rently there are several methods of marking antbeing entrained. This usually means using a sec-
recapturing the fish. The mostmmon narking  tion of pipe (usually PVC of four to six inches in
technigues include one or a combination of muti-diameter) to introduce the fish. A funnel may be
lation (fin clipping, branding, etc.), painting, attached to the top of the pipe and fish ase-
external tags (physical items attached to the fish)lly flushed out with water, compressed air, or by

9 See section on entrainment netting methods for a critique of net designs.
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a physical plunger. There is some possibility thatactored out of turbine mortality estimates of the
the introduction apparatus may bias the results ifest groups.
it introduces fish in a non-optimal location However, some scientists have argued that
within the intake or if fish are disoriented when control groups may not be capable of factoring
they exit the pipe thus altering their behavior inout all of the mortality associated with handling
the turbine. It is also possible that the resultstress. The concept is that the stresses of han-
could be biased by the number of fish introducediling and turbine passage are synergistic rather
at one time. In other words, fish introduced inthan discrete, thus the mortality caused by the
sequence may suffer different mortality ratescombination is greater than the sum of the indi-
than those that pass in large groups. vidual effects. In other words, test fish (piag
The most common problems with tailrace net-through turbines) that survive turbine passage
ting studies are intrusion of non-entrained tail-may be stressed to some degree and may be
race fish into the néf® escape of some entrained killed by a level of handling stress that would not
fish causing less than 100 percent net efficiencykill a “normal” fish. In other words, control fish
and injury and/or stress caused by handling oare not previously stressed by turbine passage,
subsequent capturing and holding of entraine@nd may be more able to survive the handling.
fish. Thus, the mortality rate calculated for the control
The intrusion of non-entrained fish should notfish would not properly account for the synergis-
typically be a problem for most mark-recapturetic effects on the test fish. In such cases, an over-
studies, because the non-entrained fish should stimate of turbine mortality may result
unmarked. However, the escape of somd202,203,206).
entrained fish can be a problem. If injured and
non-injured fish are caught at different ratesMark-recapture—Balloon Tags
mortality estimates will be compromised. To The balloon tag technique involves attaching a
alleviate this problem, experimenters try to main-elf-inflating tag to the test fish, introducing the
tain nets so that rips are not allowed to form. Irfish into the turbine, and recovering the fish in
addition, net mesh size must be smaller than thghe tailrace after the balloon inflates and forces
smallest target fish, and gaps between the net ande fish to the surface. This method eliminates
frame (and the frame and draft tulstjould be the need for tailrace nets (which can be very
minimized. expensive at large projects) and thus eliminates
The third problem—handling, holding and netthe stresses associated with net capture. How-
capture stress—is one of the most controversiadver, recovery can be difficult as personnel must
aspects of mark-recapture turbine mortality studuse boats to locate and capture fish, and thus
ies. Test fish typically must be transported to theadio tags are often used to help locate the float-
study site, held in various types of pens, cagesng fish. Fish recovery igypically better than 85
and/or tanks, and physically handled while transpercent (62), and predation on floating fish and
ferring, measuring, tagging, and finally injecting evasion by floating fish have been identified as
them into the turbines. To counter the problemgcontributing factors to the percentage of fish that
studies must include control groups that exposé not recovered. The treatment of these non-
fish to all of the associated stresses besides turecovered fish is one of the most controversial
bine passage. These control groups should the@ssues concerning this recapture technology.
retically be able to identify the expectedPresently, most studies simply include all non-
mortality due to handling, holding, or collecting recaptured fish in the dead column, which might
stresses, and this amount of mortality can then bglightly overestimate turbine mortality. How-

105ee section on entrainment netting methods for a critigtadliace intrusions.
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ever, professional judgment may sometimes b¢han netting. This approach compares the move-
used to determine whether non-recaptured fisiments of live and dead fish that are implanted
are “dead” or “alive” (29). with radio transmitters after turbine passage. In
This method has been identified as useful fogeneral, fish are counted as living if they move
frail species that are easily harmed or stressed liyeyond the point where dead fish typically settle
net capture (e.g., shad, herring, and alewife). Theo the bottom. This technique assesn mong
balloon tags themselves have not been found tother things, that any fish that moves beyond the
kill the fish. The main disadvantage of this tech-typical settling point of dead fish will survive
nology is the cost of labor-intensive fish recov-(i.e., no delayed mortality), fish that settle are
ery. Therefore sample sizes are usually low (totaflead and not just stationary, fish that are counted
samples less than 200 are most common). If mulas having moved beyond the settling point have
tiple species and size classes of fish need to heot been ingested by another fish and taken
tested at more than one operating scheme, nettirgbwnstream, and no fish regurgitate tags. Results

techniques are more practical. may also be confounded by the loss of signals
related to fish moving to areas beyond the reach
Telemetry of the transmitter device. In general, resource

Radio tagging has been used with limited succesagencies prefer netting or balloon tagging meth-
to study turbine mortality, but is lesommon ods over telemetry for turbine mortality studies.
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ish ladders, fish elevators (lifts) and often include attraction features, entrances, aux-
locks, and trapping and trucking are theiliary water systems, collection and transport
three main methods of upstream passagehannels, exits, and operating/maintenance stan-
technology (see box 3-1) (36). Fish aredards (15). A fishway can be a simple culvert

“passively” transported via lifts and trucks, butynder a country road or a complex bypass system
must actively swim or leap up fish ladders. Lad-gt 4 huge hydropower facility.

ders are the most frequently used means of trans-

porting fish upstream past hydropower facilities. ‘UPSTREAM FISH PASSAGE DESIGN
Ladders of various types are distinguished by

hydraulic design and the degree to which the)ﬂ-he success of a fish passage system (i.e., lad-
are hydraulically self-regulating, the species andlers, lifts, and trap and truck) at a hydropower
numbers of fish they most readily accommodatefacility is dependent on marfactors. Effective-
and their operability over a range of flows. Fishness is directly related to biology and behavior of
lifts can be automated and are best for high healfe target species, as well as hydrologic condi-
sites or foloading trucks. Trapping and trucking tions both up- and downstream of the project.
fish is a labor-intensive measure, but may bdJltimately, a fishway must be designed to be
appropriate when fish need to be transportedfish friendly” by taking into consideration all of
long distancesupstream or around a number ofthe above. At some sites, two types of upstream
obstacles (i.e., hydropower plants) (243). mitigation may be required to provide effective
A fishway can be defined as any artificial fish passage.
flow passage that fish negotiate by swimming or The hydrologic conditions of the waterway
leaping (i.e., fish ladders) (243). In an engineerabove and below the project will influence the
ing context, it is a warway specifically location of the fishway exit and entrance, and
designed to afford fish passage around a particunfluence conditions within the fishway itself.
lar obstruction (121). It may be any structure, orThe fishway should be designed to dffective
modification to a natural or artificial structure, under a range of conditions while aoomodat-
for the purpose of fish passage. Fishway systemiag the swimming ability and behavior of the

| 53



54 | Fish Passage Technologies: Protection at Hydropower Facilities

BOX 3-1: Chapter Findings—Upstream Technologies

= There is no single solution for designing upstream fish passageways. Effective fish passage design
for a specific site requires good communication between engineers and biologists and a thorough
understanding of site characteristics.

= Technologies for upstream passage are considered well-developed and understood for particular
species.

= Upstream passage failure tends to result from less-than-optimal design criteria based on physical,
hydrologic, and behavioral information, or lack of adequate attention to operation and maintenance
of facilities.

SOURCE: Office of Technology Assessment, 1995.

target species and the targeted run Sireaddi- putting fish in a position to respond to instream
tion, physical and environmental conditions will flows and continue in their migratory péth.
influence location and effectiveness of the fish- An understanding of fish swimming perfor-

way, especially under changing flavonditions ~mance and behavior is also essential to fish pas-
(133). sage success. It is difficult to determine the exact
performance of fish under natural conditions.
However, significant knowledge exists in this
area for some species, which can be applied to

Hydraulic engineering plays a large role in
fishway design. An understanding of how to cre-
_ate, manipula_te, a.n.d maintain appropriatg flow esign. Species of fish and individuals within
m a f.lshway is critical to success. If ava'lable’species behave and respond differently, requiring
historical flow data for the waterway can havegrious types of flows and conditions in water-
bearing on hydraulic decisions. There is a signifyyays and subsequently in fishways. Fishway
icant need for stream flow data from gauging stagesign should consider and aowmnodate the life
tions to create databases to support good fishwagtages and unique characteristics of the target
design. Alaska, for example, has an average dfsh. Fish passage structures can be designed to
one stream gauge per 7,600 square miles versascommodate fishes that are bottom swimmers,
the lower 48 states average of one gauge per 4@0rface swimmers, or orifice swimmers; fishes
square miles (see box 3-2) (67). As a resultthat prefer plunging or streaming flow; and weak
hydropower project planning or development foror strong swimmers (120).
many of the ungauged rivers in the state must be Advances in fish passage will depend on fish
based on rough flow estimates generated frorRehaviorists and biologists working coopera-
hydrologic models, unless a project can betiyely vyith hydraul'ic engineers to design appro-
delayed until adequate data collection can occup'iate fishway environments (133).

(66). Flow data is important information for
determining the depth of the fishway entrance tdJ Fish Ladders

assure access, and for maintaining appropriatghe actual physical structure that allows fish to
flow in the fishway itself. Flow data will also climb or carries them to a higher elevation is the
help site the fishway exit, which must be farladder, which is part of the entire fishway system.
enough upstream to prohibitall back” while  Ladders can be classified in categories based on

YIn Washington, fish passaggdrauliccriteria must be complied with 90 percent of the time during theatiog season (12).

2 Fall back refers to fish that climb the length of a fishway or part of a fishway and drop bapketdoais pool to rest. This can be a
response to fatigue, unfavorable hydraulinditions, lighting, or other factors that influencénaeior. Fall back also refers to fish that com-
plete thepassage of a fishway and exit successfully but are then swept back csmheey or through the turbines. Shad tend to exhibit fall
back, thus limiting the types of fishways that can awoodate the species.
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BOX 3-2: The Special Case of Alaska

Alaska’s rivers, streams, and lakes represent 40 percent of the nation’s surface water (67) and support
over half of North America’s commercial salmon fisheries (109). Sport fisheries figure prominently in the
state’s economy, while Alaskan natives rely on subsistence fishing for economic and cultural reasons
(200). Water-based navigation and recreation further contribute to the state’s overall economy, as do
industrial and municipal water uses such as hydropower development, community water supplies, etc. (97).

Presently, the majority of Alaska’s water resources are high quality and unallocated (97). Alaska’s
stage of water development is equivalent to that of the western states approximately 150 years ago. Dur-
ing that time, the majority of water in the western states remained unappropriated and water was initially
diverted from the Colorado River in Colorado (66). Increases in private, government, and commercial
developments in Alaska, associated with increased population growth, urbanization, and resource devel-
opment, can be detrimental to continued fish production if they impair or reduce fish habitat or result in
higher than desired fish harvests. Proposals to export and sell large quantities of Alaskan water to other
states and countries also have the potential to negatively affect fish production (67,68,97). Therefore, the
continued production of Alaska’s valuable fishery resources will be dependent upon maintaining the
quality and quantity of its fish-bearing waters and actively managing fish harvests.

Based on the abundance of undeveloped water sources in Alaska, it is therefore not surprising that
Alaska has more preliminary Federal Energy Regulatory Commission licenses in progress for developing
new hydropower projects than other states. Unlike the Pacific Northwest and other portions of the country
where flowing waters were impounded for hydropower development, Alaska has a unique opportunity to
approach hydropower development with fish protection in mind while a project is in the early planning
stages. For example, the Alaskan Department of Fish and Game attempts to work with developers to site
project facilities so they do not impede fish passage and destroy spawning and rearing habitat. State
statutes grant the Alaska Department of Fish and Game permitting authority to require that fish passage
flows and physical structures (upstream and downstream) be provided to prevent impairment of fish pas-
sage (Title 16, AS 16.05.840) for all fish species, and that the spawning, rearing and migration habitat of
13,000 waters, classified as sustaining anadromous fish species, be protected (AS 16.05.870). Had North
America’s largest thin arch dam complex been built on the Susitna River in the mid-1980s, it would have
been located upstream of a natural fish migration barrier in the Susitna.

Through its Title 16 permitting authority and recommendations to FERC, the Alaska Department of Fish
and Game requests mitigation provisions and monitoring be integrated into the project plan during the
early design phase. The Department may even require developers of large projects to deposit funds for
mitigation and monitoring into an escrow account before project construction begins. Front-end funding
insures that mitigation and monitoring can and will be executed, even if a project undergoes financial
hardship or is sold or transferred to another entity during and after construction. In the past, many hydro-
power projects in the lower 48 states were built without implementing previously agreed upon mitigation.

One constraint to better fish protection in the state is a lack of baseline data required for planning and
resource management decisions. One inch to a mile topographic maps for most of Alaska are outdated
and undigitized, preventing the use of GIS for planning and analysis. It is likely that thousands of bodies
of water that support anadromous and resident fish populations have yet to be identified. Further, many of
the state’s fish and wildlife personnel are unfamiliar with FERC processes and require basic training. The
dearth of hydrologic data further hampers Alaska’s ability to define water availability for instream flow and
other water uses with confidence. Alaska has an average of one stream gauge per 7,600 square miles
versus the lower 48 states average of one gauge per 400 square miles (67). Therefore, project planning
or development for many of the ungauged rivers in the state must be based on rough flow estimates gen-
erated from hydrologic models, unless a project can be delayed several years to allow for data collection.

(continued)
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BOX 3-2: The Special Case of Alaska (Cont'd.)

Fishing restrictions aimed at protecting Columbia Basin salmon have been inappropriately applied to
Alaska’s commercial and sport fisheries. The precipitous declines in some salmon stocks stem from hab-
itat degradation and hatchery introgression, not commercial fisheries. Yet, under the provisions of the
ESA and the Pacific Salmon Treaty sighed by the United States and Canada, fishermen carry the regula-
tory burden for intensive development practices. Commercial fishermen, many of whom operate small-
scale family-owned troll fisheries, question fishing restrictions that may cost them their livelihoods and
save a handful of fish when so many are killed at dams hundreds of miles away. Sport fishing-related
restrictions also negatively affect local economies. Restricting Alaska'’s fisheries is especially ironic in that
chinook stocks harvested in Alaska are the healthiest on the coast (200). In that entire communities in
Southeast Alaska earn their income primarily through trolling, fishery restrictions pose a serious threat to
regional economies, while resulting in only marginal improvement in salmon resources.

SOURCE: C. Estes, Statewide Instream Flow Coordinator, Alaska Department of Fish and Game, August 1995.

hydraulic design and function: pool and weir; by jumping fish to successfully negotiate the lad-
vertical slot; roughened channel; hybrid; der; however, streaming flow is often required
mechanical; and climbing passes (15). For simbecause some species cannot or refuse to leap
plicity, all are commonly referred to as “fish-  (12). Auxiliary water, beyond what flows down

ways.” the ladder itself, is almost always needed to
_ attract fish to the entranceway.
Pool and Weir Design parameters for pool and weir ladders

The pool and weir ladder has the longest historynclude receivingoool volume, head differential
of use. Pool and weir fish ladders are designedetween pools, water depth in pools, and slope.
primarily to provide plunging flow and ample values can be calculated for different fish, differ-
resting areas that provide leaping fish withent sized runs, and different project scales. For
hydraulic assistance in moving upstreamMeyxample, the recommended head differential
(15,120) (see figure 3-1). In these fishwayspetween pools is one foot for most salmon and
pools are arranged in a stepped pattern and 3ffout, which can leap from pool to pool, and
separated by overflow weirs (121). Ladders Ok, oq fourths of a foot for chum salmon and
the pool and weir type can be applied on any, merican shad (15,121). Most pool and weir lad-
scale; they generally require a great deal o ers have a slope of 10 percent and areitbens

space, but litte water (15). to changing water levels (headwater variations)
Pool and weir ladders can operate under two ging

hydraulic regimes. The normal flow regime in with a narrow range of operation if no Othef flow
fish ladders is plunging flow; however, at highercomr(_)I I provided _(121)' An upper flow limit for
velocities plunging flow converts to streaming &ffECtive passage is that at which energy cannot
flow at the water surface. this instace, a con- P€ dissipated from pool to pool (121).

tinuous surface jet passes over the weir crests, SO0me pool and weir fishways have submerged
Sk|mm|ng the p00| surfaces_‘[reaming flows are orifices that allow fish to pass Upstream without
difficult to manage and should be used with caucresting each weir (121). Weir and orifice/weir
tion. Moreover, the transition between plungingfishways have been used successfully by anadro-
and streaming flow creates a hydraulic instabilitymous salmonids, but not readily by alewgbaad
that may delay some fish species (15). Streamingnd other fish that rarely leap over obstacles or
flow does not provide the hydraulic boost neededwim through submerged orifices (121).
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FIGURE 3-1: Weir Fishway
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FIGURE 3-2: Plain Denil Fishway
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Denil

Denil fish ladders are rectangular chutes or flumes.
These relatively narrow chutes have baffles extend-
ing from the sides and bottoms which point
upstream (see figure 3-2). The internal roughness

created by the baffling controls flow for fish pas-
sage. The Denil concept originated in the 1920s and
was tested in lowa in the 1940s. The ladders are
widely used in the eastern part of the country, and
are typically not deployed in the Northwest.
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Denil fishways accommodate more differentintermediate bottontcan be used to increase the
species of fish than other fishways and have beerange of flows over which the fishway can oper-
successfully used with a wide variety of anadro-ate (121). Finally, debris blockage is a common
mous and riverine fish. In the East, Denil fish-problem associated with Denil fishways.
ways are most commonly deployed in small
streams. The U.S. Fish and Wildlife Servicep|aska Steeppass
(FWS) has very specific design parameters relat.-l.
ing to slope, water depth and volume of flow to

control turbulence and velocity for different SPe-tor use in remote locales (see figure 3-3). The

cies (197). o ) steeppass is a relatively economidiglhtweight
Flow through Denil fishways is very turbu- fishway, where one 10-foot aluminum unit
lent, with large momentum exchange amgdh weighs only about 1,500 pounds.

energy dissipation (121). Fish must swim con- The steeppass has a more complex configura-

stantly i_n the- De_nil chute so _resti.ng pools MUSkion of baffles than the standard Denil, is more
be provided in higher head situations. Pools ar%tficient in controlling water velocity, and is

recommended at 10 to 15 meter intervals foro erable at steeper slopes (up to about 33 percent
adult salmon and at 5 to 10 m intervals for adul P P P P P

L . . X H‘or salmon and steelhead). The maximum slope,
riverine species (120). The U.S. Fish and W”d'and therefore the water velocityithin the fish-

life Service, Region 5, suggests a resting pool for . . L .
. . ) o . way, is adesign criteria dependent on species
every six to nine feet of vertical lift in Denil fish-

ways (186). The large, turbulent flows associate&md size of fish to be passed (12). Less flow is
. . . . . Tequired for successful passage. However, due to
with the Denil decrease fishway sedimentation . .
. . o its smaller open dimensions, the steeppass has a
and provide good attraction capability (121,186). o . ;
. . more limited operating range and is more suscep-
However, auxiliary attraction flows are often

needed since flows are generally lower near thtible to debris problems than the plain Denil
9 y . Flow control is critical to successful operation of
bottom and faster at the top depending on th

specific fishway design and depth of the water € steeppass. Forebgy water surfacgs_ cannot
(15,120). vary more than a foot ithout passage difficul-

L ) ties. Similarly, tailwater levels cannot fluctuate
Denil fishwaysare typically two to four feet

ignificantly without probl ith ith plung-
wide and four to eight feet deep. Fish can ascenSlgnl cantly Withott problems elther with plung

. . . ﬁilg flow or backwatering.
the fishway at their preferred depth. Fish ascend- As is true of the plain Denil, water velocities

ing a Denil face varying water velocities depend- . L
ing on their preferred swimming depth (121).vary with depth within the steeppass. At low

Fish generally move more quickly through Denildemhs’ velocity tends to be higher near the hot-

fishways than through pool andeiw fishways tqm and to decreas_e_ toward the surface. At
(121), and the former can be more effective aJ—ugher depths, flow divides into upper and lower

steeper slopes than most other fishways (186 ayers with maximum velocities at mid-depth

Operable slopes range up to 25 degrees for adLﬂ{,S,lZl). The U.S. Fish and Wildlife Service

salmon; lesser slopes of 10 to 15 percent argegion 5, howev_er, does not allow the use Of .the
more appropriate for adult freshwater fish. Denil>8€PPass design at hydropower facilities

fishways also accommodate a wider range O*aecause it cannot function under a range of flows
flow conditions than pool and weir ladders; thus,(i'e" itis not hydraulically self-regulating) (186).

flow control to maintain operable depths is not as

critical. However, forebay elevations generallyVertical Slot

must be maintained within sena feet to main- Like pool and weir ladders (andnlike Denil
tain good passage conditions. For greater headhutes), verticaslot designs have distinct steps.
water variations, a stacked Denil with anThe basic design is a rectangular channel parti-

he Alaska steeppass is a prefabricated, modular
style of Denil fish ladder originally developed
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FIGURE 3-3: Steeppass Denil Fishway
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tioned by baffles into resting pools (see figure 3-
4). Water flows and fish swim from pool to pool
through slots oriented vertically (121). The verti-
cal slot fishway was first developed for applica
tion at Hell's Gate, a barrier created by high-
velocity flow through a narrow gorge of the
Fraser River in Western Canada (15). The design
has been used successfully in many locales for a
wide variety of anadromous and riverine fish
(121).

Fish are assumed to move from dlot to dot in a
nearly direct path (this has not, however, been
verified) while swimming at their preferred
depth (15). Fish use a “burst-rest” pattern to
move up the fishway from pool to pool (121).
Pools provide an opportunity to rest, but fish
must exert a burst of speed to move upstream
through the dots (186).

The dimensions of slots and pools are critical
to the stability of flow in vertical slot ladders.
Flow is afunction of slot width and depth, water
depth and the head differential across slots. Sill
blocks can be installed in the bottom of the slot
to reduce turbulence by reducing slot depth (15).
Usually, a 300-mm and 200-mm water level dif-
ferential between pools is appropriate for pas-

sage of adult sailmon and riverine species,
respectively (121). Slot width generaly is based
on the maximum size fish that is expected to use
the fishway. However, many variations in design
are possible by varying the slot arrangement,
spacing, positions, width and materials, without
significantly affecting flow patterns in the fish-
way (186).

Vertical slot fishways typically have a slope
of 10 percent (121). The change in elevation
from ladder top (exit) to bottom (entrance) is
nearly equally divided among all the fishway
steps; the number of steps is determined by the
maximum forebay to tailwater head differential,
whether this maximum differential is a feature of
low or high flow conditions (15).

The greatest advantage of the vertical dlot
design is that it is hydraulically self-regulating
through a large range of tailwater and forebay
water surface elevations. Hydraulic control is
provided by the slots, which are the zones of
highest water velocity. Energy, in the form of
water jets at each dlot, is dissipated as the jet is
cushioned and mixes with the pool water
between baffles. The jet discharge pattern and
drop between pools can be adjusted for a particu-
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lar target species. Water velocities are amost
constant along the entire ‘slot height (15,121),
and velocities are maintained for very large
water depths. As flows increase, pools deepen
and the appropriate level of energy dissipation is
maintained. As a result, these fishways can be
built to accommodate a large range of water lev-
els (121). The only constraint to operable range
is the depth of the dots.

Within this constraint, any change in forebay
or taillwater surface is automatically compen-
sated for and distributed throughout the fishway
(15). Thus, vertical slot fishways may be the
most effective design for localities where water
levels are expected to vary significantly during
periods of fish migration (121). Additional water
generaly is needed for attraction flow at the
entrance of vertical dot fishways (187).

Vertical dlot fishways have had considerable
application across the country with wide success.
These fishways seem to work well for a variety
of species. In the Pacific Northwest, vertical slot
fishways were constructed at 21 tributary sitesin
the 1980s. Radio telemetry studies showed that
fish moved past these facilitiesin less than a day
(187).

Hybrid
The design features of several types of ladders
may also be combined in a single fishway design
to accommodate variations in flows (186) or
multiple target fish. Features of pool and weir,
vertical slot and roughened channel (Denil)
designs can be brought together (see figure 3-5).
For example, a*“pool and chute” fishway may
be constructed to accommodate a wider range of
stream flows than pool and weir ladders without
additional flow controls. The fishway essentially
operates as a pool and weir facility at low flow
and as a Denil-type chute at higher flow (15).
Combination designs such as this have not yet
been thoroughly tested and therefore have not
been evaluated as to effectiveness in passing tar-
get fish.

= Fish Lifts

Fish elevators and locks, which can be collec-
tively referred to as fish lifts, are desirable in cer-
tain settings because they are not flow
dependent, nor are they species specific (105).
The strategy of the lift is to attract fish to a water-
filled chamber at the downstream side of the
project (i.e., tailrace area) and transport them
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FIGURE 3-5: Pool and Chute Fishway
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passively to the top of the project (i.e., headpond
area) for release. This approach has advantages
over ladder-based mitigation technologies under
certain conditions where large numbers of fish
must be accommodated, or if the target species
are not well suited to ladders (including weak
swimmers, and others that might not successfully
negotiate ladders), or if the hydropower project is
too large for cost-effective fishway installation
(242). However, fish may experience crowding
during peak migratory periods.

Elevators have the potential to accommodate
large numbers of fish if operated with sufficient
frequency based on population and migratory
data (196). In order for elevators to be effective
there must be adequate attraction flow out of the
entrance gallery to guide fish. After attraction
into the gallery, upward movement is mechani-

cal. This technology can be a labor-intensive
means of achieving mitigation; however, auto-
mation and the use of a bypass to get fish from
the lift exit back to the river channel upstream of
the project can help alleviate this drawback.
While similar to fishways in capital costs, eleva-
tors involve higher operation and management
expenses (243). Also, they may be susceptible to
mechanical failure much more than fishways,
which might cause significant problems for fish
if out of commission during the peak migration
period.

Like elevators, locks require a fish collection
facility at the downstream side of the hydro-
power project level, with afish entrance, V trap,
and fish crowding device to force fish into a
water-filled hopper (220). Locks are vertical
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chambers into which fish are crowded; they ardality, delay in migration, and interruption of the
then filled with water which raises fish to a homing instinct, which caread to straying.
higher level. The technology may require a subAdditionally, in the case of a proposed trap and
stantial amount of ater but is a less complicated truck system for a proposed project on the
device than an elevator. Penobscot River in Maine, transport of fish
Elevators and locks are used to lift fish to thewould bypass traditional fishing grounds of the
forebay level where they may either exit into aPenobscot Indian Nation (21). dditional
bypass, which eventually exits into the riveradverse impacts include low capacity to move
upstream of the project, or be transferred tdhe peak of the run without delay and injury, and
trucks for release further upstream. A chief disthe cost of operation, leading to a reduction of
advantage of utilizing elevators is that automatedhe operating season or overloading of hauling
operation may not be possible (220), and stressucks.
and mortality due to handling mayag. Count- However, moving fish by truck can be a sound
ing and sorting of unwanted species can takenethod of transport. On the Susquehanna River
place in the collection hopper or in the bypass, iin Pennsylvania, fish lifts are in operation at the
the fish are crowded before release. Also, mostlownstream-most hydropower project. They
lifts have an intermittent mode of operationassist a trap and truck operation which supports
which can delay fish at the base of a project fothe restoration of American shad, blueback her-
unacceptable periods of time (243). Mpie ring, and alewives. Thefish are transported
hoppers can be employed to alleviate this probupstream of the four projects on the river and
lem. Depending on site conditions, lifts can bereleased in the highest headpond near to spawn-
much less expensive to construct than other fishing grounds. There are two lifts in operation at
ways. The greatest advantage is for high heathe Conowingo project, one on the west side of
sites where fishwaysauld be very expensive.  the dam and one on the east. Several improve-
ments were made to trap and transfer operations

O Trap and Truck (Transportation) in 1993, including development of new holding

Trapping and then trucking adult migrants to'acilities atthe east lift. _
move them upstream has become highly contro- The 10-year-old Conowingo program, sup-
versial. The lack of a conventional fishway andPorted by state and federal resource agencies, has
the cost of installing one are typical reasons foPeenquite a sucess. The transport survival of
using this alternative means of fish transportAmerican shad ranged from 65 to 100 percent
Some practitioners have concerns regarding thBom the east lift, while the west lift transport
effect that handling and transport have on fistsurvival ranged from 94.9 to 100 percent in 1993
behavior and health. On the other hand, trap an@®52). Holding facilities at both lifts were uti-
truck operations have been successfully used ilized to reduce stress, maximize transport opera-
some cases to move adults upstream of long re§ons, and release larger schools of fish (177). In
ervoirs, or multiple projects; fish can then beaddition, load size of fish transported was
released close to spawning grounds. reduced to prevent undue stress due to crowding.
Transportation operations should be executed monitoring program was instituted to deter-
under conservative conditions to minimize stressmine delayed mortality rates at the release sites.
Possible adverse impacts of trapping and truckThe evaluation of the program at Conowingo has
ing fish include disorientation, disease and moried the agencies to investigate the installation of

3 Returning adults are driven to spawn by biological cuesipaet ofthe physiological response can be detrimental. Fish may become
disoriented and delay in the river near the release point rather than migrate upstream to spawning grounds. In instances where fish must spend
long periods of time in the transport tank, the spread of disease and ultimate pre- or post-release mortality becomes a concern.
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fish lifts at three upstream projects (177) andphysical environment to select a riverine space
once built, trapping and trucking will be used at afor migration. Increased understanding of these
minimum to move fish around the Conowingoinnate preferences could improve the ability of

hydropower facility. fish passage experts to creatgitable environ-
ments that attract and pass fish (133). The design
0 Fish Pumps must accommodate the unique site conditions

and target fish. Achieving such a standard is reli-

The use of fish pumps to move adult ﬁShant on obtaining sufficient knowledge of the

upstream of hydropower projects is not Widelybiology and behavior of the target figtopula-

accepted or used. The FWS Region 5 generallgon’ and collecting the appropriate hydrological

does not support the use of fish pumps due to thgnd environmental information.

nature of the passage method which is com- . . .
b g The basic design requirements of standard

pletely facilitated and subjects fish to an artificial . -
environment. Fish are pumped to a bypass corlipstream fish passage facilities are reasonably

duit which releases them upstream of the projecféve”_ understolodddand somhe con%/enltjionf?;l ]:i:ihwlfy
Pumping fish has the potential to lead to injury esigns (g., ladders such as the Denil, Alaska

and de-scaling as a result of cding in the steeppass, pool and weir, vertical slot; and lifts
bypass pipe. This means of passage may al d locks) have been used long enough that the

result in disorientation upon release which coul es:;:]n sfpeﬁlflcatlons are almost g(;eneln octjh?r
potentially lead to problems with predation. words, fishway practitioners understand form

At he Edwards a (ycropouer rjet) on 1, 107 WER Enolgh o ke precitons
the Kennebec River in #gusta, Maine, negotia- P y mig

. . and accommodate a particular species under
tions between the project owner and the resource.

agencies over how best to provide an economig " cond.ltlons. . _

means of safely passing American shad, alewife, _Informatlor! and da_ta specific to the site m_ust
and Atlantic salmon have been underway forStIII be obtained. Site data are the physical
some time. The intent was to use a pump t(Siescription of the barrier, river channel, uplands,

transport fish (mainly adult alewives) to a sorting"de hydrology associated with the barrier loca-

and holding facility for trucking upstream. A fish tion, which includes geologic, hydrologic, and

pumg' is being used as an interim measure,toPeraphiC descriptions. Stream gauge data is

though it has not been as effective as hoped ifssential and aerial and ground photos are useful.
passing fish upstream (41). In ditibn, there Biological data are the fish passage design crite-

were initial difficulties with injury and mortality. rna Wh'Ch _mclude SPeC'es targeted_ for passa_lge,
The State of Maine favors removal of the physical size, run size, other species that might
. . compete for space or that should be excluded,

Edwards Dam in an effort to restore the river

above the project as a spawning and rearing are%d timing of passage needs, includgh the

for a variety of anadromous species which aret'.me of year and day when target fish are present

not known to utilize conventional fish passage("e'.’.Sea.Sonal a_nd diurnal charactgrlstlcs): In
technologies. addition, information related to swimming ability

(speed and endurance) and preference for flow
(orifices, streaming or plunging flow, surface or
EFFECTIVE FISHWAY DESIGN bottom), and an understanding of what behaviors
An effective fish passage system must be “fisklcan be accommodated to enhance passage suc-
friendly.” Fish use proximate cues from the cess are all important to design and success.

4The pump in question is a Wemco-Hidrostal screw impeller pump. This is the most commonly employed fish pump at fish hatcheries
and thermal power plants.
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Understanding and maintaining hydrology and A relatively small group of people from
design flows is critial, although there are few resource agencies, and some experienced con-
situations in which fish passage can be mainsultants, is recognized regionally and/or nation-
tained during all possible flow regimes (15). Itisally to posses significant experience and
important to determine the highest and lowesexpertise in fish passage problem solving, and in
flows at which the fish passage criteria are satisthe determination of design criteria. These
fied as well as the “normal” operational flows. experts have generally provided written stan-
Different species may or may not be able todards and guidelines for their regions of the
adapt to higher flows when hydraulic conditionscountry, and are in general agreement over what
in the fishway diverge from design criteria (15). data and information are needed to build a suc-
Finally, keeping the fishway debris free and reg_cessful and effective fish passage system. In the
ularly checking operation are critical to optimiz- 1ast several years, the FWS, as well aaple
ing and maintaining proper hydraulic conditions. ©f State resource agencies, have hosted courses

Without the appropriate information, an inef- on f'Sh_ passage_des_lgn and |mp'Iem_entaf[|on for
fective fishway will likely result. Practitioners those involved in fishway application, in an

should do their homework and hydraulic model_effort to increase working knowledge and create

ing can assist the practitioner in developing thé" OPen forum for dIS.Cl.JSSIOH and information
. . . exchange between praatners and regulators. It
appropriate design. The design should allow fot . ;
; . . . "Is the hope of these agencies that this type of

any potential changes in hydrologic and environ-

mental conditions that might occur up- or dOWn_ef‘fort will help enhance fish passage results and

i f the facilitv. Th h reduce the incidence of costly mistakes by
stream of the acilily. These changes may OCCU5ncouraging communication, dissemination of
naturally or may be human-induced and can ne

tively infl fish i F Ynformation, and cooperation.
atively intiuence fishway operation. =or exam- g iy e design of a fishway system must

ple, inadequate or excess flow in the fishway du%ddress the three basic components of all fish-

to alterations in instream flows could _re_sult in aways: entrance, fishay, and exit. Keylesign
submerged or elevated entrance that is inaccessiiaments for each component are described
ble to the target fish (186). below.

However, because river systems are dynamic
and variable, each site presents thesibility of g Fishway Entrance
new challenges that must be addressed an _ N _ _
resolved through the cooperative efforts of thel N€ fishway entrance, the critical link to fishway
project owner, the resource agencies, and corgffectiveness, must be designed to attract fish in
sultants (220). In some cases, the full involve2 timely manner: “No fish in = No fish out’
ment of agency personnel with the experiencél3al4v132)- Adequate attraction flow is the most
and expertise necessary for designing effectivémportant element of a successful passage sys-
fish passage systems may not be possible, due §m because it provides the means of getting fish
lack of sufficient staff and/or their time con- to the entrance and providing them access to the
straints. There may be a lack of necessary inforfishway.
mation at the state and local levels, and as a Entrances should be located where fish will
result, fishways may be inappropriately have good access. Considering which riverbank
designed. A lack of expert staff and/or informa-most of the fish orient to during upstream migra-
tion needed for the design of fish passage typition, how instream and tailwater conditions may
cally results in the use of those technologies thaaffect fish movement and detection of attraction
are better known and generally accepted by th#ow are all critical to successlf fish are to be
resource agencies. attracted, the entrance cannot be located too far

51n wide channel sites, fishway entrances are often required for both aivies And should be apgional at all flows.
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downstream from the dam or powerhouse, or toaontrol the flow. @nsiderations oflow patterns
far from the main streamflow, or in a back eddyand hydraulics at all flows within the prescribed
(220). fish passage design flow range must be given.
The depth of the entrance is an important conExtreme flows within the design flow range are
sideration, and is influenced by flows in the riveroften not observable during the design process
channel upstream of the fisay. If flows in the and conditions should therefore be predicted by
system are erratic, the entrance shouldsine- hydraulic experts or physical modeling. Extra
ated low enough in the river to eliminate the riskbaffling or other flow control methods may help
of its being exposed (i.e., elevated) and therefor& alleviate this problem. Increased flows can
inaccessible to fish. Some sites may require tha¥ash out the desired flow characteristics the fish-
fishways have multiple entrances. In these situav@y was designed to create, in the entrance, fish-
tions, tailrace flow corilons must be consid- Way, and exit.
ered and understood (15). Should the entrance
become inaccessible, auxiliary water is needed. [1 Fishway Exit

The auxiliary watesystem is the source, con- Fish tend to delay when exiting a fishway into a
trol, and supply of supplementary water to theforebay mainly due to disorientation and the
lower end of the fishway (15). Auxiliary water need to adjust to the new environment and flow
provides additional flow for attraction, especially conditions (15). Proper placement of the fishway
when the entrance is in comjien with high exit can reduce this delay time but requires
river flows, and helps maintain the desired flowunderstanding of a site’s forebay current. Exits
characteristics in the fishway and in transportashould be located away from spillways or power-
tion channels. This water can be introduced tdouses and placed in areas where there is a con-
the fishway through diffusers (e.g., bar grating,sistent downstream flow (15). Fish tend to orient
perforated plate, or wood racks) in the walls ono the shoreline and into a consistentrent dur-
floors of the fishway. In gemal, diffusersmust ing upstream migration. Exits may be extended
introduce water at a relative velocity (perhaps asipstream of the facility in order to achieve cor-
low as 0.25 feet per second) that will not cause&ect current conditions. Accumulation of debris
delays by attracting fish (15). To mitigate againstaround the fishway exit can be prevented by
this possibility, a steady stream of fldvom the placement of trash racks; however, regular main-
fishway can be directed along the face of the diftenance is required to assure proper operation. A

fuser (15). rack or a boom may be placed to guide debris
away from the fishway exit to thepilway or
O Fishway sluiceway.

Designing an effective fishway requires avail-
ability of the appropriate pre-design data incIud-Wl-IY FISHWAYS FAIL
ing physical site and hydrologic data, andThere are three major reasons why fishways do
biologic data(85). These data form the basis fornot always work as expected: inadequate or
the technical design of the fishway which shouldunclear goals, poor design, and inadequate oper-
accommodate the weakest individual (in terms ofition and maintenance.
swimming performance) of the target fish popu-
lation. O Inadequate or Unclear Goals

Excess flow in the fishway due to changes inThe question of whether or not a fishway works
upstream conditions and flow characteristicsor how well it works can be answered in narrow
may be problematic, and mechanisms for conscope (Are fish using it? How many fish are
trolling flow are essential. Such conditions typi- using it?) or in broad scope (What impact is the
cally require retrofitting to accommodate or movement of fish via the fishway having on the



66 | Fish Passage Technologies: Protection at Hydropower Facilities

larger population and ecosystem?) (189). Deter- Similarly, increased volume and velocity of
mining which approach to take is dictated by theflow in the fishway over baffles and around
goal. Goals for establishing fishways vary fromweirs could negate the roughness factor they cre-
site to site. Goals may be short or long term, thepte, and a submerged fishway entrance could
may be directly measurable or more broad irincrease “delay time” for fish looking for a
nature. If no goal is set, there can be no real meareans to move upstream (120). Current veloci-
sure of effectiveness. ties that exceed the swimming capabilities of the
If the goal of the fishway is protection, i.e., to fish create a barrier to fish movement (14,133).

pass fish as a mitigative measure for whateveFhe capacity to add additional baffles helps to
blockage might be in place, then evaluating pasitigate increased flow by adding roughness.
sage (through counts, telemetry’ tag/mark an@ecreases in flow in the f|Shway can negate the
recapture studies) will see to determine how fishway hydraulics and expose the entrance,
well the fishway is functioning. However, if the making it inaccessible to fish. Also, decreased
goal of establishing the fishway is much broadeflow in the fishway carsignificantly raise tem-
than that, for example, to assist in the restoratioR€ratures in turning pools and resting areas, caus-
of a threatened species or the restoration of a sp#d fish to hold up (i.e., school or delay) in the
cies which has ceased to exist in the waterwa)f,iShwaY- The addition of auxiliary flow can help

then measurement of achievement and succe&¥0id these situations. In fact, improper flow
becomes more complex. This type of measureinside the fishway can negate any positive ele-
ment would require knowledge of past condi-ments associated with the attraction flow and

tions and population information as well asfiShway entrance.

management and population goals for the future. In addition to hydraulic conditions and tem-
perature, some species are also sensitive to light,

[ Poor Design f’;md in a_lesser way to _odor. Lighting conditions
in the fishway can discourage or encourage
Upstream fish passage technologies, though relanovement (133). For example, adult American
tively well understood, can still fail to pass fish shad tend to avoid shade, while adult ales
effectively. Some of the reasons include lack ofavoid intense mid-day illumination during
attraction flow, poorly designed entrances,migration (133). Light intensity affects the orien-
unsuitable hydraulic conditions within the fish- tation ability of some fish. As light intensity
way, ill-placed exits, improper operation, or decreases below a threshold level, fish cannot
inadequate maintenance. Fish ladders agglyi  orient; this behavior isxacerbated in fast flow
flow- and velocity-dependent, not only to attract(133). For example, adult American shad may
but to move fish. Successful operation of fishactively seek passage in high-flow tailraces dur-
lifts is also dependent on attraction flow. Trans-ing the daylight hours but tend to move more
portation operations are less dependent on flow.slowly at night in thoseraas. In addition, some
Attraction flow can make the difference fish may be caused to delay movement in
between fish passage success and failure. Optiesponse to certain odors introduced via surface
mum attraction flow often requires multiple fish- runoff.
way entrances. In these situations, however, Good fishway design cannot occur without
tailrace and/or flow caditions can vary consid- consideration of fish behavior and swimming
erably. A lack of good attraction flow, or the ability. Understanding the behavior of target fish
inability to maintain the appropriate flow, can species is necessary to optimally design, locate,
result in delays in migration as fish become conand operate upstream passage facilities (133).
fused or fatigued. The proper location and posiDelays in migration can result if the hydraulic
tion of the fishway entrance will help move fish conditions within the fishway itself are inappro-
past the obstruction more quickly. priate for the species to be passed. Design must
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accommodate species preference for differeniblueback herring, and eels; and somewhat for
swimming behavior (e.g., surface, bottom, mid-riverine (so-calledresident species) including
dle of water column), flow regimes (such astrout, walleye, bass, and lamprey. Site- and spe-
plunging or streaming), and willingness to swimcies-specific criteria, as well as economiasip
through slots, orifices, etc. Appropriate flow con-to determine which method is most appropriate.
ditions must be maintained under all river flow Fish passage success is highly dependent on
conditions. The resting and turning pools andcreating a “fish friendly” environment. Some fish
baffle and weir configurations of the fishway ladders perform better than others because they
must be matched to biology, behavior, and swimbetter accommodate fish behavior and responses
ming ability. to particular hydraulic conditions. Attention to
ichthyomechanics is essential to fish passage
[ |nadequate Operation and Maintenance success. Ahough it is difficult to pinpo-int the
Consistent performance of any WeII-designecIange of responses that the target fish might
X . ) exhibit under natural conditions, available data
fishway is Iarggly based on m_alntenanceland "®®n fish behavior can be applied to fishway
ular observation - of operatlon. I a fishway design. An understanding of whether the target
pecome;_clogge_d or blocked with debrls,_hydrauﬁsh(es) are bottom, surface, or orifice swimmers,
lic conditions will be altered and the fishway or whether plunging or streaming flow is pre-

may be rendered ineffective. Some styles of ﬁShferred helps to assure successful passage

ways tend more easily to be blocked with debris. Attr’action flow can make the differénce

The susceptibility to debris blockage often U etween fish passage success and failure. This is

lates minimum dimension of orifices and weirs : . '

and fishway flow. In addition, physical changestrue fqr fish ladders and “.f'.[s' A Iack ag‘_ood

) ) ’ ) dattractlon flow, or the inability to maintain the

in the waterway that alter hydraulics above an : . . —_—
appropriate flow, can result in delays in migra

below the fishway can adversely impact ﬁShwaytion. Conversely, good attraction flow and a

performance. Debris loading - and bIOCkageproperly located fishway entrance will help

within the fishway can alter flow conditions and . . o
Qo ) enhance fishway effectiveness. This is true for
slow or prohibit fish movement. Without proper . L
fish ladders and fish lifts.

maintenance even perfectly designed fishways . .
P y g ¥ The design of fishways must also accommo-

can be rendered useless. o

date a range of flow conditions up- and down-

stream of the structure and be self-regulating, to
CONCLUSIONS the extent that it is possible. They should be
Upstream fish passages are necessary to moygoperly maintained and kept debris free, or even
fish around hydropower facilities so they canthe best designed structures will fail. Inadequate
reach necessary habitat and spawning groundsperations and maintenance, inadequate coordi-
Most conventional fishways are accepted andhation between design of fishway and hydro-
approved for use by the resource agencies. Fighower generation, inadequate attraction flow
ladders (e.g.pool and veir, Denil, Alaska steep- (e.g., difficulty or delay in finding entrance), ill-
pass, vertical slot), and fish lifts are in use at anaintained flow regime in the fishway, or exces-
number of FERC hydropower projeéts. sive fishway length (e.qg., fish become fatigued or
Although few have been evaluated, these tecHiold up in resting areas) are all potential contrib-
nologies are considered well developed anditors to fishway failure.
understood for certain anadromous species, The use of trucks to move adult migrants
including salmonids, American shad, alewives,upstream is somewhat controversial, and some

6 Resource agencies have many concerns about the fisie pimps for upstream passage.
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practitioners have concerns regarding the effealesign. They can be addressed through the coop-
that handling and transport might have on fisherative efforts of the project owner, the resource
behavior and health. On the other hand, trap andgencies, and consultants. The full involvement
truck operations have been successful in movingf agency personnel with the experience and
adults upstream of long reservoirs where theyexpertise necessary for dgsing effective fish
might become lost or disoriented on their way topassage systems is critical. The FWS and some
habitat and spawning grounds. In some casestate resource agencies have provided courses on
where hydropower plants occur in series andish passage design and implementation in an
fishway installation occurs as a staged processffort to increase working knowledge of practi-
trucking is critical to species survival. At sites tioners, and to promote an open forum for discus-
where fishways are feasible, resource agencieson and information exchange between
prefer the use of transpodnly as an interim practitioners, FERC, and project operators. This
measure. type of effort could help enhance fishway perfor-
Because rivesystems are dynamic and vari- mance and reduce the incidence of costly mis-
able, each project site has unique characteristidakes by encouraging eonunication, cooper-
and can present new challenges in fishwaytion, and commitment to doing good work.
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he implementation of downstream miti- For downstream migrating species, inihg
gation for fish passage at hydropowerthe juveniles of anadromous upstream spawners,
facilities has three distinct goals: to it is important that a safe route past hydropower
transport fish downstream; to preventfacilities be made availablézor these fish, a
fish from entrainment in turbine intakes; and tomeans of preventing turbine entrainment, via a
move fish, in a timely and safe manner, through aliversion and bypass system, is often needed
reservoir: (242,243) (see box 4-2). For some resident fish,
A range of mitigation methods for down- downstream movement may not be critical or
stream passage and for prevention of turbinelesirable. Philosophies of protection vary across
entrainment exist, and some have been appliethe country depending on target fish, magnitude
with more success than others. The so-calledf the riversystem, and complexity ¢fie hydro-
“standard” or “conventional” technologies are power facility. For example, practitioners in the
mainly structures meant to physically exclude oMNorthwest tend to prefer exclusion devices that
“guide” fish to a sluiceway or bypass around thephysically prevent entrainment, while those in
project and away from turbine intakes by meanshe Northeast tend to recommend structural
of manipulating hydraulic conditions. Other devices that may alter flow and rely on fish
“alternative” technologies attempt to “guide” behavior for exclusioR.Much of the variance in
fish by either attracting or repelling them by protection philosophymay belinked to differ-
means of applying a stimulus (i.e., light, sound.ences in target fish in these regions. The North-
electric current). Many theories have beenwest hosts a number of endangered or threatened
applied to the design of downstream passage syspecies (mainly salmonids), while the Northeast
tems and further experimentation is underway irdoes not have quite the same history of concern.
some cases (see box 4-1). In the Northwest, fish protection is mainly
focused on salmonids. Downstream migrants

1The main diffeence between up- and downstream passage is that upstream moving fish may keeptiryfiey find a means of pas-
sage (i.e., a fishway). Aownstream migrating juvenile has one chance to find the proper passage route, otherwise it becomes entrained.
2 The mechanism that causes fish to be guided by angled bar racks is not well understood.

| 69
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BOX 4-1: Chapter Findings—Downstream Technologies

s There is no single solution for designing downstream fish passage. Effective fish passage design for a
specific site requires good communication between engineers and biologists and thorough understand-
ing of site characteristics.

= Physical barrier screens are often the only resource agency-approved technology to protect fish from tur-
bine intake channels, yet they are perceived to be very expensive.

= The ultimate goal of 100 percent passage effectiveness is most likely to be achieved with the use of phys-
ical barrier technologies, however site, technological, and biological constraints to passing fish around or
through hydropower projects may limit performance.

= Structural guidance devices have shown to have a high level of performance at a few studied sites in the
Northeast. The mechanism by which they work is not well understood.

= Alternative behavioral guidance devices have potential to elicit avoidance responses from some species
of fish. However, it has not yet been demonstrated that these responses can be directed reliably; behav-
ioral guidance devices are site- and species-specific; it appears unlikely that behavioral methods will per-
form as well as conventional barriers over a range of hydraulic conditions and for a variety of species.

SOURCE: Office of Technology Assessment, 1995.

tend to be small and have limited swimming abil-the development of alternatives to these technol-
ity. In the Northeast, fish protection is focused onogies, such aslternative behavioral guidance
a variety of species. In some cases downstreagtevices (e.g., Ight, sound), continues to be
migrants are of fairly good size and possesgxplored. These devices have not been proven to
fairly good swimming ability €.9., American perform successfully under a wide range of con-
shad). ditions as well as properly designed and main-
Physical barriersare the most widely used tained structural barriers. Thus, the resource
technology for fish protection. These technolo-agencies consider them to be less reliable in the
gies include many kinds of screens (positionedield than physical barris. Inaddition, other
across entrances to power canals or turbingnethods for downstream passage are also being
intakes) providing physical exclusion and protec-explored. Newturbine designs that will be not
tion from entrainment. In some parts of the counonly more efficient but more “friendly” to fish
try, behavioral guidance devicesich as angled are under proposal. And in the Columbia River
bar racks (modified versions of conventionalgasin, a surface collectaystem which intends
trashracks) are used to protect fish from turbing, guide fish past hydropower facilities by better

entrainment. For both categories of downstreamyccommodating natural behavior is being experi-
passage technologies, careful attention to d'mer}‘hented with at a number of sites.

sions, configurations and orientations relative to

flow is required to optimize fish guidan@e. DESIGN OF CONVENTIONAL

In most cases, structural measures to exclud
or guide fish are preferred by resource agencie .TRUCTURAL MEASURES

Screens and angled bar rapkeviding structural Progress in developing effective downstream

measures fophysical guidance are gferred by fish passage and protection mechanisms has
resource agencies, however, the screens can becurred over the past 50 years (203,205,221).
expensive to construct and maintain. As a resuliPhysical barrier screens and bar racks and lou-

3 Fish impirgement on screens or trashracks can stress, descaithanise injure fish, particularly juveniles (168, 190).
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BOX 4-2: Complements to Exclusion, Diversion, and Guidance Technologies

Once fish are diverted by physical screens, angled bar racks, or louvers, a means of passing them around
hydropower projects is needed. This is achieved through the use of bypasses and sluiceways. These measures
would also be required for any emerging behavioral guidance technologies.

Bypasses

Engineered bypass conduits are needed for downstream-migrating fish at hydropower facilities and are the
key to transporting fish from above to below a hydropower project. Most early downstream mitigation efforts
only marginally improved juvenile fish survival. Today, juvenile bypass structures are more efficient due to les-
sons learned and a better understanding of the interaction of hydraulics and fish behavior (190). In some
instances bypasses must provide efficient and safe passage for both juvenile and adult life stages (175).

Despite efforts at designing mitigation systems for specific sites, efforts may fail due to inadequately
designed fish bypasses (204). Bypass design should be based on the numbers, sizes, and behaviors of target
species (204). The entrance to such channels may be their most important feature. Smooth interior surfaces and
joints, adequate width, absence of bends and negative pressures, proper lighting, and appropriate hydraulic
gradients should be considered when designing an effective bypass system (239). High-density polyethylene,
PVC, or concrete cylinders are all appropriate bypass materials (175).

Bypass entrances and the velocity of the flow are critical to success. For example, fish may be less likely to
enter a bypass if met with extremely high flows. Typically, bypass entrances consist of a sharp-crested weir
configuration which causes an increase in velocity. The development of a new weir, which may be able to be
retrofitted at some applications, will result in gradual velocity acceleration intended to be more attractive to
fish.2

Bypass outfalls are also critical in achieving safe downstream passage of target fish. The potential for preda-
tion at bypass exits where fish are concentrated is a particular concern (204). Gulls, squawfish, otters, herons,
and other predators often congregate at these outfalls. Submerged outfalls may allow for avoidance of strong
currents, bottom injury, and predation by birds; but they may cause disorientation and have debris problems
(175,190). Elevated outfalls may greatly subject fish to predation and disorientation, but avoid problems with
debris. Injury and mortality associated with various bypass structures has rarely been studied, although in some
cases it has been high.

Sluiceways

Sluiceways are typically used to bypass ice and debris at hydropower projects, but they can also provide an
adequate and generally successful means of downstream passage provided fish are able to locate them. Small
hydropower projects often rely on sluiceways for passage. This type of passage may work well for surface or
near-surface oriented fish (i.e., clupeids, salmonids, and some riverine species) but may not work as well for
fish distributed elsewhere in the water column.

Entrance location, adequate flow, and thorough maintenance and debris removal are critical factors to
sluiceway success. The sluiceway should be located to one side of the powerhouse, generally at the most
downstream end, with its outfall located so as not to interfere with the attraction flow of the upstream fishway.
The greatest problem associated with sluiceways is the potential for predation at the entrance or exit.

2The NU-Alden Weir was developed by Alden Research Laboratory with funding from Northeast Utilities, Inc. Testing of the
weir took place at the Conte Anadromous Fish Research Center during the spring of 1995. Results were promising.

SOURCE: Office of Technology Assessment, 1995.
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vers have been used to exclude fishes from tucal swimming ability. Where hydropower
bine intakes and are considered to be standarg@rojects exist in series, a system of reservoirs
conventional technologie“sln cases where there may be created where velocities are low and
is a large forebay area, water velocities are highyater temperatures elevated. These cauit
or site specifications are limiting, these types ofmay alter fish behavior and slow outmigration of
systems may not be feasible, or the costs may heveniles that are dependent on water flow to
exceedingly high. Physical barrier screens mayssist their movement. The series of four dams
provide nearly 100 percent protection for migrat-(McNary, The Dalles, Johndy, Bonneville) on
ing (target) fish, but for the aforementioned reathe lower Columbia River, for example, can add
sons, the development of alternative behaviorallp to 20 to 30 days to the travel time for juvenile
guidance techniques (e.g., sound and light) haish due to alteration in flow conditions (230).
been, and continues to be, pursued in the public Screens as well as bar racks generally are
and private sector. designed to work with site hydraulics to help or
The design of effective structural measures foencourage fish in moving past or away from tur-
assisting in downstream passage of juvenile outdine intakes. Well-designed screen facilities may
migrants and riverine species is dependent of¢sult in a guidance efficiency of over 95 percent
behavioral criteria, and the knowledge of physi-(see appendix B) (236,236A). The effectiveness
cal, hydraulic, andiological information which of bar racks is less conclusive. The size and cost
are critical to success (13,185). Lack of knowl-Of screen and bar racks systems depends on the
edge of fish behavior tends to lead to disagreeSite- However, water velocities in the forebay in
ment on what the best available method ogeneral, and the approach velotitp front of
technology for a particular site might be. Thisthe system in specific, are of primary concern.

design of alternative behavioral guidanceWithi” the cruising speed of all target fishes to be

devices. For example, the limited swimmingScreened in order to achieve protection (58).
ability exhibited at the juvenile stage is a critical

design concern. Flow data, species aogula- [1Physical Barriers

tion size, and where the target species tend to

exist within the water column will help deter- Screens

mine location and type of passage system necegytmigrating juvenile salmonids depend a great
sary. deal on hydrology and hydraulics to guide their
Downstream passage design must take intthovement. These fish have limited swimming

consideration the lack of or limited swimming ability and orient themselves into the fiw.
ability of outmigrating (anadromous) juvenile Therefore, downstream protection devices must
and smolt fishes. Other catadromous and riveringake advantage of natural fish behavior. At many
species may have limited swimming ability ashydropower projects a physical barrier is used in
well, depending on age and size. Where largeconjunction with a bypass to facilitate passage.
catadromous fishes and anadromous adult repe@he flow characteristics that are generated by the
spawners are concerned, entrainment avoidangearticular placement of a screen andphgsical
might be more related to behavior than to physiparameters of the screen itself help to guide fish

4Bar racks and louvers are considered standard technologies for application in the Northeast, but not in the Northwest.

5 “Approach velocity” is the velocity component fdéw normal to and ggroximately three inches in front of the screen face. Fisheries
agencies determine this value based on the swimming capabilities of the smallest and/or weakest fish present (239).

6 Some salmonid pre-smolts have good swimming ability (i.ekes@, cohosteelhead), while others (i.e., pink and chum) smolt shortly
after emergence and their swimmiability does not change significantly during smoltification. Not as mucmasvk about how other
migratory species (e.g., American shad, blueback herring) behave during outmigration (187).
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to the bypass. The key to successful downstreamnd create high-velocity hot spots, or cause
passage is to employ the fish’s behavior to guidénjury to fish (238). In addition, a partially
them to a safe bypass. The hydraulics of thélocked bypass entrance can reduce the effi-
structure must be benign enough that the fish caciency of fish passage and cause injury or mor-
be guided to safety before they fatigue or areality (190) (see box 4-2). Installation and
injured. operation of a screen cleaning system and regular

Physical barrier screens can be made of varinspections to ensure proper operation of screens
ous materials based on the application and typgay be the most important activities to increase
of screen (i.e., perforated plate, metal barsgffectiveness. Mechanical cleaning systems are
wedgewire, or plastic mesh). Screens argreferable over manual ones and often more reli-
designed to slow velocities and reduce entrainable, provided they are functioning properly.
ment and impingement (78). Smooth flow transi-Very frequent cleaning may be needed where
tions, uniform velocities, and eddy-free currentsthere is a lot of debris. California screen criteria
just upstream of seens are desirable. Adequaterequire cleaning every five minutes. Ideally,
screen area must be provided to create a low flowcreens should be cleaned while in place, and
velocity that enables fish to swim away from thetemporary removal of a screen for cleaning is
screen. usually not acceptable (12).

The positioning of the screening device is crit- A variety of physical barrier screens has been
ical. It must be in appropriate relationship to thedeveloped to divert downstream migrants away
powerhouse to guide fish to the bypass by creafrom turbine intake$. Years of design, experi-
ing the appropriate hydraulic conditions. Fishmentation, evaluation, and improvement have
then enter a bypass which either deposits them ialleviated some problems but others still remain,
a canal that eventually rejoins the main channeland no physical barrier is 100 percent effective in
releases them into the main flow downstream oprotecting juveniles. Few studies have been able
the project via an outfall pipe or sluiceway, orto demonstrate conclusively a guidance effi-
leads them to a holding facility for later trans-ciency exceeding 90 percent; and although the
port. Outfall pipes typically release fish aboveeffectiveness of these facilities is probably close
the water’s surface to avoid creation of a hydrauto 100 percent at many sites, losses of fish may
lic jump or debris trap within the closed pipe. occur due to predation or leakage of fish past
Releasing fish above the water may also alleviatéaulty or worn screen seals (59). However,
disorientation and help to prevent schooling.improvements in screen components have been
However, predation at the outfall can be a probmade and designs have begun to reflect new
lem and there is no consensus on how to avoilnhowledge about hydraulics. Some specifics of
this, though multiple outfalls might alleviate the design and function of a variety of low-veloity
situation in some cases (188). physical barrier screens are highlighted below.

The screen must be kept clean and clear of Thedrum screeris often found to provide the
debris or it will not function properly. Debris is best fish protection at sites with high debris
commonly the biggest problem at any screen antbads. Comprehensive evaluation of large drum
bypass facility. Debris loading can disrupt flow screen facilities has demstated nearly 100

7 Between 1985 and 1989, a series of evaluatiports on the performance of diversion screens in use at irrigation and hydroelectric
diversions in the Yakima River Basin, Washington, were jointly produced by the U.S. Department of Energy, Bonneville Power Administra-
tion, and Batelle PNW.aboratay. The reports\aluate flow characteristics of the screeniagilities. A discussion of these sites is not
included in OTA's reporthowever, they weraised by resource agencies in developing screéariarin the Northwest and therefore the
reports deserve mention (244, 245, 246, 247, 248, 249, 250).

8The physical barrier screens discussed in this section are considered to be low-velocity screens, meaning that they can function at veloc-
ities (perpendicular to the screen) between 0.33 to 0.5 feet per second (59).
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percent overall efficiency and survival (12). Thehave been considered by the U.S. Army Corps of
drum rotates within a frame and is operated conEngineers to be the best available technology for
tinuously for cleaning. Debris is carried over thediverting downstream migrating fish in the
drum and passed down a channel or into a bypa$solumbia River Basin (204). STS configurations
(175). Drum screens can be expensive to comperate continuously during the four- to nine-
struct and install, but relatively economical tomonth salmonid migration period in the Colum-
operate; however, application criteria are sitebia River; they are capable of screening
specific. These screens have been proven to lextremely large flows in confined intakes but do
reliable at sites in California and the Pacific not screen the entire powerhouse flow (175,204).
Northwest (204). Relatively constant water lev-At hydropower facilities Were the fish are con-
els in the forebay are necessary for operationcentrated in the upper levels of the water column,
and maintenance and repairs to seals can lod recoveries have been achieved (65). How-
problematic and costly. ever, intakes at projects in the Basin tend to be
Simple fixed screensan be an economical very deep (i.e., greater than 90 feet) and flows
method of preventing fish entry into water are high. Under these conditions, fish have been
intakes at sites where suspended debris is minseen to try to move away from STSs, especially
mal; however, costs are site specifidaoligh if they are deeper in the intake. Also, the poten-
fixed panel screens can and have been built itial for impingement is greater due toigh
areas with substantial debris, automatic screethrough-screen flow velocities (175). These
cleaners are required. These screens have descreens seem to work better for some species
onstrated greater than 95 percent overall effithan others.
ciency and survival at sites in the Columbia Vertical traveling screenswere originally
River Basin (12). Several types of simple fixeddesigned to exclude debris from water intakes
screen are available. The stationary panel scredsut were found to be effective at guiding or lift-
is a vertical or nearly vertical wall of mesh pan-ing fish past turbine intakes. The screen may
els installed in a straight line or “V” configura- consist of a continuous belt of flexible screen
tion. Fish-tight seals are easily maintainedmesh or separate framed screen panels (baskets).
around this fixed seen, and the design accom- Vertical traveling screens are most effective for
modates a range of flows and forebay water elesites where the intake channel is relatively deep.
vations (175). If approach velocities are kept within the cruis-
Inclined plane screenare also stationary, but ing speed of the target fish, impingement can be
are tilted from the vertical to divert fish up or greatly reduced (175,204). However, traveling
down in the water column to a bypass. A conscreens that lift fish are not recommended for
ceivable problem with this design is the potentialfish that are easily injured, such as smolting
for dewatering of the fish and debris bypass routg@almonids.
if water levels should fall below either end of the
tilted screen. Also, cleaning is a p_rimgry concern stryctural Guidance Devices
for both stationary panel and inclined plane ] ] ]
screens (175). Manual brushing is usuallyfiSh passage devices designed with the goal of
required to keep surfaces debris-free. The desigdtiding fish by eliciting a response to specific
is practical for water intakes drawing up to gghydraulic conditions are described below.
cubic meters per second (175,204); however,
application depends more on the site than on thAngled Bar or Trash Racks and Louvers
flow. Angled bar racks and louverre used to direct
Submersible traveling screenéSTSs) are juvenile fish toward bypasses aslliiceways at
expensive to construct and install, and subject thydropower plants. These structural guidance
mechanical failures, although in some cases thegystems are devices that do not physically
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exclude fish from intakes, but instead createa channel at a specified angle and leading to a
hydraulic conditions in front of the structures. bypass (59). The louver system, like the angled
Theoretically, fish respond to this condition by bar rack, attempts to take advantage of the fact
moving along the turbulence toward a bypasghat fish rely mainly on senses other than sight to
system. The success of these systems is depegudide them around obstas. Theoretically, as
dent on fish response to hydraulic conditionsfish approach louvers, the turbulence that is cre-
which means their performance can be pooated by the system causes them to move laterally
under changing hydraulic conditions and for dif-away from it toward a bypass (59).
ferent fishes of non-target sizes and species Louvers have been installed at a small number
(12,65). of locations, but are not generally acceptable as a
Angled bar and trash racksave become one mitigation technology for protecting fish from
of the most frequently prescribed fish protectionturbine entrainment. If approach velocities do not
systems for hydropower projects, particularly inexceed their swimming ability, fish generally
the northeastern United States ,@8B), to pre- assume a tail-first position and move parallel to
vent turbine entrainment of down-migrating the line of louvers guided by strelow and
juvenile anadromous species (e.g., alosids ankydraulics toward a bypass (204). However, lou-
salmonids) (194,242). Most of the angled bawers may be considered for sites with relatively
racks installed to date consist of a single bank ofiigh approach velocities, large uniform flow and
racks placed in front of the turbine intake at a 45relatively shallow depths (204), and for some
degree angle to flow. Although design can varysites with species requiring lesser levels of pro-
from site to site, most racks consist of l-inchtection. Louver efficiency in fish diversion,
spaced metal bars with a maximum approaclalthough high for some species, is relatively low
velocity of two feet per second (15,59). on average compared to true physical barriers.
The angled bar rack is set at an acute angle to Passage of Atlantic salmon smolts at the Ver-
flow and with more closely spaced bars than connon and Bellows Falls hydropower projects on
ventional trashracks. It can divert small down-the Connecticut River was evaluated during the
stream migrating fish, and larger fish cannotspring outmigration in 1995. A newly designed
typically pass through the bars. However, the usangled louver system at the Vernon site, which
of close-spaced bar racks creates the potential fevas based on hydraulic modeling, is in place to
impingement offish. This is of greatest concern guide fish to a primary bypass chute in the mid-
for species with weak swimming ability and/or dle of the powerhouse. Smolts amilled into the
compressed body shapes (59). Most of the angledilwater of the project. Preliminary data indicate
bar racks have been installed at small hydrothat about half the smolts are being guided to the
power projects, the majority of which have notprimary bypass, while the remainder are either
been evaluated for their performance in effecsounding beneath the louvers and passing
tively diverting fish. through the turbines, or going through the sec-
Proper cleaning and maintenance of the baondary bypass, or are never making it into the
and trash rack systems on a regular basis is a crierebay due to downmigration behavior (94).
ical element of operational success. Racks can be The system may not be as successful as hoped
equipped with mechanical cleaning systems odue to the fact that the actual hydraulic condi-
can bepulled out of the \ater for manual clean- tions in the forebay of the project are not consis-
ing; trash booms can also be helpful in mitigatingent with the modeling. This is mainly a result of
debris loading. The ideal trash boom is designedot replacing certain turbine units adjacent to the
to carry debris past the fishway exit to the spill-primary bypass. This decision, which was made
way or falls and out of the forebay area (15). based on economics, has led to a less than ade-
A louversystem consists of amray of evenly quate flow regime in the forebay of the project.
spaced, vertical (hard plastic) slats aligned acrodSata and evaluation have yet to be finalized.
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Despite efforts to monitor performance at anyOTHER METHODS FOR PROVIDING
of these hydropower sites on the ConnecticuDOWNSTREAM PASSAGE

River, information regarding effects of the Other methods for providing downstream fish

angled bar ragk gnd louvers on the. overalbassage include pumps, spilling, turbine passage,
salmon population in the Connecticut River has,q transportation.

yet to be generated. Though angled bar and trash

racks are frequently used to prevent turbinzj PUMpS

entrainment, evaluations of performance an

effectiveness are rare. As of the writing of thisThe hydropower industry isurrently exanming
report, 36 trash racks have been installed df'® application of fish collection systems, or
projects in the Northeast (U.S. Fish and WildlifePUmpsio collect and divert fish at intakes (220).

Service (FWS)-Region 5); however, few hadThere are air-lift, screw impeller, jet, and volute
been evaluated prior to the spring of 1§95. pumping systems. These pumps could be used to

Louvers operate most efficiently when theyforce fish into bypass pipes for downstream pas-

desianed for | fish of fic sage at hydropower projects. Pump size and
are designed tor farger fish ot a spectlic Slz.espeed, however, may affect fish survival (223).
(175). Tests of a louver system at the J.E. Skin-" _. .
; . S . . Fish pumps are not widely used because they
ner Fish Protective Facility in Tracey, California, . )
can lead to injury and de-scaling as a result of

showed %OOd guidance for larger juveniles ("ﬁ,'t:rowding in the bypass pipe and to disorientation
greater than 70 percent) (100). However, t Snce released back into the river environment,

samesystem opeated poorly under high debris 5nq 4o not allow the fish to move on their own
conditions. Floating louver systems have showr‘(l%)_ Historically, the conventional wisdom of
excellent promise for protecting fish which he resource agencies is to use bypass methods
migrate downstream near the water surfacgyhich allow fish to move of their own volition.
(204). However, excessive entrainment on louHowever, a major research effort spearheaded by
vers of smaller, weaker fish, including juveniles,the Bureau of Reclamation is underway at Red
has caused louvers to be rejected as a design caBtuff Diversion Dam on the Sacramento River.
cept at most new hydropower installations (190).Tests are being done to evaluate the usefulness of
There is a great deal of variation in wjpn  pumps to pass juvenile salmonids. Both the
regarding how well, or why, louvers work. A bet- Archimedes screw and the Hydrostabivte
ter understanding of fish behavior could lead taPumps are being tested for the effective and safe
improved designs for these structural guidancdassage of fish.
devices. Currently, they are recommended for
use by the FWS in the northeastern part of thél Spilling
country. They are not in use in the Pacific North-Spi“ flows, or water releases independent of
west because they have not been found to prgsower generation, are the simplest means of
vide a hlgh enough degree of effectiveness. Thﬁ'ansporting juvenile fish past (over) a hydro_
degree of protection granted by a louver systenpower project and away from turbines (36).
is directly related to the target fish, the degree ofncreasedspill to flush fish over a dam can be
protection being sought, the approach velocityespecially cost-effective when the downstream
and the extent that debris is present or is a prolmigration period of the target species is short,
lem. when migration occurs during high river flows,

9 The trash rack at the WhamsProject on the Boquet River in northeastern Nésvk, in place to guide down-migrating Atlantic
salmon smolts, has been evaluated. Others include Cabot Station and the Holyoke Canal Louver on the (Rimeedtiddtssacheetts,
and the Pine Valley Project on theuBegan River in Newdampshire (195).
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or where spill flows are needed for other reasonbe entrained in the flows. The pressure at the bot-
(e.g., to increase dissolved oxygen levels tdom of the stilling basingorces the gases into
maintain minimal instream flows). solution, creating a supersaturated condition. The
Care should be taken to ensure that spillwaylack water and low flow velocities below the
mortality does not exceed turbine passage moidam slow the escape of the gas back into the
tality (36,243). Consideration of febay flow atmosphere (239 When fish absorb this gas,
patterns, location of spillway relative to turbine bubbles can form in the bloodstream. This effect,
intake, and positive flow to attract fish to spill- coupled with the pressure changes experienced
ways are all features of effective spillway pas-when fish plunge with the flow and then return to
sage (175). the surface, can cause traumatic effects and even
Spilling is a particularly controversial issue in death. This situation is referred to gas bubble
the Columbia River Basin (see box 4-3). Thetrauma.
U.S. Army Corps of Engineers (COE) maintains Since the late 1960s, tests on exposure of adult
that spilling water to pass juvenile fish has beersalmonids to supersaturated water have been
demonstrated to be the safest, most effective, armbnducted to determine the effects of exposure.
one of the lowest-mortality means of gettingThe impact that dissolved gas may have on fish
juvenile anadromous fish past hydropowerat any given time cannot be simply determined
projects in the Columbia River Basin. In addi-from gas saturation measurements. Thus, moni-
tion, it is viewed as the only means of enhancingoring of migrants for signs of gas bubble trauma
survival without additionaflow augmentation or is an important management tool for detevimg
drawdown (229). Howeverspilling water to if dissolved gas levels are having an impact on
assist fish in downstream passage means lost regepulations (229).
enue for the hydropower operator. The COE rec- |n June of 1994 the National Marine Fisheries
ognizes that spill has its own associated risk&eryice (NMFS) Northwest regional office con-
(231) and has modified some spillways and operyened a panel of experts to review theltgical
ations to reduce prOblemS in the Columbia Rivelaata Concerning dissolved gas effects on fish.
Basin (49). Passing juvenile fish by spilling Thejr findings indicate that a dissolved gas level
water can result in “gas bubble trauma,” or causgf 110 percent can protect fish on purely biologi-
pressure-induced injury. According to at leastcy| grounds, whereas levels above 110 percent
one study, juvenile anadromous fish that pass gaye the potential to be damaging (231,234).
hydropower project by means siill have a sig-  cOE policy calls for keeping gas supersaturation
nificantly higher rate of survival (98 percent esti-|oyels at less than 110 percent in the Columbia
mated) than do fish that pass through th(_e turbineRiver Basin, the level set by Oregon and Wash-
(85 percent estimated) (229). Howeveis 85 ington State water quality standards (231). Some
percent turbine survival is through low-head|aporatory research indicates that total dissolved
dams with Kaplan turbines; survival is muchg,q jevels above 110 percent in shallow water
lower for high-head dams with Francis turbinesj,creases mortality observed in laboratory ani-
(12). mals. Yet, field responses may be very different,
making it difficult to base in-river management
Gas Bubble Trauma criteria on laboratory resulfs. The NMFS
As spill water plunges below the dam the hydro-Northwest office and the Intertribal Fish Com-
static pressure causes air, mostly nitrogen gas, taission, which represents tribes in the Columbia

10| the Columbia River Basin dams were built so that the reservoir of one project backs up on the tailwater of the next project upstream,
exacerbating the supersaturation problem.
11 For example, juveniles maijve to greater depths to avoid areas of high dissolved gas concentration.
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BOX 4-3: Spilling to Facilitate Fish Passage:

Debate Over the Effects on Juvenile Salmonids

Spilling water to pass downmigrating fish is being used as an alternative method for protecting juveniles and
enhancing survival at mainstem dams in the Columbia River Basin.? Spilling would occur during high flow
periods when juvenile salmonids are in the midst of their downstream migration. However, there is still
debate over whether this method might do more harm than good.

A 1995 Spill and Risk Management report prepared for the Columbia River Basin notes that spill passage
and associated damage caused by dissolved gases should not generate greater mortality than that caused by
turbine passage. The report goes on to say that there is little doubt that increasing the total dissolved gas levels
in laboratory studies results in increasing the levels of mortality observed in laboratory animals in shallow water.
By the same token, the report recognizes that mortality levels experienced in the lab are in conflict with those
that would be observed in the natural environment where fish can sound to a safer depth to avoid injury.

The incidence of Gas Bubble Trauma (GBT) has been observed in juvenile anadromous fish during periods
of high flow and spill during the spring out-migration in the Columbia River Basin.? GBT occurs when gas bub-
bles or emboli develop in the circulatory systems and tissues of fishes as a result of supersaturated gas-
eous conditions in the tailrace waters of hydropower projects. GBT is considered a physical, not a
pathological, response to an environmental condition (117). The occurrence of GBT has been shown to be
dependent, in part, on water temperature, species, genetic composition, and physiological condition of
fish, as well as proximity and length of exposure to the total gas pressure (3,117).

The data which have been collected in situ as well as in the laboratory are in conflict with some observations
that have been made in the natural environment. Laboratory experiments have indicated that fish exhibit a high
level of mortality when exposed to constant supersaturated conditions, but in contrast, observations made in
the wild actually indicate that higher survival rates occur in populations migrating under higher spill/flow/TDG
conditions. In some of the laboratory situations fish were held at a constant depth and exposed to a constant
level of TDG. In the natural environment, fish would be sounding to different depths and therefore would proba-
bly exhibit a different response. As a result, the usefulness of these tests in the development of a spill manage-
ment plan may be questionable.

The effect of supersaturated conditions on fish is dependent on the depths (i.e., spatial and temporal distri-
bution) at which they swim and are present in the water column. Therefore, completing depth distribution studies
would generate helpful information. According to scientists, each meter of depth affords adults a 10-percent reduc-
tion in adverse impacts of gas supersaturation. In addition, the length of time it takes for a fish to travel through a
reach of the river, where nitrogen concentrations might be a concern, influences exposure to high levels of dissolved
gas. This is the major factor in determining the impacts a high-level exposure might have on the fish (44a).

These concerns, and mounting political pressure, have led the federal and state governments to set stan-
dards for limits on the allowable levels of gas supersaturation in the tailraces of mainstem dams in the Columbia
River Basin. Washington and Idaho have set water quality standards with maximum levels at 110 percent for the
Columbia and Snake Rivers, while Oregon has adopted a 105-percent standard. Some have contested that
these standards were set without adequate biological research and information regarding the effects of super-
saturation on fish. In addition, there is concern over the lack of information regarding fish response to the com-
bination of supersaturated conditions and reaction with other gases, varying water temperatures, exposure
time, and swimming depth.® In general, a 110-percent standard is considered conservative because this
level is typically observed, if not exceeded, in the Columbia River Basin with no discernible impacts on
fish. Therefore, scientists and resource managers argue that the impacts that supersaturated conditions
have on fish can only be determined by monitoring migrants for signs of trauma, and monitoring natural
environmental conditions.

(continued)
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BOX 4-3: Spilling to Facilitate Fish Passage:

Debate Over the Effects on Juvenile Salmonids (Cont'd.)

It is difficult to monitor the response of fish to supersaturated conditions because mortality may occur before
any physical characteristics are evident. After death, the external signs of GBT (i.e., large body blisters) may
disappear within 24 hours, leaving dissection the only option by which to make determinations regarding cause
of mortality (52). However, swimming performance, physical growth, and blood chemistry can be adversely
affected, leaving weaker fish more susceptible to predation, disease, and migration delay (47).

The National Biological Survey’s research lab in the Columbia River Basin has instituted a Smolt Monitoring
Program (SMP) to be implemented in 1995. The SMP will monitor biological parameters in both the tailwater and
the reservoir of a number of dams on the Lower Snake and Lower- and Mid-Columbia. Ideally, data resulting
from the SMP will give managers a sense of what the existing levels of supersaturation are so that an appropri-
ate spill management plan can be developed.

Recently, a study of hatchery Chinook test fish (juvenile fall Chinook salmon) being in net-pens below Ice
Harbor Dam on the Snake River resulted in mortality during a study of the effects of high quantities of dissolved
nitrogen. While the exact cause of mortality was not known, an uncontrolled spill of heavy spring runoff was
occurring at the dam and all the dead fish had signs of GBT.

Events such as these have kept the debate over spilling to facilitate passage of juvenile outmigrants at a pre-
mium. And despite all past studies, there is still great disagreement and many unanswered questions that
remain regarding the level of dissolved gases that can be safely tolerated by juvenile salmonids.

aJuvenile salmon passed via spill as opposed to going through the turbines have a higher survival rate (98 percent) than those
exposed to turbine passage (85 percent) (Scientific Rationale for Implementing a Summer Program to Increase Juvenile Salmonid
Survival in the Snake and Columbia Rivers, by: Columbia Inter-Tribal Fish Commission, ID Dept. of F&G, OR Dept. of F&W, USFWS,
WA Dept. F&W).

b Spilling has been implemented at mainstem COE dams since 1989 under 1989 MOA (protection of juveniles until functional
bypasses are installed) and at Mid-Columbia PUD dams since 1983 under the Mid-Columbia FERC Proceedings. Studies have
shown mortality from turbine passage to be 8 to 32 percent compared to O to 4 percent for spillway passage.

¢ Some research has indicated that swimming stamina is affected at concentrations of 110 percent, growth is affected at 105
to 115 percent, and blood chemistry is affected at 115 percent.

SOURCE: Office of Technology Assessment, 1995.

River Basin, recently recommended thptling Dam on the Columbia River indicate that sub-
should be implemented on a broader scale to suyearling Chinook salmon suffered more short-

port juvenile downstream migration. term mortality in screen/bypassystems than
when passed through turbines, perhaps due to
[ Turbine Passage predation at outfalls (242). In a review of studies

o ) ) ) at 64 turbine installations, fish mortality ranged
An explicit assumption behind the design offom zero to more than 50 percent (204). Tur-
downstream bypass systems at hydropower facihjne-induced fish mortality may be greatly over-
ities is that fish mortality associated with the estimated or underestimated (206), and can vary
bypass will be significantly less than turbine considerably from site to site.
morta"ty (See figure 4'1, see Chapter 2 for an in- Turbine passage exposes outmigrating juve-
depth discussion of turbine entrainment and mornjles to blades, which can either de-scale or Kkill
tality). This assumption is reasonable for manythem, and distinct pressure changes, which can
small-scale facilities, but is not always borne oufcausephysical injury and/or death. Turbine mor-
at hydropower plants with large, efficient tur- tality increases with fish size, suggesting that
bines (243). For example, studies at Bonnevillegphysical impact is also important (51,87). At the
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FIGURE 4-1: Simulated Effects of Fish Guiding Efficiency (FGE)
on a Group of Anadromous Fish Passing 10 Dams
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edge of the turbine blade are areas of negativbines was evaluated to determine survival rate.
pressure that can be strong enough to pull moléhe new turbine design is based on a number of
cules of metal from the turbine blades and likewise&oncepts: it allows for shallow intakes, and a
can cause damage to fish in the same vicinity. smaller number of blades; it is capable of
Various turbine designs have been found to bécreasing dissolved oxygen in the teaber; it
linked to varying mortality rates for naturally and has a wide flow range and is non-cavitattfgt
experimentally entrained fistf. Francis turbines @also is greaseless and oil-free. These design con-
are designed with “fixed” blades to accommo-Siderations aim to increase survivability. Other
date a given head, flow, and speed. Kaplan turfactors are equally important to successful pas-
bines have “adjustable” blades which are bettefage, such as where the fish exist in the turbine,
for low-head operations and seem to be better foihat the blade strike range is, and what effect the
fish survivability (i.e., are morefish friendly”). ~ Pressure gradient that occurs in the vortexes
To evaluate turbine mortality, fish must be between blades (gap flows) has on the juveniles.
tagged and released in the intake and then cap¥incipals in the turbine industry predict that
tured in the tailrace. The mark, release, andéchnology is moving toward the use of these
recapture technique has been found to be théariable speed units.
most effective method of evaluating resultant
turbine mortality for salmonid species; however,[] Transportation

it has not been proven to be as useful for a|05id$ransportation as a means of providing down-
(51) (see also chapter 2). stream passage of juvenile fish encompasses
Operational factors can also affect turbinepoth trap and truck operations and barging.
mortality rates. Running turbines at maximumTransporting fish around hydropower facilities is
overload during high power demands can resulgsed for a variety of reasons: to mitigate the loss
in higher losses of juveniles (23). In 1967, Milo of fish in long reservoirs behind dams; to avoid
Bell, a hydraulics engineer at the University ofthe impacts of nitrogen supersaturation that may
Washington, suggested that the best way tge associated with spilling water; decrease the
reduce mortality of smolts passing through thepossibility of turbine entrainment; and to help
turbines was to operate the turbines at maximuravoid predation problems associated with locat-
efficiency. COE estimates that in most cases iﬁhg bypass entrances to downstream fish pas-
the Columbia River Basin the expectation forsageways and diversion systems.
turbine survival is 85 to 90 percent (230). The use of transportation to move juvenile
At Conowingo Dam (hydropower project) on salmonids downstream in the Columbia River
the Susquehanna River, two old, damaged turBasin is to decrease the time it takes for outmi-
bines were replaced with new Kaplan-typegrants to move through the systélr’hHowever,
(mixed-flow) turbinest® This technology has transportation in the Basin is controversial. Dur-
been marked as more “fish friendly.” The pas-ing high flow periods, the need for transport is
sage of American shad juveniles through the turdiminished, while during low flows the need for

12 pesign changes to reduce turbimertality include smoothing of conduit surfaces, increasing clearance spaces, decreasing speed of
rotation of turbine blades, reducing the height of the turbine abouaitivater, increasing the depth of the entrance to the penstock, and
decreasing turbine diameter (145).

13 Entrainment survival increased from about 80 percent with the old turbines, to 95 to 98 percent with the new turbines. There are plans
to replace the remaining turbines at some point in the future.

14 cavitation occursvhen vapor msses collapse on or behind small localized areas of the turbine blade, creating intense negative pres-
sure. This results in the loss of metal from the blade. This situation can result in injury to fish and/or oxygen deplejEm sojpersatura-
tion, other physical stresses, and ultimately mortality.

15Trucking requires appraxately six to eight hours arghrging, from the Lawer Granite Dam to below Baeville Dam, about a day
and a half (176).
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transportation is favored, in part due to the lengtfrom rearing to release site does affect salmon
of time required for the juveniles to move homing, but the extent of the effect is dependent
through reservoirs (176). During high flows on the status of the salmon (smolt, hatchery resi-
juveniles may be bypassed by spilling and mayent, or in-river migrant), the method of trans-

be able to pass relatively quickly through reserportation, and the physical distance between
voirs. However, during times when flows rangerearing and release sites (251). However, it has
somewhere in the middle, the use of transportabeen shown that salmon trucked long distances
tion becomes controversial. do tend to return to their release site (i.e., below

In the Columbia River System, juvenile lowest obstruction on the river), as opposed to
salmonids are screened from turbine intakestheir rearing site (251). Juvenile salmon learn the
then loaded onto trucks or barges. After beingpdors of their home stream, or hatchery, prior to
transported downstream, the fiake discharged seaward migration and this olfactory memory is
below the lowest dam, thereby avoiding turbineessential for the freshwater stages of homing
entrainment and exposure to predators at intef©8). Salmon transplanted prior to smolt stage
vening dams. However, juveniles may experi-tend to return to their release site, not their natal
ence delay in their migration schedule as a resuli.e., native) site. Smolts are more likely to return
of transportation, depending on flow rates, pointgo the reach of river where they were released
of collection, holding time, and points of release.(251). Homing patterns may differ depending on
Delay may have a negative impacthysiolog- whether fish are transported by truck or barge.
ical development (i.e., smolting) critical to the The COE supports the transportation of fish in
survival of juvenile salmonids. Fish may also bethe Columbia River Basin. However, due to the
exposed to diseases, stress, and disorientatiolifecycle of salmonids, the length of time spent at
However, the effects of transportation on fishsea, and the various obstacles to survival any
development and behavior are virtually unknowngiven fish encounters, it is difficult to pinpoint
and little study has been done. cause and effect relahships between the

There is strong regional fish agency and tribaimpacts of either of these methods on population.
support for trap and truck operations to moveAlthough the desirability of transport is contro-
juvenile fish in the Columbia River Basin, espe-versial, there is some agreement that barges are
cially during low flow periods. Much work is preferable to trucks; that the release siteuth
needed to improve facilities and operations furnot be an estuarine or marine one, but the river
ther to reduce stress and injury (7). itself; and that fish should be captured after some

Barging juvenile fish downstream has drawn period of migration rather than transported from
mixed reviews although it continues to be supthe point of origin; and finally, transportation
ported and promoted by the Army Corps of Engi-should be regarded as experimental (251).
neers (230). More bargese scheduled for use
during 1997 in the Columbia River Basin. Barg-EVOLVING DOWNSTREAM PASSAGE
ing juveniles has generated support over the uSBECHNOLOGIES
of trucks by virtue of the fact that fish are left in
the water when barges artgilized. However,
some controversy remains.

In the Columbia River Basin the focus of the
transportation effort is on increasing smolt sur- .
vival and improving the numbers of returning [ Advanced Hydropower Turbine System
adults in future yars. Research relds are not (AHTS)
conclusive regarding the linbetween transpor- The heritage of current hydropower turbine
tation and adult returns to spawning groundglesigns dates from the late 19th and eaflth
(251). There is some evidence that transportationenturies, when little was known about environ-

A number of methods for providing downstream
fish passage are currently under development or
being experimented with.
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mental conditions and requirements. DOE hasiegotiations toward possible contracts. Phase Il
taken a new look at the “turbine system” in anis scheduled to be initiated in the latter part of
effort to identify innovative solutions to prob- 1995.

lems associated with the operation of turbines at The U.S. Army Corps of Engineers (COE) is
hydropower projects. DOE and the hydropoweralso working to develop an advanced turbine
industry have co-funded the AHTS program.design that would be more “fish-friendly” by
DOE has the lead role in developing and imple-determining the mechanisms which affected fish
menting the program (26). The hydropowersurvival. Like the DOE effort, the COE is
industry created a non-profit organization, theattempting to come up with new turbine designs
Hydropower Research Foundationcl (HRFI), to increase survival of downstream migrants
which includes 10 utilities thdtave contributed (34). The COE program is more oriented toward
funds for the conceptual design ppaHRFI will  relatively minor modifications of existing tur-
represent and administer industry funds for theébines in the Columbia River Basin; the DOE pro-
program. Steering and technical committees congram is focused on developing new designs that
sisting of representatives for industry, utilities, would be applicable across the United States.
and other federal agencies are in place to provide

program direction and technical evaluations. [ Eicher Screen

The purpose of the program is to stimulate anGrhe Eicher Screen was developed in the late
challenge the hydropower industry to design, 9705 py biologist George Eicher in an effort to
develop, build, and test one or more environmengeyelop a better means of bypassing fish safely
tally friendly advanced turbine(s). Thisowld  around a turbine. The elliptical screen design fits
involve the development of new concepts, applijnside the penstock at an angle and can function
cation of cutting-edge technology, and explora, fiow velocities up to 8 feet per second (fps)
tion of innovative solutions(26). Also, the (262)16 Non-penstock designs are also gible
AHTS program will function to develop, con- (54). The screen’s ability to function at relatively
duct, and coordinate research and developmenfigh velocities is what distinguishes it from con-
with industry and othefederal agencies in order yentional screens, which tend to operate at chan-
to improve the technical, societal, and environye| velocities of about 1-2 fps (262).
mental benefits of hydropower. Eicher Screens are relatively less expensive

The first phase involves conceptual engineerand have smaller space requirements than most
ing designsubmitted by the industry to a technicalparrier screens (175). The system is about 50 per-
review committee. The second phase involvegent cheaper to install than conventional, low-
building and testing fully engineered models of theelocity screening systems, and involves a
most promising designs. The third phase will conscreened area about one-tenth that of conven-
sist of building and testing prototypes of the mostional systems. The other benefits of employing
promising models in actual operating hydropowethis screen are that it takes up no space in the
plants. Each phase will be independent of the othefsrebay area, has low operating costs, no risk of
and will follow in succession as the previous phasging, and is not dependent on forebay water lev-
is completed. The program will be subject to ongoels. In addition, because the screen operates at
ing evaluation by HRFI and DOE. high velocities, there is less chance that it will

The AHTS Program completed Phase | duringharbor predators (262)

1995. Two firms, VWith Hydro, Inc., and Alden The approach velocity into the screen violates
Research Laboratory, Inc., have been selected fonost state and federal screening criteria. EPRI

16Both the Eicher Screen and the modular inclined screen are considered th-beldogy screensThis type of screen is supposed to
function (i.e., safely pass fish) at 8 to 10 feet per second or up to 3 feet per sapamdlijgular to the screen (59).
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supported the University of Washington test ofleading up to the screen; and 2) the potential for
the screen’s efficiency. The studies were perereating a more uniform velocity distribution
formed under the assumption that the swimmingpver the length of the screen (263).

ability and stamina of the fisheve inconsequen-  The hydraulic model studies indicated that the
tial to the functionality of the screéf Tests per- velocity distribution at Elwha was not signifi-
formed in the laboratory as well as in two cantly influenced by the upstream bend in the
prototypes in the field have produced data to suppenstock (263). The other tests showed that pas-
port this assumption. Prototype testing has beesage survival rates exceeding 95 percent can be
performed at two hydroprojects, the Elwhaachieved for fish in the 1.5 to 2.0 inch range at
Hydropower Project near Port Angeles, Washvelocities up to 7 fps, while smaller fish can be
ington, and the Puntledge Project at B.C. Hydrgrotected using lower design velocities and
on Vancouver Island. closer bar spacing (263). At the Puntledge, Brit-

EPRI tested a refined screen design at théh Columbia project, evaluationsdicate 99.2
Elwha Project with promising results. The ElwhaPercent successful guidance of coho yegs
tests evaluated screen performance under a ran§§ough the new Eicher Screen (211).
of velocity conditions. EPRI’s tests used hatch- In general, the Eicher Screen has multiple pos-
ery-raised smolts which were marked and therifive operating characteristics. For instance, it is
released into the forebay. After traveling into thebiologically effective for target fish; the total
penstock and being guided by the screen, the fis$oSts of installation are usually less than for other
were bypassed to a collection tank where theyypes of screen; it is unaffected by changes in the
were measured, counted, and classified byorebay elevations; it takes up no critical space;
amount of de-scaling or injury they had suffered OPeration and maintenance costs are negligible;
According to EPRI, the screen had nearly perfecth® relatively high velocities at which it can be
diversion efficiency (99 percent) for some Spe_use-d make it adaptable to almost all penstock sit-
cies and life stages, indicating its potential foruations (53).
protecting downstream migrating fish (263). Research and evaluation of the Eicher Screen

Diversion efficiency was lower and mortality Nas led to approval at specific sites from agency
higher for fry of some species and the istial personnel who were not otherwise convinced in

validity of this non-peer reviewed study has beer{1® €arly stages. Agency approval of use at other
questioned (12). If the screen can pass differer‘g'te,S will depend on documentation that the
sizes and species of fish it could have wide appli®€S'9" performs well for target fish at velocities
cation in the hydropower industry. Additionally, present at the site.

EPRI funded a series of hydraulic model tests )

during 1992 to evaluate the applicability of J Modular Inclined Screen (MIS)

hydraulic data from Elwha to other sites and toEPRI has developed and completed a biological
evaluate potential for further improvement of the(laboratory) evaluation of a type of high velocity
flow distribution via porosity control. To com- fish diversion screen known as the Modular
plete these tests, a model of the intake, penstockaclined Screen (MIS). This screen is designed to
and Eicher Screen was constructed at Aldemperate at any type of water intake with water
Research Laboratory. The tests evaluated 1) theelocities up to 10 fps (221). The MIS consists of
possibility that hydraulic conditions at Elwha an entrance with trash rack, stop Isipts, an
were influenced by the bend in the penstocknclined wedgewire screen set at a 10- to 20-

17 These criteria are not applicable to this type of pressure screeandethe relative flat slope apled with the high transportation
velocity over thesmooth surface funnelingto the bypass means that the fish are involuntarily swept into the bypass seconds after passing
over the screen (53).
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degree angle to flow, and a bypass for directinglivert a wide range of fish species at water
diverted fish to a transport pipe. intakes.” The results showed that nearly 100 per-
This modular screening device is intended tacent of the test fish ere diverted live anthat
provide flexibility of application at any type of the adjusted latent mortality was less than 1 per-
water intake and under any type of flow condi-cent, athough this was variable depending on
tions (221). Installation of multiplenits at a spe- species and velocity (58). Fish were safely
cific site should provide fish protection at any diverted over a range of velocities (e.g., 2 to 10
flow rate (220) Currently, no fish protection fps) with minimal impingement, injury, and
technology has proven to be higlejfective at latent mortality; and debris accumulation did not
all types of water intakes, for all species, and aappear to affect fish passage up to certain levels
all times (i.e., seasonal varidityi (65)). of debris-induced head loss (221). Also, EPRI
To determine viability of the MIS, a testing noted that it was possible that the testing proce-
program to evaluate biological effectiveness waslures (i.e., transport, marking, fin clipping, net-
undertaken by EPRI at the Alden Research Labaing from pen or bypass) may have contributed to
ratory (ARL) in Holden, Massachusetts. Evalua-the observed mortality.
tions at ARL have focused on the design ARL has developed a prototype of the MIS
configuration which yields the best hydraulic \hich will be field evaluated in the spillway
conditionsfor safe passage and showsldic  sjyicegate at Niagara Mohawk's Green Island
effectiveness for diverting selected species to thgycjlity on the Hudson River in September of
bypass (58). 1995. The prototype MIS test is important in the
Mark, release, and recaptuests were under- development and acceptance of the technology.
taken with 11 species including walis trout,  However, resource agencies will belikely to
alosid, and salmon smolts. These species wergnprove full-scale applications of the MIS with-
chosen because they are representatiihade oyt additional testing (12). Resource agencies are
fish that are of greatest concern at _Water ima‘feﬁarticularly troubled by operational aspects of
across the country, based on a review of turbin@jgn_velocity turbine screening. These screens
entrainment and mortality studies that have beegmy collect fish when water is flowing over
conducted in.recent years (62). Thg tests werg,em. Hydropower operational changes may be
conducted with two screen conditions: cleanecessary to ensure adequate flow to the screens,
screen (i.e., no debris) and incremental levels Oéspecially during periods when many hydro-

debris accumulation. T_hree repllcatg_s were Conyqawer projects are filling reservoirs and not pro-
ducted at each of the five test velocities and €ONgycing much power (12).

trol groups were used to determine mortality and
injury associated with testing procedures. Con- .
trél ?i/sh were released direc?lypinto the net penD Hydrocombine
and recovered simultaneously with the test fish. A hydrocombine design of a hydropower facility
To assess effectiveness, four passage paramis-one where the spillway is situated over the tur-
ters were calculated for each combination of spebine intakes. This design was employed at Dou-
cies, module water velocity, and test conditionglas County PUD’s Wells Dam (hydropower
(i.e., clean screen andlités accumulation) that project) on the Columbia River as a result of the
was tested. Success was measured by determiwide success of ice and trash (debris) sluiceways
ing percent of fish diverted live, adjusted latentin passing juvenile fish. Evaluations of the
mortality, adjusted injury rate, and net passagdéydrocombine design showed that it too was
survival (221). effective in providing passage for juvenile
According to the 1992 EPRI report, the resultssalmonids. As a result, Wells Dam became the
of the tests “clearly demonstrate that the MIS hasnodel for research on the “attraction flow” or
excellent potential to effectively and safely “surface collection” concept of downstream fish
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passage and sparked investigation into the poteMvells Dam, where dydrocombine design is in
tial for use elsewhere. use, and apply them to the surface collector design
The theory was that this combination systento provide a safer means of passage for juveniles.
could improve salmon survival by taking advan-This “attraction flow” concept may provide down-
tage of natural behavior and accommodating thstream-migrating juveniles with an alternate, more
majority of juveniles that moved downstream inpassive route through hydropower facilities than is
the upper portion of the water column. Pohmg  possible with other methods (42).
a means of passage over a surface-level spillway Surface collector prototypes are being evalu-
as opposed to forcing juvenile fish to dive to tur-ated at The Dalles and Ice Harbor Dams by the
bine intakes is more in line with natural behaviorPortland and Walla Walla Districts of the COE,
of outmigrating juveniles. A bypass with vertical respectively. Various configurations of the
slot barrier is placed in thspill intakes, which design are being tested. The attraction flow pro-
creates an attraction flow for outmigrating juve-totype consists of a 12-foot-wide by 60-foot-high
niles. Once the fish are entrained in the flow,steel channel attached to the forebay face of the
they enter the bypass and are diverted past thowerhouse (42) perpendicular to flow in the
dam instead of passing through the turbinesorebay. The goal is to guide fish hydraulically
(242). The hydrocombine was shown to producedirectly into the collectors, and then pump them
a 90 percent success rate for juvenile fish passing a bypass which moves them around the dam.
through the Wells project (42). Hydroacoustics will be used to monitor fish
The success of such a system might decreaseovement and behavior in and near the collector.
the need fospilling, as well as the psibility of An adaptation of the new surface collector
electricity rate increases. Howar, the results at design is in operation at Bangor Hydro's West
Wells Dam were not easily explained. As is theEnfield project on the Penobscot River and
case for many evolving fish passage technologiegllsworth project on the Union River, although
there is often a lack of information regardinby  debris blockage has been a problem at both sites.
they work. As a result, a prototype was installed at he results of the 1995 testing at Wanapum Dam
Chelan County PUD’s Rocky Reach Dam andcould potentially add much to what is known
Grant County’'s Wanapum Dam. The configura-about downstream fish passage and design at
tions of the Wells, Rocky Reach, and Wanapunhydropower facilities. Also, results of the proto-
projects are sigrifantly different; however, the type tests would hopefully be transferable to
surface collection concept is the same. Results amther powerhouses at projects on the Columbia
not yet available on either of these evaluations, bwnd Snake Rivers (42).
this research has sparked the development of the
COE'’s Surface Collgion Program. [ Barrier Nets

Most technologies proven to be effective in
[ Surface Collector downstream mitigation at hydropower intakes
Surface-oriented bypasses could prove to beely on large screening structures designed to
effective in improving juvenile salmon survival provide a very low approach velocity. For many
in the Columbia River Basin (232§There is a projects, such technologies are not financially
major effort underway in the Pacific Northwest feasible. For others, screens are inappropriate for
spearheaded by the COE to develop a surfacether reasons. In these cases, the use of barrier
collector design (39,77). The thrust of thenets may provide a cost-effective means of pro-
research is to better understand theldgjical tecting fish from entrainment. In gela&rbarrier
and physical principles that are at work at thenets have not been utilized in situations where

18For a more indepth discussion of the surface collector see appendix A.
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both downstream passage and protection fron®0). This seasonal barrier appears to bectffe
entrainment are desirable. for target fish (90).

Barrier nets of nylon mesh can provide fish
protection at various types of water intake, ALTERNATIVE BEHAVIORAL GUIDANCE
including hydropower facilities and pumped DEVICES?®

storage projects. Nets generally provide proteCgenayioral guidance technologies include any of
tion at a tenth the cost of most alternatives; NoWe various methods that employ sensory stimuli
ever, they are not suitable for many sites. Theify glicit behaviors that will result in down-
success in excluding fish from water intakesmigrating fish avoiding, or moving away from,
depends on local hydraulic conditions, fish sizegreas that potentially impair fish survival. In all
and the type of mesh used. Barrier nets are n@fases, the purpose is to get fish to leave a particu-
considered to be appropriate at sites where th@rr area (e.g., a turbine intake) and move some-
concern is for entrainment of very small fish, where else. The nature of the response may be
where passage is considered necessary, andlong-term swimming in response to a continuous
where there are problems with keeping the nestimulus where the fish has to move some dis-
clear of ice and debris (213). It may not be practance (e.g., a sound that is detected for an
tical to operate nets in winter due to icing andextended period of time and from which the fish
other maintenance problems. Thus nets may ndwontinues to swim), or it may be a “startle
offer entrainment protection in winter at someresponse” that gets a fish to turn away and then
sites. continue in a different direction without further
Nets tend to be most effective in areas withstimulation. Any stimulus that produces a startle

low approach velocities, minimal wave action®SPonse or frightens a fish from a particular
and light debris loads. Biofouling can reduce perPlace (essentially exclusion) is not a suitable

formance, but manual brushing and special Coalgleterrent unless there 'S. a _compone_nf[ to_ the
ings can help alleviate this problem. An response that moves the fish in a specific direc-

evaluation was underway during the spring Oﬂsvr;th?rtolr?]a?ﬁetosf{%fﬁgsaﬁ]pgsfgntgoﬁ]’v'gggﬁ,n
1995 at the Northfield Pump Storage Project o y
. . ) 202).
the Connecticut River in Massachusetts. Th .
Fishes, as well as other vertebrates, are capa-
study has yet to be completed. There have beetr)]

roblems with debris loading and net inversion e of detecting a wide range of stimuli in the
P W oris loading INVETSIONa, ternal environment (76). The modalities most
when flow in the river is reversed due to pump-

: often detected include sound, light, chemicals,
back at the.prOJect. temperature, and pressure. Some fishes can
The Ludington Pumped Storage Plant, one ofjetect electric currents and possibly other stimuli

the world’s largest pumped storage facilities,ihat fall outside of human detection capabilities.
located on the eastern shore of Lake Michigan, For the most part, behavioral barriers have not
has had a 13,000-foot-long barrier net installecheen approved of and accepted for use by the
around the intake since 1989. Bar net effec- resource agencies because they have not been
tiveness, described as the percentage of fish prghown to achieve a high enough level of protec-
hibited from entering the barrier net enclosuretion (220). In some cases, progress has been
was estimated at about 35 percentl®89, but made in developing technologies that can guide
substantially increased to about 84 percent ifish, possibly at a lower cost than physical barri-
1994 after significant improvements were madeers. Some in the industry would like to see sub-

19This section is drawn largely from A.N. Popper, “Fish Sensory étesgs: Prospts for Developindehavioral Guidance Technolo-
gies,” an unpublished contractor report prepared for the Office ohBdy Assessment, U.S. Congress, June 1995.
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stantial investment in developing theselengths. Also, the effectiveness of light is likely
technologies for use at sites where complete prade vary between day and night when the ratio
tection is not required, or as a means of improvbetween the stimulus light (e.g., strobe) and
ing the effectiveness of an existing physicalbackground illumination (g., dayight) differs
protection device (220). (152).

Behavior-based technologies are touted as Two types of lighting are the most widely
being less expensive than physical screeningsed in experiments—mercury and strobe. Of the
devices and easier to install than more convenwo, experimental results suggest that strobe
tional methods. Another presumed benefit is thafights (pulsing light) are the more successful in
these technologies can be used with little disturaffecting fish movements, although mercury illu-
bance to the physical plant or project operationmination was useful in a number of instances
Lastly, developers of these technologies claim61,101,163), including attracting and holding
that although they have not yet achieved 100 pemblueback herring at the Richard B. Russell Dam
cent effectiveness, they have shown that varioug keep them from entering undesirable areas
behavioral methods do guide fish, and that guid165,178). At the same time, light may attract
ance can be improved upon with research angdgme species and repel othiving in the same

experimental application. habitat (25,76).
_ One of the earliest studies on use of lights
O Lights (sealed beams) was by Brett and Maukin

Many species of fish have well-developed visualvho provided data on a limited number of ani-
systems. Light has a high rate of transmission ifhals moving down a canal away from a light
water and is not masked by noise. At the samg&ource (25). The fish were restrained in a particu-
time, the usefulness of light depends upon théar region of the canal with nets. Tresults were
clarity of the water as well as upon the contrasfiot extensive, but two findings are of interest.
between the artificial and ambient light. First, some species swam away from the light
The visual system of fishes is highly adaptedVhile others did not, suggesting different behav-
to enable different species to see in environment@rs by different species. Second, flashing lights
that range from shallow waters of streams tovere more effective at eliciting a response than
great ocean depths (142). These adaptat continuous light, a harbinger for the use of strobe
include, for example, the shape of the lens, théights. Response differences to the same light
distance between lens and the photoreceptdiource between species have been documented
layer, the ability to adjust the eye to see object®y oOthers and are not surprising. These differ-
at different distances (“accommodate”), andences raise the issue, germane to all stimuli and
other aspects of the optics of the eye. As on&0t just light, that the stimulus has to be closely
example, diurnal fish living in shallow waters fit to the species being studied.
often have yellow corneas (and sometimes yel- Strobe light has been extensively evaluated as
low lenses). This serves as an optical filter taa fish deterrent in both laboratory and field situa-
screen out some of the shortwaight which is  tions (59). Deterrence has been shown with a
found in such waters, and which can scattenumber of species, but the lights have worked
around the eye and decrease visual acuity. Speaost extensively and effectively with American
cial adaptations may also be found in the setup aghad juveniles (220). Successful fish deterrence
the photoreceptors. with strobe lights has often been site specific,
While most fish see reasonably well, problemswhich indicates that hydraulic and environmental
with use of light include transmissiamaracter- conditions and project design and operation have
istics being very dependent on water turbidity,influence on the effect tHeghts have on species
and variable attenuation of different wave-(59). The lack of conclusive results may also be
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attributed to inadequate sampling methodology] Acoustics (Sound)

and.de5|gn. Sound has many characteristics that make it suit-
Field tests conducted at the York Haven,ye for yse in th@ossible modification of fish
project on the Susquehanna River demonstrateﬁ#ovemem, especially over longdistances or

a str0_|ngAavou_:iancehredspggsé% toTsétrobe lights b\)(/hen visibility is marginal. Sound travels at a
juvenile American shad (62,63). Thgstem was high rate of speed in water, attenuates slowly, is

designed to repel fish away from the turbinehighly directional, and is not impeded by low

rTI]ght levels or water turbidity (201). Moreover,

proved to be effective (94 percent). However, themany species of fish are able to detect sounds

study pointed out the need for establishing relas : . . . )
fionships between behavioral fish bypass sys£69)' From the standpoint of directionality, atten

tems and site-specific hydraulics in an effort touatlon characteristics (especially with depth), the

maximize bypass efficiency (59). Hydraulic andIaCk of effect 9f turiiity, and su_|tab!l|ty during
) ; ) the day and night, other potential signate not
environmental factors had primary influence

R . s versatile as sound. At the same time, high

over the occurrence, distribution, and behavior of . L
. noise levels, such as at turbine intakes, may pre-
shad (152). The influence of these factors has : ) e
. . vent fish from hearing artificially generated
definite bearing on the success of the system. As

a result, it was concluded that the proper combi-Sounds in such environments, while high-inten-

nation of physical and hydraulic conditions mustsml' sognds (?froducedf_t%any source) might have
exist in the area of the lights and the bypass sysg-e eterloqs € ects. on fish.
tem in order to achieve the desired level of effec- Many fish species are known to use sound as

tiveness (152). Additional work is underway to P&t of their behavioral repertoire for intra-spe-
verify response of various species. cific communication. Sounds produced by fish

The use of mercury lights to attract or repelfor communication are generally low-frequency
various species including salmonids and clupeid§usually below 500 Hz) and broad-band
is reviewed by EPRI (57). The results Sugge3{159,181). More recently, it has become apparent

that such illumination can be used with a numbefhat fish are also likely to use sound to get a gen-
of species to move fish away from intakes,€r@l “sense” of their environment, much as do
although the results are quite variabletween humans. Thessounds may include those pro-
sites and species. Such illumination may be mor8uced by surf, water moving against objects in
effective at night than during the day (not anthe environment, or wind action on the surface of
unreasonable situation considering the contradfe water (207). In atition, there is some evi-
between the stimulus and ambient illuminationdence that fishes may respond to sounds that are
differs greatly amight). Incandescent illumina- Produced in association with human-made struc-
tion has been tried as a method to modify behawtres, such as bypass screens and ofgerls
ior (57), but with no clear success. produced as a byproduct of hydropower projects
Studies conducted at the York Haven projec(6-164)’ although little is known about the actual
on the Susquehanna River indicate that mercurf€havioral responses to these sounds.
lights can be highly effective in attracting giz- It is important to understand that detection of
zard shad, and sevemstudies have successfully vibrational signals (which includes sounds) by
improved bypass rates of salmonid spec&iagi  fishes involves two sensory systems, the ear and
mercury or incandescent lightir(§7). The rela- the lateral line. Together, these are often referred
tively inexpensive nature of mercury lights is ato as the octavolateralis system (182). Both sys-
driving force of research. However, additionaltems use similar sensory hair cells as the trans-
research is necessary to determine thelddig  ducing structure for signal detection and both
of using sound as part of a directional bypassespond to similar types of signals. However,
system (57). from the perspective of modifying the behavior
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of fish with sound, it is probably unimportant the life cycle of clupeids than at other times, and
which sensory system per sarngolved with the at certain times of the day or night, possibly
response; however, the distance over which stimdepending upon the particular species being
uli can affect each sensory system differs. studied?®

A variety of different studies have been con- Early studies on controlling the migration of
ducted using sound in attempts tifeat move- salmonids with sound across a range of frequen-
ment patterns of fish. For the most part, theseies generated mixed and somewhat unclear
studies have concentrated on various species oésults (33,156,254). One study showed that ani-
salmonids and clupeids, although work has beemals in a lab setting would respond to certain
done with regard to a variety of other specieswavelengths, but there was no apparent response
The range of techniques used has also varieid a river (254). In another study, attempting to
guite widely, as have the sound sources and thguide trout into a channel using plates set into
frequencies employed. Results are also quiteibration at 270 Hz, there was some evidence of
variable and range from totaliynsuccessful in success. However, there was noistiegal analy-
controlling behavior to demonstrating potentialsis, and the limited amount of data does not sug-
usefulness for a few species under certain condgest that results were replicated or that other
tions. compounding factors were taken into consider-

Various species of clupeids (herrings and theigtion (254).
relatives) have been studied by a number of Hawkins and Johnstone found that Atlantic
investigators. A major thrust dhis work has salmon would respond to sounds from 32 to 270
been to modify the swimming behavior of ale-Hz with best sensitivityrbm about 100 to 200
wives and American shad so that they kept Hz (99)21 More recently, studies on Atlantic
from entering turbine intakes at dams. Somesalmon by Knudsen etl. (128) support the find-
investigations have proven unsuccessful, whilengs of Hawkins and Johnstone (99) that this spe-
others have achieved some success. cies only detects very low-frequency sounds.

The most compelling studies to date on clu-Using a behavioral paradigm, Knudsen and his
peids in the United States involve the use ofolleagues (126,128) measured the responses of
ultrasound to modify the swimming behavior ofsalmon to tones from 5-150 Hz. The best
American shad and other species at a variety desponses were in the 5-10 Hz range. They also
sites. These transducers prodingh-frequency determined that the juvenile salmon would show
(approximately 120 kHz) signals that appear tcan avoidance response (in a pool of water) to 10
produce an avoidance response in juveniléiz signals but not to 150 Hz signals, although
American shad, causing them to move awayvoidance to the 10 Hsignal would only occur
from thesound source. Field studies have demif the fish were within 2 m of thesound
onstrated that the effectiveness of soead be source??3
altered by environmental conditions such as Knudsen et al. tested this hypothesis and dem-
water temperature or site hydrology. Moreover,onstrated that low-frequency sounds could be
sound may be more effective at certain times irused to modify salmonid movements in a field

20BJaxter and Batty (1987) show that theperses to sounds of clupeidsariyes irthe light and in the dark (22).

21 Hawkins and Johnstone (1978) trained fish using classicalitcmring so thathey would show a decrease in heart rate whenever a
sound was presented (99).

22yncmditioned startle resmses were also iestigated by Stober (217) on the cutthroat tr6airpio clarkj. Stober found that a num-
ber of specimens (but not all) would show an unconditioned startlensspo sounds up to 44z, although no response was found below
50 Hz. He also showed rapid habituation, as reported by Knudaer{E28).

23\While exact distances are different from those reported by VanDerwalker (254), the order of magnitude of the distance from the source
at which salmonids iV respond to sound is the same. These results strongly support the suggestion that the response of salmonids to signals
is when they are close to the sound source and very far into the acoustic nearfield.
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experiment (126). They were successful in getgenerates a sound field with large particle
ting salmon to change direction and swim awaymotion. The acoustic cannon has a 19-cm-diame-
from a sound source. The stimulus was onlyter piston with a displacement of 4 cm (39). Star-
effective when the fish were within a few meterstle followed by avoidance has been shown under
of the source (within the acoustic miégld). For  controlled laboratory and field conditions for
such a system to be fully effective in rivers or byChinook and steelhead juveniles and smolt. The
a dam, a large number of projectors would beother sound source, EESCO technology, gener-
needed to insure that fish were properly ensoniates a sound field with little particle motion. This
fied. source has a moving coil with a diameter of
A similar study reported effective, statistically approximately 8 cm with a displacement of
significant guidance (80-100 percent diversionapproximately 0.08 cm (39). The Acoustic Pro-
from the entrance to an intake canal for downmigram has not conducted nor do they know of any
grating steelhead trout smolts and Pacific Chicontrolled laboratory behavioral tests of fish
nook salmon smolts) for a patented sound systemesponse to the EESCO technology source.
now available from the Energy Engineering Ser-Experience to date indicates that large particle
vices Company (EESCO). Natural sounds of varmotion is required to elicit avoidance responses
jous salmonids were recorded, and modifiedby salmonids.
forms of the recorded sounds were played back Few other fish groups have been tested in a
to affect fish movements (141). Results sugsystematic way to determine if they would avoid
gested that the fish could be as much as 70 fe@&w-frequency sounds (6B81). There are, how-
from the projector and the sound would still elicitever, remarks in the literature regarding avoid-
a response. These results have yet to be repknce responses of a number of species, and lack
cated and the study only provided minimal infor-of avoidance or any sort of responses by other
mation as to the nature of the specifausds species. The Empire State Energy Electric
used to modify fish movements. Research  Corporation (ESEERCO) (65a)
Results from preliminary tests of the EESCOreported laboratory studies of behavioral
system on the Sacramento River in 1993 wergesponses to low frequencies by striped bass,
inconclusive (46,94a), largely due to the prelimi-white perch, Atlantic tomcod, golden shiner, and
nary nature of thetudy and problems in experi- spottail shiner(51a, 201a201b). Despite some
mental design. Studieare continuing at the limitations, the studies demonstrate that white
Georgiana Slough on the Sacramento (171). Theerch and striped bass would show an avoidance
results of testing that took place during the springesponse to broad-band sounds of below 1,000
of 1994 at Georgiana Slough were encouragindfdz at sound levels of 148 and 160 dB (re: 1 pPa)
(50 percent overall) and statistically significantduring the day, but they showed only a weak
(95 percent level) (100). response at night to sounds as high as 191 dB (re:
Infrasound testing is currently underwayl pPa). The other species only showed a weak
within the Columbia River Basin as part of theavoidance response during the day.
Columbia River Acoustic Prografif.Two types Considerable study and data are needed to elu-
of sources are being tested, both of which genercidate the mechanisms through which certain
ate infrasound. They differ in one component offish receive sound. No matter what the actual
the sound field they generate. The infrasoundtimulus, it is of considerable interest that sound
source, patterned after that used in Norway, igan affect the behavior of certain species either
referred to as an “acoustic cannon” because iby causing a startle response or actually causing

24 |nformation on the Columbia River Acoustic Program taken from Tom Caffamific National Laboratory, coments tahe Office
of Technology Assessment, August 1995 (39).
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fish to swim away from the source of teeund. [J Bubble Curtains

It musF be kept n mind that a ;tartle reSponsg hple barriers were used by Brett and MacKin-
alone is not sufficient for controlling movement non in an attempt to guide fish, with no apparent
of_a} fish. Instad, whatever the stl.mul.us,ntust .. success (25). Other researchers suggested that
elicit sustained movement of the fish in a specificg ;. cess with air bubbles may have been associ-
direction so the fish avoids the area of danger. .4 with the sound that they produce and not
o necessarily with the bubbles (107,131). Ruggles
O Electric Fields points out that air bubbles are effective for some

There are several recent reports in the gray liters3@ltwater species and possiliy some species
ture that describe the use of electric fields tdn Streams, but not in rivers. Patrick et al. report
guide fish behavior. To date, the results fromthat air bubbles were effective in producing
these experiments are equivocal as to their su@voidance behavior in laboratory experiments
cess in controlling downstream migration of sev-With gizzard shad, alewife, and smelt (172). They
eral different species (20,108).A couple of also reported that aymdange increased when air
significant points, however, arise from consider-Pubbles were combined with strobes. However,
ation of these studies. First, electric fields ardhese studies have apparently not been followed

potentially dangerous to other species that may/P With field experiments. Patrick el. found

enter the water in the area of electric field. Secthat air bubbles were most effective when there

ond, the electric fields are restricted toicey WaS SOME illumination. They also pointed out

between electrodes. Thus, they are most effectivifi@t the basis for fish response was not known,
in shallow streams and relatively narrow regiond’Ut may have been visual or sound-associated, as

where sufficient field strength can be set upSuggested by Kuznetsov (131).
between opposing electrod&s. Air-bubble curtains have not proven to be

effective in blocking or diverting fish in a variety

In general, evidencsupporting the effective- i e : X
ness of electrical barriers at supporting the down?®f field applications, nor is there data available to

stream passage of fish is not available (220)|_nd|cate potentla_l effectlvene§s (220)._ Th_ere are
small-scale studies of water jet curtains in vari-

Effectiveness will vary depending on site-spe- ) T )
cific parameters and species/size-specificous field applications; however, mechanical and
liability questions have prevented further

responses. Several problems have been identifid§ X X )
with their application, including fish fatigue and study. Hanging-chain curtains have shown some

the relationship between fish size and susceptl§uccess in preventing fish passage under labora-
bility to electrical fields (59) tory conditions. Lab results have not been dupli-

A combination electric screen and infrasoundCated In the field and research has ceased (220).

system has been extensively tested by Simrad in . .

Scotland over the last two years (39). It is novel Hybrid Barriers

in the sense that the electric portion of the behavSome study has been done to evaluate the effec-
ioral barrier is used primarily to reinforce the tiveness of using behavioral barriers in various
response to infrasound by migrating salmonidscombinations to increase overall effectiveness,
The infrasound sources used are large particlget the results have been equivocal (220). Many
motion sources. of the field evaluations have been conducted for

25The results of testing done during the spring of 1995, of an electrical barrier, at RD 108 (Wilkens Slough) on the Sacramento River
were inconclusive (100).

26There is literature from the manufacturer of electrical guidance systems, Smith-Root, Inc., that their devices can also be used to protect
turbine intakes and in other environments than streams. Howeigereviewer has seen no analysis, peer-reviewed or “gray” literature, that
evaluates the success of these systems beyond those described in the cited references.
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application at hydropower projects, including auphold the agency’s primary charge to protect
test combining strobe lights and ultrasonics tdish and because so many fish populations have
guide down-migrating juvenile American shad atreached a “crisis” status (257). It is this argument
the York Haven Dam hydropower project on thethat forms the basis of NMFS support of the use

Susquehanna River. of physical barrier screenfor fish protection
from turbine entrainment. The agency may be
PERSPECTIVES ON TECHNOLOGIES more comfortable with the use of these barriers

because they physically block or physically

In an effort to minimize expenditures Wh”e_ still divert fish, but also because the technologies
meeting protection goals, the hydropower indus;

v is looking to imol tl ¢t fish ¢ have evolved over a fairljong period during
ry 1S 10oking to implement low-Cost iSh protec- iy mych was learned about how to optimize

. . ) )f)erformance and make adjustments based on site
be less expensive than conventional fish protec-

i thods (for d " " h criteria and biological considerations. In addition
'on methods (or_ ownstream passa.ge)., OWir NMFS’s Southwest and Northwest regional
ever, the agencies approach application o

behavioral hnolodi ith . q ffices, Washington State’s Department of Fish-
enaviora tec nclogles_ wit c%utlon and €oN-yies and Wadlife and the California Bpartment

_S|der the_m to be experlmentgl. Therefore, theof Fish and Game have released statements

m_dustry is reluctant to !nvgst in these teChnOIO'regarding screening criteria for salnids

gies for fear that they will simply have to replace(237 238,239)

them with more conventional technologies. This T '

leads to frustration for the technology vendors. U.S. Fish and Wildlife Service

In the northeastern United States, FWS may be
willing to consider the application of “experi-
mental” devices as an interim or complementary
National Marine Fisheries Service measure, depending on the situation and the spe-
The NMFS national office seeks a high level ofcies. However, FWS has no formal policy or
effectiveness for new technologies before theposition statement regarding the acceptability of
agency will approve application in the field, andexperimental fish passage technologies. The
in some cases regional offices have releasedgency accepted the use of these technologies in
position statements regarding fishery protectiorcertain limited circumstances, but these were
and hydropower. These statements do not applyite-specific decisions based on professional
on a national level, but they do have the potentigludgment, project specific characteristics, and
to be precedent-setting. The Northwest andhe significance of the resource at risk (150).
Southwest offices have specific guidelines for Determinations are a reflection of expert opin-
developing, testing, and applying alternative fishion and best professional judgment about what
protection technologies (see appendix B). NMFSnight work best at a given site. The possibility of
regional offices in the Northwest and California achieving 100 percent efficiency with a passage
strongly preferphysical barier screens, which technology, or reducing entrainment to zero per-
can completely exclude fish, for use at hydro-cent, is unlikely. However, given the status of an
power projects over other structural or behavincreasing number of threatened and endangered
ioral guidance devices. In addition, the agencypecies, the agency may be willing to approve
requires that experiments evaluating a new techthe application of a technology that fails to reach
nology should parallel the development of a cona 100 percent performance goal, but provides a
ventional (technology) solution. good level of protection, in situations where the

NMFS maintains that it is critical to require development of a physical barrier screen or
technology developers and the hydropowesstructural guidance device may take years to
industry to abide by this high standard in order tachieve.

[1 Resource Agencies
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In the West, FWS is generally inactive oninvesting in the further improvement and effi-
screening, but is involved to a degree in expericiency of hydropower on a broadase. The
menting with alternative guidance devices. Thendustry claims that it cannot afford to bear the
agency has developed interim screen criteria focosts associated with research and development
one species, arglipports the use of technologiesof fish passage technologies and that this support
that provide the highest degree of protection posshould come from the federal government.
sible for target fish at all intakes.

The agency prefers the useptifysical barrier [ Technology Vendors

and structural guidance devices over aIternativg/endOrS of new behavioral and guidance tech-
gxperimental guida-nc.e devices. However, ther?‘nologies are frustrated by the reluctance of
is some concern within the agency that Cons_tamesource agencies to approve their use despite
pressure from vendors to utiize alternative, 1 some consider convincing results in the
devices has_led to concession in certain casefig|q (27,50). Technology developers claim that
The agency is especially concerned that once f}ese alternatives to conventional fish protection
experimental measure is in place at a site it Willechnglogies will work for a fraction of the cost
remain as the long-term protection measurgy conventional screening mechanisms. The
regardless of whether performance is less thaﬁgencies continue to question “how well” the
what would be expected from a conventionakechnologies work, and NMFS requires that
technology. Many agencies view experimenta+qropower operators also pursue a parallel track
tion as a delaying tactic. Although experimenta-yiin an accepted technology (e.g., design a phys-
tion can be very costly over time (possiblyica| barrier or other interim measure tectogy

matching the cost of a conventional approach)gr method) while an alternative is being devel-
yearly expenditures are often much lower tharbped or tested at a site (174).

the capital outlay to install a conventional tech-

Though there is some discussion of allowing
nology.

the use of behavioral technologies to enhance
physical barriers or as interim protection devices,
(0 Hydropower Industry the agencies are unwilling to allow these technol-

The industry’s goal is to provide effective fish ogies to be utilized as the sole linedaffense in

protection and to minimize costs, which can be dish passage mitigation in the absence of scientif-
challenge especially at large hydropowerica”y rigorous demonstrations of effectiveness.

projects. Thendustry claims to be facing diffi- 1S frustrates the vendors who argue that no
cult economic tines, which may be exacerbatedSUch evaluation exists for physidaarriers and
by the possibility of deregulatiofhis mood has that behaworal and alternative guidance devices
forced the industry to come out against expend@r® being held to a standard that other conven-
tures for what they refer to as seemingly “unneclional technologies were not during previous
essary” items such as fish passage and protectié’t‘?ars'
mitigation technologies.

The possibility of deregulation has also CONCLUSIONS
caused the industry to reassess its role in thPhysical structures, including barrier screens,
alternative energy market. NHA views hydro-angled bar racks, and louvers, that are designed
power to be the cleanest, most efficient, and most suit fish swimming ability and behavior, as
developed renewable energy source. As a resulivell as site conditins, remain the primary down-
some industry representatives balk at the federaltream mitigation technologies at hydropower
research and development investment to advandacilities. There is gemal consensus among
and perpetuate other renewable energy sourcgsactitioners that the conventional technologies
(i.e., wind, geothermal, solar, etc.), as opposed teffectively protect downmigrating fish. Barrier
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screens have an appeal in that they are perceivethd evaluation of the technologies. Vendors will
to be absolute in their operation. According towork closely with clients and consultants but
some resource agencies, under certain domdit rarely involve the agencies in the early stages
they may be the only viable technology. How-and the decisionmaking process. In addition,
ever, the high costs associated with these teclthough some behavioral guidance devices have
nologies are often barriers to their use. As @een shown to elicit an avoidance response in
result, much of the fish passage research predish at certain sites, them@re inconsistencies in
ently being done is focused on further developsubsequent years of testing. This type of result
ing behavioral guidance devices. Some of thidias caused the resource agencies to question the
effort might be directed toward the installation ofvalidity of the assumptions and criteria on which
physical structures because the resource agencid® studies, and the evaluation, are based. It is
have identified the need to provide protectioncritical to keep in mind that results and methods
nowwhile research on behavioral and alternativedeveloped for large western hydropower facili-
guidance devices is taking place. ties may not be applicable to much smaller facili-
Extensive descriptions of downstream fishties in the Northeast and Midwest. At the same
passage mitigation measures are availabléme, methods that do not work at the larger
(16,59,65). Numerous and varied measures havacility may bevery useful and appropriate for
been used to reduce turbine entrainment, includnuch smaller facilities. In effect, it may be
ing fixed and traveling screens, bar rack and louimportant to have research programs directed at
ver arrays, spill flows, and barrier nets, anddifferent “classes” of sites—such as large hydro-
alternative behavioral devices. However no sinpower projects, small hydropower projects,
gle fish protection system or device is univer-bypasses, etc.
sally effective, practical to install and operate, Most of the research on fish exclusion systems
and widely acceptable to regulatory agenciehas not been reported in the peer-reviewed scien-
(37). tific literature, but appears in progress reports for
With a few interesting exceptions, there is nofunded installations, and may be overly optimis-
behaviorally-based technology that is operationtic. Often research is not described in sufficient
ally successful in guiding fish. There is potentialdetail to allow thorough analysis of the results.
for use of strobe illumination with a number of Thus, it becomes difficult, if not impossible, to
species, as well as use of infrasound withassess the effectiveness of many of the tech-
salmonids (and possibly other species) and use ofiques described or the results reported. Some
ultrasound with clupeids and cod. These investiexperimental results seem at odds with others,
gations need to be continued and inclime¢h and care must be taken in interpreting this infor-
basic biology and investigation of field applica- mation (204). Conclusions reached should be
tions of these signals. Very little work is being viewed as tentative.
done with electrical stimuli and bubble barriers, Many of the earlier studies are weak with
and these do not appear to have been broadhggard to behavioral analysis. Methods of analyz-
successful in earlier studies. There is some eving the behavioral responses of fish (e.g., meth-
dence (165,178) that combinations of sensoryds of observation of fish in experimental pens)
stimuli (e.g., light and sound) might be a produc-have often been poorly described. Also, inappro-
tive possibility that needs further exploration.  priate methods have been used in some cases.
There are major discrepancies in the views offhis has led some to believe that experimenters
resource agencies and technology vendors abodtd not use appropriate observational techniques
the potential value and performance of alternafe.g., “double-blind” experiments where the
tive behavioral guidance devices. Part ofdie®  observers were unaware of the presence of a
crepancy in interpreting performance data hasound stimulus when reporting the behavior of a
arisen from lack of a standard approach to testin§ish). Moreover, the applicdlly of techniques
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across species, or to the same species under difsh will respond are critically important in help-
ferent environmental or physical conditions (ageing design appropriate control mechanists.
and size), is not well understood. Researchers for Even basic information on the general behav-
the most part have failed to ask very basic queder of fish is often lacking. Thus, it becomes
tions about the general behavior of fishes under enpossible to predict how a fish mighltter its
variety of conditions and information which behavior when it encounters a hydropower facil-
could be useful in developing bypass systems. ity or water bypass, how itight respond to vari-
Statistical analyses of behavioral responsesus sensory stimuli (g, light or sound),
are often inadequate and thus it is hard to asseswxluding noxious stimuli, and whether certain
the effectiveness of a technigue. An issue thasensory stimuli are within the reception capabili-
often arises appears to be differences in waytes of a particular species. Without such basic
that various investigators have used statistics tdata it is very difficult to design a truly effective
interpret data. What may appear to be atpes means for controlling fish behavior.
response in one statistical analysis may appear to An interdisciplinary approach to investigating
be nonsignificant in another. the potential for improving fish passage is
Additional studies, withvery specific direc- needed. Studies should be designed with close
tions, are needed to advance behavioral guidanamllaboration between fisheries biologists having
technologies. A key need is to develop a basiinterest and expertise in the needs for fish pas-
understanding of the mechanism(s) by whichsage and basic scientists knowledgeable in the
stimuli elicit responses. In particular, it is notbehavior and sensory biology of fishes. Other
known how very high-frequency sounds areimportant specialists would likely include
detected by clupeids, and basic information tdydraulic engineers and hydrologists, who would
answer that (and other) questions could helfpring special knowledge of currents and other
markedly in the design of more suitable controlaspects of the problem to the discussion, and
systems. Knowledge of the mechanisms of sigengineersnvolved in designing and maintaining
nals detection, the normal behavioral responsdsarriers to fish movement. To date, there has
to signals, and the range of signals to which deen ittle interaction along these lines.

27 An example of this is found in the work controlling the @ment of Atlantic Salmon by Kmisen et al. (126,128). Their experimental
design for their field work was clearlyabed upon theirifét studies on hearing capéties (128), aswell as the earlier studies of Hawkins
and Johnstone (99).
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ydroelectricity provides over 10 per- pollution, ove-harvest). To what degree each of

cent of the electricity in the United these factors contributes to the overall decline of

States and is by far the largest devel-North American fisheries remains unclear.

oped renewable energy resource in the This chapter examines the federal role in fish
nation (figure 5-1). At least 25 ntidn Ameri-  passage and protection at hydropower facilities
cans depend on hydropower for their electricity(box 5-1). Federal involvement in managing non-
needs. Conventional hydropower plants totakederal hydropoweissues includes: licensing,
nearly 74,000 megawatts (MW) of capacity atmonitoring, and enforcement; identifying mitiga-
roughly 2,400 plants. Pumped storage providesion plans for hydropower facilities; and con-
an additional 18,000 MW of capacity at about 40ducting research on and development of fish
plants. The undeveloped hydropower resourcgrotection technologies. The Federal Energy
potential in this country is significant. The Fed-Regulatory Commission (FERC) is responsible
eral Energy Regulatory Commission estimatesor the licensing, monitoring, and enforcement of
that approximately 71,000 MW of conventional license conditions for nonfederal hydropower
capacity remains undeveloped (81,82). facilities. Explicit in FERC's authority is the

History has shown that hydropower develop-responsibility for balancing the developmental

ment can, and generally does result in changes #hd nondevelopmental values of hydropower
the abundance and comptam of migratory and  development in the licensing process.
riverine fish populations. Dams impede fish T1he National Marine Fisheries Service
movements up and down rivers,lagng them, (NMFS), the U.S. Fish and Wildlife Service
blocking them altogether and sometimes killing(Fws), and, in certain cases, U.S. federal land
them directly (e.g.turbine mortality) or indi- management agencies prescribe mandatory fish
rectly (e.g., predation gtoints of delay) (37). passage conditions for inclusion in hydropower
However, specific data opopulation changes licenses. In addition, these agencies and state
attributable to hydropower development are dif-resource agencies also may make nonbinding
ficult to come by and other factors also have hadecommendations for additional mitigation to
adverse impacts (e.g., habitat destruction, watgrromote fish protection.

| 97
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FIGURE 5-1: Relative Contribution of

Various Renewable Energy Sources

Biomass

Municipal solid

Wind

Geothermal
Solar

Hydropower

SOURCE: “Renewable Resources in the U.S. Electric Supply, ” Table
4, February 1993,

Mitigation technologies to reduce the adverse
effect of hydropower on the nation’s fish
resources exist and have been employed,
although not uniformly, since the early part of
this century. These techniques can be costly and
their effectiveness is often poorly understood
(242). Yet, in areview of 16 case studies, the
majority demonstrated positive results stemming
from technology implementation (242). The high
cost of installing or retrofitting fish protection or
passage facilities relative to the perceived benefit
derived generates some tension between resource
agencies and the hydropower industry. Yet, few
studies have attempted to describe the full range
of benefits and costs of fish passage mitigation
over the long-term. *

LICENSING OF NONFEDERAL
HYDROPOWER PLANTS

Federal licensing of nonfederal hydropower
plants on navigable waterways is the responsibil -
ity of the Federal Energy Regulatory Commis-
sion (previously the Federal Power Commission
(FPC) under the Federal Power Act of 1920).°In
the 1930s, FPC's role was expanded to include
rate regulation and other matters related to
wholesale, interstate sales of electricity and natu-
ral gas (1935 FPA and 1938 Natural Gas Act).
The 1977 Department of Energy Organization
Act created the Federal Energy Regulatory Com-
mission (FERC) and transferred FPC's energy
jurisdiction to the agency as well as jurisdiction
over oil pipeline transportation rates and prac-
tices. Today, FERC has exclusive authority to
license nonfederal hydropower facilities on navi-
gable waterways and federal lands (approxi-
mately 1,825 dams); regulate the electric utility
and interstate natural gas pipeline industries at
the wholesale level (including reviewing electric
utility mergers and supervising/authorizing
hydropower and gas pipeline construction); and
regulate oil pipeline transportation (74).

The initial mandate of the agency was the reg-
ulation of energy production, distribution, and
availability; and the promotion of hydropower,
particularly for the Northeast and Northwest
regions of the United States. Environmental con-
cerns were largely addressed through a number
of laws that were enacted to protect natural
resources and the environment, including: the
National Environmental Policy Act (NEPA),
Fish and Wildlife Coordination Act, Nationa
Historic Preservation Act, Endangered Species
Act, Federal Water Pollution Control Act (Clean
Water Act), and the Wild and Scenic Rivers Act
(box 5-2).

1 Hydroelectric licenses run from 30 to 50 years. Economic COmMpar iSIONS of the costs of installing or retrofitting facilities and the revenue

flow from plant operation over the license period might clarify this debate, however, the information does not currently exist.
2 Under section 23(b) of the Federal Power Act, FERC has jurisdiction to license nonfederal hydroelectric projects that are on navigable

U.S. waters; are on non-navigable U.S. waters over which Congress has “Commerce Clause” jurisdiction, were constructed after 1935, and
affect interstate or foreign commerce; are on public lands or reservations; or use surplus water or water power from any federal dam (49).
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BOX 5-1: Chapter Findings—Federal Role

= The Federal Energy Regulatory Commission (FERC) has exclusive authority to license nonfederal hydro-
electric facilities on navigable waterways and federal lands, which includes conditioning of licenses to
require operators’ adoption of fish protection measures.

= Section 18 of the Federal Power Act (FPA) gives the federal resource agencies authority to prescribe
mandatory fish passage conditions to be included in FERC license orders. Section 10(j) recommenda-
tions relate to additional mitigation for rehabilitating damages resulting from hydropower development or
to address broader fish and wildlife needs (e.g., minimum flow requirements). Yet, these recommenda-
tions are subject to FERC approval.

s FERC's hydroelectric licensing process has been criticized as lengthy and can be costly for applicants
and participating government agencies. In some cases, the cost of implementing fish protection mitiga-
tions from the utility perspective may render a project uneconomical.

» FERC uses benefit-cost analyses in its final hydroelectric licensing decisions; yet economic methods for
valuing habitat and/or natural resources are not well established and many economists feel that they fit
poorly in traditional benefit-cost analysis.

= There is no comprehensive system for monitoring and enforcing resource agency fish passage prescrip-
tions. FERC’s monitoring and enforcement authority has been used infrequently, and only recently, to fulfill
its mandate to adequately and equitably protect, mitigate damages to, and enhance fish and wildlife
(including related spawning grounds and habitat) affected by the development, operation, and manage-
ment of hydroelectric projects.

= Parties must perceive a need to negotiate in the FERC hydropower licensing process, beyond the regula-
tory requirements of applicants and agencies, in order to achieve success. FERC must be seen as a neu-
tral party to motivate participants to find mutually acceptable agreements in accommodating the need for
power production and resource protection. If FERC is perceived to favor certain interests, the need to
negotiate is diminished or eliminated.

s There are no clearly defined overall goals for North American fishery management and Congress has not
clearly articulated goals for management of fishery resources and/or priorities for resource allocation.

= Fish protection and hydropower licensing issues return repeatedly to the congressional agenda. The
1920 FPA was designed to eliminate controversy between private hydropower developers and conserva-
tion groups opposed to unregulated use of the nation’s waterways. Greater consideration of fisheries and
other “nondevelopmental” values was called for in the Electric Consumers Protection Act of 1986 (ECPA)
and oversight on these issues continued with the passage of the Energy Policy Act of 1992. In the 104th
Congress, efforts continue to address power production (e.g., sale of PMA’s; BPA debt restructuring) and
developing sustainable fisheries (e.g., Magnuson Act amendments; Striped Bass Conservation Act).

SOURCE: Office of Technology Assessment, 1995.

In addition, section 18 of the FPA gave thebe used to issue mandatory fish protection condi-
Secretaries of Commerce and Interior authoritytions. Section 30 applies primarily to conduit
to prescribe fishways at FERC-licensed hydro-exemptions: projects that use the hydroelectric
power projects. Section 4(e) allows federal landpotential of a conduit that is operated for the dis-
management agencies to issue mandatory condribution of water for agricultural, municipal, or
tions to protect the purposes for which their landsndustrial consumption and not primarily hydro-
are held in trust. If the purposes of the landgpower. In these cases, FERC must include in the
include fish and wildlife, then section 4(e) mayexemption the terms and conditions that NMFS,
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BOX 5-2: Environmental Laws Affecting the FERC Licensing Process

A number of laws beyond the FPA influence environmental protection in the FERC hydropower licensing pro-
cess. These laws continue to affect the licensing process, although some of the intent contained in them has
been reiterated and directly applied to FERC through ECPA.

s National Environmental Policy Act—requires preparation of an Environmental Assessment (EA) or an Envi-

ronmental Impact Statement (EIS).

» Fish and Wildlife Coordination Act—requires FERC to give full consideration to the recommendations of
the U.S. Fish and Wildlife Service (FWS), National Marine Fisheries Service (NMFS), and state resource
agencies on the wildlife aspects of a project.

» National Historic Preservation Act—requires FERC to give the Advisory Council on Historic Preservation
reasonable opportunity to comment on a license issuance involving an historic resource.

s Endangered Species Act—requires FERC to consult with FWS and NMFS to determine if action is likely to jeopar-
dize the continued existence of any endangered or threatened species or adversely affect critical habitat.

n Federal Water Pollution Control Act (Clean Water Act; CWA)—requires applicants to confer with the “certi-
fying agency” (U.S. Army Corps of Engineers (COE) or the Environmental Protection Agency (EPA)) and
verify compliance with the CWA (National Pollutant Discharge Elimination System permit [NPDES], S401
water quality certificate, or S404 dredge and fill permit).

s  Wild and Scenic Rivers Act—FERC is prohibited from licensing projects on or directly affecting a wild and
scenic river as established by an act of Congress or State Legislatures.

SOURCE: Office of Technology Assessment, 1995.

FWS, and state resource agencies determine alieenses. FERC is directed to give equal consid-
appropriate to prevent loss or dage of the eratior’ to the full range of purposes related to
affected fish and ildlife resour@s. Under the the potential value of a stream or river, to
broad scope of section 30 language, fish passagmclude: hydropower development; energy con-
could be included, if appropriate. Sections 4(e)servation; fish and wildlife resources, including
18, and 30 have provided these specific authorispawning grounds and habitat; recreational
ties to protect fish and wildlife resa@s since opportunities; other aspects of environmental
the inception of the FPA in 1920 (123,150). quality; irrigation; flood control; and water sup-
In 1986, Congress passed the Electric ConPly (1,74,123).

sumers Protection Act (ECPA)(PL 99-495), a Although mandatory fish passage authority
series of amendments to the FPA, which wagested with the federal resource agencies since
designed to alter FERC's tendency to placghe early part of this centufyECPA was instru-
power over fish in licensing decisions. The FPA,mental in elevating the importance of nondevel-
as amended by ECPA, establishes principles thatpmental values in and increasing FERC'’s
guide FERC in the issuance of hydropoweraccountability for licensing decisions (1,240).

3 Equal considerationloes not mean treating all potentiarposes equally or requiring that an equal amount of money be spent on each
resource value, but it doesean thagll values must bgiven the same level of reflection and thorough evaluation in deternttmhghe
project licensed is best adapted. In balancing developmental and nopdessial djectives, FERC will consider the relative value of the
existing power generation, flood rtool, and other potentialedelopmental bjectives in relation to present and futaeeds for improved
water quality, recreation, fish, wildlife, and other aspects of environmental quality (74).

4 Since the early part of this century, thethoity for issuing fishway prescriptions rested with the Department of Commerce and the
Department of the Interior (DOI). Prior to thassage of the Federal Power Act in 1920, the Secretary of Commerce held primary responsi-
bility for fish passage facilies at federally licensed projects (An Act to Regulate the Construction of Dams Across Navigable Waters, 1906)
(P.L. 262). In 1939, DOI acquired concurrent authority. The Departments now séoesiblity for developing fishway f@scriptions
(257).
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Through the addition of section 10(gderal and Management, etc.) issue mandatorierms and
state resource agencies may recommend condionditions to protect the purposes for which their
tions to protect, enhance, or mitigate for damageknds are held in trust, including fish passage

to fish and vildlife resources under the FPA:

Section 10(j) (U.S.C.8803(j)) stipulates that: in
order to adequately and equitably protect, miti-
gate damages to, and enhance fish and wildlife
(including related spawningrounds ancdabi-

tat) affected by the development, operation, and
management of the project, each license issued
under this subchapter [16 U.S.C. 827828c]
shall include conditionor such protection,
mitigation, and enhancement....[S]uch condi-
tions shall be based on recommendations
received pursuant to the Fish and Wildlife
Coordination Act (16 U.S.C. 661 et. seq.) from
the National Marine Fisheries Service, the U.S.
Fish and Wildlife Service, and State fish and
wildlife agencies.

Whenever the Commission believes that any
recommendation referred to in paragraph (1)
may be inconsistent with the purposes and
requirements of this subchapter or other appli-
cable law, the Commission and the agencies
referred to in paragraph (1) shall attempt to
resolve any such inconsistency, giving due
weight to the recommendations, expertise, and
statutory responsibilities of such agencies. If,
after such attempt, the Commission does not
adopt in whole or in part a recommendation of
any such agency, the Commission shall publish
each of the following findings (together with a
statement of the basis for each of the findings):
1) a finding that adoption of such recommenda-
tion is inconsistent with the purposes and
requirements of this Part or with other applica-
ble provisions of the law, and 2) a finding that
the conditions selected by the Commission
comply with the requirements of paragraph (1).

where appropriz, applies to HRC-licensed
hydropower plants on federal reservation lahds.
Fish and wildlife ecommendations made by fed-
eral and state resource agencies under section
10(j) are limited to those designed to protect,
mitigate damages to, or enhance fish and wild-
life, including related breeding or spaing
grounds and habitats; but they are not manda-
tory.® FERC must meet with the pertinent agen-
cies to discuss alternatives and new information
or to demonstrate the recommendations’ incon-
sistency with other applicable legislation in order
to alter or decline section 10(j) recommenda-
tions. Nevertheless, this issue is at the core of
one of the larger “balancing” debates. Section 18
fishway prescriptions developed by the federal
resource agencies are mandatory, although of
narrower scope than recommendations allowed
under section 10(j).

FERC is not primarily an environmental
agency, yet has the ability to enforce environ-
mental requirements through conditioning
authority, power to investigate, and penalty and
revocation authority (43). FERC can specify con-
ditionsfor a license approval, such as minimum
flow, fishway requirements, etc. Once the condi-
tioned license is accepted, the citioths become
enforceable by FERC. Indeed, FERC is able to
exact civil penalties of up to $10,000 per day in
enforcement. In one case, a hydropower licensee
that was found to have violated “run of the river”
and minimum stream flow requirements was
assessed a $19,000 civil penalty (43). Revocation
authority—whereby the agency can halt a project
found in non-compliance—is another important

The authority given to the resource agencies iFERC enforcement tool. Yet, revocation also

a little more restricted than it may appear. Secfaces great constraints to use since it may not
tion 4(e), which allows federal land managementesult in correcting the damage. In one such
agencies (e.g., Forest Service, BurealLand instance where revocation might have been

5Federal reservation lands include national forests, wilderness areas, Indian reservations, and other federal public lands reserved for spe-
cific purposes and withdrawn from private disposition.

6 Additional recommendations related to broad-reaching efforts such aslitatiabiof camages, &bitat, maagenent considerations,
and general enhaemats for fish and wildife populations may be made under secti@);1dso subject to FERC approval.
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employed, FERC chose not to revoke the licensel993.” An additional 97 facilities will need reli-
but to examine podsiities for mitigation censing between now and $ear2010 (49).
requirements and penalties instead (43).

_ _ The Federal Resource Agencies
[0 Hydropower Licensing Procedure The Department of Commerce, acting through

The licensing (or re-licensing) procedure is athe National Marine Fisheries ServideMFS),
seven-step process occurring in three stages adild the Department of the Interior, acting
Cu|minating in a |icensing decision (box 5_3) thrOUgh the Fish and Wildlife Service (FWS), are
(74). Prospective licensees must notify FERC othe federal agencies primarily responsitalethe
the intent to relicense as early as five and a hafonservation and management of the nation’s
years, but no later than five years, prior to licensdish and wildlife resoures. Together, these agen-
expiration. The application must be filed with cies share a mandate to conserve, protect,
FERC at least two years prior to expiration. Priorenhance, and restore fish populations and habitat
to application filing, prospective licensees mustfor commercial, recreational, and tribal fisheries.
confer with the appropriate resource agencies. FWS has broad-delegated responsibilities to
Pre-filing consultation stages include: protect and enhance fish and wildlife and related
Stage 1: The applicant must provide the agenpublic resources and interests under authorities
cies with basic information about the project andgranted by the Fish and Wildlife Act of 1956; the
any proposed changes. The agencies respordsh and Wildlife Coordination Act (FWCA); the
with recommendations for studies. National Environmental Policy Act (NEPA); the
Stage 2: The applicant completes all reasonMigratory Bird Treaty Act; and the Endangered
able and necessary studies, obtains all reasonatiecies Act of 1973 (ESA). NMFS is entrusted
and necessary information required by resourcwith federal jurisdiction over marine, estuarine,
agencies, and prepares the draft application. ~ and anadromous fishery resources under various
Stage 3: The applicant provides the agencies witl@Ws, including the FWCA, NEPA, ESA, and the
a copy of the application, including agency correMagnuson Fishery Conservation and Manage-
spondence regarding the project, and copies of relg2ent Act.
vant certifications (e.g., section 401 CWA permit). ~ FWS and NMFS have expertise and responsi-
FERC staff conduct the environmental analy-bility for fishery resources which agermane to
sis required for the project by the National Envi-FERC’s hydropower licensing degns. Prior to
ronmental Protection Act and produce anlicensing, FERC has an affirmativity to con-
Environmental Assessment or an Environmentasult with FWS and NMFS pursuant to the FWCA
Impact Statement, as appropriate. Finally, theand the FPA to determine measures to protect,
Director of the Office of Hydropower Liceing Mmitigate damages to, and enhance fishery
(by delegated authority) or the Commissionresources, including related spawng grounds
determines whether or not to issue the licens@nd habitat. FWS and NMFS recommend license
and includes the conditions recommended by theonditions to achieve these goals and prescribe
agencies and found consistent by FERC, as wethandatory conditions for the construction, oper-
as conditions recommended by FERC staff in thation, and maintenance of fishways (150).
environmental analysis. Consultation with prospective hydropower lic-
A large number of FERC licenses haveensees and development of fish passage mitiga-
recently expired and many more are due fotion plans are theesponsibility of these federal
renewal by the year 2010. This situation provides sesource agencies and their state counterparts.
significant opportunity to consider the adequacy oNMFS and FWS develop fish passage prescrip-
fish passage at these sites. As of July 1995, FER(ibns under section 18 of FPA for inclusion in the
had relicensed 65 of the 167 projects in the “class &fERC license order. Broader mitigation recom-
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BOX 5-3: Procedural Steps in Hydropower Licensing

= Applicant submits an application to FERC along with the background information on the project, economic,
environmental, proposed benefits, etc. The background information may include as much as eight to nine
volumes of information.

» FERC reviews the application and the supporting information and determines the need for additional studies
or information. FERC sends Deficiency Statements to the applicant describing the types of information or
studies that will be required to continue the application process.

» Additional information requests may be submitted by FERC after reviewing the new information submitted by
the applicant in response to the Deficiency Statements.

= Upon receipt of all of the required information, FERC identifies the project as “Ready for Environmental Anal-
ysis.” This is the starting point for the resource agencies, which have 45 days to develop and determine the
need for fish protection mitigation under sections 10(j) and 18 of the Federal Power Act. The agencies may
file for an extension if this cannot be completed within the 45-day period.

= Based on the information provided by the applicant and resource agencies, FERC develops Scoping Docu-
ment | that investigates whether to undertake an Environmental Assessment (EA) or an Environmental Impact
Statement (EIS) in compliance with the National Environmental Policy Act (NEPA).

= Scoping Document | is submitted for general public comment. Based on the review comments, FERC pro-
duces Scoping Document Il, which is in essence a blueprint for the EA or EIS.

= The draft EA or EIS is produced and submitted for general public comment. Based on review, the final EA or
EIS is produced.

s FERC develops a License Order for the project and submits this and the environmental document to the
Commission for final determination for licensing.

SOURCE: Office of Technology Assessment, 1995.

mendations are made by the federal and statensees, the FS has recentiytlimed a proposed
resource agencies under section 10(j) of the FPApolicy with regard tdssuing sectior(e) condi-
Federal land management agencies (e.g., U.gons/
Forest Service, Bureau of Land Management, Although the FERC licensing process is not
Bureau of Reclamation) have authorityissue integrated with the fishway prescription process,
section 4(e) condition®r hydropower facilities it drives the latter. Resource agency presicniyst
on public lands under their jurisdiction. Facilities and recommendations must be submitted when
on U.S. Forest Service lands represent nearly 16ERC rules that the project is ready to undertake
percent of all FERC-licensed hydropower plantsthe required environmental studies (EA or EIS).
or at least 240 facilities. The Forest Service (FS)n some instances, FERC makes this decision
currently is facing approximately 50 applicats  before the resource agencies have the informa-
for relicensing and another 60 applications fortion they believe is needed to make meaningful
new projects. In an effort to streamline its pro-fish and wildlife recommendations thaén be
cess and improve certainty for prospective lic-ssupported by substantial evidence.

7 In the proposed policy, it is stated that 4(e) nee@ndations would ndty to achieve “peconstruction” conditions. This harmonizes
with FERC's appoach to environnrgal assessment daments. A secondlteration involves the relinquishing of FS’s unilateral “reopener”
for special-use permits. At present, FS may revise special-use authorization conditions at specified intervals to reflect changing environmen-
tal conditions if the terms of the authorizatioweed 30 yeard his enables FS to re-open the permit to ameliorate negative impacts at a site
without waiting up to 50 years for a license to expire.



104 | Fish Passage Technologies: Protection at Hydropower Facilities

[11ssues in Hydropower Licensing weight to the recommendations, expertise, and
statutory responsibilities” of fedal and state

The licensing and relicensing of hydropower . | inst h di
projects under the jurisdiction of FERC providesresource agencies. n some instances where dis-
utes are settled on the basis of FERC profes-

a unigue opportunity to restore, rehabilitate, and! liud t th o5 feel that
protect riversystemdor the license term, often a slonai judgment, the resource agencies 1eef tha

30- to 50-vear time frame. However. relisi their views and expertise have not been ade-
y ' ’ 1Y quately considered or have besmpplanted by

's a highly controversial issue among the man)f:ERC expertise. Thus, FERC has been criticized

stakeholders involved in the process. State anfi

federal resource agencies, the hydropower induse" rejecting or modifying recommendations—

iry, special interest groups (e.gnvironmental) in some cases nullifying the recommendations’
Y, SP . groups (€.8 ' impacts (91). On the other hand, GAO found that
Native Americans, nidividual owner/operators,

. . FERC accepts a higher proportion of environ-
and the public at large are all involved. Balanc- : ; o
. L . mental recommendations without modification
ing of all of the competing interests in hydro-

. o - now than it did before ECPA, i.e., three-fourths
power licensing is a complex process, generatin

: - Jersus two-thirds in the cases studied
much d_|spute among the part|C|p§mts (112). Ke3(123,240,241). However, given the nature of bal-
issues include: adequate balancing of develop: . . .

._._"ancing, recommendations that are unlikely to
'Uifect a hydropower project’'s economic viability

the baseline _goal_ for mitigation; process tlmell-may be more likely to be approved themose
ness; reopening license orders; and dam decorﬂiat directly affect power production

missioning. . .
States may also enter into the balancing pro-

) cess in other venues. Where FERC'’s jurisdiction
Adequate Balancing is exclusive it may preempt state environmental
The need for balance of developmental and nonrequirements. For example, ifalifornia v.
developmental values in hydropower licensingrFERG 495 U.S. 490 (1990), FERC successfully
decisions was underscored by ECPA in 1986gefeated a proposal by the California State Water
Yet, resource agencies contend that despite exiSResources Control Board to increase minimum
ing authority identifying their role and expertise streamflow requirements for a preusly
in the hydropower licensing process, insufficientlicensed hydropower plant. The licensee demon-
weight is given to their recommendations in finalstrated to FERC that this increaseouid
balancing decisions. Some observers note thafdversely affect the economic viability of the
FERC's role in balancing competing interests inproject (43).
hydropower licensing has become increasingly yet, FERC’s authority to preempt state
difficult because of the many mandatory |icen39requirements recently was limited by the U.S.
conditions possible in the licensing procesg.(é  Supreme Court idefferson County. Washing-
resource agencies, states) (112). Others point gn Dept. of Ecology The case clarified that
the need for this broad level of input to ensure algtates could require minimum instream flows as
factors are considered in FERC'’s balancing role 3 condition of a federally issued permit, such as a

Federal and state resource agencies and enHERC license. Under the Clean Water Act’s sec-
ronmental groups note that the nonbinding naturéion 401, all applications for a federally issued
of the section 10(j) recommendations is a signifipermit must include a certification from the state
cant problem. If FERC finds that 10(j) recom-that the proposed permit is consistent with
mendations are inconsistent with  other achieving the state’s water quality goals. The
applicable law, they may be altered or excludedState’s Department of Ecology argued that mini-
FERC must meet with relevant agencies to altemum flows were necessary to maintain the qual-
or decline section 10(j) recommendations andty of the riverine systemsfor fisheries
section 10(j)(2) requires that FERC give “duemanagement, and refused to grant a certification
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unless the permit required those flows. Theyears). The environmental community points to
Supreme Court found that a state’s responsibilitghe relative time sequence of past and present
for achieving water quality goals gave it thedecisionmaking criteria and the significant
authority to mandate release of flows lgFC-  advances made in environmental law and mitiga-
licensed projects and to enforce other standardson measures since the mid 1900s. Thus, efforts
(136). to achieve pre-construction aditions in certain
Critics of the ruling inJefferson Countgargue riverine systems might be considered properly
that the intent of the Clean Water Act is tomanaging the resource for the public rett. In
restore and maintain water quality, not to inter-any event, there clearly is a need for close collab-
fere with water quantity issues (113). Proponentoration among FERC staff (or their surrogates)
of the decision say the Supreme Court was corand the state and federal resource agencies in the
rect in saying that water quantity was an integrafevelopment of the Environmental Impact State-
part of the Clean Water Act’s intent to “restore ment (EIS) and Environmental Assessment (EA)
the chemical, physical arwological integrity of ~ for hydropower projects.
the nation’s waters” (Clean Water Ag101(a),
33 U.S.C. §1251(a)). Thiefferson Countdeci-  Process Timeliness

sion has created substantigl controversy With"helicensing has not been a timely process, creat-
the hydropower sector and is likely to be a CONing uncertainty for prospective licensees and

tinuing point of contention. In the 104th Con- \agqyrce managers. Licensees are concerned
gress, legislation has been introduced thatid 54t uncertainty and costs in increasingly com-
alter the effect of the decision. petitive energy markets. Delays due to tiple
processes at both the state and federal levels may
Defining Baseline for Mitigation expose licensees to the risks of duplicative study
Defining the baseline to be used in determiningefforts and inefficiency. Resource managers are
the goal for mitigation is perhaps one of the moreconcerned about preserving and conserving
hotly disputed issues. This is particularly signifi-resources at risk. Delays in the licensing process
cant in re-licensing decisions since existingslow the implementation of mandatory fish pas-
hydropower plants may not have been previouslgage prescriptions. In theurrent “class of ‘93"
required to mitigate for environmental impacts.situation, the process has been especially pro-
Further, lack of historical baseline environmentallonged. Some blame licensing delays on the lack
data hinders identification of pre-constructionof cooperation among stakeholders, resulting in
conditions® The question also arises as to therevisiting issues over the course of the process to
potential for achieving pre-construction condi-ensure that all sides are fairly heard.
tions, given that the alterations to the environ- Delay may also be perpetuated by the time-
ment may have occurred decades ago. tables set by FERC's licensing regulations. For
Operators sometimes feel that they are beingome projects, especially those involving multi-
asked to mitigate for cortitins not of their mak- ple developments, the timeframe may be unreal-
ing. Many view relicensing as a continuation ofistically short. Resource agencies contend that
the status quo, and thus, existing condition®ne to two years is inadequate to complete the
become the starting point for environmentalrequired studies to give decisionmakers reliable
studies. On the other hand, critics state that relinformation (150). Similarly,linking multiple
censing is not just a continuation of the statudacilities in the licensing process may lead to
guo but a federal recommitment qfublic  delays in implementing resource protection miti-
resources for a lengthy period of time (30 to 50gation at several faties due to difficulties at a

8 Preconstruction conditions refers to the environmental conditions that existed prior to the placement of the hydroelectric facility.
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single site. For example, several Bangor Hydrotive impacts in multi-project basins. Placeholder
electric Company facilities on the Penobscofclauses allow revisiting of license conditions
River in Maine are linked in the licensing pro- after a specified event occurs. For example, an
cess. A single, controversial new project pro-upstream facility license could contain a place-
posal has delayed the licensing process, leavingolder clause that would require development of
the other existing projects operating undeffish passage mitigation at such time as a facility
annual licenses and delaying decisions on thdownstream completed relicensing to include
need for fish protection mitigation at these sitedish passage, e.g., when fish populations were
(22). physically able to proceed to the upstream facil-
ity.
Decommissioning and Dam Removal Resource agencies and other participants in
Decommissioning and/or removal of existingthe process may request that FERC reopen a
dam facilities as an alternative to relicensing hasicense for various causes. However, this is not a
been raised more frequently since the “class ofinilateral decision and must be accomplished
1993” and as part of the movement towardthrough a hearing process. Understandably,
greater scrutiny of the adverse impacts of hydroindustry may be less inclined to support reopen-
power plants on certain fish populations. Daming when the potential for additional mitigation
removal options are é&d by a number of very costs may result from the activity and thus affect
reallenvironmental, ecqnomic, and poIiti_caI CoN-project economics. Consequently, the resource
straints and, thus, are infrequently considered agyencies have been criticized for attempting to
alternatives to fish passage development. solve larger fishery management problems
A recent FERC policy statemerRM93-23)  ,rqygh the prescription process. The agencies

iddentifies_ the _ComrFiisign's authorlity to Or(?_errespond that the long license period and lack of
ecommissioning of hydropower plants at IC'reopening authority means that they must

ensee expense as an alternative to relicensing. N : L
o evelop mitigation plans with a vision toward
FERC would hear the caseddividually rather op 9 P
. ! AT meeting future as well as present needs through
than developing a generic decommissioning pro-

gram. If the policy is actively pursued, a needthelr recor_nmendaﬂons, terms and conditions,
exists to incorporate planning and budgeting foA"d Prescriptions.

decommissioning and dam removal in the licens-

ing procedure so that applicants are aware frorh] Improving Hydropower Licensing

the start of the costs and paslities. Not surprisingly, the level of controversy gener-
The Bureau of Reclamation is examining pos-

ated by hydropower licensing has led to a num-
sibilities for removal of Savage Rapids Dam on y eTop d

the R Ri in O i ¢ K er of efforts to improve the process and bring
€ Rogue RIver in regon, the operalor askeq o carial parties together. Some of these
for removal rather than fishway installation. . . .
. fforts show promise, although in certain cases
Removal of the dam would eliminate salmon an

steelhead passage problems although recr hey have been bogged down by the very debate

ational value would be curtailed. Demolition of they intended to address. Primarily, efforts have

the dam and construction of the plants is estidttémpted to make the process transparent and

mated to take five years and cost $13.8ign,  IMprove discussion among the participants.
To retain the dam and install fish protection has

been estimated to cost $21.3linit (115). Settlement Agreements
The FERC licensing process requires that pro-
License Reopeners spective licensees consult with resource agencies

Reopening of licenses prior to expiration has alsand others in the first stage of licensing. Yet,
been the subject of much debate. FERC can usmeany licensees are learning that even earlier
reopeners to require projects to mitigate cumulaeoordination and outreach is needed. Agreeis



Chapter 5 The Federal Role in Fish Passage at Hydropower Facilities | 107

between parties withpposing interestare com- The Michigan Department of Natural
monly used in other resource protection venuesResources has realized many of its goals for fish
and now appear more often than before in FER@rotection through settlement agreements on re-
proceedings. For parties advocating fish proteclicensing projects with Consumers Power Com-
tion, a settlement agreement involves negotiatinggany and a new license project with Wolverine
with the licensing party to obtain the protectiveSupply Cooperative. Issues resolved in these
measures deemed necessary. Tradeoffs in tt&greements were largely accepted by FERC and
usual fixed positions of the two parties can bencorporated in the licenses for these projects.
made to obtain better mitigation than is usually
attainable through the FERC process. HolisticlN\MFS/FWS Advanced Notice of Proposed
viewpoints can be developed and maintainedRulemaking (ANOPR)
and decisions can be reached at a local rathgome licensees feel the |icensing process is
than exclusively federal level. unpredictable because of the lack of universal

Parties must perceive a need to negotiate igtandards to be used in the fish passage prescrip-
the FERC hydropower licensing process, beyondion process. Neither NMFS nor FWS has pub-
the regulatory requirements of applicants andished standards and criteria that a licensee can
agencies, in order to achieve success. FERG@se to judge if a fishway is likely to be pre-
must be seen as a neutral party to motivate pascribed, and if so, what sort. However, licensees
ticipants to find mutually acceptable agreementgan expect that passage will be an issue if their
in accommodating the need for power productiorproject has blocked or will block fish movement
and resource protection. If FERC is perceived t@nd access to historic habitat.
favor certain interests, the need to negotiate is In an effort to addreshis conern, FWS and
diminished or eliminated. Requirements for sucNMFS solicited comments on the benefits of a
cessful use of settlement agreements are: skillegroposed rule to harmonize and codify their
negotiators, technical specialists and lawyergxisting practices for prescribing fishways under
skilled in FERC issues; and a shared goal teection 18 of the FPA (233). An extensive review
resolve differences. Commitment to conflict res-and comment period generated a number of
olution on the part of negotiating parties is essenissues to be resolved, one of which is the need
tial for success. Necessary tradeoffs can then der such a rule or if a policy statement is suffi-
made to resolve difficult negotiating points. cient.

Conceptual agreements may be reached fairly
early in the process without involvement of legalHydropower Reform Coalition

expertise, but this expertise may be essentiafhe Hydropower Reform Cdéibn (HRC) is a
when it comes to drafting the actual language o¢oalition of conservation groups with an interest
the agreement. Successful settlement agreemenjis river protection. In its review of the hydro-
also depend on consensus on a single positiofower licensing process, HRC found FERC's
among resource agencies outside the negotiatingkisting hydropower regulatory structure to be
room. Since different agencies have their owrbetter than any of the suggested alternatives.
agendas and missions, which sometimes clasowever, HRC feels FERC regulation of hydro-
this can be problematic. Significant agency conpower’s effects omonpower values of river sys-
cessions may be needed to satisfy the interestt®®ms is inadequate and suggests several options
missions of each. to rectify the problem, including:

9 Some of the suggested alternatives included: 1) placing regulatory authority at the state level and 2) exempting small dams from FERC
authority. The first alternative was criticized for increasing the fragmentation of the licensing process and the latter was for failing to recog-
nize that adverse environmental impact is not necessaoipogiorate to facility size.
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* FERC should examine an entire river systenturbines and installation expenses should be
when evaluating and mitigating adverse envicounted as fish protection costs, given that the
ronmental effects from hydropower develop-turbines were needed for power generation in
ment; any event?

» FERC should synchronize license expiration Quantifying operating costs related to fish
dates so projects in a basin can be reviewefassage is more difficult since it frequently
simultaneously; and involves costs related to revenue loss from lost

» FERC should include headwater storagger- power generation potential due to spillflows or
voirs more consistently within regulatory con- other water management practices that are
trol. required for proper fish passage operation. For

xample, the high annual cost of downstream

rotection at the Lower Monumental Plant (table

-1) is largely costs for the power that will not be

produced.

Determining the benefits of fish protection
and passage is more difficult. As a first step, it is

HRC supports FERC deference to state CWA
section 401 rulings and favors adopting resourc
agency section 10(j) recommendations.

HRC and National Hydropower Association
(NHA) entered into negotiations to determine if
it would be possible to collaborate in developing ! ) .
a proposal to resolve many of the difficulties inlmpgratlve to examine the multiple values
the licensing process. Issues included ensuringSSigned to the resource. Some of these values
compensation for private use of public goods byAre difficult if not impossible to describe eco-
setting up decommissioning funds, establishingtomically (e.g., cultural, ecological) and thus fit
mitigation and restoration funds, and requiringPoorly into traditional benefit-cost analyses.
licensees to reimburse resource agencies fdievertheless, they must be weighed in decision-
study of license recommendations (113). Negotinaking.
ations broke off, however, and NHA developed Costs and benefits are not directly proportion-
its own proposal and requested a FERC rulemakate. For example, “X'dollars for constructing

ing proceeding. HRC opposed the rulemaking agnd operating a fish passage/protection system
unnecessary and a distraction to the relicensingoes not necessarily result in an “X” amount

Pprocess. change in the number of fish passing a barrier.
10 Other life-cycle factors that affect a species also
MITIGATION COSTS AND BENEFITS affect passage rates. Avaiility and quantity of

Quantifying fish passage system capital costs i§Pawning habitat, downstream passage success,
fairly simple and largely a question of account-ocean catch levels, and drought may directly
ing. Determining which costs are rightly attribut- affect population success.

able to fish protection or passage may pose the Mitigation costs vary considerably depending
largest difficulty. For example, damaged turbineson the type and scale of the mitigation measure.
at the Conowingo Plants required replacement t&cale is driven by a site’s physical features (e.qg.,
continue generating power at the facility. Thesewater flow, dam size, and configuration) and
new turbines provided acceptable downstreanfinding similarities between two plants can be
passage for juvenile American Shad as well adlifficult (table 5-2). For example, the Wadhams
reduced turbine mortality rates compared to thelant, with its 0.56 megawatt capacity and 214
older models (177). What, if any, part of the newcubic feet per second (cfs) average water flows,

10This section is drawn from J. Francfort, Idaho Nationaji@ering Laboratory, “Synthesis of the Department of Energy’s Fish Pas-
sage and Protection Repovipl.1l,” unpublished contractopaper preparetbr the Office of Technology Assessment, U.Sn@ess, June
1995.
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TABLE 5-1: Downstream Fish Passage/Protection Mitigation Benefits Over 20 Years

(Levelized Annual Costs in 1993 Dollars)

Annual cost?

(20-year
Plant Mitigation type Agency objective Mitigation benefit average)
Arbuckle Cylindrical, wedgewire Prevent fish entrainment No anadromous fish present. $7,900
Mountain screens (chinook salmon, steelhead, Drought restricted monitoring.
rainbow trout)
Brunswick Steel bypass pipe Reduce mortality for No established monitoring 46,500
downstream migrating fish  program.
(American shad, alewife)
Jim Boyd Perforated steel “No induced mortality” Reportedly achieves agency 51,000
screen standard standard. Visual observations
performed.
Kern River Fixed barrier screens Protect “put-and-take” No established monitoring 7,700
No. 3 rainbow trout fishery program.
Leaburg “V” wire screens and  “No net loss” standard Meets agency standards. 381,200
bypass
Little Falls Wire mesh screens Protect downstream Less than 1% turbine 123,400
and bypass migrating blueback herring entrainment (>100,000 passed
each season).
Lowell Bypass sluice Pass American shad and No established monitoring 52,850
Atlantic salmon program but existing sluice is
considered ineffective.
Lower Submerged, traveling Prevent turbine entrainment Not yet monitored. 4,812,000
Monumental screens (salmon and steelhead)
T.W. Sullivan  Eicher screen and Decrease turbine Bypass efficiency between 77 713,000
conduit entrainment and 95%.
Twin Falls Inclined wedgewire “No induced turbine Reportedly effective. 75,850
screens mortality” standard
Wadhams Angled trash racks Protect downstream-moving 1987 study; 8% entrainment. 2,420
and bypass sluice Atlantic salmon from turbine
mortality
Wells Hydrocombine Goal: “no induced mortality”; Passage efficiency exceeds 1,756,000
bypass present agency criteria: agency criteria.
(passage efficiency):
spring — 80% efficiency
summer - 70% efficiency
West Enfield Steel bypass pipe Protect downstream Efficiency: 61,000
migrating Atlantic salmon 1990—18%
and alewife 1991—62% (with attraction
lighting).

Mortality in bypass greater than
in turbines.

2 Some of these annual costs include costs due to loss of power generation capacity resulting from spillflows and other water management

practices.

SOURCE: U.S. Department of Energy, Environmental Mitigation at Hydroelectric Projects, Volume II: Benefits and Costs of Fish Passage and Pro-

tection, Idaho Field Office, DOE/ID-10360(V2), January 1994.
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TABLE 5-2: Case Studies General Information

Plant name Capacity Annual energy Diversion  Average State Upstream  Downstream  Mitigation
(MW) production  height (ft.) site flow mitigation  mitigation cost
(MWh) (cfs) (mils/kwh)?
Arbuckle 0.4 904 12 50 California Y Y 12.9
Mountain
Brunswick 19.7 105,200 34 6,480 Maine Y Y 3.7
Buchanan 4.1 21,270 15 3,636 Michigan Y N 10.6
Conowingo 512 1,738,000 105 45,000 Maryland Y N 0.9
Jim Boyd 1.2 4,230 3.5 556 Oregon Y Y 211
Kern River 36.8 188,922 20 357 California Y Y 0.09
No. 3
Leaburg 15 97,300 20 4,780 Oregon Y Y 5.2
Little Falls 13.6 49,400 6 n/a New York NP Y 2.8
Lowell 15 84,500 15 6,450 Massachusetts Y Y 55
Lower 810 2,856,000 100 48,950 Washington Y Y 2.3
Monumental
Potter Valley 9.2 57,700 63 331 California Y Y n/a
T.W. Sullivan 16.6 122,832 45 23,810 Oregon N¢ Y 5.8
Twin Falls 24 80,000 10 325 Oregon N Y 0.9
Wadhams 0.56 2,000 7 214 New York N Y 1.2
Wells 840 4,097,851 185 80,000 Washington Y Y 1.0
West Enfield 13 96,000 45 12,000 Maine Y Y 3.9

3Costs are in 1993 dollars, per kilowatt-hour of generation, based on 20-year averages. All upstream and downstream mitigation-related
costs are included.

bUps:tream passage occurs through New York Department of Transportation Barge Lock Number 17.

CUpstream passage occurs through Oregon Department of Fish and Wildlife maintained fish ladder at Willamette Falls.

KEY: n/a = not available.

SOURCE: U.S. Department of Energy, Environmental Mitigation at Hydroelectric Projects, Volume II: Benefits and Costs of Fish Passage and Pro-
tection, Idaho Field Office, DOE/ID-10360(V2), January 1994.

has annual downstream mitigation costs ofassume that the hydraulic design head is approxi-
$2,420. The Lower Monumental plant, with 810mately the same as the required height for a fish
MW capacity and average flows of 48,950 cfs,ladder. For example, the Kern River No. 3 plant
has an average annual cost of $2.4 million (tabl®as an 880-foot head, but the ladder is used at an
5-1). Although these are poor summariebath  upstream diversion that is only 20 feet high.

plants’ costs, it illustrates the disparity despite !n the same vein, quantifying the benefits of

their identical objectives to safely pass down-1Sh passage mitigation is plagued with problems

stream migrants. A summary based on averages:.‘temm'n.g from the _madequacy of trgdltlonal
economic analyses in resource valuation. The

for such d_lverse_ costs would be, if noterroneouséxamination of the DOE case studies that have
at least misleading. implemented fish passage measures reveals that
Alternatively, costs could be summarizedseveral plants have been successful in increasing
based on a factor such as fish ladder constructiohe passage rates or survival of anadromous fish
costs per foot of design head; the design head.e., the Conowingo, Leaburg, Lower dviu-
implies the vertical elevation that a ladder musimental, Wells, Buchanan, and T. W. Sullivan

pass adults. Yet, it can also be misleading tglants). Six other plants show encouraging pre-
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liminary results; theyhave not been adequately of fish at a specific site and time—the marginal
studied to determine the long-term impacts orvalue.

fish populationdi.e., Brunswick, Jim Boyd..it- Use and nonuse values in natural resource val-
tle Falls, Lowell, Twin Falls, and Wadhams). uation have become prominent in public, scien-
Only one of the case studies (West Enfield)ific debates in the past several years, however,
appears to have failed in the attempt to enhancdéey are subject to theoretical and methodologi-
fish populations, but for some the benefits arecal concerns. These valuds the value someone
unclear. In some cases, benefits could bavill pay to consume a natural resource, whether
expressed only in terms of the numbers of indithat consumption act is catching a fish and eating
vidual fish that were transported around the dani, catching a fish and releasing it, or looking at a
or protected from entrainment. 84iing, how- mountain in a national park. The consumer of the
ever, is the assessment of the long-term effects ¢ritural resource is actively involved in the act of

these mitigation measures on fish population leveonsumption and somewhere in the act of con-
els. sumption pays out some real resources—money,

“How much are additional fish worth?” In time, wear and tear on a vehicle—for that con-

some cases, the fish are commercially caught argimPtion. _ .
determining value may be simplified. It is Nonuse valués how much itis worth to a per-

slightly more difficult to determine the revenue son simply to know that a natural_ resource exists,
stream from fish caught recreationally. it €ven though he or she has no intention of ever

becomes even more difficult to attach a price ta |rectll)k/_ cort\sumlnt?_;t (e.g., hun_tlng or_tcatlilzhlng
to fish caught as part of a traditional cuIturaIu’S;V?/al'Sg is rr%?e clji’ff(ijtzrui\f::‘ \r:ftmi”ngséi)t;lein-
activity. For example, Native American lisg ) o )

to observe, and its measurement is restricted to

rights at usual and customary locations as guaty " irect method survey.

anteed by U.S. treaty is recognized as a signifi The estimated marginal values of recreational

cant cultural event. If hydropower developmentﬁsh vary considerablygven within a single state
depletes historic stocks to the point where thi y % 9 :

L rimarily according to the accessibility of the site
activity can no longer be pursued, then hovj) y g y

4 : ) .~ to a population of fishermen and, of course,
much is a fish worth? Clearly, fish have avarletyaCCording to species. Fish at sites which are

of values _dependlng on their uItlmaj[e' use and thgccessible to larger numbers of fishermen will be
role tha_lt fishing plays in hum_an activities. valued by more people, which drives up their
If price tags are not available, how can themarginal values. Table 5-3, which shows mar-
value of fish be estimated? Resource economicging| values for steelhead trout on 21 rivers in
has developed two types of methods for estimatoregon in 1977 (in 1993 prices), reveals this
ing the values of natural resources, including recgffect quite clearly. Table 5-4 shows marginal
reational fish. Thelirect methods to ask people yajues of trout and salmon (1978 values at 1993
their valuations of particular resources throughprices) in 11 counties along the Lake Michigan
surveys constructed to eliminate a number Okhoreline in Wisconsin, with a range of values
potential biases. Thindirect methodrelies on  from $10.56 to $87.37, an eight-fold difference.
the fact that to consume part of a naturalThe values in these two tables clearly demon-
resource, which has no price tag, a fishermastrate variation in value between sites, and the
must spend some of his or her money (and time&yansfer of fish value estimates from one site to
on goods which are sold in markets. Travel costsanother is a subject of active study. The principal
including the value of time as well as out-of-rule of thumb emerging so far is that values are
pocket costs and any entry fees at restricted fishmore transferable to nearby sites than to sites far-
ing sites, amount to the effective, or implicit, ther away, although measures of “near” and “far”
price which fishermen pay for their recreationalare still rough.
fish. This information can be used to construct a This brief review of the various methods used
demand curve to estimate the recreational valua determining the value of a fish points out the
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Marginal value

TABLE 5-3: Marginal Values of Steelhead Trout in Oregon Rivers, 1977 (in 1993 prices)

Marginal value

River (in$) River (in$)
Alsea $31.48 Rogue $114.95
Chetco 30.11 Salmon 243.59
Clackamas 240.86 Sandy 157.38
Columbia 190.22 Santiam 253.17
Coquille 46.53 Siletz 87.58
Coos 24.63 Siuslaw 90.32
Descutes 109.48 Trask 184.75
Hood 168.33 Umpqua 134.11
John Day 56.11 Willamette 455.71
Nehalem 183.54 Wilson 172.43
Nestucca 143.69

SOURCE: Loomis, 1989, table 1, in U.S. Department of Energy, Environmental Mitigation at Hydroelectric Projects, Volume II: Benefits and Costs
of Fish Passage and Protection, ldaho Field Office, DOE/ID-10360(V2), January 1994.

complex and subjective nature of this issuesion of the NWFSC includes a focus on the fol-
Determining the value of a natural resource suclowing research areas:

as a fish is not an exact science. Research and
discussion continue in the attempt to develop a

methodology to determine natural resource val-

ues that would be universally acceptable. How

this ultimately will affect the development of i )
new hydropower sites, the relicensing of devel* €valuating the effects of marineljtants on

oped sites, and any affiliated mitigation require- Ccoastal ecosystems in the United States;
ments is unknown. * enhancing the quality, safety, and value of

fishery products; and
= developing methodologies for marine aquacul-
ture and salmon enhancement.

understanding and mitigating the impacts of
hydropower dams on salmon and performing
ecological and genetic research on salmon in
support of the ESA,;

RESEARCH AND DEVELOPMENT:
FEDERAL INVOLVEMENT

Many federal agencies are involved in researcte;oastal 7one and Estuarine Studies

and development efforts related to fish Passagey o Coastal Zone and Estuarine Studies (CZES)
and protection technologies. Below is an over-

. L o Division of NMFS defines its scientific mission
view of certain institutions and actiiés relevant . . .
: L . as to develop information leading to conserva-
to improving fish protection. . )
tion, enhancement, and balanced use of marine
) ) ) and anadromous resources of the Pacific North-
0 Northwest Fisheries Science Center west (235). Research of the CZES Biwn
The NMFS Northwest Fisheries Science Centefocuses on the Columbia River Basin and Puget
(NWFSC) is the research center serving theéSound and the salmonid populations in these
Northwest Regional NMFS Office and providesregions. Four research programs exist in CZES:
scientific and technical support for managementEcological Effects of Dams, Habitat Investiga-
conservation, and development of fisherytions, Fisheries Enhancement, and Conservation
resources. Research is performed in conjunctioBiology. Projects within these programs are
with federal, state, and local resource agenciesindertaken collaboratively with other appropri-
universities, and other fishery groups. The mis-ate agencies (e.g., COE, FWS). CZES maintains
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TABLE 5-4: Marginal Values of Trout and Salmon in Eleven Wisconsin Counties Bordering

Lake Michigan, 1978

County 1 2 3 4 5 6 7 8 9 10 11

Marginal value of 12.42 18.37 1150 36.52 86.37 10.56 12.01 15.17 87.37 16.23 42.63
fish in dollars

NOTE: Unweighted averages in 1993 dollars.

SOURCE: Samples and Bishop, 1985, Table 2, p. 69, pp. 70-71, in U.S. Department of Energy, Environmental Mitigation at Hydroelectric
Projects, Volume II: Benefits and Costs of Fish Passage and Protection, Idaho Field Office, DOE/ID-10360(V2), January 1994.

two field stations for research on the Columbiafacility’s size, and financial and personnel
River at Pasco, Washington, and ritaond, resources, limits the number of projects that can
Oregon. be conducted at any one time, and often joint
The Ecological Effects of Dams Program €efforts are forged with private research organiza-
engages in applied research relating to the migrdions or utilities that can provide an area of
tion of anadromous fish. Studies include: 1) theexpertise or funding. As a result, the Conte staff
adaptability of juvenile salmonids to changingtends to select studies thave the potential for
environments created by dams, 2) collection an@€neric applicability in the field, as opposed to
transportation of juvenile salmonids, 3) migrantthose that might be more site- or project-specific.
passage at dams’ and 4) enhancement and redTé’]US, research results have the pOtel’ltial to be
tribution of stocks. Habitat Investigation Pro- broadly applicable to practitioners in the field.
gram projects focus on the Columbia River Conte’s laboratory resources are allocated to
estuary and emphasize environmental backProjects that address questions concerning fish
ground studies, impacts of dredging and dredgePassage fronhydraulic, biological,and behav-
disposal studies, impacts of discharged materiali9ral perspectives. Staff engage in a constant
or heat studies, and estuarine salmastisties. €xchange of data and results to help support
The Fisheries Enhancement Program providekesearch in the complementary area. Below are
regional leadership in research on improving thesketches _of research areas the lab is currently
production of aquatic organisms for commercial€ngaged in:
and recreational use and conservation of endan- Hydraulic Lab: The Hydraulic Lab conducts
gered populations. The Conservation Bi0|ogyhydraulic modeling to answer specific research
Program has responsibility for providing scien-guestions. Current projects include evaluation of
tific bases for decisions oristing anadromous @ New passage technology, gathering basic data

Pacific salnonids under the Endangel Species ©ON the operation of Denil and Alaska steeppass
Act. fishways at various slopes afidws, and devel-

opment of a fish passage design for Little Falls
. Dam on the Potomac River. Some investigatory
L Conte Anadromous Fish Research work at Cabot Station on the Connecticut River
Center is also underway.

The National Biological Survey (NBS) operates Fish Behavior Lab: The fish behavior lab at
the Conte Anadromous Fish Research Center iConte addresses fish passage researchiguest
Turner's Falls, Massachusetts, and conductfrom a biological perspective. The lab has devel-
cooperative research with a number of federabped cooperative relationships with universities
agencies. Conte is the sole center for applied fisiwvho share graduate students and funding. This
passage research in the country. The lab is relgprogram is an extension of the Fish and Wildlife
tively new, having opened its doors in 1991, andResearch Units that came into existence in the
is staffed and funded by FWS and NBS. Thel960s to enable university-supported fisheries
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research. The lab has also established relatiori] Waterways Experiment Station

ships with state resource agencies and hydrgp Waterways Experiment Station (WES) in
project operators interested in improving andyjckshurg, Mississippi, is a COE research com-
developing fish passage technologies for applicagqung complete with six laboratories: Hydrau-
tion at specific sites. lics, Coastal Engirering, Geotechnical,
Structures, Environmental and Information
O Project Improvements for Endangered Technology. At WES, working models of dams
Species in the northwest are used to assist engineers and

Under the direction and supervision of the SecrePiologists in finding ways to imease anadro-
tary of the Army, through the Assistant Secretary"0Us fish survival rates. The facility was estab-
of the Army (Civil Works), the Commander of lished in 1929 with the mission of developing
the Army Corps of Engineers (COE) has responfl©0d control plans for the Misssippi River.
sibility for investigating, developing and main- 10day, its mission is a bit different. _
taining the naton's water and related In the Hydraulics Lab, most of the work is

environmental resources; constructing and operfocused on fish passage issues. Research tech-
ating projects for navigation, flood control, Niques are used on models (built 1 ft to 80 ft, or 1

major drainage, shore and beach restoration arti {0 100 ft) of the Columbia and Snake River
protection, related hydropower developmentProiects (231). The models are used to analyze
water supply, water quality control, fish and flow conditions, and scientistsan evaluate the

wildlife conservation and enhancement, and outPydraulic conditions that salmon may encounter

door recreation; responding to emergency reliefS they pass various projects in an effort to deter-

activities directed by other federal agencies; anfin€ the range of on-site tests that might be
administering lawsgor the protection and preser- Needed when investigating passage needs. There
vation of navigable wats, for emergencflood &€ also sectional models at WES which focus on

control, and for shore protection. specific portions of projects anare generally

The COE has coordinated with other agenciegonstructed at a larger scale (1 ft tofg5 The

and other regional interests in establishing pro§ectlonal models are used to answer more local-

grams to lessen the impacts of those projects o ed and specific fish passage questithghe

fish. The Portland District has developed a pro-mOdeIS also help answer questions about draw-

gram that covers 19 activities under one umbrelléjown operations by tracking chan_glng row_pat-
called Project Improvements for Endangereotems' WES personnel aralso involved in
Species (PIES). PIES, and its mission to imprové;_)ass'elge re_search .to develop and evaluate aI_terna-
salmon passage, has been endorsed by NMEEve behavioral guidance methods. At th_e Rich-
The projects cover a wide range of issues anard B. .Russel! Pumped Storage Project, an
costs and are financed through Operations anHItrasonlc and light systeimave been tested for
Maintenance funding to the tune of $14llan. many years (chapter 1).

The COE also has a regionally funded research ) .

program known as the Fish Passage Develog-! System Configuration Study

ment and Evaluation Program (FPDEP) whichThe COE's System Configuration Study (SCS) is
has numerous studies underway on juvenilexamining various alternatives for physically
bypass and transportation, adult fish passage, aratering the lower Snake and Columbia River
related issues such as spill effectiveness and distkams to improve salmon passage conditions. The
solved gas effects. focus is mainly on restoration of the Snake River.

11 sectional models currently being used include three-bay turbine intake sections of Lower Granite, the Lower Granite Spillway,
McNary, Bonneville, and the Dalles.
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Preliminary findings of the study indicate thatwell as temperature and gas concentration data,
passage would only improve if then&ke River are collected at all trap sites in the tailraces of the
were returned to its natural condition (232).lower Columbia and Snake River projeHsThe
Other options under consideration in the studysmolt monitoring program provides data on the
include constructing bypasses to route the rivepassage of fish through the basin’s dams and res-
around the dams, creating a controlled breackrvoirs and also provides data about the physio-
through each dam, or removing the four lowerogical status of the fish. This information can be
dams!? The study also concluded that a year-helpful in making operational management deci-
round river drawdown would adversely affectsions relative to flow and spill which correlates
power production, navigation, irrigation and rec-to determinations and recommendations regard-
reation benefits, and would result in short-terming the status of the smolt passage program and
loss of fish and wildlife habitat during construc- what improvements might be made to increase
tion and re-establishment of habitat (232). its success.

[ Fish Passage Research Center O Surface Collector

The Bonneville Power Administration (BPA) has BPA and COE are jointly supporting the devel-
responsibility to mitigatdor wildlife and wild- opment of a surface collection system for trans-
life habitat affected by federal hydropower damsporting downmigrating salmonids around dams.
and reservoirs in the Columbia River BasinThe idea behind surface collection is to present a
under the 1980 Pacific Northwest Electric Powerflow stimulus to downstream migrants that will
Planning and Conservation Att.The North- take advantage of their natural outmigration
west Power Planning Council was established byehavior. Juvenile migrants, typically oriented in
the 1980 Act and was charged with developing d@he upper levels of a reservoir water column, are
program to “protect, mitigate, and enharfish  drawn into the system by the attraction flow at
and wildlife” and their habitats. Under sectionthe surface and are collected for transport or
4(h)(10)(A) of the Act, Congress directed BPA todirected to a bypass around the dam (40). NMFS
use its funds and legal resources to implemerand the Northwest Power Planning Council have
the program and to fund many of the programendorsed the research effort. Hydroastic tech-
measures to offset effects of development andiques will be used to monitor and evaluate the
operation of hydropower projects in the Colum-effectiveness of the system.
bia River Basin. Many of the recommeridat Research at the Wells Dam in the Douglas
for fish and wildlife protection, mitigation, and County Public Utility District indicated that
enhancement come from resource agencies afgvenile passage could be improved using sur-
Tribes, tilities, and the public. The Fish Passageace collection techniques. Hydrocombine units
Research Center in Portland was established insed at Wells Dam are a unique design for
large part to monitor the effectiveness of pro-hydropower where the spill bays are located
grams undertaken in response to the 1980 Act. directly over the turbine unit&etween 1984 and
One of the Center’s main responsibilities is t01993, modifications to the spill bays at Wells
monitor smolt passage on the Snake and Coluniam along with operational changes achieved at
bia Rivers. Hydrologic and hydraulic data, asleast 90 percent passage of smolts. Wells Dam

12The four dams on the lower Snake River are Lower Grdriitée Goose, Lower Moumental, and Ice Harbor.

13COE avns and operates many of the dams in the Columbia River Basin, whereas B&pisitde for gegration and distribution of
the power generated at those dams. COE engages in its own research efforts; BPA and C@¢banily support research and develop-
ment of fish passage mitigation methods and managing techniques.

14Dpata are collected at trap sites at the four dams on the lower Columbia (Bonneville, The Dalles, John Day, McNary) and at two Snake

River dams (Lower Granite, Little Goose); data are then downloaded to the Fish Passage Center for analysis.
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has become a model for downstream migransibilities. The facility also evaluates prototypes

passage using the surface collection concept, angi fish passage technologies (e.g., various
an adaptation of this design, which is suitable focreening technologies, downstream surface col-
conventional hydropower configuration, is in jgctor system) and conducts research on monitor-

place at Rocky Reach Dam (40). ing downmigrating salmonids on the Sacramento
COE hopes that the four-year $90-million-dol- Rig\]/er J J

lar program will provide a new means of piag
juvenile salmon and steelhead around hydro )
projects at lower cost, and with improved effi- L Central Valley Project

ciency over conventional fish passage. COE hag 1992, the Central Valley Project Improvement
placed great emphasis dmis fort, as it repre-  act (CVPIA) directed BuRec to improve the

Ee?]ts an a;[jtempf[ to _Imk 7tge slt:lences” fOf flSI-hwanagement practices of the Central Valley
ehavior and engineering (77). Plans call for sys; roject (CVP) to address fish protection con-

15 .
dams on the Columbia over the next few years(,:ems' The CVP is a federally funded water

beginning with Lower Granite Dam in 1997. project on the Sacramento and San Joaquin Riv-
Additional prototypes will be installed at The ers and Delta in California and is essential to the

Dalles and Bonneville dams in 1998. distribution of water in California. The CVPIA
expands the purposes of the CVP to mandate the

[J Bureau of Reclamation Research protection of fish, wilife, and associated habi-

Facility tat, and to work toward achieving a balance

The Bureau of Reclamation (BuRec) has bee@mong competing demands for water.

the nation’s pre-eminent western water resource The streams and rivers of the Central Valley
development agency for decades. The agency hase host to a multitude of diverters—federal,
increasingly focused on environment and watestate, and private—which range in size and flow.
resource management as the need for large cofyy all, there are 3,000 outlets, most of which
struction projects decreased. Today, BuRec helpsarye agricultural uses. More than 2,000 of the

to fund and participates in research and developcyp giversions are unscreened and implicated in
ment of fish passage technologies to ProteCl e gecline of species in the river system.

anadromous species in California and the PaCiﬁ(}‘AIthough part of the CVPIA budget is allocated

Northwest. for fish protection through a diversion screenin
BuRec's research facility in Denver offers P 9 9

technical support on fish passage issues to tHregram, BuRec is not required to install physi-

Northwest and California regional offices. The cal barrier screens at diversions along the rivers
facility is used in part to experiment with hydrau-a”d Delta. Whether it should is a point of consid-

lic models of parts of the Columbia River hydro-€rable debate because of the high cost of the
power system, and various projects on theSCreens.

Sacramento River in California. This capability ~The resource agencies, NMFS, FWS, and the
gives scientists the opportunity to laboratory tes€California Department of Fish and Game, favor
fish passage technologies under a range of potepositiveexclusion devices over alternative
tial hydraulic conditions which reflect field pos- behavioral technigues that rely on sound, light,

15The Central Valley Project Imprement Actwas passed in 1992 as part of an extensive pidegisfation known as the Reclamation
Projects Authorization and Adjustment Act of 1992. Some of the Act’s titles authorized water projects; however, thitd/B4Atook a
step toward conservation in mandating fish and wildlife protection.
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and electric barriers21’ The presence of endan- sageways. Effective fish passage design for a
gered and threatened species in the CVP hapecific site requiresgood communication
heightened the concern over experimentation anbdetween engineers andolugists and thorough
use of behavioral guidance technologies particuanderstanding of site characteristics.
larly at sites where positive-exclusion barriers Downstream passage of fish and protective
are feasible and where fish that are entrained itheasures to reduce turbine mortality are proba-
irrigation diversions have no chance at survival. ply the areas most in need of research. fiost
fundamental test of downstream mitigation
CONCLUSIONS effectiveness—that the measure should yield bet-
The incomplete state of knowledge regardingIer gurvival than downstregm passage thr-ough
turbines—rarely has been rigorously examined.

fish population dynamics; the impacts of hydro- s )
power development on fish: the need for mitiga-When research and demonstration is carried out,

tion in various contexts; and the protection//€Sults can be dramatic.
passage effectiveness of available mitigation Varied technical fish passage knowledge
technologies exacerbate the already adversari@mong participants in the debate results in
relationship between hydropower and environUnsubstantiated claims and arguments. More-
mental interests. This situation is unlikely to beover, some experimental results contradict oth-
alleviated unless a solid, science-based proce&$s. Ambiguous or equivocal results of many fish
for mutual understanding and rational decisionfassage studies have caused concern as to
making can be developed (box 5-4). whether certain technologies are effective or
A combination of academic, government, anddenerally useful. The variability of results may
industry expertise is needed in a concerted efforeflect site variability; uncontrolled environmen-
to focus science and technology resources on tHal conditions in field studies; or incomplete
question of hydropower development effects orknowledge of fish behavior. Thus, certain pro-

fish population sustainability, and on the assess?0sed solutions to the problem may be based on
ment of available and developing fish protectionincomplete assessments. Advocates on both sides

technologies at dams. of the fish/power issue can select from a diverse
body of scientifically unproven information to

0 Technologies substantiate their points of view. Care must be
taken in interpreting much published information

Technologies for upstream passage are MOrg, fish protection, arguments drawn from it, and
advanced than for downstream passagebbtht  .nclusions reached.

need more work and evaluation. Upstream pas-
sage failure tends to result from less than optimah . .
design criteria based on physical, hydrologic, Hydropower Licensing

and behavioral information, or lack of adequateControversy abounds in the FERC hydropower
attention to operation and maintenance of facilidicensing process. In part, this may be a result of
ties. Downstream fish passage technology ishe lack of clearly identifiedoalsto be achieved
complicated by the limited swimming ability of through mitigation. Althougtobjectivesexist in
many downmigrating juvenile species and unfathe legislative language of the FPA, as amended,
vorable hydrologic conditions. There is no singlethese lend themselves more tphtalosophy than
solutionfor designing up- and downstream pas-+to hard goals that describe numbers, timeframes,

16 A positive exclusion device is a biatr that physicallylocks fish from entering diversions or water intakes; its effectiveness is not
dependent on the swimming abyjlof the fish.

'NMFS supports research efforts aehlavigal guidance technologies but guards against implementation prior to performance criteria
being met.
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BOX 5-4: Development of Fish Passage Technologies: Research Needs

There are no “sure things” in the world of fish passage technology. The technologies themselves, which are
based on hydraulic engineering and biological science, can be designed to accommodate a wide range of
environmental conditions and behavioral concerns, but in the real riverine world anything can happen.

Upstream and downstream fish passage problems differ considerably and both present a range of obsta-
cles and challenges for researchers and practitioners. Despite these differences, common considerations in
design and application exist, including: hydraulics in the fishway, accommodating the biology and behavior of
the target fish, and considering the potential range of hydrologic conditions in the waterway that the passage
technology must accommodate. Engineers and biologists in the Northeast and Northwest are collaborating in a
number of research programs designed to improve understanding of the swimming ability and behavior of tar-
get fish. Understanding how fish respond to different stimuli, and why, is critical to improving passage methods.

Using a scientific approach to explore as many scenarios as possible, and collecting data in a careful man-
ner, can improve researchers’ abilities to design improved technologies. In addition, producing information that
all parties can acknowledge as credible is key to the successful advancement of fish passage technologies. A
sound scientific approach to developing, executing, and evaluating a field study is critical to the successful
advancement of fish passage technologies. The elements of a good test include the establishment of clear
objectives, agreement among all parties to the study design, and a protocol that lends itself to repeatability. In
addition, there must be a proper accounting of environmental variability, documentation of all assumptions, and
sufficient replications to support findings. Regular communication among stakeholders and peer-reviewed
research results are key requirements.

Employing a process of this type could increase the potential for information transfer between sites. That
information might include data regarding the response of the device to hydraulic parameters (e.g., flow/acousti-
cal response), fish response to stimuli under hydraulic parameters, and basic biological information within spe-
cies. Agreement on performance criteria and standards prior to study will avoid lack of acceptance of data and
recommendations in the long term.

SOURCE: Office of Technology Assessment, 1995.

and methods for achieving and measuring theection 10(j) may be critical to maintaining habi-
stated goal. Clearly defined goals for protectiortat for fish populations or promoting timely
and restoration of fish resources might refer tanigrations for certain species. FERC, as the final
numbers or percentages of fish expected to su@uthority for balancing developmental and non-
cessfully pass a barrier and/or projecpsghula- developmental values, is not specifically charged
tion sizes. Since resource management goals avgth sustaining fish populations. Withouatear
rarely articulated, mitigation and enhancementdentification of the goal for mitigation, monitor-
measures are judged on a case-by-case basis witly and evaluation become less meaningful and
no means for assessment or comparison. fail to become critical to the process.

The lack of clear goals is, in part, reflected in Monitoring and evaluation conditions for
the disjunction between section 18 presaipg  hydropower licenses are infrequently enforced,
and section 10(j) recommendations of the FPAresulting in little information on hoveffective
Section 18 fish passage prescriptions are mandavailable mitigation technologies are in improv-
tory; however, section 10(j) recommeridas ing fish passage and survival at hydropower
may be altered based on consistency with othgulants. Operation and maintenance failures have
applicable laws or the goals for the rivergle been implicated in poor efficiency of fishways.
whitewater rafting/recreation, power productionForty percent of nonfederal hydropower projects
needs). Yet, the recommendations made undevith upstream fish passage mitigatibave no
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performance monitoring requirements (242).the relicensing process “early.” On the other
Those that do generallgnly quantify passage hand, consolidation could yield benefits, allow-
rates, without regard to how many fish arrive ating licensees to develop integrated management
and fail to pass hydropower facilities. Moreover,plans to maximize the energy and capacity val-
most monitoring has dealt with anadromousues of their projects; making it easier for all
salmonids or clupeids; much less is known abouinvolved parties to view the projects and their
the effectiveness of mitigation measures forimpacts in their totality; and facilitating under-
“less-valued” or riverine fish. Research is neededtanding of cause and effect redaships.
to determine whether river blockage is even neg- There is a need for further research on cumu-
atively affecting riverine species. lative fish passage impacts of multiple projects;
Relicensing decisions often are not based oand for consideration of fish needs at the water-
river-wide planning and cumulative analysis.shed level. In several northeastern states, cooper-
FERC is required to review existing river man-ative agreements between resource agencies and
agement plans to assure that the project will notydropower companies have generated success-
interfere with the stated goals (pursuant to secful approaches to basin-wide planning for fish
tion 10(a) of the FPA). Yet, comprehensive riverprotection. Carefully planned sequential con-
basin planning is fragmented. Synchronizingstruction and operation of fish passages could
license terms on river basins could improve therovide significant opportunities for restoring
relicensing process and promote cumulativehistoric fish runs. In the western states, water-
impact analyses. Terms could be adjusted tsheds in National Forests provide about one-half
meet the ecological needs of the basin and to pr@f the remaining spawning and rearing habitat
vide timeliness and predictability for licensees.for anadromous fish in the United States. Ecosys-
Under such a plan, multiple sites could be relitem or watershed management in these areas
censed simultaneously, although operators magould have immediate and long-term impacts on
be unlikely to respond positively to undergoingfish populations (g., PACFISH).
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ABSTRACT! Fish passage research began withstiely of
ommercial exploitation of Columbia the Bonneville Dam fish ladders, which passed
River salmon and steelhead began in th@dult migrants very successfully. During the
mid-1800s. Concurrent with commer- €&rly stages of dam construction conventional
cial exploitation of adult fish was modi- wisdom was that juvenile fish were not injured

fication and destruction of spawning and rearingUring passage through hydro turbines so smolt
habitat by various landuse practices. In additionPa@ssage through dams was not a topic of

survivorship of downstream migrants was negal€Search. The U.S. Army Corps of Engineers

tively affected by unscreened irrigation diver- (COE) built aresearch laboratory at Bonneville

sions and entrainment of smolt in irrigation D@m that was used for 30 years to study the
water. By 1920, prior to construction of main- behavioral response of adult migrants to ele-
stem dams. it was clear that the salmasimcks Ments of fish ladder design. The research con-

of the Columbia River had been reduced signifiductéd at the laboratory made major
cantly. contributions to the success of fish ladders at
Construction of mainstem dams created addi®ther Columbia River Dams. Although adult
tional challenges to the migration of adult andMigration behavior research continues to the
juvenile fish in addition to causing additional Present, its focus is on broader ecological ques-
habitat degradation. The single most significanflOns- o _
impact to Columbia River salmon stocks was the Research of juvenile fish passage began with
construction of Grand Coulee Dam. which wasd€velopment and evaluation of screens for irriga-

built without fish ladders and eliminated all the tion diversions. Continued research in this area
stocks originating above the dam site. for over half a century has resulted in irrigation
diversion screens that are effective in preventing

juvenile migrants from being entrained in irriga-

1 This apendix is derivedrom T.J. Carlson“‘Overview of Aspects of the Development of Adult and Juvenile Migrating Fish Passage
and Protection Technologies Within the Columbia River Basin,” unpublished contractor report prepared for the Office of Technology
Assessment, U.S. Congress, Washingix®, ily 1995.
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tion water. Current research efforts are focuse@dnd turbulent water, and explored parts of the
on evaluation of behavioral barriers using infra-lower Columbia in the spring of 1792. It was
sound that will reduce the movement of juvenilesCapt. Gray who gave the river its European
past the headworks of irrigation diversions. name. Several years later, in 1805, Lewis and
Juvenile fish passage research at mainsterglark traveled down the Columbia, reaching the
dams has been mostly concerned with preventioRacific Coast in November. The reports of Lewis
of juveniles from passing through turbines. Sinceand Clark documented the many rapids and falls
the early 1960s turbine intake screens have bedh the Columbia River that initially were simply
in development to divert juveniles from turbine hazards to navigation but later were exploited for
intakes and into bypass facilities for return to thehydropower production. They also documented
river or transport. Most of the mainstem damsthe richness of the salmon and steelhead runs to
have been equipped with intake screens, and e river and their use by the native population
major portion of the juveniles passing down the(21,43,45).
Snake River are collected for transport. There has been considerable discussion of the
Investigations conducted in the 1960s showedpistorical size of salmon and steelhead runs to
that surface oriented flows were effective undethe Columbia River. Estimates range froighs
some conditions in attracting juvenile migrantsaround 35 million to lows in the region of 6 to 7
to alternative bypass routes prior to turbine pastillion. For planning purposes, the Northwest
sage. Subsequent research has further developB@wer Planning Council (NPPC), created by act
surface collection of smolts. Surface collectionof Congress in 1980 to develop and oversee
has been successfully developed at Wells Darff"Plementation of a program for restoration of
on the upper Columbia River, where over 90 perColumbia River stocks, estimated that Histor-
cent of smolts are passed by the dam througi§@l run sizes ranged between 12.5 to 13 million
modified spill bays utilizing less thangercent  fish (59). Current run sizes are on the order of 2.5
of the hydraulic capacity of the dam’s power-Million fish, which arunts to a loss, on ansge,
house. Major surface collection research pro®f approximately 10 million fish (43). Research
grams werdnitiated in 1995 by private utilities Ccontinues to try to better understand the histori-
and the COE. Preliminary results are VerycaI production of _Colurr_lbla River Basm salmon
encouraging and surface collection has become &d steelhead. Discussion of the historazaty-

major focus for current smolt passage research. N9 capacity of the Columbia River Basin is of
more than academic interest as efforts to restore

habitat and recover stocks begin to focus on
INTRODUCTION identification of critical habitat for restoration
The Columbia River is the second largest river inand targets for stocking levels. Of particular
the continental United States in terms of volumeinterest are recent efforts at template analyses of
with a total length of over 1,200 miles. Histori- the many habitat features and climatic trends that
cally, flows in the lower Columbia often exceedinfluence ecosystem carrying capacity and dis-
200,000 cubic feet per second, with wild fluctua-cussions of the recovery potential of discreet
tions following snow melt and rains in the stocks (38).
spring. The Columbia drains 258,000 square Although certainly exploited through aborigi-
miles, an area larger than several states. Theal times,intensive commercial exploitation of
watershed extends into four Northwest statessalmon and steelhead didn’t begin until the mid-
Washington, Oregon, Montana, and Idaho. 1800s. Early efforts at commercial exploitation
Documented exploration of the Columbia of salmon by salting and shipping to eastern U.S.
River by Europeans began in the late 1700s witlmarkets were unsuccessful because of poor prod-
Capt. Robert Gray, who crossed the Columbiauct quality. However, the introduction of a@ng
River bar, a treacherous area of strong currentis 1866 provided the means to preserve salmon
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guality over the long periods required for ship-use of these rivers and streams was clear. As
ping while delivering a desirable product at lowearly as 1848 the Oregon Territory had laws pro-
cost. With this innovation the commercial hibiting obstruction of amess to spawning and
exploitation of salmon and steelhead started imearing habitat by dams or other means. How-
earnest. Unlike today, the large quantities ofever, the laws were not rigorously enforced and
salmon available and low cost of productionmany dams were constructed that were barriers
made salmon a cheap food for the working clasto fish. By the early 1930s, prior to construction
(43). of mainstem dams, it was reported that dams on
Analysts partition the historicatommercial the Columbia River and its tributaries had elimi-
exploitation of Columbia River salmon and steel-nated access by fish to approximately 50 percent
head into several phases. The period fit866 of the most valuable salmon production areas. In
to present may be divided into four phases: initiahddition, because of the state of the art in design
development of the fishery (1866-1888); a periodand operation of fish ladders, many early
of sustained harvest with an average annual catgkitempts at providing passage for adult migrants
of about 25 million pounds (1888-1922); were failures. An example was Sunbeam Dam,
resource decline with an average annual harvespnstructed on a tributary to the Salmon River to
of 15 million pounds (1923-1958); and mainte-provide electric power for gold dredges. While
nance at a depressed level of production of aboutlaho Fish and Game evaluated the dam’s fish
5 million pounds (1958 to present) (38). Addi-ladder as useless, the dam was permitted to oper-
tional declines recently may indicate a new lowemte for 20 yearantil 1934, earning the reputation
level of production and a fifth phase of exploita-of perhaps being the primary reason for loss of
tion. Another, similar analysis utilizes essentiallyRedfish Lake sockeye salmon, now listed as an
the same periods with the exceptiondofiding  endangered species (43).
the period of decline (1923-1958) into two seg- Significant dangers also existed for down-
ments bracketing the years prior to and followingstream migrants beginning during the earliest
mainstem dam construction (46). stages of settlement of the Columbia River
Exploitation rates, the percentage of the totaBasin. As early as the 1870s large losses of smolt
run caught, at the height of commercial exploita-to irrigation diversions were observed. There
tion are estimated to have been in excess of 8@ere hundreds of larger irrigation diversions and
percent compared to estimated aboriginal exploiperhaps thousands of smaller ones as farmers
tation rates of approximately 15 percent (19).withdrew water for crops. Most of these diver-
Beginning with commercial exploitation and sions were unscreened, and untoldlionk of
continuing in some cases until the mid-1940s, amolt and other juvenile fish were annually
wide range of traps, nets, and other miscelladrawn into the diversions, ultimately ending up
neous fishing gear were utilized to capture fishwith the water on crops. In the early 1900s, laws
As late as the 1940s, gear such as large seinpassed much earlier but not rigorously enforced
were used to take up to 70,000 pounds of salmowere amended, ordering irrigators and others
on single days. Such gear was potlawed by operating water diversions to comply with
both Washington and Oregon until 1949 (21,43).screening laws. While many wanted to comply
Coincident with commercial exploitation was with the law, screening devices to do the job
widespread settlement of the Columbia Riverwere not available. It wasn’t until 1911 that a
Basin with accompanying natural resourcerevolving drum screening device was invented
exploitation in the form of mining, logging, and and in evaluation (21). There were myriad other
agriculture. Use of the many tributaries to theless obvious impacts to salmon populatitmosn
Columbia and Snake Rivers by anadromous fislagricultural practice. An example is the loss of
was very obvious to the early settlers, and theiparian vegetation by logging, the conduct of
potential damage to fish stocks by inappropriatdarming, or destruction by cattle. Loss of riparian
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cover probably caused heating of stream water, During the three decades following construc-
negatively impacting adult migration and tion of Grand Coulee, eight more large dams
degrading the rearing environment for juveniles. were constructed on the mainstem Columbia and
Review of history shows that Columbia River four on the lower Snake River. All but four of
Basin salmon and steelhead stocks had been vetlyese dams were built by the federal government.
significantly reduced from historic levels prior to In 1937, near completion of construction of Bon-
construction of mainstem dams. The losseseville Dam, the Bonneville Power Administra-
resulted from a variety of land use practices comtion (BPA) was created to market the power of
mon at the time. Nevertheless, the result wagonneville Dam and was later responsible for
wide-scale habitat modification and destructionmarketing the power of the whole Columbia
concurrent with dramatic reduction in adult River federal hydropowesystem. Therole of
returns through commercial exploitation, sportgpaA was changed in a very marked wayl 880
fishing, and highrates of juvenile mortality by \when Congress, upon creation of the NPPC with
agricultural practice. passage of the Pacific Northwest Electric Power
The first dam on the mainstem Columbiapjanning and Conservation Act (Public Law 96-
River was Rock Island Dam, which was put into501)’ charged BPA with implementation of the
service in 1933. Rock Island was a private damgolumbia River Basin Fish and Wildlife Pro-
constructed by the Washington Electric Com-gram to be developed by NPPC for restoration of
pany (21). The first federal dam on the Columbiaco|ymbia River salmon and steelhead stocks.

was_”Bonnev]:IkIaI Darg,bcogple;ecém |1933. Bop- The design of mainstem dams was driven by
nevile was loflowed by rand Loulee Dam N gq 05 objectives: power production, irrigation,

194.1' Cor_15|derable thought was put into therood control, recreation, and navigation. Other
design of fish ladders for Bonneville Dam. It was L . o
. . : uses were lower priority while the priority of the
realized at the time that their successuid . o . ;
i . . major objectives changed from time to time. The
depend on their ability to attract adult migrants, . . .
emphasis on power production for Bonneville

so the ladder entrances wetgoplied with water .
in addition to that flowing through the ladders toa_nd Grand.CouIee Qams may haye_been a deci-
sive factor in the United States winning the Sec-

provide attraction flow. The Bonneville design

was successful and was studied and used as tﬂ@d_ World qu. The_ large amount of power
basis for the design of many other fish ladder@vailable permitted high-volume production of
within the Columbia River Basin and elsewhere, @luminum for airplanes and diversion of large

Grand Coulee Dam was another matter alfmounts of power to the Hanford Works, where

together. A high reservoir elevation was neededclear materials for the first atqmic bombs were
to enable pumping of water for irrigation pur- manufactured. However, the sﬂes_selected anpl
poses, plus a high-head dam would have great@SPects of the designs of dams did have addi-
power production potential. Therefore, in spite ofional negative impacts for fish. In the Snake
initial congressional intention for a low-head River, lobbying by the Inland Epire Waterways
dam, Grand Coulee was eventually built as Association resulted in locating the lower Snake
high-head dam, almost 550 feet tall. The problenRiver dams on the mainstem Snake to enable
for salmon with a dam asigh as Grand Coulee barge transport all the way to Lewiston, Idaho.
was that fish ladders were not considered feasiMainstem sites were eventually selected even
ble for dams over 100 febigh. As a result, fish though the economic return from navigation was
ladders were not built as part of Grand Couleeconsiderably lower than that from power produc-
Dam, and salmon runs to all of the upper Columtion and the potential for power production was
bia River drainage, litaily hundreds of miles of greater at tributary sites, which would have
rivers and streams and thousands of square milggeatly reduced the impact to Columbia River
of habitat, were forever cut off from access. Chinook salmon stocks (43,62).
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From the earliest days of fish harvest and naticy Act and the Endangered Species Act. Federal
ural resource utilization ithin the Columbia legislation has been augmented up to the present
River Basin, there were always advocates for fislby the results of litigation such as the Boldt deci-
and investigators working to find ways to lessension and théJnited States. Oregon(21, 43).
the impact of human activities on the fish. How-
ever, funding for fish passage research was very] Adult Fish Passage
scarce in the early years, partially because state
and federal agencies failed to appreciate th

value of systematic fish passage research. Mo cused on assisting upstream migration by

progress in addressing fish passage issues wh ults. The f|rst products of this e]_‘fort were the
through trial and error experimentation by asuccessful fish ladders at Bonneville Dam (75).

small number of dedicated biologists. Fish pas? \r/]ery Important fact?]r durlnﬁ the garly yeafrs ?cf h
sage research was also not given a higheripri Ish passage research was the existence of a fis

because there was widespread belief that artiff2sSage laboratory at Bonneville Dam. The ini-

cial propagation of salmon and steelhead couI(Fi|a| focus of the laboratory was to.und-erstand the
overcome habitat losses. It was common durin pparent success of the Bpnnevnle fish ladders,
the dam-building decades for habitat lost throug heir success bel_ng asurprise to.almost everyone
dam construction to be mitigated by constructior{nvqlved' At the time of construction of the _Eon-
and operation of fish hatcheries. It would not beneV|IIe ladders and, for that matter, a significant

until the 1980s that the failings of this strategyperiOd foIIowing, virtua}lly nothing was known
were better understood. about the design of fish ladders at the scales

required for large dams that migrants would react

favorably to and use. To meet these research
OVERVIEW OF COLUMBIA RIVER BASIN needs the COE built the Bonneville Fisheries

FISH PASSAGE RESEARCH: PAST TO Engineering Research Laboratory in 1955. Sig-
PRESENT nificant amounts of fish passage research were

Well-funded fish passage research did not reallgonducted at the laboratory until its demise in
begin in the Columbia River Basin prioritotia- 1985. Almost all of this work was basic fish
tion of construction of large mainstem dams.behavioral research. Typicgliestions addressed
This came about because of an increasing reaincluded: the rate at which fish ascend fishways;
ization in the 1930s by the public that the Colum-maximum swimming velocities of fish; the opti-
bia River fish stocks were in serious trouble.mum physical dimensions for fish ladders and
Incentive for fish passage research came fromether facilities; etc. (20).

The Fish and Wildlife Coordination Act which ~ Work on aspects of the migration of adult fish
was passed in 1934 and amended in 1946 arths been continuous over the intervening years
1958. Initially the act required the U.S. Army and continues to the present. There has been a
Corps of Enginers (COE) and other watergradual transitiofirom focus on issues related to
development agencies to consult with the statethe design and operation of fish ladders to resolu-
and the U.S. Fish and Wildlife Béce about tion of uncertainties existing within a broader
damage to natural resources. The later amenacological context. Issues being addressed at
ments placed increasing emphasis on naturgiresent at several locations within the Columbia
resources, with the 1958 amendment requirindriver Basin include habitat use, delays in pas-
water development agencies to give conservatiopage at irrigation diversions, migration rates,
and enhancement of fish and wildlife equal con-substock separation, spawner success and pro-
sideration with other project objectives. Later induction, including causes of prespawning mortal-
the 1970s, further emphasis was placed on fisity, and response of adults to factors such as flow
and wildlife by the National Environmental Pol- manipulation for irrigation or power production,

he early years of fish passage research were
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increased turbidity, and general decreased watéion in delay during outmigration. While listed as
quality due to irrigation (17,18,33,34,69). Adult discreet juvenile fish passage concerns, there are
passage work has been greatly assisted by devditerdependencies in the basic biology and
opments in radio telemetry and the global posibehavior of juvenile fish between these elements.
tioning system. Improved instrumentation andThese interdependencies make experimentation
deployment methods now permit adult migrantgo isolate an individuaklement quite difficult

to be tracked ovelong distances with high spa- and also have resulted in overlap between
tial and temporal resolution. This work is permit-research programs targeted on specific elements.
ting identification of problems that are limiting This overview will be restricted to elements 1)
recovery of stocks as well as proving essential iind 2), with emphasis on diversion fraorbine
developing strategies for other aspects of stocRassage by surface collection.

restoration. For example, an element of restora- The volume of research conducted in these
tion of specific stocks may be hatchery suppleareas, and others, to improve downstream pas-
mentation. However, facilities for capture andsage for smolt has been huge. Literally hundreds
holding of adult migrants must be located so thaff studies, almost all field studies, have been
the stock of interest can be segregated from otttonducted within the last 40 years throughout the
ers. Fish trackingtudies permit identification of Columbia River Basin. These studies have
those places within a watershed where a particigreatly increased the knowledge base of the
lar stock might be isolated for such purposes. behavior and factors influencing the survivorship

A system where wide adult migrant radio of smolt. The following sections will provide a
tracking study is to be performed beginning inbrief overview ofthis work. This is not intended

1996. The study will be funded by the COE and© P& @ synopticeview but rather an abbreviated
performed primarily by the National Marine guide to prowde_context for discussion of
Fisheries Services with cooperation by variouéesear?h currently in progress or planned for the
other state and federal agencies, universities, aH@mEd'ate future.

private utilities. The primary objective of the ] ] )

study is to observe the migratory behavior ofifigation Diversion Screening

adult salmon as they move through the hydroAS mentioned previously, it was apparent to all
power system and onto their spawning ground¥/ho looked back to as early as the mid- to late-
(25). Of particular interest are the delay of1800s that juvenile migrants were being
migrants at dams, fallback, straying, andentrained in irrigation diversions and killed on
prespawning mortality. The scope of thedy farmers’ fields. Early records also show g&m
includes the hydropower system as a whole, between the states and the federal government

considerable expansion in scope over most prevAuring this time. Although theates of Washing-
ton and Oregon had irrigation diversion screen-

ous studies which tended to be project-specific;
thereby very localized in comparison. ing laws as ea_rly as 1894, the fe_deral government
was not required to comply with the laws. In

. . 1911, Oregon petitioned the federal government
[ Juvenile Fish Passage for compl?ancep with Oregon stateg irrigation
Protection of juvenile fish during downstream diversion screening laws (21).

migration has historically focused in several As an element of the Fish and Wildlife Pro-
areas. The areas of majavestment in juvenile gram, NPPC has identified screening of irriga-
fish passage research have been: 1) protectiaibn diversions as a priority (58). Irrigation
from entrainment in irrigation diversions, 2) diversions range from small, a few cubic feet per
diversion from turbine intakes, 3) reduction insecond, to largehousands of cubifeet per sec-
mortality due to predation, 4) reduction in expo-ond. Irrigation diversion screens are typically
sure to high levels of dissolved gas, and 5) redudecated downstream from the headworks for the
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diversion, sometimes a consideraldéestance, sage through hydro turbines. By the 1940s it was
e.g., several hundreds of meters. Screening facitlear that passage catidns for fish through tur-
ities for midsize and larger diversions typically bines could range from good to awful. Initial
have capaliity at the screening facilitfor sepa- experiments indicated that direct mortalities
ration of smolt from irrigation water. Following through turbines typical of the Columbia River
separation, smolt are returned to the mainstreamydropower system were in the range of 15 per-
via a fish return conduit. The tolerances for thecent (43). Subsequently, considerable research of
mechanical and hydrodynamic elements offish passage through turbines was conducted in
screening fadities are quite tight and must be Europe and the United States (2,24,44). As a
kept in tolerance if the fdiy is to function consequence of this work, operating criteria for
properly and protect migrants. Evaluations con-Columbia River hydrosystem turbines was
ducted to date indicate that screening facilitiesleveloped, the most significant being the man-
kept in tolerance do provide high levels of pro-date for operation of turbines at peak efficiency
tection to migrants (1,23,35,47,48,49,50,51). during periods of smolt passage.

Present research of irrigation diversion screen- There is currently a renewed interest in the
ing includes development and evaluation ofconditions fish face during passage through tur-
behavioral barriers to reduce the number obines. Both the federal government and private
migrants passing through headworks and intaitilities are performing studies to reassess inju-
diversion canals. The reason for wanting tories to smolt during passage through turbines.
reduce the number of smolt entering the diverRecent experimentsdicate 90-96 percent sur-
sion canal is to reduce handling of migrantswival of juvenile salmon during turbine passage
While screening facilities are effective, they doand that the majority of injuries observed are due
require that smolt be passed through facilities tao mechanical strike (63,64,65). As a result of
separate them from irrigation flow, concentratedstudy findings, the owners of Rocky Reach Dam
into a smaller volume of water, and returned toare having the runners of a turbine modified to
the mainstream. The effects on smolt behavioreduce the gap between the runner and the hub.
and health of these actions are not clear, but thghis gap has been identified as the probable
general assessment is to avoid them if possibl&ource for many, perhaps the majority, of
The Bonneville Power Administration, in coop- mechanic injuries to juvenile fish during passage
eration with COE, has funded research beiyig  (22). In a comparable effort, COE is in the plan-
in 1995 into behavioral barrig. An objective of ning stage of a program to develop turbines that
this research is to evaluate the use of infrasounghinimize the mortality of juvenile fish (72).
to divert smolt at the headworks of irrigation Interest in providing a safer passage environment
diversion canals (52). Initial laboratory experi-for juvenile fish is due to the fact that turbine
ments recently completed have demstrated bypass measures have not been and are unlikely
avoidance by juvenile Chinook salmon and steelto prove 100 percent effective. This means that
head of high-intensity, high-particle-displace-some percentage of smolt will always pass
ment 10-Hz sound. In addition, limited through turbines. Under some conditions and for
observations at a small irrigation diversion on thesome species more so than others, a considerable
Umatilla River during the 1995 smolt outmigra- proportion of a species may pass through tur-
tion have shown repulsion of Chinook salmonbpines even when turbine bypass measures are

smolt from entering the irrigation canal (68). fully implemented because of variation in migra-
tory behavior between species and behavioral
Turbine Intake Passage and Diversion responses to turbine bypass guidance mecha-

At the time of construction of Bonneville Dam, nisms.
conventional wisdom was that there was little Upon discovery that hydro turbines could Kill
danger of juvenile fish being injured during pas-and injure juvenile fish, considerable effort was
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made to develop methods to divert fish from tur- There is considerable contention about the
bine intakes. Early studies of the vertical distri-desirability of handling and transporting juvenile
bution of smolt entering turbine intakes showedish. While development, evaluation, and instal-
that many juvenile fish @re located in the upper lation of turbine intake screens continue, other
third of turbine intakes (39), although it was clearbypass alternatives are also being evaluated and,
that smaller fish of all species and one or twdn the case o$pill, utilized on a wide scale. The
species in total tended to be more deeply distribinjury to fish during spill is thought to be signifi-
uted (30,37). Experience with irrigation diver- cantly less than turbine passage and potentially
sion screens and other similar screens led tg8ven less than for fish diverted by intake screens
development of a screen to be deployed in tur@nd placed into bypass channels or otherwise
bine intakes. Development continued through thd1andled (67). However, comparisons of the
1960s, resulting in testing in 1969 of a prototypedir€ct injury to smolt passing through turbines,
turbine intake screen at Ice Harbor Dam (40)SPillways, and bypassystemshave not been

Studies of prototype screens demstrated that Made at most dams. Assessment of smolt injury
large numbers of juvenile fish could be divertedPassing through dams via these various routes is

by turbine intake screens. When it was found thaf" element of Phase Il of the_ CO_E System C(_)n-
juvenile fish could be diverted and concentratecf'gur""tIon Study Program which is at startup in

into bypass facilities, studies were initiated to1995 (25).

evaluate the feasibility of transporting the juve- AISO an element of Phase Il of the COE Sys-
niles to below Bonneville Dam, thereby eliminat- tem Configuration Study is assessment of surface

ing their exposure to downstream dams. InitigicOll€ction as a means of passing juvenile
evaluations showed positive results, and 91 migrants past dams. The idea behind surface col-

a prototype collection and transportation systen*eCtlon |s'to present a flow stimulus to down.
. stream migrants that will take advantage of their

was evaluated at Little Goose Dam (43). At the . . . .
. .natural outmigration behavior and lead them into

present time, collector dams on the Columbia

and Snake Rivers collect a significant portion ofa bypass leading around the dam or into collec-

the total outmiaration for transportation b trucktion facilities for transport. Surface collection is
g NSp y not a new concept and has been extensively tested
and barge to below Bonneville Dam.

) o with mediocre to poor success at scales consider-
Development and evaluation of turbine intakegpy smaller than those required at mainstem

screens continues to the present as the operatigfhymbia River dams (27,28,61,66,70,74,73).

of those alreadynstalled is optimized and the  po jynetys for retaining surface collection as
design of those to be installed is refined. While, \izple fish passage measure for mainstem
most appear to be operating satisfactorily, not alpqympia and Snake River dams has been obser-
intake screens are as effective as the vertical digztions over the years of the high effectiveness
tribution of juvenile fish would imply. In gen- anqg efficiency of ice and trash sluiceways,
eral, it appears that juvenile fish respond to thgyresent at many Columbia River dams, under
modification of flow resultingiom the presence certain conditions as a means for bypassing
of the intake screens, which, in at least the casggrants. Early investigation of the ice and trash
of Rocky Reach Dam, rendered intake screeningjuiceway at Bonneville Dam indicated that dur-
ineffective as a turbine bypass option (31,32)ing the day a large portion of total migrant pas-
Visual observations of the behavior of Sm0|tsage was through the sluiceway, even through
upon encounter with turbine intake screens hasluiceway flows were less than 5 percent of
led to the hypothesis that the screens may act agoject total flow(41). This study lead to the rec-
hydromechanical sources of infrasound, which ismmendation that the ice and trash sluiceways at
detectable by salmonids and may be the stimulugther projects be evaluated for downstream fish
for avoidance response (53,54). passage. In subsequent years similar studies were
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performed at The Dalles and Ice Harbor Damgo the depth of the bypass slots. It appears that
(5,42,55,60). The findings in all these studiesduring both day and night periods at least 80 per-
were similar. The sluiceways were very effectivecent of the smolt approaching Wells Dam are
in passing migrants during the day, with effec-located at depths less than 70 feet (71).
tiveness decreasing very markedly at night. During the smolt outmigration of 1995, Public
While up to 80 percent of migrants passing theUtility District No. 1 of Chelan County tested a
dam during the day might pass in sluicewaysurface collection prototype at its Rocky Reach
flows, sluiceway passage would drop to 20 perDam. Characteristics of the operation of the
cent or less of total passage at nightsébn Rocky Reach prototype surface collector are
became apparent that there were changes in tieodeled after the Wells Dam bypass but utilize a
vertical distribution of migrants day to night and completely different approach since Rocky
that there were probably other aspects of smoReach is a classical hydropower dam with sepa-
behavior as well that determined the proportiorrate powerhouse arspill. The evaluation of this
of fish passing through sluiceways. prototype is still underway at the writing of this
During the 1980s, in parallel with federally report, but initial evaluation appears favorable.
funded research to evaluate ice and trash sluicd?reliminary data indicates that the surface collec-
ways, Douglas Gunty Public Utility District was tor prototype may have passed more than an
evaluating modifications to its hydrocombine order of magnitude more smolt than the proto-
units at Wells Dam that might serve as a meantype bypass based on turbine intake screens eval-
to bypass smolt without using turbine intakeuated in previous years (over 1 million smolt
screens. A hydrocombine is a unique design for aompared to 75,000). Based tims favorable
hydropower dam where the spill bays are locategerformance, Chelan County expects to expand
directly over the turbine units. Earktudies of the coverage of the powerhouse by the prototype
the distribution and passage behavior of smolt afor the 1996 outmigration and continue evalua-
Wells Dam indicated that the fish might pass intion (22).
modified spill flows (3,4,5). Over the years Also during the 1995 smolt outmigration,
between 1984 and 1993, Douglasudity was Public Utility District No. 2 of Grant County
able to develop a design for modification of spillevaluated a surface collection prototype at
bays and operation of the modified bays to achieve Wanapum Dam on the mainstem Columbia
excess of 90 percent passage of smolt in modifieRiver. The design athis surface collector is dif-
spill using approximately 5 percent of powerhousderent from both the Wells Dam bypass and the
hydraulic capacity (8,9,10,11,12,13,14,15,16,36). Rocky Reach prototype but it stilltilizes the
Wells Dam has become the model for down-water velocities at the entrance to the collector
stream migrant passage using surface collectiofpund effective for the Wells Dam bypass in
concepts. The characteristics of the modifiecaddition to other elements of the Wells bypass.
hydrocombine spill bays have become the basighe evaluation of this prototype was just ending
for other efforts. The combination that provedat the time of writing this report and no prelimi-
successful was a slot 16 feet wide and approxinary estimates of effectiveness are available. It is
mately 70 feet deep, located at the face of thexpected that Grant County will continue experi-
dam upstream of the spill gate. The spill gatenentation with surface collection next year since
downstream of the slot is operated so that velocithe benefits to both fish and hydropower genera-
ties through the slatverage approximately 2 feet tion are well worth the effort and cost if a suc-
per second. As in the case of the successful Borgessful design and operating criteria can be
neville Dam fish ladder 50 years earlier, it is notfound.
understood why the Wells Dam smolt bypass The year 1995 is also the startup year for the
system works. There are some clues, one oEOE Surface Collection Program. As elements
which is the vertical distribution of smolt relative of this program, surface collector prototypes are
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being evaluated at The Dalles and Ice Harboand the flow field its operations generate must
Dams by the Portland and Walla Walla Districtsattract, or at least not repel, smolt. Considerable
of COE, respectively. A variety of slot configu- effort has gone into review of available informa-
rations and operation criteria is in evaluation.tion about the behavior of smolt as they approach
Preliminary data about the effectiveness and effithe various mainstem dams. Such information is
ciency of the various designs were not availableritical to locating surface collectors so that the
at the writing of this report. The Corps’ $ace  opportunityfor discovery by smolt of the flow
Collection Program is scheduled to continuefields generated by their operation is maximized.
through fiscal year 1998 and to expand to includéHowever, review of information provided by
other mainstem dams. Advanced planning foiprevious studies of smolt behavior have been dis-
engineering designs continues. Harza Northwesdppointing. Unambiguous models of smolt
recently submitted a report of general conceptbehavior on approach to a dam cannot be devel-

for surface bypass at Bonneville Dam (29).

oped, and information about the behavior of

The success of the Wells Dam bypass, thémoltin accelerating flow fields is almost nonex-
apparent success of the Rocky Reach surface cdstent (26). Large scale radio trackistydies are
lector prototype, and thdistory of the high being considered to provide the necessary smolt
effectiveness and efficiency of sluiceway bypas$ehavior information.

during the day assures that testing of surface col-

lection will continue well into the future. Surface REFERENCES
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Appendix B:
Experimental
Guidance Devices;
NMFS Position
Statements B

EXPERIMENTAL FISH GUIDANCE Endangered Species Act. Petitidos additional
DEVICES: POSITION STATEMENT OF listings are pending. It is essential to provide
NATIONAL MARINE FISHERIES SERVICE maximum protection for all salmonid juveniles
NORTHWEST REGION to halt and reverse overall population declines.
JANUARY 1995 The death and injury of juvenile fish at water

diversion intakes have long been identified as a
major source of fish mortality [Spencer, 1928;
Hatton, 1939; Hallocland Woert, 1959; Hallock,
1987]. Fish diverted into power turbines incur up
to 40 percent immediate mortality, while also
experiencing injury, disorientation and delay of
Summary migration that may increase predation related
NMFS believes that positive-exclusion barrierlosses [Bell, 1991]. Fish entrained into agricul-
screens, as described below, are appropriate fatiral and municipal water diversions experience
utilization in the protection of downstream 100 percent mortality. Diversion mortality is the
migrant salmon at all intakes. However, the promajor cause of decline in some fish populations.
cess described herein delineates an approadtor the purposes of this document, diversion
whereby experimental behavioral guidancelosses include turbine, irrigation, municipal, and

devices can be evaluated and (if comparable pegil other potential fish losses related to the use of
formance is confirmed to the satisfaction ofwater by man.

[J NMFS Northwest Region Position Paper
on Experimental Technology for Managing
Downstream Salmonid

NMFS) installed in lieu of screens. Positive-exclusion barrier screens which
screen the entire diversion flow have long been
Introduction used to prevent or reduce entrainment of juvenile

Numerous stocks of salmon and steelhead trodish for diversions of up to 3,000 cfs. In recent

in Pacific Northwest streams are at low levelsdecades, design improvements have been imple-
and many stocks continue to decline. Idaho sockmented to increase the biological effectiveness of
eye salmon and Snake River spring, summer, angiositiveexclusion screen and bypass systems by
fall chinook are listed as “endangered” under thdaking advantage of known behavioral responses

| 135



136 | Fish Passage Technologies: Protection at Hydropower Facilities

to hydraulic conditions. Recent evaluations havehe screen face. These screens are effective at
consistently demonstrated high success ratgsreventing entrainment [Pearce and Lee, 1991].
(typically greater than 98 percent) at movingCarefully designed bypass systems minimize fish
juvenile salmonids past intakes with a minimumexposure to screens and provide hydraulic condi-
of delay, loss, or injury. tions that safely return fish to the river, thereby
(For diversion flows over 3,000 cfs, such as apreventing impingement [Rainey, 1985]. The
Columbia River main-stem turbine intakes, sub-PESBS are designed to minimize entrainment,
merged traveling screens or bar screens are corimpingement, and delay/predatiorifom the
monly used. These are not considered positivepoint of diversion through the facility to the
exclusion screens in the context of this positiorbypass outfall.
statement.) PESBS have been installed and evaluated at
The past few decades have also seen considerumerous facilities [Abernethy, et al.989;
able effort in developing “startle5ystems to 1990; Rainey, 1990; Johnson, 1988]. A variety of
elicit a taxis (response) by the fish, with an ulti-screen types (e.g., fixed-vertical, drum, fixed-
mate goal of reducing entrainment. This papeinclined) and screen materials (e.g., woven cloth
addresses research performed to avoid losses [atesh], perforated plate, profile wire), have
intakes and presents a position statement reviewproven effective, when used in the context of a
ing and implementing future fish protection mea-satisfactory design for the specific site. Facilities

sures. designed to previously referenced criteria consis-
tently resulted in a guidance efficiency of over
Juveniles at Intakes 98 percent [Hosey, 1990; Neitzel, 198%86;

Entrainment, impingement, and delay/predationt990&; 1990b; 1990c; 1990d; 1991].

are the primary contributors to the mortality of The main detriment of PESBS is cost. At
juvenile migrating salmonids. Entrainment diversions of several hundred cubic feet per sec-
occurs when fish arérawn into the diversion ©ond and greater, the low velocity requirement
canal or turbine intake. Impingement occursand structural complexity can drive the cost of
when a fish is not able to avoid contact with afish passage to over $1 million. At the head-
screen surface, trashrack, obds at the intake. Works, the need to clean the screen, remove
This can cause bruising, descaling, and othelfash, control sediment, and provide regular
injuries. Impingement, if prolonged, repeated, orfmaintenance (e.g., seasonal installation, replac-
occurring at high velocities, also causes directnd seals, etc.) also increases costs.

mortality. Predation (which is the leading cause

of mortality at some diversion sites) occurs wherBehavioral devices

fish are preyed upon by aquatic or avian animalsPue to the high costs of PESBS, there has been
Delay at intakes increases predation by stres  considerable effort sinc&960 to develop less
or disorienting fish and/or by providing habitat €xpensive behavioral devices as a substitute for

for predators. positive fish protection [EPRI, 1986]. A behav-
ioral device, as opposed to a conventional screen,

Positive-exclusion screen and bypass requires a volitional taxis on the part of the fish

systems (PESBS) to avoid entrainment. Some devices were investi-

Design criteria for PESBS have been developedjated with the hope of attracting fish to a desired
tested, and proven to minimize adverse impactarea while others were designed to repel fish.
to fish at diversion sites. Screens with smallMost studies focused on soliciting a behavioral
openings and fish-tight seals are positioned at gesponse, usually nogable agitation, from the
slight angle tdlow. This orientation allows fish fish.

to be guided to safety at the downstream end of Investigations of prototype startle-response
the screen, while they resist being impinged ordevices document that fish guidance efficiencies
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are consistently much lower than for conven- Skepticism about behavioral dee&; at this

tional screens. Experiments show that there magtage of their development, is supported by the
be a large behavioral variation between individ-fact that few are currently being used in the field
ual fish of the same size and species to startignd those thatave been installed and evaluated
responses. Therefore, it cannot be predicted thaeldom show consistent guidance efficiencies
a fish will always move toward or away from gyer 60 percent [Vogel, 1988; EPRI, 1986]. The
that stimulus. Until shown conclusively in labo- |o,ver system is an example of a behavioral
ratory studies, it should not be assumed that ﬁs'ﬂevice with a poor record. Entrainment rates

can discern where a signal is coming from angyere high, even with favorable hydraulic condi-
what constitutes the clear path to safety. tions, due to the presence of smaller fish.

_ Ifjuvenile fish respond to a behavioral device, g rainment can be high, particularly when oper-
I'm'tﬁdf.sﬁefand sww_rzjmmg at;)llle mayf[ preclud_t: ated over a wide range of hydraulic coiudis
small fish from avoiding entrainment (even i bVogeI, 1988; Cramer, 1973; Bates, 1961]. Due

they have the understanding of where to go an .
. . 0 their poor performance, most of these systems
have the desire to get there)adther conern is
were eventually replaced by PESBS.

repeated exposure; fish may no longer react to
signal after an acclimation period. In addition to ] )
vagaries in the response of individual fish,EXPerimentation Process
behavioral variations due to species, life stagetiowever, there is potential for future develop-
and water quality conditions can be expected. ment of new and acceptable screening and
Another observation is that past field tests ofoehavioral guidance devices that will safely pass
behavioral devices have been deployechwit fish at a rate comparable with PESBS. These new
consideration of how controlled ambient hydrau-concepts are considered “experimental” until
lic conditions (i.e., the use of a training wall tothey have been through the process described
create uniform flow conditions, while minimiz- herein and have been proven in a prototype eval-
ing stagnant zones or eddies that can increasgation validated by National Marine Fisheries
exposure to predation) can optimize fish guid-Service (NMFS). These prototype evaloas
ance and safe passage away from the intake. Faghould occur over the foreseeable range of
ure to consider that hydraulic conditions can playagyerse hydraulic and water quality coiuis
a_blg role inguiding fish aV\_/ay‘rom .th_e |_ntake IS (e.g., temperature, dissolved oxygen). NMFS
either the regult of the desw_e to minimize costs Ofencourages research and development on experi-
the assumption that behavioral devices can OVel- antal fish protection devices, asiipulates that

come the Fendency fo_r poor ggldance assomgtet%e following elements should be addressed dur-
with marginal hydraulic conditions. The provi-

sion of satisfactory hydraulic conditions is a keym.:‘]J the process cif dtgveloplng etxperlmental juve-
element of PESBS designs. nile passage protection concepts:

The primary motivation for selection of 1) Consider earlier researchA thorough review

behavioral devices relates to costs. However, of similar methods used in the past should be
much of the cost in PESBS is related to construc- Performed. Reasons fasubstandard perfor-
tion of physical structures to provide hydraulic Mances should be clearly identified.

conditions which are known to optimize fish 2) Study planA study plan should be developed
guidance. Paradoxically, complementing the and presented to NMFS for review and con-
behavioral device with hydraulic control struc- currence. It is essential that tests occur over a
tures needed toptimize juvenile passage will  full range of possible hydraulic, biological,
compromise much of the cost advantage relative and ecological conditions that the device is
to PESBS. expected to experience. Failure to receive
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study plan endorsement from NMFS mayor varied with operational conditions. In addi-
result in disputable results and conclusions. tion, unforeseen operational and maintenance
3) Laboratory researchLaboratory experiments problems (and safety hazards) were sometimes a
under controlled conditions should be devel-byproduct.
oped using species, size, and life stages Nevertheless, some of these experiments show
intended to be protected. For behavioralpotential. To further advance fish protection
devices, special attention must be directed afechnology, NMFS will not oppose tests that pro-
providing favorable hydraulic cortéhns and ceed in accordance with the tiered process out-
demonstrating that the device clearly inducesined above. To ensure no further detriment to
the planned behavioral response. Studiegny fish resource, including delays in implemen-
should be repeated with the same test fish tgation of acceptable passage facilities, experi-
examine any acclimation to the guidanceémental field testing should occur with the
device. simultaneous design and development of a
4) Prototype unitsOnce laboratory tests show peESBS for that site. This conventional system
high potential to equal or exceed success rateghould be scheduled for installation in a reason-
of state-of-the-art screening, it is appropriateape time frame, independent of the experimental
to further examine the new device as a protogfiorts. In this manner, if the experimental guid-
type under real field coitibns. Field sites ancesystemonce again does not prove to be as
must be fully appropriate to (a) demonstratégffective as a PESBS, a proven screen and
performance at all expected operational ang,ynass system can be implemented without addi-

natural variables, (b) evaluate the species, ofigng| delay and detriment to the resource.
an acceptable surrogate, that would be Adopted January 6, 1995

exposed to_the device under full operation, WILLIAM STELLE. JR.
and (c) avoid unacceptable risk to depressed ) )
or listed stocks at the prototype locations. Regional Director

5) Study resultsResults of both laboratory tests
and field prototype evaluations must demon-EXPERIMENTAL FISH GUIDANCE
strate a level of performance equal to orDEVICES: POSITION STATEMENT OF
exceeding that of PESBS before NMFS will NATIONAL MARINE FISHERIES SERVICE
support permanent installations. SOUTHWEST REGION

JANUARY 1994
Conclusions

During the course of the past few decades, We NMFS Southwest Region Position Paper

have seen an increase in the number o . -
unscreened stream diversions, and this trend iE)n EXpe”mental TeChnOIOQy for Managing

likely to continue unless corrective measures an.ﬁovvnsn‘e"Jlm Salmonid Passage

implemented. Concurrently, anadromous fish ]

numbers have dwindled. Proven fish passage arlf@troduction

protection facilities, which have demonstratedNumerous stocks of salmon and steelhead trout

high guidance rates at other sites, can providié California streams are at low levels and many

successful passage at most diversion intakes. stocks continue to decline. The Sacramento
Periodically, major initiatives have been River winter-run chinook salmon is listed as

advanced to examine the feasibility of experi-“‘endangered” under the Federal Endangered

mental guidance systems. Results were generallgpecies Act. Petitions fadditional listings are

poor or inconclusive, with low guidance efficien- pending. It is essential to provide maximum pro-

cies attributable to the particular device usedtection for juveniles to halt and reverse these

Often results were based on a small sample sizegclines.
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The injury or death of juvenile fish at water proved to minimize harm caused at diversions.
diversion intakes have long been identified as dositive barriers do not rely on active fish behav-
major source of fish mortality [Spencer, 1928;ior; they prevent physical entrainment with a
Hatton, 1939; Hallocland Woert, 1959; Hallock, physical barrier. Screens with small opas
1987]. Fish diverted into power turbines experi-and good seals are designed to work with
ence up to 40 percent mortality as well as injury hydraulic conditions at the site, providing veloci-
disorientation, and delay of migration [Bell, ties normal to the screen face and sufficient
1991], while those entrained into agricultural andsweeping velocities to move fish past the screen.
municipal water diversions experience 100 perThese screens are effective at preventing entrain-
cent mortality. Diversion mortality is the major ment [Pearce and Lee, 1991]. Cfatly designed
cause of decline in some fish populations. bypass systems minimize fish exposure to

Positive barrier screens have long been testestreens and provide hydraulic conditions that
and used to prevent or reduce the loss of fishieturn fish to the river, preventing both entrain-
Recent decades have seen an increase in the usent and impingement [Rainey, 1985]. The posi-
and effectiveness of these screens and bypasige screen and fish bypass systems are designed
systems; they take advantage carefully designe minimize predation, and to reduce mortality,
hydraulic conditions and known fish behavior. stress, and delay from the point of diversion,
Thesepositive systems are successful at movinghrough the bypass facility, and back to the river.
juvenile salmonids past intakes with a minimum  Carefully designed positiviearrier screen and
of delay, loss, or injury. bypass systems have been installed and evalu-

The past few decades have also seen mudited at numerous facilities [Abernethy, ait,
effort in developing “startle” systems to elicit a 1989; 1990; Rainey, 1990; Johnson, 1988]. A
taxis (response) by the fish with an ultimate goalariety of screen types (e.g., flat plate, chevron,
of reducing entrainent. This Peition Statement drum) and screen materials (e.g., wowgoth,
addresses research designed to prevent figherforated plate, profile wire), have proved
losses at diversions and presents a tiered procesfective, taking into consideration their appro-
for studying,reviewing, and implementing future priateness for each site. Well-designed facilities

fish protection measures. consistently result in a guidance efficiency of
over 95 percent [Hosey, 1990; NeitzeD85;
Juveniles at Intakes 1986; 1990a; 1990b; 1990c; 1990d; 1991].

The three main causes of delay, injury, and loss The main drawback to positive barrgareens

of fish at water intakes are entrainment, impingeis cost. At diversions of several hundred cubic
ment, and predation. Entrainment occurs wheiieet per second or greater, the low velocity
the fish is pulled into the diversion and passesequirements and structural complexity can drive
into a canal or turbine. Impingement is where ahe cost for fish protection and the associated
fish comes in contact with a screen, a trashraclkGivil works over a million dollars. At the head-
or debris at the intee. This causelsruising, de- work, the need to clean the screen, remove trash,
scaling, and other injuries. Impingement, if pro-and provide regular maintenance (e.g., seasonal
longed, repeated, or occurs at high velocitiesinstallation, replacing seals, etc.) also increase
also causes direct mortality. Predation alscCosts.

occurs. Intakes increase predation by stressing or

disorienting fish and/or by providing habitat for Behavioral devices

fish and bird predators. Due to higher costs of positive loi@r screens,
there has been much experimentation sit@g0
Positive barriers to develop behavioral devices as a substitute for

Positive barrier screen systems and criteria fobarrier screens [EPRI, 1986]. A behavioral
their design have been developed, tested, andevice, as opposed to a positive (phgBidar-
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rier, requires aolitional taxis on thepart of the example of a behavioral device with a poor suc-
fish to avoid entrainment. Early efforts were cess record. In this case, even with the use of
designed to either attract or repel fish. Thesdavorable hydraulics, performance is poor espe-
studies focus on soliciting a behavioral responseially for small fish. Entrainment can be high,
from the fish, usuallyoticeable agitation. 6ing  particularly when operated over a wide range of
these startle investigations to develop effectivehydraulic conditions [Vogel, 1988; Cramer,
fish guidance systems has not been effective. 12973; Bates, 1961]. Due to their poor perfor-
Experiments show that there is a largemance, some of these systems are already
response variation betweardividual fish of the replaced by positive barriers.
same size and species. Therefore, it cannot be
predicted that a fish will always move toward or Experimentation Process
away from a certain stimulus. Even when such a{owever, there is potential for developing new
movement is desired by a fish, it often cannopositive screens as well as behavioral guidance
discern the source or direction of the signal andevices for the future. Nonetheless, experimental
choose a safe escape route. technology must achieve, over the foreseeable
Many behavioral devices do not incorporaterange of adverse conditions, a consistent level of
and use a controlled set of hydraulic conditionsuccess that equals or exceeds that of the best

to assure fish guidance, as does the positivavailable technology. It should be a detite,
screen/bypassystem. The devices can actuallylogical process. NMFS will not discourage
encourage fish movement that contrasts with theesearch and development on experimental fish
expected rheotactic response. Thus, the fish gefgotection devices if the following tieredusly

mixed signals about what direction toove.

process is incorporated:

Another concern is repeated exposure; a fish may) Consider earlier researctA thorough review

no longer react to a signal that initially was an
attractant or repellent. In addition to the vagaries
in the response of an individual fish, behavior

should be performed of past methods similar
to that proposed. Reasons for substandard per-
formances of these earlier methods should be

variations are expected due to size, species, life clearly identified.

stage, and water quality conditions.

In strong or accelerating water velocity fields,
the swimming ability of a fish may prevent it
from responding to a stimulus even if it attempts

to do so. Other environmental cures (e.g., pursu-

ing prey,avoiding predators, or attractive habi-
tat) may cause a fish to ignore the signal.

A main motivation foropting to install behav-
ioral devices is cost-savings. However, much of
the cost in conventional systems is for the physi-
cal structure needed to provide proper hydraulic
conditions. Paradoxically, complementing a
behavioral device with its own structural require-
ments may lessen much of its cost advantage.

Present skepticism over behavioral devices is
supported by the fact that few are currently being

2) Study planA study plan should be developed

and presented to NMFS for review and con-
currence. It is essential that tests occur over a
full range of possible hydraulic, biological,
and ecological conditions that the device is
expected to experience.

3) Laboratory research Controlled laboratory

experiments should be developed using spe-
cies, size, and life stages intended to be pro-
tected (or acceptable surrogate species). For
behavioral devices, special attention must be
directed at providing favorable hydraulic con-
ditions and demonstrating that the device
clearly causes the planned behavioral response.
Studies should be repeated with the same test
fish to examine and habituation to the stimulus.

used in the field and those that have beed) Prototype units Once laboratory tests show
installed and evaluated seldom exhibit consistent high potential to equal or exceed success rates

guidance efficiencies above 60 percent [Vogel,
1988; EPRI, 1986]. The louver system is an

of state-of-the-art screening, it is appropriate
to further examine the new device as a proto-



Appendix B: Experimental Guidance Devices: NMFS Position Statements | 141

type under real field coitibns. Field sites REFERENCES FOR NORTHWEST AND
must be fully appropriate to 1) demonstrate allSOUTHWEST REGIONS POSITION
operation and natural variables expected t&TATEMENTS

influence the device performance, 2) evaluat%ibernethy, C.S.. Neitzel, D.A., and Lusty, E.W.,

the species, or an acceptable surrogate, tha Velocity M ts at Six Fish S

would be exposed to the device under full . ecl):C|tyI_t_ ea_su;ﬁmsnkg a &'.X \;\7 h_creen-

operation, and 3) avoid unacceptable risk to INg Faciiities in the rakimaasin, Wvashing-
ton, Summer 1988Annual report to the

resources at the prototype locations. . - .
5) Study resultsResults of both laboratory tests Bonneville Power Administration, 1989.

and prototype devices examined in the fieIdAbemethY’ C.S., Neitzel, D.A., and Lusty, EW
must demonstrate a level of performance Ve'OC'W_ Meas.?r_eme.ntshat 'I;(hree '_:'Sh
equal to or exceeding that of conventional, Screening Facilities in the Yakima River

established technology before NMFS will sup- Basin, \iéshington, Summer 1_989’J'S'
port further installations. Department of Energy Bonneville Power

Administration Division of Fish and Wild-
life, 1990.

Conclusions .
Bates, D.W. and Jewett, Jr., S.Gquver Effi-
In the course of the past few decades, we have seen | . .
ciency in Deflecting Downstream Migrant

increased demand for water diversions. This trend Steelhead. ransactions of the American
is likely to continue. Accompanying this demand is . NS
. . : . Fisheries Society, 90:3, 1961.

a corresponding decline of fisheries. Therefore i ;
prudence dictates that fish protection facilities pell. M.C., Revised Compendium on the Success
held to the highest practicable level of performance. of Passage of Small Fish Through Tl_ermes,

A major effort was made to examine experi- Report for l_J_'S' Ar.my_ Corps of Engineers,
mental guidance systems over several decades by North Pacific  Division, Contract No.
a variety of éinding agencies. The results were DAWC'57'88'C'OO7_0' Portland, OR, 1991.
generally poor or inconclusive, with low guidanceCramer, D.P., Evaluation of Downstream
efficiencies attributable to the particular device  Migrant Bypass SystemW. Sullivan Plant,
used. Often results were based on a small sample Willamette Falls, OR, progress report for fall
size or varied with operation conditions. In addi- 1981 and spring 1982, Oct. 11, 1982.
tion, unforeseen operational and maintenance prof<PRI (Electric Power Research Institute),
lems, including safety hazards, sometimes Assessment of Downstream Migrant Fish
developed. Protection Technologies for Hydroelectric

Nevertheless, some of these experiments show Application,EPRI, Palo Alto, CA, 1986.
potential. To further improve fish protection Hallock, R.J.,A Description of the California
technology, NMFS will not oppose tests that pro-  Department of Fish and Game Management
ceed in the tiered process outlined above. Fur- Program and Goals for the Sacramento
ther, to ensure no further detriment to fish, River System Salmon ResourClifornia
experimental field testing should be done with ~ Fish and Game, Anadromous Fisheries
the simultaneous design of a positiverksa and Branch Administrative Report, 1977.
bypass system for that site. This conventionaHallock, RJ. and Van Woert, W.F., “A Survey
system should be scheduled for installation of Anadromous Fish Losses in Irrigation
immediately, if the experimental guidance sys-  Diversions from the Sacramento and San
tem, once again, does not prove to be as effective Joaquin Rivers,California Fish and Game

as a conventional system.
Adopted January 11, 1994
GARY C. MATLOCK, PH.D.
Acting Regional Director
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