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Summary .

Results of a one-year research project are presented which suggest an
approach for developing biological design criteria for water intake systems
based on fundamental biological and hydraulic principles. The approach for
deriving intake velocity design criteria is based on the interaction of
bioenergetics and fish behavior in velocity gradients, These studies, conducted
under controlled laboratory conditions, were designed to dssess behavioral
responses of juvenile chinook salmon (Oncorhynchus tshawytscha), bluegill
(Lepomis macrochirus) and Mississippi silversides {(Menidia audens) to some of
the variables encountered during entrainment or entrapment into a water 1ntake
system and to help develop solutions to the most critical problems,

An examination of behavioral and physiological mechanisms for fish exposed
to a variety of velocity gradients has led to the development of a model based
on energetically optimal swimming speeds and behaviorally selected swimming
speeds. Results of a2 series of experiments using juvenile chinook salmon,
bluegill, and silversides support the basic hypothesis that the behavioral
responge of fish to a hydraulic flow field is predictable in terms of an
energetically optimal swimming speed for a given species and size class of fish.
Applications of the model in understanding fish response to water intakes and
the limitations of this approach in establishing intake velocir:- “2sign criteria
are discussed.

The proposed model has tremendous applicability snd potential for making
predictions of such phenomena as behavioral attraction. If fully developed this
approach would provide biologically meaningful criteria as a valuable input into
the siting and design of water intake systems. Although the concept of using
energetic optima and selected swimming speeds as design criteria is appealing,
further experimental evaluation and verification is required to relate this
concept to the development of engineering designs.

The applicability of information derived from laboratory studies in making
predictions of fish responses to man-made perturbations in the field is an issue
of concern. Laboratory studies are limited in their simulation of field
conditions and extreme care must be exercised when extrapolating predictions of
fish behavior to the natural enviromment, However, through systematic,
controlled experiments such as those described in this report a data base can be
assembled which will suggest causal relationships between fish behavior and
conditions experienced during entrainment or entrapment which can then be tested
under field conditions. DNetails of special studies are summarized in the
appendix,



Introduction

Population growth and the shift of our culture towards energy~intensive
activities will combine to increase the demand for energy in the decades ahead.
A concomittant increase in the demand for cooling-water is inevitable. To
characterize the magnitude of thils demand, consider that conventional 1000 MW,
fossil fuel and nuclear power plants require cooling~water at a rate of
approximately 50 and 75 m3/sec, regspectively. This demand is currently being
met by diverting natural surface waters which also serve as habftat for a
diverse aquatic flora and fauna.

The use of natural surface waters for thermal dissipation from steam
electric generating stations imposes two major potentlal sources of damage on
aquatic organisms: thermal discharges and entrainmentl, entrapmentz, and
impingement3 at cooling-water intakes. Effects of the thermal component of
power plant effluent have been extensively studied and widely publicized.
However, the potentially adverse impact on aquatic organisms resulting from
entrainment, entrapment, and impingement at cooling-water Intake systems went
largely unnoticed until the early 1970°s. Expanded awareness of the magnitude
of intake related problems has precipitated apn intensive effort by regulatory
agencies, utilities, and enviroomental consultants to document the problem,
arrive at ratilonal decisions regarding the consequences of these losses, and
formulate acceptable solutions for minimizing adverse environmental effects.

The magnitude of entrapment-impingement losses at several power plant
intakes seems significant (Table 1}, but the biological importance of such
losses 15 unknown. Duripng recent years the trend has been to simply document
the occurrence of fish loss. This, however, provides little insight into the
mechanisms or factors which influence entrapment-impingement, nor is 1t very
helpful vwhen attempts are made to improve intake designs.

Historically, Iintake design criteria have been developed on a trial and
error basis. It is apparent from Table 1 that this technique has resulted in
limited success. Some intake designs have functioned well, however
extrapolations from one site to another frequently yleld unacceptable results.
It 18 obvious that no one has understood why a particular design worked at one
site and not at another. Existing criteria lack generality because studies
leading to an understanding of basic mechanisms were not made.

lan organism which is drawn into a water intake as part of the volume of water
which 1t occupiles 1s said to be entrained.

ZEnt:apment refers to the physical blocking of larger entrained crganisms by a
barrier, generally some type of screen located within the intake structure.
3Imp1ngement occurs when the entrapped organism is held in contact with the
barrier.
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Initial attempts to improve general guidelines for developing intake design
criteria were based on evaluating fish performance capabilities. Fish
performance is-determined by using forced swimming trials and—time to fatigue
for fish exposed to velocities 1in respirometers or stamina tunnels. In general,
these figh are confined within “an experimental apparatus in which velocity
preferences cannot be tested. As a result of performance studies it is
generally.recommended that large intake "areas should be provided te reduce
intake velocitles, That swimming capability cannot be considered -tndependent of
behavioral response is illustrated by extensive fish losses at plants with low
intake velocities. Are some fishes attracted to current?

AN ALTERNATIVE APPROACH TO DEVELOPING INTAKE VELOCITY CRITERIA
Based on microhabitat theory an energetic-based model is proposed i
encompassing the basic hypothesis that the behavioral response of fish to a
hydraulie flow field is not random but rather is predictable in terms of anm
energetically Optimal swimining speed for a specific fish specles and size class,
The model is based on the conviction that: 1) entrainment, entrapment, and
impingement‘of fish involve a number of interacting variables; and 2) only
through systematic, controlled experiments can a data base be assembled that
suggests design criteria for intake structures that reduce the hydraulic capture
of fish to a minimum level. The probability that a fish will become entrained
or entrapped by industrial or agricultural water intakes is influenced primarily
by characteristics of the hydraulic flow field and various aspects of fish
behavior. The research design outlined here specifically recognizes the
Interaction of theses variables. In light of the myriad of interacting
varlables, however, we have focused attention on the general conceptual
framework illustrated below.

behavioral response @me e bloenergetics
(velocity selection) {metabolic demands)

N

Predictive Model

The model we propose predicts that for each species and size class of fish
an optimal swimming speed exists at which each fish 1s most energetically
efficient. The model also predicts that fish will behaviorally select thelr
energetically optimal swimming speed when exposed to a velocity gradient.

Research Objectives
The purpose of this study was to examine behavioral responses of fish in

relation to energetic expendlitures of swimming in different hydraulic
conditions. Although the interaction between behavior and bicenergetics in



determining microhabitat selection in response to velocity gradients and
migration rates has been discussed (Brett 1965; Weihs 1973; Webb 1975), the
relationship between energetic optimality and behavioral selection of specific
swimming speeds has not been examined experimentally, Our objective was to
identify and quantify the relationship between the behavioral respcnse of
juvenile fishes to hydraulic flow fields and the swimming speed which was
energetically optimal. Specific objectives of the astudy were: (1) to quantify
behaviorally selected swimming speeds of juvenile fishes exposed to hydraulic
flow gradients; (2) to define the precision of the pattern of selected swimming
gpeed; (3) to examine the influence of wvarious physical and biological factors
on the behavioral response; and (4) to develop estimates of the optimal swimming
speed based on bioenergetic (respiratory} efficiency. This type of approach may
help in understanding the behavior of fishes susceptible to entrainment and
entrapment by water intake systems. ‘

We chose to study juvenile chinook salmon (Oncorhynchus tshawytscha) as a
representative species from a lotic habitat and bluegill (Lepomis macrochirus)
and Mississippl silversides {(Menidia audens) as representatives of a lacustrine
habitat. A comparative study of these three species would provide a test of our
experimental methodology and would form the basis for developing a generalized
model of the behavioral response of fish to hydraulic gradients. '

Research Methodolngy

Swimming Respirometer

Oxygen counsumptlon rates of juvenile f£ish swimming at various veloclties
were measured using a closed-cycle swimming respirometer similar to that
described by Brett (1964). The resplrometry system included a clear plexiplass
test section 5.1 cm in diameter and 30.5 ecm long fitted with perforated baffles
to provide a uyniform hydraulic flow pattern through the test section. Flow
velocities ranged from 4 to 45 cm/sec. Illumipaticn was provided by a I5 watt
luncandescent light bulb covered by zu opaque diffuser directly above the
regspirometer test section, Water temperature within the respirometer was
maintained at 15,0 + 0.1 C.

In each experiment fish were acclimated in the respirometer for 24 hours
under static ecopndizions. Following acclimatlon the test velocity was started
and the fish was allowed an additional 30 mioutes o adjust fo the water flow.
Following the adjustment period the respirometer volume (2.31 L} was sealed and
the test begun. Dissolved oxygen and temperature measurements were made at 15
minute intervals using a YSI Dissolved Oxygen Meter (Model 54) and polargraphic
probe. Oxygen consumption rate, expressed as mg0o/kg/hr, was calculated using
the slope of a least-squares linear regression of oxygen concentration against



cummulative time during ecach 125 minute experimeut.

The energetically optimal swimming speed for each group of test fish was
determined by transforming oxygen ceonsumption rates per unit time (mgQy/kg/hr)
into oxygen consumption rates per unit distance (mg0Oy/kg/km) using the
formula: .

mg0y/kg/km = (mg0y/kg/hr at speed 515 (hr/km at Sy).

The distance, in this case one kilometer, was chosen arbitrarily. Using this
technique a relatlon between energetic expenditure for swimming a specific
distance at a specific speed can be developed. The parabolic shape of this
relationship is indicative that an energetic optimum exists for each species and
size class of fish tested.

Behaviorally Selected Swimming Speed

Selected swimming speed experiments wetre conducted in an oval flume 15.9 m
in circumference, 1.0 m wide and 0.4 m deep (Figure l1). Flow was generated from
a motor=-driven six-blade paddle wheel. Direct visual observations were made
from glass viewlng ports aloug the inner wall of the flume. Light intensity in
the experimental system was contreolled using a rheostat and eight 75-watt
incandescent bulbs equally spaced around the flume circumference, Illumination
at the water surface, 1 m from the light sources, was continuously variable from
14.0 to < 1 x 1074 footcandles. Water temperature was malntained at 15.0 +
0.5 C by a water cooler. '

To quantify selected swinming speeds two hydraulic gradients were
eatablished within which velocities ranged from < 1 to 35 cm/sec and from < 1
to 45 cm/sec over a 3.3 m linear section of the test flume. Hydraulic gradients
were formed by decreasing the cross—sectional area of the test section from 0.40
n? to 0.13 m? over a 3.3 m distance. Fish were contained within the
hydraulic gradient by vexar plastic screens. Using techniques of
three~dimensional mapping and correlation between fish position and water
velocity within the three-dimensional matrix of the hydraulic gradient we were
able to quantify the selected swimming speed for individuals or groups of fish
over a range of light intensities.

Experimental Results
Energetically Optimal Swimming Speeds
The relationship between oxygen consumption (mgOy/kg/hr log scale) and
swimming speed (cm/sec) derived from respirometry trials is characterized in

Figure 2. Transforming oxygen consumption rates (mgOy/kg/hr) by the time
required to traverse a unit distance, a relationship between energetic
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expenditure for swimming a specific distance at a specific speed as shown 1In
Figure 3 can be developed for each species and size class of fish tested. The
characteristic paraboliec shape of this relartionship indicates that an optimal
swimming speed exists for each group examined.

A general summary of‘re5pirometry data and the estimated energetically
optimal swimming speed for ecach test group is presented in Table 2. These
estimates, however, are based on a relatively small number of replicate
respirometry trials and should only be considered as an approximatiom of
energetically optimal swimming speeds. ,

Behaviorally Selected Swimming Speads

Results of three~dimensional mapping for a total of 110 juvenile fishes
exposed to velocity gradients ranging from <1 to 35 cm/sec and <l to 45 cm/sec
at a light intensity of 14.0 footcandles are summarized in Table 3. Figure 4
illustrates a typical frequency histogram of selected swimming speeds for
juvenile fishes exposed to a velocity gradient.

In general, bluegill selected the slowest swimming speeds, while chinook
salmon consistantly selected the highest swimming speeds. Characteristics of
the selected swimming speeds for each species are presented below.

Chincok Salmon (Oncorhynchus tshawytséha)

Juvenile chinook salmon are found in fast water: riffles and rums in
rivers. A number of studies have documented that the chinook salmon prefers
swifter sections of a stream in comparison to ¢oho galmon (Q. kisutch). Chinook
salmon are also found in aggregates or schools and are less territorial than
either coho salmon or steelhead trout (S5almo pairdneri).

Thus in the laboratory it was observed that the selected swiwming speed of
chinook salmon approximately 48 mm in length was approximately the same for
still (21.6 cm/sec) aud moving water. (20.4 cm/sec). This selected speed was
affected by size of the fish, group size (increasing from 13.5 em/sec for
individuals to 17 em/sec for groups of 10 fish), and food availability.
Observations of fish exposed to a velocity gradient for 50 hours suggest that
juvenile chinocok salmon shift towards slower velocities in the absence of food.
+ Light or time of day seemed to have little effect on swimming velocity.

Bluegill (Lepomis macrochirus)

Bluegill are relatively stationary fish which hold territories in ponds,
lakes, and slow and slugglish portions of streams and rivers. They are ambush
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Figure 4, Distribution of selected swimming speeds for chinook
salmon exposed toa velocity gradient ranging from

<1 to 35 cm/fsec.
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or lie-and-wait predators. Thus it is not ,surprising to find that bluegill
showed a strong tendency tc select low velocities. (bservations of bluegill
during swimming speed selection trials suggest these fish are actively gelecting
~ areas such as the null zone created by the forward retaining screen or reduced

~veloeity areas associated with boundary layer conditions of the tank walls and
bottom. These observations suggest that bluegill are acuteély sensitive to their
hydraulic enviromment and actively avoid higher water velocities.

Bluegill exposed to a velocity gradient showed a significant positive
relationship between selected swimming speed and light intensity. At a light
intengity of 14.0 footcandles selected swimming speed averaged 10.7 cm/sec. As
light intensity decreased to 1.9 x 10™2 footcandles {approximately bright
moonlight) selected swimming speed decreased to 3.5 cm/sec.

Mississippi silverside (Menidia avdens)

The silverside is found in slower streams and has been extremely successful
in Clear Lake and Lake Tezxoma after being introduced. It is a schocling,
particulate zooplenktivore which cruises in search of prey. We found that the
silverside did not vary its selected swimming speed significantly during a 31
hour test period under constant light intensity (14.0 footcandles). This
result, in addition to observations made during testing, have led us to conclude
that once silversides select a specific swimming speed they maintain themselves
at that velocity for periods of time in excess of 31 hours with no visible signs
of stress or fatigue. A statistically significant positive relationship does
exist, however, between the selected swimming speed of silversides and light
intensity. Diel feeding studies by Elston and Bachen (1976) and Li and
Wurt sbaugh (in prep.) indicate that silversides don't feed intensively during
the night and, in fact, a feeding experiment showed them to be sluggish at
night. Perhaps an-activity rthythm and lack of visual acuity at night make
ailversides 1ess responsive. No apparent relationship between the density of
silversides and their selected swimming speeds was evident.

Discussion of the Findinvs

Past attempts to provide design criteria for water intake systems have
relied on determining swimming endurance at various velocities. Research has
moved beyond investigations of the stamina of fish swimming in a current of a
given velocity, as this question has been addressed by numerous investigators
(see Webb 1975 for a comprehensive review). Such information does uot
necessarily solve the impingement problem since it has been shown that fish are
impinged at velocities substantially lower than those in forced swimming
performance trials. Obviously many critical factors have not been studied.
Information regarding the specific nature of these critical factors must be
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considered in designing future intakes.

The research we have described, although in an early stage of development,
suggests an approach to developing biological design criteria for water inrake
systems based on fundamental blological and hydraulic pripciples. We have
applied the reasoning of Brett (1965), Weihs (1973), and Webb (1873) in ,
developing a model which integrates the concepts of energetic optimality and the
behavicrally selected swimming speeds for fish. The relationship between the
energetically optimal swimming speed defined by swimming energetics and the mean
behaviorally selected swimming speed for juvenile bluegill, chinoock salmon, and
sllversides is shown 1n Figure 5. The least-squares linear regression equation
for these data was: selected swimming speed (cm/sec) = -0.77 + .04
(energetically optimal swimming speed in cm/sec} with a correlacion coefficient
of 0.92, From this regression it is apparent that behaviorally selected
swimming speeds can readily be estimated using respirometry techniques. The
general agreement between the predicted optimal swimming speed and behaviorally
selected swimming speed supporis the idea that our approach is promising.

We believe that fish 10ss due to entrainment and subsequent impingement at
water Intake systems will be minimized if structures are designed to neet the
physiological and behavioral responses of fish to velocity fields. Our
experimental evidence suggests that fish expend less energy when exposed to
their optimal swimming speed. Thus, an intake velocity which is less stressful
to a fish would enhance survival of those fish collected at the intake.
Therefore, one application of these research results would be to develop
biologically meaningful criteria for establishing intake velocities which do not
exceed the optimal-selected swimming speed for those species to be protected.

In addition, our evidence suggests that fish do select specific velocities. If
this behavioral response proves to be the case these results would be applicable
to establishing velocity criteris for diversion and bypass facilities commonly
employed at larger intake systems.

It would be difficult, if not impossible, to establish one optimal intake
velocity applicable to a mixed array of fish species and sizes. By examining a
variety of fish species, however, we have documented the generality of our
approach. Additional species and size classes of fish will have to be examined
in order to evaluate this concept in general before making recommendations as
to 1ts applicabllity for establishing design criteria for a mixed species array
from a wide variety of aquatic habitats. At different sites, for instance, one
might design intake velocities to protect a few economically or ecologlcally
important species at the sacrifice of others. There may even be a sltuation
where the species which need protection have widely discparate selected
velocities. Our approach will not be a panacea for all aquatic problems and
certainly we should warn that an economically unimportant species may be an
important food item for game or commercilally valuable fishes.

It should be noted that predictions of fish behavior in hydraulic flow '
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fields can be developed utilizing data only from the selected swimming speed
studies thus eliminating the need for oxygen consumption swimming speed
experiments. Eliminating metabolic experiments would, however, eliminate two
critical components necessary for developing design criteria based on these
studies. First, it is through the measurement of fish metaboliam (via oxygen
consumption) that we are able to determine if swimming at the optimal swimning
speed 1s, in fact, less stressful on fish than swimming at velocities above the
optimal speed. As previcusly discussed, if we can define intake velocities
which are less stressful to fish we may be able toc enhance survival of those
fish collected. Secondly, studies conducted on selected swimming speed for fish
species and size classes in our laboratory may not be directly applicable on a
site~specific basis due to differences in water temperature, critical species
and size classes to be protected, etc. The experimental system required to make
such site-speclfic determinations of selected swimming speed is large and not
generally portable {(i.e., hydraulic test flumes), and in addition, such studies
are expensive and time consuming. We have evidence which confirms that the
selected swimming speed of fish can be quickly estimated based on a knowledge of
the energetically optimal swimming speed (see Figure 5). Thus site-specific
studies could be carried out using a respirometer which is inexpensive to build,
easily transportable, and could be used to establish design criteria using
ambient water and fish specles from any site under consideration.

Our choice of oxygen consumption to define the energetically optimal .
swimning speed was not haphazard, Aerobic respiration, which we measured using
the respirometer, can be expressed in purely energetic units {e.g. calories)
using known constants. The only other energetic factor is anaerobic metabolism
which Is of 1little intereat since fish swimming at or helow maximum sustainable
speeds do not undergo anaerobic metabolism. By designing intake velocities for
the optimal swimming speed of fish the incidence of anaerobilc metabolism and the
associated lactic acid accumulation in the blood can be minimized, thus
significantly reducing the level of preimpingement stress on entrained or
entrapped fishes. ' '
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Appendix

During the course of this resesrch project an effort has been made to pug
our ideas and information before the scientific commpunity and public through the
publication of several scientific papers. Summaries of manuscvipts available
from the authors follow. In addition, two graduate theses (C. Hanson Ph.D. and
J. White M.5.) will be available in restricted numbers when completed as a
result of graduate student support furnished during the course of this proiect.

Entrapment and impingement of fish by
power plant cooling-water intakes: an overview,
Marine Fisheries Review 1977 39(10):7-17.

An overview ¢f the recent information available on fish entrapment and
impingement by power plant cooling+water intakes is presented. The types of
biological problems caused by intake structures, the strengths and weaknesses of
various water intake/fish protection systems, and the biological/ecological
processes relevant to this problem are discussed. Factors contributing to
direct and delayed mortality in screen-impinged fish are examined with emphbasis
on the relationship between water velocity, impingement time, and physiclogical
stress. In considering the prasent state of predictive model simulations for
developing impact assessments we have pointed out areas which need refinement,
omissions, and limitations of our present knowledge. The biological impact of
water withdrawal for power plant cooling can be minimized by consideration of
intake siting and design criteria including site evaluations, cooling system
degign {i.e. closed-cycle cooling or once~through cooling system) and the use of
guidance, diversion and fish salvage systems. We conclude that future research
should focus on examining basic¢c behavieral and physinlogical mechanisms
agsociated with fish entrapment ard impingement in combination with ecological
processes of those populations and communities influenced by proposed and
existing projects.

An alternate approach for developing intake velooity
design criteria., 1977 Cal-Neva Transactions of the
dmerican Wildlife Society.

Recurring fish losses at power plant cooling-water intakes demonalrate fhe
need for improving intake design and operation to reduce the impact on aguatic
resources. An approach is proposad for deriviang iantaie veicrity eriteria which
focuses on the interaction of biloenergerics and fish behavior. A model based on
an energetic optimum and selected swimming speed is used to predict the response
of fish ta hydraulic flow fielde. Dats on oxygen consurntion rates for juvaenile
-chinook salmon (Oncorhynchius tshawytscha) indicare maximur energsfic EIf,ClEiLY

-occurs at a swimming speed of 25 cm/sec. Juvenile chinook salmon exposed to a
velocity gradient behavieorally select a velocity of approximstely 21 om/fsec.
These results support the basic hiypothesis that the behavioral response of Fish
to a hydraulic flow field is not random but is p?edzctablﬂ in tevms of an
energetically optims! swimuing speed for a given species and sisze class,
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Physical amd bBlological facters which Influence nlbﬁwcxguns ¢f trhe wodel are
described.: Applications of the model in understundmﬂg fish response {n wator
intakes are suggested. Limitations of this appiesch in establishing power plaﬂ
intake design criteria are slso discusseds

Orientation of juvenile chinook salmon and bluegill
to low water velocities under high and low light levels-

The rheotropic response of juvenile chinmook salmon and bluegill to water
velocities less than 2.5 cm/sec under high (1 x 103 footcandles) and low (1 z
104 footcandles) li1pht levels was determined. Chinook salmon and bluegiil
were pogsitively rheotropic at conatant water velocities less than 2.5 em/sec.
The rheotropic response by both species was independent of light intensity.
Orientation of chinook salmen and bluegill were comparable under the high light
intensity. Chinook salmon, however, appear to be more positively rheotropic
than bluegill under low 1ight conditions.

Experimental investigations of the selected swimming
speed of Juvenile chinoock salmen.

Behaviorally selected swimming speeds for juvenile chinook salmon
(Oncorhynchus tshawytscha) in a 15.9 m test flume aversged 21.6 cn/sec (S.D. =
3:3) under static conditions and 20.4 cm/ser {S.D. = 4.3) under Flowlng water
conditions. Swimming performance was maintained throughout a 24-hour
obeervation period under static conditionm. Selected swimming speed averaged
22.6 and 2G.1 cm/Bec, respectively, for 43.8 and 68.0 mm fieh undor static
conditions and 20.7 and 19.B8 cm/ssc, respectively, under flowing water
conditions. Selected swimming spesd varied significantiy over a range of Llight
intensities; howaver, no statistical Jiffereuce was cobgserved at gxkreme light
intensities tesred, 1!.0 and 1.3 x 10°2 footcanmdiles. In gpeneral, selectaed
pwinmlne speed was independesnt of fish size uad food availsbilityy however,
performance was directly related o group size.

Reaporas of juvanile chinook szlpon aad
hivegiil to ve?th i and horizentsl watey withdraevals.

Bpatial ovientszsion and epntrainment response of juvenile chincek walmow
and blupgill expozed to vertical snd horizonbal water withdrawsls st an approsch
velacity of 53 emfzor were determined. Juveniie chilnook saipon oxhlbited a
gtatistically significant avoldance response to a veritdosl wivkdrgwal. Ho
sipnificant change in spatial orientation was detected for chincok salnmon
expnsed to » horizontal withdrawel. Sdgnificantiy mure cilﬂﬁuk salmﬁn ware
entrained into 2 horizontal withdrowal (31.7%) than s tic: o
{5.08). Similarly, 46.0% of the bluegill were ontrained % usfizuntii
withdrawal compsred to 19.0%7 entrained into a vercical WiuhGF?WﬁLe
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An spproach is developed for deriviag inkeke veloe
on the iateraction of bioenergsiics snd fish hehavior is vel *
Agreement between estimated energeficszlly optimal swiﬂmirg ﬁPG dz and the mean
of observed behaviorally sclected swimming spesds Zor juvenile chinook salmon,
bluegill, and silversides was good (r = 0.92). These results support the
hypothesis that the behavioral response of fish to z hydraulic flow fisld is
predictable in terms of an encergeticsally optimal swimning speed for 8 given
species and sirze class of fish. Phyaical and bisclogical factors which influence
the application of this spprosch te the develgpment of degign criteria which
would minimize {mpingement losses at water intakes are discussed. Limitations
of this approach and areas requiring addictional resesrzh are suggested.

Behavioral response of juvenile chipook szalmon
to trash rack bar spacing

The behavioral respense of juvenile c¢hilnook salmon to vertical crash racks
having interbar spacings ranging from 5.1 to 30.5 em i= reperted. Dwperimentsa
ware conducted in a laboratery chamnel with a watey velocifr u{ 31.9 omfsec
“under light intensities of [4.0 and 1.0 % 1072 fesvoandles. Tragh racks
having imterbar spacing lese than 15 om may act ag i bchaqlcvai barvier vhus
increasing the susceptibilivy of fuvenile f£ish vo ﬁ?vdatlﬁﬂw The nshavicral
regponge pattern was independent of xight twﬁqiz
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