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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 assess behavioral
responses of juvenile chinook salmon (Oncorhynchus tshawytscha), bluegill
(Lepomis macrochirus) and Misl;lissippi silversides (McnicHa audens) to some of
the variables encountered during entrainment or entrapment into a~ater intake
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 a series of experiments using juvenile chinook salmon,
bluegill, and silversides support the basic hypothesis that the behavioral
response 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 veloci,":- ~ .... qign criteria.
are discussed.

The proposed model has tremendous applicability and 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 environment. 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. netails of special studies are summarized in the
appendix.
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Introduction

Population growth and the shift of our culture towards energy-intensive
activities will combine to increase the demand for energy in the decad'es ahead.
A concomittant increase in the demand for cooling-water i~ inevitable. To
characterize the magnitude of this demand, consider that conventional 1000 MWe
fossil fuel and nuclear power plants require cooling-water at a rate of
approximately 50 and 75 m3Jsec, respectively. This demand is currently being
met by diverting natural surface waters which also serve as habitat for a
diverse aquatic flora and fauna.

The use of natural surface waters for thermal dissipation from steam
electric generating stations imposes two major potential sources of damage on
aquatic organisms: thermal discharges and entrainment l , entrapment 2, and
impingement 3 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 an intensive effort by regulatory
agencies, utilities, and environmental consultants to document the problem,
arrive at rational 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 is unknown. Duri~g ~ecent 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 it very
helpful when attempts are made to improve intake designs.

Historically, intake design criteria have been developed on a trial and
error basia. 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 yield unacceptable results.
It is 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.

IAn organism which is drawn into a water intake as part of the volume of water
which it occupies is said to be entrained.

2Entrapment refers to the physical blocking of larger entrained organisms by a
barrier, generally some type of screen located within the intake structure.

3Impingement 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 sWi~ming trials and~i:ime to fatigue
for fish exposed to velocities in respirometers or staminatj,lTloels. In general,
these fis'h ar,e confined wi_~!t;i.n -an experimental apparatus ~n which-'velocity
preferences cannot be tested. As a result of performance studies it is
generally,recommendecl that large intake areas should be provided to reduce
intake velocities, That sWimDrlng capability 'cannot be considered-independent of
behavioral response is illustrated by exten6iv~ fish losses at plants with low

_ , _ _ r \

intake velocities. Are.some fishes attracted to current?
'1~-.

AN ALTERNATIVE APPROACH TO DEVELOPING INTAKE VELOCITY CRITERIA

Based on microhabitat theory an energeJic-based model is proposed
encompassing the basic hypothesis that the behavioral response of fish to a
hydraulic flow field is not random but rather is predictable in terms of an
energetically optimal swimming speed for a specific fish species 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
variables, however, we have focused attention on the general conceptual
framework illustrated below.

behavioral response .........--------Gbolllo bioenergetics
(velocity selection) (metabolic demands)

'" /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 is most energetically
efficient. The model also predicts that fish will behaviorally select their
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 expenditures of swimming in different hydraulic
conditions. Although the interaction between behavior and bioenergetics in
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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 response of
juvenile fishes to hydraulic flow fields and the swimming speed which was
energetically optimal. Specific objectives of the study 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
speed; (3) to examine the influence of various 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 tsha~tscha) as a
representative species from a lotic habitat and bluegill (Lepomis macrochirus)
and Mississippi slivers ides (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 b~haviora1 response of fish to hydraulic gradients. .

Research Methodology

Swimming Respirometer

OXygen consumption rates of juvenile fish swimming at various velocities
were measured using a closed-cycle swimming respirometer similar to that
described by Brett (1964). The respirometry system included a clear plexiglass
test section 5.1 em in diameter and 30.5 em long fitted with perforated baffles
to prOVide a uniform hydraulic flow pattern through the test section. Flow
velocities ranged from 4 to 45 em/sec. Illumination was prOVided by a 15 watt
incandescent light bulb covered by an opaque diffuser directly above the
respirometer 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 conditions. FollOWing acclimation the test velocity was started
and the fish was allowed an additional 30 minutes to adjust to the water flow.
Following the adjustment period the respirometer volume (2.31 i) was sealed and
the teat begun. Dissolved oxygen and temperature measurements were made at 15
minute intervals using a Y5I Dissolved Oxygen Meter (Model 54) and polargraphic
probe. Oxygen consumption rate, expressed as mg02/kg!hr, was calculated using
the slope of a least-squares linear regr~s8ion of oxygen concentration against
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cummulative time during each l~J minute experiment.

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

mgOZ/kg/km ~ (mgOZ/kg/hr at s?eed Sl) (hi/km at 81).

The distance, in this case one kilometer, was chosen arbitrarily. Using this
technique a relation 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 were conducted in an oval flume 15.9 m
in circumference, 1.0 m wide and 0.4 m deep (Figure 1). Flow was generated. from
a motor-driven six-blade paddle wheel. Direct visual observations were made
from glass Viewing ports along the inner wall of the flume. Light intensity in
the experimental system was controlled 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 10-4 footcandles. Water temperature was maintained at 15.0 ±
0.5 C by a water cooler.

To quantify selected swimming speeds two hydraulic gradients were
established within which velocities ranged from < 1 to 35 em/sec and from < 1
to 45 em/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
mZ to 0.13 m2 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 (mg02/kg/hr log scale) and
swimming speed (em/sec) derived from respirometry trials 1s characterized in
Figure Z. Transforming oxygen consumption rates (mgOZ/kg/hr) by the time
required to traverse a unit distance, a relationshlpbetween energetic
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expendi ture for ,swimming a specific distance at a specific speed as shown in
Figure 3 can be developed for each species and size class of fish tested. The
characteristic parabolic shape of this relationship indicates that an optimal
swimming speed exists for each group examined.

A general summary of 'respirometry data and the estimated energetically
optimal Bwimming speed for each 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 approximation of
energetically optimal swimming speeds.

Behaviorally Selected Swimming Speeds

Results of three-dimensional mapping for a total of 110 juvenile fishes
exposed to velocity gradients ranging from <1 to 35 em/sec and <1 to 45 cm/sec
at a light intensity Df 14.0 fODtcandles are summarized in-Table 3. Figure 4
illustrates a typical frequency histogram of selected sWimming speeds fDr
juvenile fishes exposed to a velDcity 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.

Chinook Salmon (Oncorhynchus tshawytscha)

Juvenile chinoDk salmon are found in fast water: riffles and runs in
rivers. A number of studies have dDcumented that the chinoDk salmon prefers
swifter sections of a stream in comparison to cDho salmon (Q. kisutch). Chinook
salmon are alsD found in aggregates or schools and are less territorial than
either coho salmon or steelhead trout (Salma gairdneri).

Thus in the laboratory it was observed that the selected swimming speed of
chinook salmon approximately 48 mm in length was approximately the same for
still (21.6 cm/sec) and 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 Df 10 fish), and food availability.
Observations of fish expDsed to a velocity gradient for 50 hours suggest that
juvenile chinDok salmon shift towards slower velDcities 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 sluggish portions of streams and rivers. They are ambush
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or lie-and-wait predators. Thus it is not)surprising to find that bluegill
showed a strong tendency to select low velocities. Observations of bluegill
during swimming speed selection trials suggest these fish are actively selecting
areas such as the null zone c_reated by the forward retaining screen or reduced
velocity areas associated with boundary layer conditions of the tank walls and
bottom. These observations suggest that bluegill are acutely sensitive to their
hydraulic environment 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
intensity of 14.0 footcandles selected swimming speed averaged 10.7 em/sec. As
light intensity decreased to 1.9 x 10-2 footcandles (approximately bright
moonlight) selected swimming speed decreased to 3.5 em/sec.

Mississippi silverside (Menidia ~~)

The silverside is found in slower streams and has been extremely successful
1n Clear Lake and Lake Texoma after being introduced. It is a schooling,
particulate zooplanktivore which cruises in search of prey. We found that the
eilverside 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. Diet feeding studies by Elston and Bachen (1976) and Li and
Wurtsbaugh (in prep.) indicate that si1versides don't feed intensively during
the night and, in fact, a feeding experiment showed them to be sluggiSh at
night. Perhaps an activity rhyt~ and lack of visual acuity at night make
silversides less responsive. NO apparent relationship between the density of
silversides and their selected swimming speeds was evident.

Discussion of the Findin~s

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 not
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 intake
systems based on fundamental biological and hydraulic pripciples. We have
applied the reasoning of Brett (1965), Weihs (1973), and Webb (1975) in
developing a model which integrates the concepts of energetic optimality and the
behaviorally selected swimming speeds for fish. The relati~nship between the
ener~etically optimal swimming speed defined by swimming energetics and the mean
behaviorally selected swimming speed for juvenile bluegill, chinook salmon t and
silversides is shown in Figure 5. The least-squares linear regression equation
for these data was: selected swimming speed (em/sec) = -0.77 + 1.04
(energetically optimal swimming speed in em/sec) with a correlation 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 supports the idea that our approach is promising.

We believe that fish loss due to entrainment and subsequent impingement at
water intake systems will be minimized if structures are designed to meet 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 i.utake 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 criteria for diversion and bypass facilities commonly
employed at larger intake systems.

It would be difficult, if not impossible, to establish one optimal intake
velocityappllcable 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 its applicability for establishing design criteria for a mixed species array
from a wide var.iety of aquatic habitats. At different sites, for instance, one
might design intake velocities to protect a few economically or ecologically
important species at the sacrifice of others. There may even be a situation
where the species which need protection have widely disparate 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 commercially 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 m.etabolism (via oxygen
consumption) that we are able to determine if swimming at the optimal swimming
speed is, in fact, less stressful on fish than swimming at velocities above the
optimal speed. As previously discussed, if we can define intake velocities
which are less stressful to fish we may be able to 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-specific 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 s'Wimming 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 in~xpensive to build,
easily transportable, and could be used to establish design criteria using
ambient water and fiBh species from any site under consideration.

Our choice of oxygen consumption to define the energetically optimal
swimming 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
~hich is of little interest since fish swimming at or below maximum sustainable
speeds do not undergo anaerobic metabolism. By designing intake velocities for
the optimal sWi~ing speed of fish the incidence of anaerobic 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 rese::it"ch proj ect an effort has been made to, pu,
our ideas and infonnation before the scienti fie cOGllnm:ity and public through the
publication of several scientific papers. Summaries of mamlsCl.-ipts available
from the authors follow. In addition~ two graduate theses CC. Hanson Ph.D. and
J. White M.S.) will be available in restricted numbers when completed as a,
result of graduate' student support furnished during the course of this project.

Entrapment and impingement of fish by
power plant cooling-water intakes: an overview.

Marine Fisheries Review 1977 39(10):7-17.

An overview of 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 weaknes-ses 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 exmnined with !~phasis

on the relationship between water velocity, impingement time, and physiological
stress. In considering the present state of predictive model simulations for
developing impact assessments we have pointed out areas w~ich 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
design (i.e. closed-cycle cooling or once-through cooling system) and the use of
guidance, diversion and fish salvage systems. We conclude that future re8ea~ch

should focus on examining basic behavioral and physiological mechanisms
asisociated with fish entrapment and impingement in combination with ecological
processes of those populetions and communities influenced by proposed and
existing projects.

An alternate approach for developing intake velocity
design criteria. 1977 C~l-Neva Transactions of the

American Wildlife Society.

Recurring fish losses at pO"wer plant cooling-water :int~k,?s demm1slr8l:e t.h\2:
need for improving intake design and operation t.o reduce: the impacit on {!l.quatic
resources. l'U1 approach is proposed for derivLlg intake: velocity criteria ,.;,ich
focuses on the interaction of bioenergetics and fish ber~a'vior. A model ba~,ed OD

an energetic optimum and selected swimming speed is used to fi1"edict thE" :tesponse
of fish to hydrauliC flow fields" Data on oxygen consUlliptil)n t'ates i01~ ju\:"(;nile

-chinook salmon (Oncorhynchus !~ha~t&cha) inci teste m;:'!.xl1ll:Uli: ,~m~rgebe erne 1.enty
-occurs ~t a swimming speed of 25 cm7Sec. Juve.nile chinook si'!ll\)oH exposed to a
velocity gradient behaviorally select a velocity of appToximstely 21 cml sec.
These results support the basic hypothesis that the behavioral response of HBh
to a hydr.aulic flow field is not random but is pr-ed.ictable in terms or a~

energetically optimal swiwuing speed for a given species and si~e clasa.
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Physical and b.1.o1ogicB.l fac.:tc'rs 'c;!hich :Influcncc: pn;dicU.ons: d the \'.lodel aH"
described. Applications of the, model. in unde.rst2<uding Ltsh respetlse t 0 watc.~

intakes are suggested. Limitations of this approa.ch in esta,b1:Lshing pow"er plant
intake design criteria are also discussed.

Orientation of juvenile chinook salmon, £nd bluegill
to low water velocities under high and low light levels.

The rheotropic response of juvenile chinook salmon and bluegill to water
velocities less than 2.5 em/sec under high (1 x 103 footcandles) and low (1 x
10-4 footcandles) light levels was determined. G~inook salmon and bluegill
were positively rheotropic at constant water velocities less than 2.5 em/sec.
The rheotropic response by both species was independent of light inte~sity.

Orientation of chinook salmon and bluegill were comparable under the high light
intensity_ Chinook salmon, however, appear to be more positively rheotropic
than bluegill under low light conditions.

Experimental investigations of the selected swimming
speed of juvenile chinook salmon~

Behaviorally selected s\o1imming speeds for juvenile chinook salmon
(Oncorhynchus tshawytscha) in a 1$.9 m test flume averaged 21.6 cmlsec (S.D. =
:),3) under static cond:i-tions and 20.4 em/sec. (S.D. "" 4.5) under t1;:,wing water
cond:ltions. Swtmming performance was maintained throughout a 24-hour
observation period under static conditions. Selected s~o1im[i!1ng speed averaged
22.6 and 20.1 cm/Bec.~ respectively, for 43.8 and 68.0 llInt fieh und;;;r static
conditions and 20.7 and 19.8 em/sec. re.spectively. Ui',der flOWing wltter
conditions. Selected- swimming spe,~d varied $1gnHh~<HttJy OVel, a lr.:lnge (;f lig;ht
inten.c;ities; hoW'ever~ no :3tatisti.::al diffen;ll:ee 'i'i;rlS ohserved at loxtr"il'l1;": light
intensities tested. 11.0 and 1.3 x 10-2 footcandles. In Beneral. selected
sW1rmnJ,.llg spe~~d was independent of fish s:i2r~ ,-,,:\.(I fGod 'J.vBilnbilit:yt hOifreV(et'"

perfonnancto was di.rectly related'. to grou.p size.

Response of j\.w,~)dl,,; ::ch'Lnl'lok salf~,)n and.
blu.egill to vertical, and horizontal waU:;r withdl'i;l1>lals.

Spatial oriet'1tdtion .wd cKJxr.:ainment response of juvenjj.,-, chh1;O(1-k "C;c"lll-,(;n
and blupgill exposed to ve;:tic~l1. ~;ml hartzontat '..t:iitet' viithdr,'}'(J"ls ;.t ;:-m dP'PrD.,~.(h

velcd.ty of 53 cm/~.('e ,Iet0 d(;ter-mlned.. Juvenile cl11nook r'.;:dGlClU ei.htb:tIJ:d a
statistically significant [i'V'(J.i.dance 1~agpOnge tr;» a vi:~·rt:1,.c~11 1·,iith0Y-,~H-ial... N~)

signific,Llnt change in spt'ltial orL~nt&t:UJn \'i'tis d<::l~,er;r.e.d for c.hi.rwok ;;",lmor.
exposed to n h..Hi ;wr:,tal wi r.hd 1"6.\-;8:1. Signi t i(:tikltly TIJ!.d~, chi :-1ciOk salmon \.,'8:Ce.

entrained into Ii: hor.izontal t.rithdr<:::w811 (31.7'%) than. i", v~xticaI l,-il1:hdra'{I,'ll
(5.0~O. Similarly, ~h.O% of the bluegill ~';E'r,~ 0nt:nHn~~d :Ltr,t:t:> n hod.:r.ont.i~1

withdr8.w~11 compared to 1.0.0% entrAine.d: into 11 vet"t.ical \Jithdrawal.
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~!~elrge tical Iy G-p ti:~'l-81 £i~vi1~~j'1' 1'::.g ~~';PQf,6:!':;: ::ilt1c
hr.~havior,;.l1y SE'.v~ct~d S:w'i!\Hiflng ;:.if!t"":d>,\ of

juvenile fish.es~ 'zppl:l.ca'i):UHy rOri c'€,l,>e:;,.(~r'~'''.G;

biological d~~aig:n tclte:ria ferr Wqf:er intake 8y~~tc::O'i!~ <'

An approach is d.eveloped for: deriving intake velocity design cr~.tc"i8. bdsed
on the lnteraction of bioe.nergetics and fish behlivior' 1.n v~::loctiy grad:i.enta.
Agreement between estimated energetically opt Imn.l sw:im1.,rl.ng .spei'ds !md the mean
of observed behaviorally selected swimming speeds for ju:vel~ile c11.incok s(dmon~

bluegilll' and silversides 'Was good (r "" O~92). Thes\.~ re:'H:llts sUlJport the
hypothesis that the behavioral response of fish to H hydraul ic HOT..l field 1~

predictable in terms of an en~,.rget:tc.~~lly optillUl.l l:'>wimm.tng speed ~()r a given
species and size class of fish. Physical and biological factors \:;ltdch lnfluel1ee
the applic.ation of thls apprcHilch to the development of dGsign cdter:La which
would minb.nize impingement losses at 'Water intakes axe disctrss£1.'1. Limitations
of this approach and areas requiring additional I'esearch are suggest.eo c

Behavioral response of juvenile chinook salmon
to trash rack bar spacing

The behavioral reBponse of juvenile chinook salmon to verticaJ trafiih rackB
having interbar spacings ranghtg from 5.1 to 30.5 em is reported" Experiments
weTe conducted in Ii laboratory channel with a.':Jater velo,::it .... of 31.8 ,:~m/sec

under light intetisiti.es of 14.0 and 1.0 Jt 10~l fCO\;C8ntIlee.' 'r-r:gh rae,ks
having interbal" spac.i.ng ie.59 than 1,5 r:lll '!J.w.y act ~l~ i1 bl?b.avic1:"J. '0"~t,~iet thus
h1ct'ea8il:Jg t.he 1'3uscer;-tibility of juV,t'::n.ile fish to pn)J:~ati(m.,} The :v'havicr:al
re,spof"i:se pattern was independent of light lnt~::nsity•


