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ABSTRACT

Protection of fish in the vicinity of power plant cooling water
intakes has become a major envirommental concern over the past several years.
More recently, attention has been focused on-the potential for protecting
larval fish from entrainment mortality at power plants. This study presents
the results of a laboratory study designed to evaluate the ability of several
species of larval fish to avoid entraining flows through wedge-wire statiomary
screens ("fish avoidance" concept). This concept features small opening
screens, low inlet velocities, and an unobstructed bypass and is dependent
on the ability of the larvae to detect and swim away from the screens. This
study was designed to test this concept in 2 flowing water environment.

All species tested showed some ability to avoid entrainment and
many species showed considerable\avoidance_of entraining flows. Safe bypass
or avoidance of entrainment was generally related inversely to slot size and
velocity through the screen. Best results were shown for the 0.5 mm slot
and 7.6 cm sec_l (.25 fps) slot velocity. At least one of the smallest
species tested showed appreciable avoidance of the largest slot size, 2.0 mm,
tested. From a biological point of view this screening concept has the

potential for protecting all fish of the "impingeable" size as well as a

large portion of the "entrainable" size.
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A STUDY ON THE PROTECTION OF
FISH LARVAE AT WATER INTAKES USIN
WEDGE-WIRE SCREENING

INTRODUCTION

In recent years attention has been given to the practicability
of protecting larval fish at water intakes. Two basic concepts of
larval fish protection at power plant intakes are currently being
evaluated by TVA. In one concept fine-mesh screens are used to prevent
entrainment of fish larvae into the plant. The fish are retained by
the continuously traveling screens and safely transferred to a bypass to
be returned alive to the source water body. This concept ("impinge-release')
could be applied to both vertical traveling screens in which the larvae are
transported above the surface of the water and horizontal traveling screens
(Prentice and Ossiander 1974) iu“which the larvae remain submerged through-
out the screening process.

A second screening concept, reported here, for protecting larval
fish at water intakes depends on the ability of the fish to swim away from
the intake ("fish avoidance"). Basic fish protection requirements of this
concept are a screen with sufficiently small openings and sufficiently low
water velocities through the screen to enable larvae to swim away from
the screen. This concept 1is being evaluated far.applicatian to a stationary
screen.

Larval fish just é few days old are capable of oriemting to
low water velocities (Tomljanovich et al. 1977). Sazaki et al:
(unpublished report, California) tested swimming abilities of larval

and juvenile king salmon, steelhead trout, and striped bass. They




found that 90 percent of the 10-1Z mm striped bass tested were able to
maintain themselves in a current of 6.1 em sec-l (0.2 fps) for six
minutes while 90 percent of the 50 mm fish were able to maintain them-
selves in an 18.3 cm sec-l (0.6 fps) current for six minutes.

Several applications of the fish avocidance concept have been
suggested for possible use at low-volume power plant intakes. Stober
et al. (1974) conducted studies om the use of rapid sand filters for
protecting larval and juvenile fish and large invertebrates from entraia-
ment into power plant intakes. McSwain and Schmidt (1976) reported on the
‘use of a gabion screen in combination with perforated pipes buried in river-
run gravel to protect juvenile salmon in the Merced River in California.
Water passes through the gravel and perforated pipes at velocities low
enough to prevent fish encrapﬁent. Richards and Hroncich (1976) reported
the development of a perforated pipe intake for the protection of fish at
a 1.58 m3sec-1 (55.7 ¢fs) water pumping station on the Columbia River. 1In
this design, the pipes rested on supports above the river bed rather than
in the substrate. The perforations were 9.3 mm diameter and the velocity
through them was 15.2 cm sec-l (0.5 £fps). The approach velocity 9.5 om from
the screen was reduced to 6 cm secnl (0.2 fps).

The design of a fish avoidance screen is necessarily dictated
by the swimming ability and behavior of the species of larval fish that
are to be protected as well as the site specific physical characteristics
of the intake location. If an intake based on this concept is successful
in protecting larval fish, it will also provide protection for juvenile and

* adult fish which have greater swimming ability.




Objective
The study reported here was designed to estimate the ability of
several species of larval fish to avoid impingement against and entrain-
ment through a fish aveidance screen in flowing water. The stationary
test screen used was made of slotted stainless steel with wedge-shape
wire (Smich 1977).
The safe transport of larval fish past such an intake was
expected to be influenced by the following design and biological criteria:
1. Overall screen dimensions and shape.
2. Width of screen slot opening.
3. Combination of slot (through-screen) and bypass water velocity.
4. Proportion of total flow withdrawn through the intake screen.
S. Orientation of the screen with respect to the river flow.
. : 6. Differences in behavior, size, and swimming ability among
different larval fish speci;s.
Based on these considerations the following experimental variables
were tested in a2 laboratory flume:
1. Orientations of a flat screen--horizontal and vertical.
2. Slot widths——0.5 mm, 1.0 mm, 2.0 mm.
3. Bypass and slot velocity combinations:
Bypass: cm sec-l 7.6 15.2 30.5 61.0
(fps)  (0.25) (0.5) (1.0) (2.0)

Lo7e 152 22.9

Slot: cm sec
(fps) (0.25) (0.5) (0.75)
b4, Species tested: '

muskellunge - Esox masquinongy

channel catfish ° = Ictalurus punctatus



bluegill - Lepomis macrochirus

largemouth bass -  Micropterus salmoides

smallmouth bass -  Micropterus dolomieui

striped bass - Morone saxatilus
walleye - Stizostedion vitreum
Glossary

Approach Velocity - The calculated or measured velocity of water in

the flume upstream of the test screen through which water is

withdrawn.

Avoidance (Avoided) - Refers to a significant difference between observed
and expected proportion of fish which bypass the test screen in which

observed is greater than:expected.

Bypass Velocity = The velocity of the remaining portion of the total

flow of water in the test flume affer a portion has been withdrawn
through the test screen. Bypass velocity 1is calculated or measured
at a point immediately downstream of the test section being used in
a particular experiment.

Entrainment — The transport of fish through a test screen by water current.

Entrapment - The arithmetic sum of number of fish entrained and number
impinged.

Impingement - The process of a fish being forced against a test screen by
water current and unable to escape throughout the duratinm of a test.

Larval Fis@ - Developmental stage of fish defined as extending from the
period of hatching to full development of fin rays. Used throughout
this report to refer to fish a few days to a few weeks of age.

This period of development is divided into the prolarval stage (from

£ :"3\5”@; -




time of hatching until absorption of yolk sac is complete, and fisﬁ
begin actively feeding on plankton) and post-larval stage (larval
stage after absorption of yolk sac).

Pooled — Refers to the summing of the three replicate observations for
each test such that the totals are treated as representing a single
observation.

Proportion Bypassed =~ Refers to that proportion of the total number of

fish released at the upstream end of the flume which are collected
downstream of the test section at the end of a test. Inm this report,
proportion bypassed always refers to the mean of three replicate
(pooled) tests.

Slot Velocitv - The velocity of the portion of the total flow of water in

the test flume which is withdrawn through the test screen. This is
the calculated average velocity at a point between the wires of the

screen.

MATERTALS AND METHODS

Description of Test Facility

The facility used in this experiment provided simulation of a
range of water velocity counditions that would typically exist in a river
or stream. The apparatus was designed to test the response of larvae to
several combinations of approach and slot velocities, screen orientatiom,
and amount of exposure to screen (length of screen). The facility was
not designed to model a prototype.l

The test apparatus consisted of a plexiglas.flume (Figure 1)
11.9 m long by 39.4 cm wide by 39.4 cm deep. Half of rthe flume contained

five consecutive 1.2 m long screen sections. Water could be withdrawn from

5
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one or more of the test sections through the slo:ted screen.l The
horizontal orientation of the screenm on the bottom of the flume provided
the condition of a downward vertical intake flow. To establish a horizontal
intake flow ome or more of the test sections could be rotated 90 degrees.
In this positicn the screen constituted cone wall of the flume. Smith (1977)
described the design of the test flume and screening medium in detail.

Water temperature control was unavailable in the test flume.
Water used in the laboratory is supplied from a 757 m3 sump located
beneath the laboratory. A few times each year the sump may be drained

and refilled with chlorinated city water. To remove the chlorine and

. make the water suitable for testing fish, the water is aerated by circulating

'3: through one or more test fluﬁés or models. Since the water supply is
changed infrequently, chlorime toxicity is rarely a problem. Water
temperature is dependent on ambient weath;r conditions as well as the
4extent to which the several test flumes and models are operated. During
che operation of the pumps which supply water to the flumes, heat is
absorbed by the water; operation of several pumps during the summer months

often causes water temperatures to exceed 27 C (80 7).

Acquisition and Pretest Holding of Fish Larvae

All species of test fish were acquired from state or Federal
fish hatcheries, usually within one to three days after hatching. These
larvae were transferred to the pretest holding laboratory via oxygenated
water in insulated containers. At the laboratory the fish were held in
620 2 Living Streams or 890 £ circular tanks until transferred to TVA's:

Engineering Laboratory for testing. Oxygen was supplied to each tank via




a central air system. During the pretest holding period (one to several
days) those species in the postlarval stage of development were fed a

diet of brine shrimp (Artemia salina) several times daily. - )

Description of Test Procedures

The response of fish larvae to the velocities and screens was
tested using only two test sections, one with a vertically positioned
screen and one section with a horizontally positioned screen. The two
screen orientations were always tested separately. The test screen area
was limited to one section in order to test the fish response under
better defined velocity conditions. Withdrawal of water through all test
screens simultaneously would have created large differences between

approach and bypass velocity between the upstream end of section 1 and the s

e’

downstream end of section 5. .Restricting the initial tests to one section
resulted in minimal differences between approach and bypass velocities and
facilitated a better initial evaluation of the influence of velocity on fish
entrapment. Testing was conducted as follows:

1. Test fish were transferred from "Living Stream”" holding tanks ta
the Engineering Laboratory for testing via a 12 % plastic
container.

2. To adjust the temperature of the holding water to that of the
flume water, the transfer container was immersed in flawing
flume water. Water temperature was monitored periodically,
and testing was not begﬁn until the temperature in the container
was within 2 C of the flume temperature. Exceptions to this

procedure are discussed later in the report. During the

e




temperature adjustment period, the holding water was

continuously aerated, and fish were carefully observed for

overt signs of thermally induced stress.

Experimental conditions for a particular test (screen

position, screen slot width, and water velocities) were

selected.

Flows were established and velocities checked with a Marsh-
McBirney Model 722 water current meter.

Three replicate groups of test fish (estimated to be about

100-200 each) were siphoned from the acclimation container

into 500 ml beakers.

For each replicate observation, the fish from one beaker were
released in the uppermost end of the flume by pouring approximately
equal numbers into each of ;hrae Plexiglas tubes. This method

was designed to distribute the fish homogeneously throughout

the water columm.

For each replicate test the behavior of the fish larvae was
documented as they passed through the test sectiom.

Each test was terminated after all the test fish either (1) passed
through the test section (bypassed), (2) became entrapped
(entrained or impinged), or (3) were still swimming against the
current tem minutes after being released into the flume (counted
as bypassed fish).

At the end of each replicate test the entrained fish were:retrieved
from a screened cup designed to intercept them after they passed

through the test screen (Figure 1). Bypassed fish (including
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those still swimming in the test flume) were collected in
a_cone—shaped net located in the bypass region downstream of
the test section. A removable screened cup at the end of this
net facilitated retrieval of the organisms.

10. After temoval of the bypassed fish, the net was reinserted in
the flume to collect the impinged fish. This was done by
"sweeping” the test screen and allowing the impinged fish te
drift downstream into the net.

-11. The impinged, entrained, and bypassed fish either were counted
immediately after the test or, when numbers in a category were
large, were preserved in 5 percent Formalin and returned to
the laboratory for counting.

12. Three replicate tests were next conducted at the same flows on
the alternate screen orientation b} diverting the entraimment
flow to the adjacent test sectionm.

13, Individual total length measurements from one or more selected
samples were made bn each day of testing. For each species tested,
all fish from the same hatch appeared to be very similar in size

throughout the testing period.

Numerical Analysis

The basic experimental question in this study was whether larval
fish would respond to velocities through the test screen by avoiding
entrainment and impingement as they were swept downstream past the test
screen. It waé hypothesized that if larval fish were essentially "plankﬁonic"

(i.e., displayed limited or no swimming response) the expected proportion

of fish bypassed would be equal to that proportion of the total flow of

at
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water which was bypassed. A replicated goodness-of-fit procedure was
applicable to the analysis of this experimental question. The "G"
statistical parameter was selected because of ease of calculation and
because it allowed a precise determination of within-replicate variability
or "heterogeneity” (Sokal and Rohlf 1969). |

The expected proportions bypassed and entrapped were determined
by the unique bypass-slot vélocity combination for each test. Differences
between the horizontal and vertical orientations were analyzed by comparing
the observed proportions of fish bypassed (pooled over replicate tests)
with a paired t-test (Ostle 1963). Tabular and grachical presentations of
the results were used to assist in the preliminary interpretations.

Since the proportion of water entrained among bypass-slot

velocity combinations was not comnstant in this experiment, direct examination

of the proportion of fish bypassed as a means of comparing fish response
among slot velocities and between bypass velocities was not meaningful.
Therefore, a variable, which was adjusted for the different expected
entrainment values, was calculated using the formula:

Pb - Eb

1- b

Pr =

where Pr = "relative bypass,'" Pb = observed pooled proportion of fish
bypassed, and éb = expected proportiomn bypassed (based on proportion of
total flow entrained through the screen for a given bypass-slot velocity
combination). This variable (Pr) represents relative bypass as the
ratio of the observed bypass (Pb - ﬁb) to the maximum possible bypass
(described by 1 - gb). Thus, a score of 1.00 for any given test would

indicate that all of the larvae had bypassed the screem, and a score of 0.00

)

S W
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was obtained when the observed proportion bypassed was equal to the
expected proportion. A negative value indicated that a larger proportion
was entrapped than was predicted by the expected proportion. However,
since relative bypass was not bounded on the negative scale, the
magnitude of a negative value had little comparative meaning. Graphical
presentation of these data was used to assist in the interpretation of

relationships among bypass and slot velocities and screen orientations.

RESULTS AND DISCUSSION

STRIPED BASS

Between April 12 and July 14, 1977, 894 tests were conducted
on seven species of larval fish. Two experiments were conducted with
striped bass, onme during April with fish obtained from a coastal hatchery
(Georgia) and one during June with fish obtained from an inland water
hatchery (Tennessee). The June set of tests was conducted as a check of
reproducibility of the results. In both sets, the fish were obtained as
prolarvae (yolk sac stage). The average total length of the fish from
selected samples was 5.6 mm in the first group and 5.9 mm in the second
group. Because of fewer available specimens in the second group, these
fish were not tested with the 0.5 mm slot screen or at the 7.6 cm sec-l

bypass velocity.

Water Temperatures

The first group of striped bass was tested during the period

April 12-19, 1977. During this time the test and holding temperdtures were

relatively cocl and did not appear to stress the fish. Holding temperatures
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ranged from 18.0 C to 19.4 C and test temperatures ranged from 17.0 C to
21.0 C. The wmaximum difference between holding and test temperature to
which the fish were subjected was 2.1 C.

The second group of striped bass was tested on June 3 and 6,
1977. By this time, the water temperature used in the test facility had
warmed considerably. Holding temperature on June 3 was 17.0 C while the
temperature in the flume was 26.0 C. On June 6 the holding temperature
was 19.0 C, whereas the test flume temperature ranged from 25.0 C to
25.5 €. Thus, the maximum difference between holding and test temperature

to which the fish were subjected was 9.0 C.

0.5 mm Slot (April Tests)

The results of the experiments with striped bass indicated that
these larvae were "entrainable" chrough all three slot widths tested. With
the screen of 0.5 mm slot width, the goodness-of-fit tests indicated that
all proportion bypassed values were significantly different from expected
values (Table 1). 1In all cases, the observed numbers weré greater than
the expected values (Figure 2). Relative bypass tended to decrease
as slot velocity increased, whereas a consistent trend with respect to

increasing bypass velocity was not evident (Figure3).

1.0 mm Slot (April Tests)

More entrainment occurred through the 1.0 mm slot than through
the 0.5 mm slot. Of the 24 tests of 12 slot-bypass velocity combinations
(12 with the horizontal and 12 with vertical screen), 19 yielded proportion
bypassed values which were significantly different from the expected values

(Table 1 and Figure 2). 1In 16 of these observed bypassed values were

s
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Figure 2.

proportion of striped bass bypassed by slot

width {denoted in mm above each bar) and screen orientation

April experiment.

for each slot and bypass velocity.
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Figure 3. Results of larval fish screening investigations ("fish
avoidance" concept) : relationship of relative bypass
to bypass and slot velocity for striped bass. Slot
width of the screen = 0.5 mm. April experiment.
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greater than expected whereas three showed lower than expected proportion
bypassed values. All of these lower than expected values were obtained
from tests on the vertical screen. Trends among bypass velocities were
not readily discernible; however, for both the 0.5 and 1.0 mm slots, low
relative bypass at the lowest bypass velocity was observed (Figure 3

and 4). This was probably due to the longer residence time of the larvae
in the test section; the ability of the larvae to reside in the test
section fér longer periods of time at this lowest bypass velocity resulted
in a longer exposure time to the test screen and entrainment flow. In
addition, at the lowest bypass velocity, turbulence and flow reversal at
the downstream end of the test section (TVA 1977) caused some of the

bypassed fish to be reexposed to the entraining flow.

2.0 mm Slot (April Tests)

The proportion bypassed values were significantly different from
expected for the 2.0 mm slot (Table 1 and Figure 2) in 20 of 24 test
combinations. WNineteen of these values were greater than expected. The
test yielding the lower-than-expected value was the verticai oriesntation,
7.6 cm sec-l slot velocity, and 61.0 cm sec‘l bypass velocity. This
velocity combination represents the highest expected bypass (91 percent) of
the 12 combinations. Low relative bypass at the lowest bypass velocity
probably reflects reexposure, as described above, whereas relatively low
bypass at the high bypass velocity may have been due to the apparent

inability of the fish to orient sufficiently to respond to the entraining

flow (Figure 3).

1.0 om Slot (June Tests)

In the second experiment, proportion bypassed values were

significantly different from expected in 13 of 18 tests. 1In all of these
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Figure 4. Results of larval fish screening investigations ("fish
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width of the screen = 2.0 mm. April experiment.
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cases, the observed values were greater than the expected value (Table

2 and Figure 6). A nearly complete reversal in results between the
horizontal and vertical orientatian occurred from the April to the Jume
series of tests on the 1.0 mm sScreen. For the nine velocity combinations
used in both series of tests (Tables 1 and 2), proportion bypassed values
in the April series were greater-on the horizontal screen under all nine
combinations. For the same velocity combinations tested in June, the
vertical screen yielded greater proportiom bypassed values in all nine
cases. As in the April tests, there was a tendency in the second series
of tests for relative by?ass to decrease with increasing bypass velocity
(Figure 7). Also, only a slight trend of decreasing relative bypass
with increasing slot velocity was apparent, especially at the highest

bypass velocities.

2.0 mm Slot (June Tests)

The results of the second series of tests with the 2.0 mm slot
screen showed that the difference between proportion bypassed and expected
bypass was significant in 11 of the 18 test conditionms (Table 2 and
Figure 6). 1In all 11 cases the observed bypass was greater than the
expected. Relative bypass values showed an inverse trend, both with
bypass and slot velocity (Figure 8). These data showed no consistent
difference with respect to screen orientatiom.

During both experiments with larval striped bass, proportion
bypassed values were greater with the 2.0 mm slot than with the 1.0 mm
slot for onme of the screem orientations (Tables 1 and 2). During the first
experiment this phenomenon was true of the vertical screenm, while in the
second experiment this phenomenon occurred with the horizontal screem. This

phenomenon was peculiar to the tests with striped bass.
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There were no obvious differences in the size or overt behavior

of the two groups of larval striped bass tested in this study. Larval
striped bass are an opén water species. In both experiments, the fish
were observed to orient into the current, react to the entraining
current by vigorous swimming, and to move toward the flﬁme water surface.
However, in spite of the apparent similarity of the two groups of fish,
each group responded quite differently to identical velocity conditions
in the test flume. These two groups of fish probably showed differences
in genotype since they were obtained from different populations. Subtle
differences in behavior (associated with genetic differences) may have
accounted for large differences in respomse to entraining currents in
the test facility.

Apparenc.stress to the la::er'group of fish, probably due to
the elevated flume water temperature, may have adversely affected the
reﬁroducibili:y of the results. Midway through the second set of tests,
the test fish appeared to be suffering from acclimation to flume
water temperature. At that point we began to introduce the fish into
the test chamber directly from the transfer container without acclimating
the fish to the test temperature. The response of the fish to the test
conditions seemed to improve. Apparently the short exposure time to the
test conditions as well as the lack of apparent immediate thermal shock
when charged into the flume water, resulted in the increased respomnse to tht

test conditions.

LARGEMOUTH BASS

Due to a limited number of available specimens, a partial series

of tests was conducted with larval largemouth bass using the screens with
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0.5 and 2.0 mm slot widths. Further, since this species appeared to
show relatively stroug swimming behavior, tests were conducted only at
the three highest bypass velocities.

Tests were conducted on April 28 and 29 and on May 4 and
S. On these days, the average total lengths from selected samples vere
9.5 mm, 9.8 mom, 10.4 mm, and 11.6 mﬁ, respectively. Relatively high
standard deviations (1.08, 1.06, 0.08, and 1.76 mm, respectively) are a
result of obtaining the fish from hatchery ponds rather than laboratory
1;cubators.

Throughout the largemouth bass test period, water temperatures
in the flume remained fairly cool and constant, ranging from 19.3 C on
April 28 to 20.5 C on May 5. Pretest holding temperatures were similar

to the test temperatures, ranging from 20.0 C to 20.5 C.

0.5 mm Slot

This species was infrequently eatrained through the 0.5 mm slot.
Goodness—of-fit tests indicated that every bypass-slot velocity combination
and screen orientation yielded proportiom bypassed values which were
significantly different from the expected values (Table 3 and Figure 9).

In every test, the observed value was greater than the expected
value. Similarly, relative bypass with the 0.5 mm slot was nearly

constant (1.00) at all bypass-slot velocity combinations and both screen

orientations (Figure 10).

2.0 mm Slot

Some testing was conducted with the 2.0 mm slot, with the most

complete information at the 15.2 cm Sec‘l bypass velocity. In 9 of 10

test conditions, goodness-of-fit tests showed a significant differeace

\\‘-w/
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between observed and expected proportion bypassed (Table 3 and Figure 9).
Observed values were always greater than expected. At the

15.2 cm sec-l bypass velocity, relative bypass tended to decrease

with increasing slot velocity (Figure 11). This trend was most pronounced
with the horizontal orientation. At the greatest slot velocity (22.9

em sec-l), the observed propsrtion bypassed (0.50) was not significantly
different from the expected (0.47). Although relative bypass values

with the vertical screen were often higher than values with the horizontal
screen (Figure 11), the difference was not consistent, and a paired t-test
indicated no significant difference (t = -0.862, df = 13) of proportion

. bypassed with screen orientation.

MUSKELLUNGE

On May 9, 1977, two tests ;ere conducted with five-day-old
muskellunge larvae on the 2.0 mm screen (horizontal and vertical). Prolarvae
of this species were relatively large (average total length = 11.5 mm,
standard deviation = 0.29 mm) and inactive, and tended to remain on the
bottom of the holding container. After being released at the upper end
of the flume, they were able to swim upstream of the test section for
several minutes. At slot velocity 15.2 cn.sec-l and bypass velocity
7.6 cm sec-l, all fish were entrained through both the horizontal and
vertical screens. Their behavior indicated a general inability to sense
and avoid the entraining flow. Although they displayed "burst” responses
(sudden vigorous swimming) near the screem, they were incapable of
avoiding the intake currents and 100 percent entrainment resulted. No
further tests were conducted until May 17 when the fish had growm to

15.3 mm (average length). On this date, three sets of horizontal and three

R
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sets of vertical tests were conducted (slot velocity 15.2 cm e and
bypass velocities 7.6, 15.2, and 30.5 cm sec-l). Alchough the fish

again appeared to be quite passive, an avoidance response was observed
(Table 4). Fish were now observed bursting away from the 2.0 mm slots

and passing downstream into the bypass.

WALLEYE

A complete series of tests, including 12 velocity combinationms,
two screen orientations, and three slot sizes, was conducted with walleye
larvae between May 20-24, 1977. At the start of testing, these larvae were
four days old. Since all hatched on the same day and all were still in
the prolarval stage, there was little size variation. The average total

length on each test day for fish from selected samples was:

5/20/77 - 9.2 mm (s;andard deviacion = 0.24% mm)
5/21/77 = 9.4 mm (standard deviation = 0.27 omm)
5/23/77 - 9.4 om (standard deviation = 0.27 mm)
5/23/77 - 9.5 mm (standard deviation = 0.27 mm)
5/24/77 - 9.8 mm (standard deviation = 0.32 mm)

On the first scheduled day of testing (May 18) it became necessary
to drain and refill the entire water supply. After two days of continuous
circulation of the water to remove the chlorine, testing of the walleye was
initiated despite high chlorine levels. Walleye larvae characteristically
show high mortality under laboratory holding conditions within several
days after hatching. Hence, it was necessary to begin testing as soon as
possible after the fish were obtained. The short exposure time (0.5 to 5
minutes) to the chlorinated water was not expected to appreciably affect

fish response in the tests.

Y A ———_L ————— e s
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During the period May 18-24, continuous pumping of the water to
remove chlorine elevated the temperature from 21.3 C to 25.0 C. Holding
temperature ranged from 19.8 C on May 20 to 18.0 C omn May 24, resulcing in
a maximum temperature change of 7 degrees on the last day of testing.

The condition of the walleye deteriorated with each passing
test day. Initially, when the fish were still prolarvae and tested in
relatively cool water, they were observed in good condition, swimming
vigorously in the holding container as well as in the flume. By the
second day of testing, a few cases of cannibalism were observed. By
the middle of the second day the fish, which were adjusted to flume water
temperature prior to testing, were in poor conditiom. They appeared to
be lethargic and did not respond to the test chamber flows. At this point
the fish were charged into the test facility without being adjusted to
flume water temperature. The résponse of the fish in this case was
noticeably improved. At the lowest bypass velocity (7.6 cm sec-l), many
of the unacclimated individuals were able to swim against the current for
five minutes. The fish showed no obvious signs of thermal stress from
" being charged directly into the test flume without temperature acclimation.

By May 23 cannibalism was more prevalent and the fish again
appeared to be in poorer condition than on the previous test day. Those
fish that were attempting to swallow another fish showed obvious difficulty

orienting to the current and appeared to be more readily entrained.

0.5 mm Slot
Larval walleye showed very high proportion bypassed'values under
all test conditions with the 0.5 mm slot screen. At all velocity

combinations and screen orientations, the observed proportion bypassed was

g .
g’
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significantly different than the expected values (Table 5 and Figure 12).
Relative bypass (Figure 13) was at or near 1.00 for all test

conditions except the highest slot velocity (22.9 cm sec-l). Most of the
entrapment on this screen was in the form of impingement, indicating that
this group of fish consisted of individuals too large to pass through the
0.5 mm slot. Of the several thousand test fish exposed toc the screen,

only five were entrained whereas 231 individuals were impinged.

1.0 mm Slot

Goodness-of -fit tests performed on test data from experiments
with the 1.0 mm slot screen showed that proportion bypassed was significantly
différent from the expected for every combination of bypass and slot
velocities as well as for both horizontal and vertical screen orientation
(Table S5 and Figure 12). 1In only one case was the proportion bypassed
less than the expected value (lowegt bypass and highest slot velocity,
horizontal screen). Relative bypass was highest (near 1.00) at the
30.5 and 61.0 cm sec—l bypass velocities (Figure 14). At these high
velocities there was litrle difference in relative bypass between the horizontal
and vertical screens. At the lower bypass velocities, relative bypass
decreased, especially at the higher slot velocities, and difference

between screens increased.

2.0 om Slot

Goodness-of-fit tests showed that with the 2.0 mm slot, proportion
bypassed was significantly different (greater) from the expected value for
all bypass-slot velocity combinations and screen orientations except one

(Table 5 and Figure 12).
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Figure 13. Results of larval fish screening investigations (“fish
avoidance" concept): relationship of relative bypass
to bypass and slot velocity for walleye. Slot width
of screen = 0.5 mm.
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Figure 14. Results of larval fish screening investigations
("fish avoidance" concept): relationship of relative
bypass to bypass and slot velocity for walleye.

Slot width of screen = 1.0 mm.
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Relative bvpass at the 2.0 am slot was lowest at low bypass
and high slot velocities (similar to the resul:is with the 1.0 am slot,
Figure 15).

Even though larval walleve appearad-:o be relatively weak
swimmers, this species avoided entrainment under nearly ail 2xperimental
conditions. Larval wallayve zre typically peiagic {#oude and Formney
1970), anc in the flume they éere usually discributed =zhroughout the
water column or near the surface. At the lower bypass velocities,
walleye were obsarved to detect and actively swim against entraining
flows through the horizontal scra2en. Walleye behavior with raspect oo
the vertical screen was difficult to obsarve; however, :the dairea t-tast
indicated that proﬁortioa bvpassed values with the vertical orientation
2.95%

.. N

were significantly greater than with the horizontal scraes (¢ =

df = 35).

SMALIMOUTH BASS

Larval smallmouth bass, tested on May 25 and 26, were relatively
large (mean length equal to 9.7 mm) and strong swimming. Since these fish
would have swum against the lowest bypass velocity for prolonged periods,
tests were not conducted at this velocity. Also, because of their
relatively large size they were not subject to entrainment through the

0.5 mm slot; hence tests with this screen were omitted.

1.0 mm Slot

Very few larval smallmouth bass were entrained through the 1.0 mm

screen. Goodness—of-fit tests showed that the proportion bypassed values:

i
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Results of larval fish screening investigations ("fish
avoidance" concept): relationship of relative bypass
to bypass and slot velocity for walleye. Slot width of
screen = 2.0 mm.
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were significantly different (greater) than expected values for all
bypass slot velocity combinations and screen orientations tested (Table
6 and Figure 16). Comparison of relative bypass showed little
evidence of. trends with respect to bypass velocity or slot velocity
(Figure 17). Relative bypass with the vertical screen was usually

greater than with the horizontal screen.

2.0 mm Slot

The observed proportion bypassed values were significantly
different from the expected values in 16 of 18 test conditions with
the 2.0 mm slot (Table 6). For all velocity combinations, the observed
values were greater than expected. In all these cases proportion
bypassed values were similar or lower with the 2.0 mm compared to
the 1.0 mm slot. Differences were parﬁicularly large for two bypass~-
slot velocity combinations (15.2 cm sec‘l bypass-22.9 cm sec-l slot
velocity and 15.2 cm sec-l bypass-15.2 cm sec“l slot velocity). This
increased entrapment may have been due to the larger residence time in
the test chamber at this bypass velocity.

Trends in relative bypass were far more apparent with the
2.0 mm than with the 1.0 mm slot (Figure 18). Relative bypass
increased with increasing bypass velocity, with the biégest change
occurring between 15.2 and 30.5 cm secﬂl velocities. Slot velocity
seemed to have a slight additive effect; relative bypass decreased
uniformly as slot velocity increased at all bypass velocities. A4s
with the 1.0 mm slot, relative bypass was greater with the vertical”
orientation. Thus, larval smallmouth bass responded by avoiding

entraining flows under all conditions tested in this experiment. In




*saniea pajoadus ayl woag m
(S0'0 = ) Juvaayyyp A13ueoT3yudys aaom SaNTEA poAI8sqo BY) IEY] pajedjpuf sysdjeug 31j-jo-889upoog peaedyday -
¥ e

acmm 0 ¢amm 0 «nqo.o «Amh.c ¢w~h.o : 98%°0 _ 0°¢ w_
*omm.o «mcm.o «ﬂmo.c *ﬁnw.c ¢hhm.o ¢qma.o 0°1 6°tt W
(08L°0) (0v9°0) : (0L7°0) L
*mwm.o *Hcm.o auhm.c ¢me.a *mﬁm.o L19°0 02 W
nccc.H «nmm.c «Nha.o *Hnm.c «cmm.c tonm.c 0°1 AR w
(0%8°0) (0€L°0) (009°0) :
-3 ® ® - : 0 . . - v

tooo T gmam 0 «wmm 0 «mmm 0 «oma 0 «hdm 0 0°¢
rocc.ﬁ 000°'1 «mmm.o «nmm.ol cmma.o «Nnm.c 0°1 9°¢ :

8 (ot6-0) * (08°0) (0z2°0)
A H A H A H (urur) (;,298 wd)
0.19 §0E . 21 \ o278 L3go0104 _
Aﬂsumw wo) A3jyoorap pIssedig ) j018 J01%

‘SUOTIBIUSTIO UIBIDE () TEIFII2A puw (1) Teauozyaoy puw ‘*sazys jors ‘suoTleurquod £3ys019A
Jo1s-gsed{q snojieA 103 (sPsayjusied UT pajouap) peasswdLq uvopjrodoad psioadxs °sa passed{q sseq
Yinougyems jo uojjiodoad paaiesqo jo uosyiedwod {BUOTIBBTISAAUT UIBIDE ,BOUBPIOAW 4ystj,, Jo si[nsay *9 @iqel

B —



44

>— EXPECTED PROPORTION BYPASSED

— HORIZONTAL.

(] ~VERTICAL

: A R NN AN NN NN
- 7/?///4.4?//’/,/////’//////’//////Jw//.’/.

61.0 em/sec—!

22.9

NN \
" ?ﬁ//fd.///////g//lr///%ﬁ//ﬁ/g///

15.2

T R RN

BYPASS VELOCITY 15.2 cm/sec
2
7
7
7
2
2
7z
Z
7
Z
7
2
?
2

NN N N NN AN NN NN NN

T

AN
1 1 L.i- 1

.;ol—

| SR I | 1
o O o
£% g8 28 98 8

Q3SSVdAB NOILY¥0dONd

30.5 cm/sec™!

P

N AN NNNNNY
- nﬁr//ﬁ///??/?//’g////////?////

12

N R RN
ARHEEEEEEEEREEE T EEEEEEREEEEEEENREE SN

12

1212
B 1

> g
>

(/]

22.9

15.2

w
Ll
~

0

| I |
0% o (o]
& ® K €& @ ¥ m

03SSVdA8 NOILHOdO0Hd

1.00¢
.70
- 0

w -

1 1
o o o
o~ ot

22.9

15,2

w
L]
P~

Q3SSVdA8 NOILHOJOYHd

SLOT VELOCITY (cm/sec™!)

tation

d by slot

proportion of smallmouth bass bypasse

Results of larval fish screening studies ("fish avoidance”

concept):
width (denoted in mm above each bar) and screen orien

for each slot and bypass velocity.

Figure 16.




Bypass

Relative

45

Smalimouth bass

Overtical orientation

@® horizontal orientation

229

15.2

78

100 ii mrm e () oo —————— sa
.80 \ /
.60 @
.40
.20
0
100 @ ——— 9
.80 ®-
.60
40
.20
0
100 ,g'—-—-——, == smans @D
.80 8/
.60
.40
.20
0 T Y 7
15.2 305 61
Bypass Velocity [cm sec-'l
Figure 17. Results of larval fish screening investigations (“fish

avoidance" concept): relationship of relative bypass

to bypass and slot velocity for smallmouth bass.
width of screen = 1.0 mm.
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the flume, this species usually remained near the bottom, which may
explain the higher entrainment with the horizontal screen (paired t-test

showed a significant differemce: ¢t = 3.67, df = 17).

CHANNEL CATFISH

Channel catfish larvae are relatively large. The four- and
five—day-old individuals that were tested om June 9 and 10 were from the
game hatch and showed only a narrow range in size. The average.length,
width, and depth of fish from selected samples were 13.4, 2.7, and 2.8 nm;
respectively. Because of their relatively large size and strong swimming
ability, testing was limited to the screens of 1.0 and 2.0 mm slot
widths and three highest Sypass velacities.

Water temperature in the test flume was 25.0 C on the first day
of testing compared with 19 C in the holding tank. On the second day the
fish were adjusted from 19.5 C in the holding tank to 24.0 € in the test

flume.

1.0 om Slot
No entraimment occurred through the 1.0 mm slot under any of

the bypass-slot velocity combinations (Table 7 and Figure 19),

suggesting that the fish were too large to pass through. Impingement

totaled only five fish and occurred under only one test condition (15.2 cm

sec—l bypass and 22.9 cm sec-1 slot velocity).
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2.0 mm-Slot

Considerable entrapment of larval catfish resulted with
this screen (Table 7 and Figure:19). Nearly all of the entrapment
was in the form of entrainment; only two specimens were impinged
throughout the entire series of tests with 2.0 mm slot. Goodness-of-fit
tests indicated a suhstantial-deviacion of propertion bypassed from
expected values (Table 7), especially at the highest (22.9 cm sec-lj slot
velocity. In five of the six tests conducted at this slot velocity (three
bypass velocities and two screen orientatioms), the proportiou bypassed was
significantly different from the expected values (less than expected in
four cases and greater in Qne case).

HBigh negative relative bypass values (Figure 20) at the
22.9 cm sec—l slot velocity and low bypass velocities are probably the
result of two factors. First, channel catfish are characteristically
demersal (i.e., inhabit the bottom area of a water body; Pflieger 1975),
and their immediate response when pla;ed in the flume was to descend to
the floor. Essentially all of the fish passed downstream and entered the
test sections in the bottom one-fourth to one-third of the water columm.
Therefore, for the horizontal screen tests, nearly all of the fish entered
the test section in the portion of the water column that was withdrawn through
the screen. - In this case it would be more realistic to use an expected bypass
- of 0.0. Using this correction it can be seen that some avoidance occurred even
under the highest (22.9 cm sec-l) slot velocity and low bypass velocities.
A second reason for negative relative bypass may be attributed to the

strong swimming ability of these larvae. Because they were able to swim

s

in the test section for several minutes, coupled with theilr apparent R
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preference for the bottom, their susceptibility and exposure time to the
entraining curreat was increased. For all slot velocities, relative

avoidance was least at the lowest bypass velocity (15.2 cm sec-l),

Horizontal vs. Vertical Screen Orientatiom
For the 1.0 mm slot, too few fish were entrapped to compare
screen orientatioms. For the 2.0 mm slot, proportion bypassed was greater with

the horizoatal screen in Seven of nine velocity combinations (Table 7). This

- was opposite of what was expected since the fish emntered the test section near

the bottom’of the flume. Because of this, the potential for entrapment was
much greater for the horizontal than the vertical screen.

Two reasons are advanced to account for this apparent discrepancy:
First, the fish appeared to be confused on encountering flume conditions
and swam back and forth, exposing themselves to the vertical screen several
times before bypa’as_ing the test section. Second, on exposure to the horizontal
screen, the fish were able to maintain normal position and to generate the
thrust needed to move and avoid entrapment. In this case, the water flow was
pulling straight down on their bodies, and they appeared less affected than
by a horizontal flow (vertical screem).

When a fish contacted the vertical screen, the flow vector was
perpendicular to the dorso-ventral axis of the body. This seemed to impair

the ability of the fish to gemerate thrust by lateral movements of the tail.

It appeared that much more effort was required to burst away from the vertical

screen than from the horizontal. These combined factors resulted in the

relatively higher emtrapment on the vertical screen. Nearly all of the

entrainment on the vertical screen occurred near the bottom edge of the screen.
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BLUEGILL

On July 14, 1977, a partial series of tests was conducted with
early juvenile bluegill. The average total length of fish from several
selected test groups was 21.5 mm., The test fish were active swimmers
and appeared to be in good condition. Test temperature of the flume
water was relatively high (27.2 C) but the fish did not appear to be
stressed. Because of the fish's relatively large size and strong
swimming ability, tests were conmducted only with the largest slot,

three highest bypass velocities, and two highest slot velocities.

2.0 mm Slot

Bluegill showed very little entrainment even through the 2.0 mm
slot-width screens. Prnportioﬁ‘bypassed values for all test conditioms
were significantly different (greater) from the expected values (Table
8). Relative bypass values were all uniformly high and showed little
relationship to bypass or slot velocity or to screen oriemntatiom. The
paired t-test analysis indicated no significant difference between the

proportion bypassed values obtained with the two screen orientations.

SUMMARY
The ability of seven species of fish in the larval to early
juvenile stages to avoid entrainment through stationary slotted screens

was tested. The mean total lengths of these fishes ranged from 5.6 mm to
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21.5 mm. These species exhibited a wide range in behavior, which affected
their overall perfcrmance in the test flume. Within-replicate variability
was usually high for most species and was probably due to behavioral
characteristics which resulted in nonhomogeneous distributions of the
fish in the water columm.

The results of the 296 separate test conditions (excluding the
first experiment with muskellunge) showed that for all three slot widths,

the fishes tested could avoid entrapment to some extent.

. 0.5 mm Slot
In tests with the 0.5 mm slot, 66 ;eplicated tests of the

three smallest species (eriped bass, walleye, and largemouth bass) resulted
in avoidance. Walleye and largemouth bass showed nearly 100 percent bypass
under all test conditions, whereas the smaller striped bass showed an
inverse relationship of avoidance to slot velocity. Relative bypass
was near 1.00 at the 7.6 cm sec-I slot velocity, decreased to 0.45-1.00
at 15.2 em secdl, and decreased still further at 22.9 cm sec-l slot velocity.

Bypass velocity alone did not appear to affect the ability of
the larvae to avoid the entraining currents. Differences in avoidance
success between screen orientations were apparent only for striped bass
at the highest slot velocities '(grreai:er avoidance shown with the horizontal
screen). However, these differences may represent an artifact caused by

flow reversal in the test section at low bypass velocities.

1.0 mm Slot
Five species were tested with this screem. Of 102 replicated

test conditions using the 1.0 mm slot screen, 88 resulted in avoidance.

- ea . e e e i i S i (i
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As expected, the larger species responded better than the smaller species.
Smallmouth bass and channel catfish showed avoidance in all cases. Walleye,
which were of a size that would make them susceptible to entrainment,

showed avoidance under 23 of 24 replicated test conditions. Striped bass
showaed avoidance under 29 of 42 conditions. Overall, 9 of the 102 test
conditions showed no siénificaut difference between observed and expected
bypass, aﬁd under five conditions significant differences between observed
and expected were obtained in which observed was less than expected. Three
of these five cases occurred at slot velocity 22.9 cm sec—l and twﬁ occurred
at slot velocity 15.2 cm sec-l.

Comparison of cye resulrs for two species which were tested on
both the 0.5 mm and 1.0 mm screens showed decreased avoidance on the latter
scereen for nearly all test conditions for striped bass, but for walleye,
relative bypass remained near 1.00 under all conditions except the lowest
bypass velocity.

A general relationship between slot velocity and relative bypass
for the 1.00 mm slot was not shown. Walleye showed high avoidance at all
slot velocities except at the lowest bypass velocity. In that case the
lowest slot velocity resulted in high avoidance while the highest slot
velocity yielded lowest avoidance. On the other hand, smallmouth bass showed
lowest avoidance at the lowest bypass velocity. Striped bass showed no
relationship of avoidance between the two variables. While there may have
been a slight inverse relationship between avoidance response and slot
velocity, this relationship was probably masked by (1) inconsistent results
between species, (2) bias caused by flow reversal at the lowest bypass

velocity, and (3) occasionally high variation among replicaté observations
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(especially true for striped bass). While there occasionally seemed to be
large differences in awvoidance betWee; screen orientations, this response
varied considerably among species and even among replicate experiments

with the same species (striped bass). Thus, overall, tests with the 1.0 mm
slot showed no clear distinction in avoidance response between screen

orientations.

2.0 mm Slot _

All seven species were tested with the 2.0 mm slot screen. Bluegill
were the largest fish tested and were not entrained through this screen.
Furthermore, impingement was negligihle for this species. The remaining
six species were small enough in size to be potentially entrainable through
the 2.0 mm screen.

0f the 128 replicated test conditions, avoidance was shown in
106 cases. In 16 cases no significant difference was found between observed
and expected proportion bypassed and in six cases observed was less than
expected. Of the smaller species tested, walleye larvae responded best.

In 23 of 24 cases this species showed avoidance.

Species specific behavior greatly influenced avoidance responses
with the 2.0 mm screen. 1In cbntra;: with observations made concerning the
two smaller slot widths, the smallest species did not show the lowest
avoidance. Rather, channel catfish (the third largest species tested) showed
the lowest avoidance of the six species. This phenonmenon was directly the
result of the behavior of channel catfish (a "demersal™ fish) in the flume.
Nearly all of the specieg which were tested on a smaller slot screen showed

greater entrapment with the 2.0 mm screen. The exception was striped bass,
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which showed greater avoidance with the 2.0 mm screen than the 1.0 mm
screen. This unexpected phenomenon again emphasizes the influence of
species specific behavior éatterns.

Of ,the six "entrainable" species, the avoidance responses of
four species were greater with the vertically oriented screen than with
the horizontal screen. Conversely, chamnel catfish showed greater
avoidance with the horizontal screen while striped bass did not show a
consistent difference of avoidance between screen orientatioms.

Avoidance was greatest at the lowest slot veloecity for five
of the six entrainable species (muskellunge were tested only at a single
slot velocity). For three of these species, the largest increase in

entrapment seemed to occur from 7.6 to 15.2 cm sec*l slot velocity.

CONCLUSIONS

The initial hypothesis that larval fish are incapable of
detecting and responding to entraining flows was rejected. All of the
larval fish species tested, except very young muskellunge, showed some
ability to avoid entraining currents under most experimental conditioms.
Many species showed comsiderable avoidance, often resulting in nearly
all of the fish in a given test avoiding entrapment.

Based on the results of this study, it is expected that river
veloeities within the range of bypass velocities tested would not
appreciably affect the safe passage of transported larvae and adults.
Although the effects of slot velocity and slot width were not clearly
apparent, it was shown that at least onme of the smallest species tested

(walleye) could appreciably avoid entrapment with the largest (2.0 mm)
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slot. However, for the smallest species it was found that optimum
protection was provided by the 0.5.mm slot screen.

Based on the results of the larger larvae and early juvenile
fish tested, it is reiterated here that a fish avoidance screen as
conceptually proposed would be capable of protecting essentially all
fish in the early juvenile through adult life stages. In other words,
an inriver well screen system could be designed to eliminate impingement
of the sizes and speéies of fish normally collected on conventional

vertical traveling screens.
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