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INFLUENCE OF WATER VELOCITY UPON ORIENTATION AND PERFORM-
ANCE OF ADULT MIGRATING SALMONIDS

By CHARLES R. WEAVER, Fishery Blologist

'af;?gtiu'ﬂn the months of August and September 1957 a
sitles of experiments were conducted at Bonneville
i, to determine (1) how adult migrating salmonids
reapond to differences in flow velocity, (2) how they per-
fortn in two relatively high-velocity flows, and (3) how
the velocity of flow influences their rate of movement.
Given a choice of entering either of two parallel chan-
nela carrying flows of different velocities, steelhead trout
(Salmo gairdnerl), chinook salmon (Oncorhynchus
silver salmon (0. kisutcl? generally

demonstrated a preference for the channel with the
higher velocity flow. The ma nitude of the response
varled between specles and with velocities of the cholce

condition. .
The performances of steelhead trout and chinook
salinon were examined in flow velocities of 13.4 and 15.8

‘The increasing demand for greater utilization
of water resources in the Pacific Northwest has
resulted in plans for the construction of many
new dams on the Columbia River and its tribu-
taries. One of the major problems arising from
these dams is that of preserving the valuable
anadromous fish populations indigenous to these
waters. Although there are several important
aspects to the problem, one which is of primary
concern is ensuring that the adult fish, migrating
from the ocean to their fresh-water spawning
grounds, are provided safe passage over these
obstacles, In view of the number of dams which
these fish will eventually have to surmount before

~ reaching their destinations, it is extremely impor-

tant to ensure that the passage facilities provided
at each dam (including temporary passage during

. construction) are designed to operate as efficiently

a8 possible, The cumulative effect of even minor
losses or delays at oach dam could seriously jeop-
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feet per sacond by determining the distance they could
achieve in an 85-foot channel. Although there was
conslderable variation in the distances attained by indi-
vidual fish at each velocity, steelhead trout were gen-
erally more successful in negotlating these velocities
than chinook salmon. Larger fish of both species were
more successful in negotiating the two flows than
smaller fish. Both specles performed better in the 13.4
feot per second flow than in the 15.8 f.p.s. flow.

Rates of movement .of ateelhead trout, chinook sal-
mon, and silver salmon were measured in velocities
ranging from 2 to 15.8 f.p.s. Rates of movement varied
with specles, size of fish, and velocity. Maximum ob-
served swimming speeds are given for each species and
various factora affecting rate of movement are discussed.

ardize the perpetuation of this valuable fishery
resource. The material reported upon in this
paper represents one phase of a research program
being conducted by the Bureau of Commercial
Fisherics (reviewed by Collins and Elling, 1961)
under contract to the U.S. Army Corps of Engi-
neers,! to gain more precise knowledge of the
principles involved in adult fish passage.
Although fish passage requirements may vary
with the nature of the obstacle to be bypassed,
the basic problems enteiled in achieving eflicient
passage are: (1) attracting the migrating fish
into the fishway entrance without delay and (2)
providing conditions which will promote a normal
rate of movement through the facility without
taxing the physical capacities of the fish. The

NoTtE,—Approved [or publieation May 14, 1002,

1 Resesrch financed by the U.8. Army Corps of Engineers as part of & broad
progrom of rosearch to provide destgn criterls for more sconomicel and more
afflolent fleh-passage facilitles at Corps projectd on the Oolumbia Rlver.

97

oy

l ;'7 (;:"' e



purpose of these experiments was to acquire a
botter understanding of how the velocities of
fishway flows may be related to these problems.
The following throe types of experiments werc
conducted: velocity-prefercnce, high-velocity, and
rate-of-movement. The objectives were (1) to
examine the orientative influence of water velocity
upon adult migrating salmonids to determine how
the relative attractiveness of fishwuy entrances
may be influenced by the velocities of adjacent
flows, (2) to examine the performance of these
fish at two relatively high-velocity flows to gain
a betler idea of the maximum water velocities
which might be tolerated in fishways or passage
channels, and (3) to measure the rate of movement
of the fish in flows of various velocities to deter-
mine which velocities might be more conducive
to a uniforin rate of passage through fishway
channels.

The work was conducted at the Fisheries-
Engineering Research Laboratory at Bonneville

Dam on the Columbia River during the montl
of August and September 1957. Steelhiead tpow
(Salmo gairdneri), [ull chinook gsalmon (Onco-
rhynchus tshawytscha), and silver salmon (0
Lisufch) were the salmonids used in  fhe
cxperiments.

RESEARCH LABORATORY

The laboratory is located immediately below
the north end of the spillway scction of Bonnewnille
Dam adjacent to the Washington shore fishway
(fie. 1). 'The laboratory and its entrance eanc
exit fishways form a bypass around a shorl sectior
of the main fishway (fig. 2). This unique featuiire
permiis tish to be collected, subjected to various
types ol experiments within the laboratory, anc
returned to the main fishway without being
handled at any time.

The laboratory 1s composed of a collection poo.
where fish are collected prior to testing, an ex

Fiqurs 1.—Resoarch laboratory showing Washington shore fishway in the foreground and section of main dam in back-
ground.
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perimental area which can be modified to provide
p varicty of experimental conditions, and a
flow-introduction pool. where water is introduced
into the laboratory. Walter is supplied from two
gources. The main source, capable of supplying
approxitnately 200 cubic feet per second, comes
* directly from the forebay of the dam through a
The secondary source, approx-

- imately 20 c.f.s., i3 drawn from the Washington
3 shore fishway to supply the facility exit fishway.
!2 The main water supply is distributed through
. smaller conduits to the flow-introduction pool,

¢' the collection pool, and other portions of the

facility by manipulation of appropriate valves.

{  Wateris discharged from the laboratory through
; a 48-inch drain conduit at the downstream end of
¢ the laboratory and through the entrance fishway.

Discharge through the drain conduit is controlled
by an electrically operated drain valve. Any
desired water level can be maintained*in the lab-
ora.tory by proper adjustment of valves,

VELOCITY-PREFERENCE EXPERIMENTS
METHODS AND MATERIALS

The method employed in these experiments
was patterned after the one used by Colling (1952)

INFLUENCE OF WATER VELOCITY ON MIGRATING SALMON

Main Woter ——-
Supply Conduits

LIJDQ Jyiow

Fraure 2.—Plan of research laboratory showing the basle compononts.

in his studies of factors influencing the orientation
of alewives (Alosa pseudoharengus) and glut
herring (A. aestivalis). As tho migrating fish
passed through the laboratory they were pre-
sented with a choice of entering either of two
channels. During control experiments the veloci-
ties of the flows in the two channels were equal;
in test experiments the velocity of the flow in one
channel was always greater than the other. The
responses of the fish to the various test and
control conditions were measured by the number
of fish entering each channel.

Experlmental Area

The basic experimental area of the facility was
modified for these experiments to provide a choice
or introductory area, 25 fect long and 11 feet wide,
joining two parallel channels ench 85 feet long and
5 feet wide (figs. 3 and 4). The channels, which
will be referred to hereafter as the north and south
channels, were centered in the experimental area
and were soparated by a common center wall 1 foot,
thick. The downstream end of the center wall
was provided with a tapered hydrofoil to converge
the two channel flows smoothly as they entered
the choice area.
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Fraurp 3.—8ketch of laboratory showing experimental area modified for tho veloeity-preference experiments.

FraurE 4.— View of the two channels and choico area during a control test. The veloeity
of flow in each channel is 4 f.p.a.
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" Stoplogs at the upstream end blocked the flow
through the two areas outside of the channels
(fig. 3). The downstreamn ends of these areas

. were open, allowing them to backfill when water
¢ wag introduced into the area.
;{J fish from entering these areas. -

Screens prevented

‘The walls and floors of the channels and choice

! area were painted light brown to provide a uni-
¥ form background throughout the experimental

area.

’ Hydraulic Conditions

Water velocities in the two channels were con-
¢ trolled independently by regulating the quantity
of water admitted to them from the flow introduc-

’ a‘.}ji'_gscribed arrangement of stoplogs at the up-
‘st‘fq}im ends of the channels and maintaining the

i t,iﬂfii"pool. This was accomplished by employing
!

T proper water level in the flow-introduction pool.

. Sirice the channel floors were level (zero slope) and
f, the water at the downstream end of the two chan-
nels was maintained at nearly the same depth by

* regulation of the collection pool level, the ratio of

I-
,E. the velocities of the two chanmnels was equal to the

ratio of the quantities of water flowing through the
two, channels. That is to say, if the velocity
ﬁ (f.p.s.) of one channel was twice as great as the
| other, then the quantity of water flowing through
the channel (¢c.f.8.) would also be twice as great.
" Velocities approximating 2, 4, 6, and 8 {.p.s.
. were utilized in these experiments. Table 1 lists
| the various combinations of these velocities which

. TaBLE 1.—List ?if #ix test conditions and four control condi-
tions utilized in the velocity-preference experiments

L
i
{ Desired veloelty | Actusl veloelty ! | Dopth of water !
: Conditlon ]
{( IIigh- Low- Migh- Low- High- Low-
veloelty | veloeity | voloelty | velocity | veloelty | velockt:
. channel | channel | channel | channel | channel | channe.
|
K F.ps. | Fpas. F.g.a. F.?.a. Feet Feet
v § 2 . 14 .91 17 1.0
! 8 4 8.08 8.9¢ L7 1.8
Test______ .. _...__ 8 i} 8.00 5.0l 17 17
. i} 2 4. 00 108 I.g 1.9
LN ] 4 6.02 8. 094 1.7 1.9
‘( [} 2 8.98 2.00 1.0 19
-
North | South | MNorth | South | North | Bouth
channel | ehannel | channel | chaunel | ehannel | ¢hannel
‘ 2 2 2,03 2.01 1.9 1.0
i Qomtrol.__.._____. 4 4 8.98 4.08 1.9 19
' 8 (] 547 6.04 17 1.7
B B 5.30 8190 L7 1.7

iMean velooltles derived from measurerments taken durlng individua
Ulals of cach condition. Both veloclties and waler dopihs were measured at
the downstreamn ends of the channeld (0g. 5.

' kINFLUENCE OF WATER VELOCITY ON MIGRATING SALMON

i
)

were tested and gives the actual mean water
velocities and depths as they were measured at
the downgtream end of the channels.

Hydraulic conditions within the channels and
choice arca varied with the velocity of the flow.
At velocities of 2 and 4 [.p.s. uniform flow was
maintained throughout the channels and choice
aren. At 6 and 8 f.p.s. velocities, standing waves
were created within the channels and choice area
(fig. 5). The position of these waves in relation
to the channel and choice area walls remained
fixed once the flows had become established. The
structure shown at the upstream end of each
channel in figcure 5 are adjustable Denil-type lad-
ders, which were provided to ensure that the fish
would have no difficulty in negotiating the turbu-
lent overfall created by the stoplogs.

Figure 6 illustrates the velocity gradients oc-
curring in the choice area during the various tests
at a point approximately 8 feet upstream from the
release compartment. Velocities were measured
with a Price current meter. Mean velocities were
determined from measurements taken vertically
at 4-inch intervals,

Release Compartment

Fish were introduced into the choice area
through & release compartment 18 inches wide by
48 inches long by 18 inches deep. The compart-
ment was mounted on the upstream face of the
picketed divider in line with the center of the
choice area (fig. 3). Fish entered the compart-
ment through a sliding gate in the picketed divider
and were released into the choice aree by means of
a second sliding gate at the upstream end of the
compartment. The compartment was equipped
with a false bottom or brail which could bo raised
to bring the fish near the water surface to facili-
tate the identification of species and estimation of
length,

Efforts were made to achieve as near perfect
gymmetry as possible in the components of the
releage compartment and in the surrounding choice
area to ensure that the fish would nol perceive
any visual stimuli which might bias their responses
to the velocity test condition. The release com-
partment gate was operated [rom above and to
the side to avoid frightening the fish by the motion
of opening the gate, and wood panels were installed
on each side of the compartment to shield the
release compartment operator from the fish.
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YieURE 5—View of cholee area and channels showing 6 f.p.e. flow on left and 8 f.p.s. flow

on right. Note positions of standing waves.

Platform above downstream end of chan-

nols was used to cheek water velocities and was removed during the tests.

Lighting

Uniform lighting was maintained within the
channels and choice area by use of 1,000-watt
mercury-vapor lamps mounted in polished reflec-
tors. The lamps were suspended from horizontal
wall brackets spaced 6 feet apart along the walls
of the building and were adjusted to hang 8 feot
above the level of the (loor. This placed the lamps
approximately 6 [ect above the surface of the
water (fig. 5). .

Mean incident light intensities at the waler sur-
faco in the choice arca and within the channels
were (04 foot-candles and 746 [oot-candles, re-
spectively. This light intensity was roughly com-
parable to that measured in daylight on a bright
overcast day.
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PROCEDURE

Experimental Design

The experiments were conducted in accordance
with a balanced 4 by 4 lattice-square design in
five replicates (Cochran and Cox, 1950). The
high velocity for the 6 test conditions was alter-
nated between north and south channels to provide
a total of 12 different test treatments (table 2,
section A). These, combined with the 4 contral
treatments provided a total of 16 differont treat-
ments for cach replicate. The rows and columns
ol the design were randomized, and the treatments
were assigned al rundom to the 16 treatmert
numbers in each replicate (table 2, section B)
The order of testing proceeded {rom replicate T.
to V, and within each replicate from left to right

FISH AND WILDLIFE BERVICE
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Fiqur® 6.—Exa,m})lcs of velocity gradients ocourring in
! cross scetion of choice arca for each test condition.

along successive rows. The sample size or each
test was set at 20 fish,

The original plan was to test both steelliead
%, trout and chinook salmon simultancously, con-
(" tinuing each test until the 20-fish sample of cach
species had been obtained. It became apparent,
however, during several trial runs that chinook
salmon were not sufliciently abundant to mect
these requirements. The replicated Lests, there-
fore, applied only to steelhead trout. (Chinook
salmon were tested as they presented themselves
during the course of the experiments, bt no ellort
. was made to maintain consistency in the sample
. sizos with regard to these species. A few silver
salmon were also tested during the course of the
experiments.

To insure that the replicated tests would be as
© homogencous as possible, the samples of 20 steel-

g
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'I'ABLE £.—Uutine of e 4 T 4 LHite-y UWTY WETLYTL Ldus iy
(4) the various test and control condilions an (B) the
order of testing

A. EXPERIMENTAL OONDITIONS (TREATMENTE)

Wuter veloolty (fect por second)
Ohsnnel

Test condltions Uontrol

conditions
Bouth, - ocavaeoe 3234806264422403
Norlbh_ oo e 2343032343242433

B. EXPERIMENTAT, QONDITIONS (TREATMENTH) RAN-

DOMLY FITTED TO BASIC LATTIOE SQUARE DERIGN
Repllcate Treatments !

1, B Np 2. By Na 3. By Ny 4, Be Ny

T am—— e ——— 5. 91 Ny 0. Bs N4 7. Bs Na A, S N

0. By Ny | 10. BgNa | 11 Sy No | 12. BNy

13, S Ns | 14. SBa Ny | 156. B4 Na | 16. B M

17. S84 Ns | 18. Bs Na 19, 8¢ Ny | 20. B4 Ny

) 3 U vl. By Ng | 22. By Ny | 23, Ba N4 24, By Ny

o B, Ny | 20, By Ny | 27. 8 Ns | 8. & Ns

20, By Ny | 0. By Ny | 31, 82 Ne | 32, Be Ni

¥, B¢ Ny | 34 Ba My 85, 53 Ns | 86, Ha Ne

6 ) 87, Sy Na | 38. Qe N1 | 30. 8¢ Na | 40. B N

4l Be N | 42. By Ny |43, Be Ny | 44 BN

48, Sy Ng 46, 93 Ny 47, B Ny 48, e Na

40_ By Na 0. Sa Ny 51, Sy Ny B2, He Nu

) 53. By Ny | 64. B¢ Ny | 56 dy Ny | 56, Bs N3

7. 8y Ny | 58. BeNa | 9. Bt Ns | 00. Be Na

61. By Ny 02. 84 Ny 63. Bs Na 84, By Ny

05, B Ns | 66, By Ny | 67. SsNo | 08. By Ny

| R, 69. 3¢ Ny 70, 8¢ Ny 71, 8a Ny 72. Bs N

73, By Ny | 74 BaNe | 75 B | 70, 8y Ny

77. By Ny | 78. By N | 9. B Ny | 80. 8¢ Na

| Arable numeral indicates order of testlng, letter denotes channel,
(A gouth, N=north) and gubserlpt denotes velocity ({.p.8.).

head were restricted to fish estimated to be from
22 to 26 inches in length. Smaller and larger
stoelhead were tested when available; howoever,
they were not included in the 20-fish samples.

Conduct of Experlments

Tn preparing for a given test, the predetermined
stoplog arrangement was ingerted at the upstream
end of each channcl and the water levels of the
Jow-introduction and collection pools were ad-
justed to the proper heights. A brief period was
allowed for the flows to become stabilized, then
water velocities were measured with a current
meter at the downstream end of each channel
(fig. 5).

After the velocities of each channel had been
mensured and the observers had taken their respec-
tive stations, the release compartment opcrator
was signaled to start the test. The sliding gate
on the picketed divider was raised, and n single
fish wus allowed to enter the compartment. After
determining the species and estimating tho length
of the fish, the operator raised the gliding gate
at the upstroam ond of the release compartuient,
pllowing the fish to enter the choice area. An
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observer stationed on a walkway over the choice
aren followed the fish as 1t passed through the
choice area and noted which channel was chosen.
After the fish had passed through the channel a
second fish was released and so on until the desired
sample of 20 steelhead within the 22- to 26-inch
size range had beon tested.

Upon completion of a test, the main water
supply entering the flow-introduction pool was
ghut off and the stoplog arrangement at the head of
the channels was changed for the next test. The

‘changeover could generally be accomplished within

15 minutes. However, usually several minutes
elapsed before the fish would onter the release
compartment after this change in hydraulic
conditions,

During the course of the experiments every
effort, was made to keep the release technique and
operation procedure as uniform as possible. The
relense compartment operator alternated his
position in relation to the compartment after
releasing each fish to minimize the chance of bias
due to visual cues. If fish were noled in the
upper reaches of the channels, tests were halted
until these fish had moved on through the channel.
This precaution was taken to ensure that the fish
entering the choice area would not be affected by
scent or visual perception of other fish in the
channels. Rubber gloves were worn when
changing the stoplogs at the head of channels
to eliminate the chance of bias in response due to
human scent.

An gverage of three to four tests were conducted
each day, depending upon the availability of fish.
Twenty-three days were required for the entire
series of experiments.

RESULTS

A total of 80 individual tests were conducted:
60 involving a choice between a high and low
velocity and 20 in which the velocities of the two
flows were equal. Throughout the series of experi-
ments a total of 2,064 steelhead trout (includes
fish of all sizes), 750 chinoak salmon and 108 silver
salmon were tested.

Response of Steelhead Trout

The analysis of the steelhead data was based
upon the individual tests composed of 20 fish in
the length range of 22 to 26 inches. "The total
sample consisted of 1,600 individuals, 1,200 in the
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test, and 400 in the control experiments. ~ The
responses of these fish Lo tho vuarious individual
control and test experiments are presented in
tebles 3 and 4. The data have been groutad
according Lo experimental conditions to facilitete
comparisons hotween individual trials and betwoen
test conditiona.

The first step in the analysis of the data wss te
determine whether there were differences betveen
the five replicates of the experimental dexipm
(tuble 2). Tf not, the results of individual fest
arnd control experiments could be combined tc
test for differences in response for the two chansole
in control tests, and differences in responsc for ihe
different velocity combinations in test experinie:.ts,

Since the high velocity of each test conditiom
occurred once in the north and once in the etk
channel within each replicate, the porcentes.: of
fish choosing the north channel should be the wime
for each replicate if the nature of the response dic
TaBLy 3.—-Percentage of steelhead choosing north and _outl

channels in each of the 20 conlrol cxperiments

[Suinples conglst of 20 Bsh ranging fromn 22-26 mehey 1o dength (astimisced)

Whator veloolty

Reploato 21 pa. 1Lpa. 8f.p.s. ’ Stpr

North| South | North| South |[Nerth| Bouth|North| &.ath

40 1) o 40 30 70 &8 49

A0 70 70 a0 514 J5 [\ a7

&b 48 i) ) 50 50 ] 23

nh 435 ) 40 48 &5 b3 45

- 14 45 8b 45 00 Iy 48 [l
Mimn__ . 47 KA 2 41 4B 52 he 4

Taprm 4,—Percentage of steelhead trout choosing high veivety
ity channel in cach of the 00 lust experimenty

[¥ach entry represants the response of 20 flxh ranging from 22-20 inchos Wy
lerigth (ostlmated))

T'oat condition

High veloolty | Rop-
channel lHeate | 8 L.pw. | 8Lp.s. [8fps. | 6Lps. | 0fpa. )40 pa
Vs 1 Va. va, va, va, 5.
2Lps f4fps |0fpe | 2fps (40hpa | 2ins
I 74 85 85 70 o0 €
1i . [l 114 il B0 £0 "
Norll .., oo |WIIT__ ) 56 25 00 0 -
v.__ H0 80 80 75 60 [ich
V... 75 ) o0 [o1:] 70 i
1. B0 50 80 7h 70 B
IT.__ RO 4] B0 5 Th 11
Bouth. .. ... L[1TT.C 0 T4 hL] 70 00 7
Iv__ ol 7h 40 70 0 £
V... 80 ] 36 W 40 [
Iooled pereent- | .o|___ __ [ PO N -
age 1 Lo highor 83,56 61,1 BLe | 710 fi3. b 80
valoelly. '
\ 1

L O}Julmula and rn[)liuj\t\a comined.,
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ot differ between replicates. To test this hy-
p'othesis, data for each of the 80 trials given in
able 2 were transformed to arcsin 4/perceniage to
Forth channel and subject to an analysis of vari-
ance test. The results illustrate that the differ-

: .-'Jéhces between replicates, columns, and rows were

pot significant (table 5).
‘;‘[.“IABLE 5.—Analysis of variance for percentage of steelhead

thoostng morth channel using the lallice-square design

!
.

[Original percentages were transformed to aresin
vDercentage to north chiannel]

. Hum of Deagroes | Mean
] . Hource REQuAres 1) aquare | F value
i . freedom
& b (1710 (0, 130. 408 4| .87 72N.B
Lmoents______________________ 60248, 448 I |
ks qze (adjusted or Lreatments)_ . 507 434 E1. 3 I
\ "Rows (adjusted for treatments
‘Emd colummns) _____.____________ 550. 809 151 80.72 ) T6N.8
. Polumns  (adjusted  for  ireat-
S0 MANEE) oo oo 1078. 693 15 -
Colomng (adjusted for treat-
siments and rows) 1087, 063 15| 69.14 [ L4 N.B
o 1441. 367 80| 4805 |.. ...
12285. 800 0 |ea_ |70

“N.8.—Not significant,

- Response tn control experiments.—Since no sig-
nificant differences could be detected between the
five replicatea of the lattice-square design, the four
control tests for each replicate were combined and
subjected to chi-square tests to determine whether
a preference was demonstrated for either the north
or.south channel when the flows were of equal
velocity. The results of these tests show that the
disparity between the observed response and the
expected 1:1 ratio was not great enough to indi-
cete that a preference had beer demonstrated for
either channel in any ofy Wfe combined control
teats (table 6),

TaBLE 6. —Results of chi-square tests on number of steelhead
choosing the north and south channels in conirol tests al
each velocity )

[Bamples are composed of fish ranging from 22-28 inches in length)]

Obgerved Expected
response Teaponge
Water Sam- Dogres Ohi-
veloclty ploslze of square
Chose | Choso To To |treedormn
north | pouth | north | south |w
channellchannclictianriel (channol
100 47 53 it} 50 1 86 N.8
100 50 41 50 B0 1) 324NB
100 48 02 50 50 1 18 N.8
100 59 41 50 50 1{324NB
Bum of ([:hl-nqunrlws _______________________________ 4| 7.00 N.8.

N.8,—Not significant, p>>.08].

INFLUENCE QF WATER VELOCITY ON MIGRATING SALMON

Response in test experiments

As no preference was shown for cither the north
or south channel in control tests and no significant
differences between replicates were apparent, the
date in table 4 (transformed to arcsin y/percentage
to higher velocity) were subjected to o two-way
analysis of variance to test the effects of chaunnel
and velocity differences in the 60 trials involving
a choice between a high and low velocity. The
results of the analysis of variance (table 7) illus-
trate that: (1) there were significant differences
between the responses of the fish to the different
test conditions, (2) these differences were independ-
ent of channel effects, ie., they were evident
when the higher velocity was ip either the north
or south channel and, (3) there was no preference
indicated for either the north or south channels
independent of velocity effects.

TaBLE 7.— Analysis of variance of the responsea of steolhead
trout to differences in water velocity for the six test con-

ditions
Varlation due to— Dogrees of |© Mean Vatlanoe
freedom square ratio
Differences hetween teat conditions.._ 5 482 088 | *"0.89
Difforences belween chantield. .. ... 1 158, 558 3.21N.B
Interaction. ____ oo iiaa 5 0. 987 4 N.B
Brror. e ciaanaa 48 83,107 [ccommcamao
Error (man effects) . .. ceeeeeeeen 53 |  4B.BOS | ___ . ...

** Significant at .01 level,
N.B8.—Not aignifleant.

Although the preceding analysis of variance
demonstrated that the responses for the higher
velocity differed between test conditions, it does
not reveal whether each test condition differed
from all the rest or whether some were undifferen-
tiated. A test devised by Tukey (Snedecor 1956)
was employed in examining these differences. The
rosults of the test demonstrate that the response
for the higher velocity in the 8 vs. 2 f.p.s. choice
condition was significantly greater than that ex-
hibited in any of the other five test conditions, and
the responses in the 6 ve. 2 and 4 vs. 2 {.p.s. test
conditions were significantly greater than that in
the 8 va. 6 f.p.s. condition (table 8). Other dif-
ferences were not significant. The mean percent-
ages to the higher velocity listed in this table are
transformed data and should not be confused with
the actual percentages to the higher velocity
given in table 4.
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TABLE 8.—Teste of di{erences between mean percentages of
steclhead choosing the higher velocily

[Data are arosin \/percentage to higher veloolty]

Teat condition Mean | Differences between mean percentages
. per- to higher velocliy
aanlngne
ohoos- — _ —_ —_ —
High Low ing b — — X— X—
velocity veloelty] higher | 45,80 51.53 53.24 65.89 57.77
valogity
F.opa.
2
2
2
4
4
[}

* Differences greater than 7.80 are significant at .05 level.

Since there were no significant differences be-
tween replicates and no preference (independent
of the effects of velocity) was shown for either
channel during control or test experiments, all
trials of cach test condition were combined to
determine whether there was a significant response
to tho higher velocity. The results of chi-square
tests performed on these data illustrate that the
proportion of steelhead selecting the higher veloc-
ity is significantly greater than that choosing the
low velocity in all except the 8 vea. 6 f.p.s. choico
condition (table 9).

Response in relation to fish size—A thorough
examination of the relationship between fish size
and response was not possible as the steelhead
tested during the course of the experiments were
of nearly the same size, 80 percent ranging from
22 to 26 inches (fig. 7). Gross comparisons were
made, however, by dividing all of the steelhead
tested at each test condition into two size cate-
gories, emall fish less than 25 inches and large fish
25 inches und greater in length, and comparing the
percentages choosing the high velocity for cach of

a8

40

38

o 20 Ft 24 28 I8 30 32 34 38 38 40 4
Eatimorsd length (inchas)

Fiaure 7.—Length composition of samples of steelhead
trout, shinook sulmon, and silver sulmon tested in the
velocity-preference experiments.
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TABLE 9.~—Chi-square tests on resulls of choice experiments
[Dats are for stoelhiead estimated to be 22-26 inchos in length.]

Test condltion Ohsgerved Expeated
Tesponwe TERPOTLEG )
Bample| onl. -
Hize aquare
HigP Low Choszo | Ohoge To To
velocity  |veloolly high low high low

veloalty|veloolty|voloolty|veloclty

Number| Number| Number

F.p.1. F.p.a. | of fish | of flsh | of fish
- T 2 200 167 33 100 100 ““80.78
| S, 4 200 122 T8 100 100 **Y. 08
| R ] 200 108 w7 100 100 I8 NLE,
| P - 2 200 142 32 100 100 "*38, 28
[ JR, 4 200 127 73 100 100 **14, 58
4. - 2 200 136 64 100 100 +A25, 92

**Significant at .01 level.
N.8.—Nol slgnlflcant.

TanrLm 10.—Comparison between the responses of small (less
than 26 inches) and large (26 inches and larger) steelhead
for the high-velocity flow

[Entries are percentage choosing bigh-velocity flow]

Test eondition

Lengih group

BLp.s. (BLpy [Bfpa [0fps. |61pe |41 s
3 vE. vg. vs, v,

2ip.s. |4tpa |B8Lps. [4fpe [216ps | 20na,

81 58 50 66 72 a7
75 02 5o 59 78 68

the 6 lest conditions (table 10). No significant
differences could be detected between the per-
centage of small and large fish choosing the high
velocity.

Response of Chinook Salmon

It has been stated that testing of chinook and
silver salmon was considered as an incidental
phase of the experimoents, each test being termi-
nated when the desired sample of steelhead trout
had been tested. Bamples of chinook salmon in
individual tests 1‘&n§ﬂdlfron-1 0 Lo 27 fish.

Control experiments—In order to provide sample
sizes large enough to test the hypothesis of random
choice of channels in control experiments, it was
nocessary to combine the data for the four control
tests (2 ve. 3, 4 va. 4, 6 vs. 6, and 8 vs. 8 {.p.s.)
within each replicate. Results of chi-square tests
on these data demonstrate that a random choice
of channels was exhibited when the flows were of
equal velocity (table 11).

Test experiments.—As in control tests the data
for individual experiments were combined in order
to examine the response of chinook salmon to
the various test conditions. Since there was a
pronounced variation in the sizes of fish tested
during the experiments it was appropriate to
examine first the response in relation to fish size.
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N.B.—~Not significant,

The length frequency curve was bimodal and the
fish could be conveniently divided into two
general size groups; one composed of fish less
than 25 inches and the other composed of fish
25 inches and greater in length (fiz. 7). Chi-
square tests on these data indicate that there was
a significant difference in the responses of small
and large fish in only one out of the six test condi-
tions (table 12). In the 8 vs. 4 f.p.s. test a
significantly greater proportion of large fish chose
the higher velocity.

Since the response of large and small fish did
not differ significantly in the majority of the tests,
sizes were combined to examine the group response
of chinook to the different test conditions (table
13). Chi-square values illustrate that a signif-
icantly greater proportion of chinook chose the
high velocity in all except the 6 vs, 8 f.p.s. test

TaBLE 12.—Comparison between the responaes of amall (less
than 25 inches) and large (85 inches and larger) chinook
for each test condition

Test condition Number of fish | Ohose high ve-
looity channael
_ Ohi-aquare
High velocily Low | 8mall | Lorge | Small | Losgo
volocity
¥.p.s, Percent | Percent
2 a7 63 1.9 03. 4 0.00 N.8,
4 48 42 52.8 80.9 |**7.19
1} A5 31 40n.7 45.2 .08 N .4,
2 T4 a5 H6.5 B7.7 70 N8,
4 42 27 87.1 70.4 1.24 N.8,
2 64 00 7.9 75.0 .16 N.B.

**8lgmificant difference between responass, p-< .01.
N.§ —Not significant,

INFLUENCE OF WATER VELOCITY

ON MIGRATING SALMON

TABLE 11.—Response of chinook salmon to control tests for TasLp 13.—Chi-square fcsts on responses of chinook salmon
each of the five replicates to the higher velocity in the six different test conditions
%' [Reaponses In each replicate reprosont grouped data for four individual toats.
co g;Jquue valued test the hypothesfs that equal numbors enterod the two Test coudition Observed Eapoctod
channcls] Tesponie TesponEn
—— - Num-
ber of Chl-square
Ohserved Expected High Low fish Chosa | Choss To To
TeHPONK0 reaponge veloaity |veloclty high low high low
volocity | volocity|veloolty | velocity
: Num- Te-
Roplicate | ber of Numnber of Nuwmher of Chl-aquare THOR
i fish figh to— fish {o— of free- F.p.s.
' dom 2 100 3 7 50 50 T3 00
4 80 ™ 20 40 40 **). 80
North | Bouth | North | South [ [ 30 38 33 a3 .54 N8,
channel| channel| channe]| chuninel 2 139 121 18 69. 5 095 | ***76. 32
4 09 43 20 .8 M5 *41
- 2 124 21 88 02 62 w427, 18
11 14 12.8 128 | 0.86 N.3. 1
19 16 17 17 .47 N.9. 1 "
26 17 215 2186 | 1.88 N.B, 1 N.9.—Not significant.
7 12 95 0.5 | 1.82 N8, 1 *3lgnificant difference, p<7 05,
21 30 25.5 255 | 189 N.B, 1 **8ignificnnt dlfference, p<.0L,
“**8lgnificant difference, p<.001.
% 8 B8 B8 09 N.3.° 1
swans | 4 condition. In this instance a larger proportion
(not significant) of the fish chose the 6 [.p.s,
________________________________ 5,53 N9, ; Velocity.

Response of Stiver Salmon

Comparatively few silver salmon were tested
during the course of the experiments. The com-
bined data in table 14 illustrate that silver salmon,
like steelhead trout and chinook salmon, demon-
strated a preference for the higher velocity in all
excopt the 8 va. 6 f.p.s. choice condition. Of the
18 fish tested during the control experiments, 8
chose the north channel and 10 chose the south
channel.

TasLe 14 —Velocity preference of silver salmon in sir test

conditions
Water velocity Ohose
Numher high-
of fish veloolty
High-veloeity channe] Low-veloe- channel
ity ochannel
F.p.s. Fp.a. Percant
B__ 2 12 83.3
. 4 14 85.7
a8 18 4.1
2 24 B3.3
4 22 08.2
2 5 100.0

Comparison Between Responses of Chinook Salmon and

- Steelhead Trout

Although a basic similarity in the response of
steelhead trout and chinook salmon has been
demonstrated, it is of interest to know whether
the magnitude of the response varied between
the two species. Chinook salmon demonstrated
o atronger response for the higher velocity in
four (8 vs. 2, 8 v8. 4, 6 vs. 2, and 4 vs. 2 f.p.s.)
choice conditions (table 15). Chi-square values
indicate: that the response was significantly
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stronger in the 6 vs. 2 and 8 vs. 2 f.p.s. choice
conditions. In the 8 vs. 6 and 6 vs. 4 f.pas.
choice conditions, steelhead trout demonstrated
a stronger response for the higher velocity;
however, chi-square values were not significant
in either case. The data in table 15 include all
steelhend trout and chinook salmon tested regard-
less of fish size.

TasLu 16.—Comparison between the. responses of steelhead
trout and chinook salmon in the siz test conditions

[Ohl-aquare values test the hypothesis that there was no difference in tho
rosponse of the two specles]

Number of (hose high-
Tegt condition flsh 1 valoolty
cliannoel
Ohi-
square
Low- | Steel- | Ohi. | Steel- | Ohi-
High-veloelty channel |veloelty| head | nook lhend | pook
channel| trout |salmon{ trout |salmon
F.pa. Percent | Percent
2 258 100 70.4 03.0 .47
4 240 80 6. 0 7.5 1. 58
[\] 200 08 52.2 45. 4 .68
2 204 130 74.1 87.1 *10. 80
4 257 Y] 63. 8 62. 8 .09
2 253 124 67.2 784 1.68

1 Includes all slzes.
“*Bigniflcant difforence p«.01.

Response of Steelhead Trout and Chinook Salmon toa
12.9 vs. 2.7 f.p.s. Choice Condition

Upon completion of the high-velocity tests,
exploratory experiments were conducted to ex-
amine the response of steclhead and chinook
when presented with a choice between flows
averaging 12.9 and 2.7 f.p.s. Velocities were
mensured at the downstream ends of the two
channels. Average water depths were 1.8 feet
in the 12.9 f.p.s. channel and 3.4 feet in the
2.7 f.p.s. channel. Water temperature remained a
constant 66° F. during these tests.

The two channels and a portion of the intro-
ductory area arc shown in figure 8. Fish were
released individually into the introductory area
by means of a release compartment mounted on
the entrance tunnel (fig. 9). Experiments were
conducted for only 2 days, September 18-19,
and observations were made on 41 steelhead
trout and 57 chinook salmon.

Results of these tests were quite similar to the
preceding choice cxperiments, for both steelhead
trout and chinook salmon demonstrated a prefer-
ence for the higher velocity. Choosing the higher
velocily were 75.6 and 89.5 percent, respectively.
Of the 51 chinook entering the 12.9 f.p.s. velocity

channel only 26 were able to swim the entire dis-
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tance (86 feet) to the flow-introduction pool.
The remaining 25 fish negotiated varying dis.
tances up the channels but were eventually swapt,
back downstream to the introductory area,
Therc was evidence that some of these fish evan
made second attemapts at the high-velocity
channel. Steelhead trout demonstrated & superior
performance: 29 out of the 31 fish choosing the
high velocity were nble to negotiate the eniire
length of the channel

HIGH-VELOCITY EXPERIMENTS
METHODS AND MATERIALS

The method employed in measuring tho per-
formance or swimming ability of salmonids at
relatively high velocities, like the choice experi-
ments, relied entirely on the natural drives or
ingtincts which motivate the fish to migrate
upstrenm. These experimenta differed from the
choice experiments in that the migrating fish
pagsing through the facility had no alternative
but to pass through a channel carrying tho test
flow. The fish were permitted to enter the
channel of their own volition, and if they failed
{o negotiate the entire channel and were swept
back downstream they were allowed to remain
in the introductory pool. Performance was maas-
ured by the distance which the fish could nago-
tiate in the channel before becoming exhausted
or discouraged. Velocities approximating 13 and
16 f.p.s. were tested. Tests were conducled
during the period September 5-15. Water tem-
peratures ranged from 66° to 67° .

Experimental Area

The experimental arca was modified for these
experiments so that only the south channel was
utilized (fig. 9). The north channel was blocked
with stoplogs at the upstream end and sercened
at the downstream end to prevent fish (rom
entering. Gray section markers painted on the
channel floor at 5-foot intervals were used 1o
measure the distance and fish were ablo to nego-
tiate through the channel. Tighting was the
same a8 was cinployed in the choice experiments.

Hydraulic Conditions

The two cxperimental flows were created by
adjusting the slope of the channel lloor and rogu-
lating the head (dilference between the water
level in flow-introduction pool and fish-intro-
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Fieurn 8.—View of Lwo channcls and introductory ares during s choice experiment invelving water velocities of
12,9 {.p.s. on the right and 2.7 f.p.s. on the left.

Entrance Tunnel
Releate Compartment Entrance Fishway North Channel
Exit Flshway

Introductory
Area

Wirg Screen South Channsl

Fraurm 9. -Bketch of laboratory showing experimental area modified for the high-velosity
eXperimenta.
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ductory pool) on the channel. The total rise in
floor level from the downstream end to the up-
stream end of the channel ranged from 1.4 feet at
13 f.ps. to 2.5 feet at 16 {.p.s. The head on the
channel ranged [rom 2.5 feot to 5.3 fect, respec-
tively.

The meau water velocilty and depth of flow for
the two test conditions determined from rather
extensive measurements in the first 35 feet of the
channel before the experiments were begun, were
13.4 fp.s. and 1.8 feet, and 15.8 f.p.s. and 1.8
feet, respectively. Velocilies were measured with
o current meter vertically at 4-inch intervals from
the floor and horizontally at 1-foot intervals {from
the center of the channel at five different stations
within the 35-foot reach. Examples of the dis-
tribution of velocities within the channel derived

1
i
:

r > -

from these measurements are given in appéndix
figure 1 for each test condition. Velocities ranged
from 11.8 to 14.4 f.p.s. in the 13.4 f.p.8. test con-
ditiou and from 14.9 to 16.7 {.p.s. in the 15.8 {.p,s.
test condition. Tho lowest velocities occurred
near the (loor next to the channel walls; the
highest occurred just below the surface. During
the course of the experiments velocities were
checked only at the downstream end of the
channel. Measurements at this point were made
with a current meter at 1-foot intervals ancross the
channel at 0.6 of the depth from the water surface.

With exception of the rather turbulent arca at
the upstream cnd, flows through the channel
were nearly uniform for both test conditions,
Although standing waves were created just below
the channel entrance al both velocities, the

Freurs 10.—View of aouth channcl with 15.8 f.p.a. flow. A seroen (barely visible) blocks
entrance to north (left) ehannel.
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bsition of the wave and its effect on the low in
{he approach aren were quite different at the two
‘yolocity levels. At 13.4 fp.s. the wave was
; end of the hydrofoil and at
tight angles to the channel flow (fig. 8). As a
result, the water velocity withm the approach
-ﬁiea, was greatly reduced. At 15.8 {.ps. the
standing wave extended diagonally across the
entrance to approximately the center of the
' In this instance u high-velocity jet
was created along the south wall of the approach
jrea (fig. 10). Velocities as high as 17.8 fps.
were measured at the end of the south wall.
4 though the flow through the introductory arca
“Was turbulent at both velocities, there were areas
élé}.n,r both walls where fish could rest in relatively

?lm water.

PROCEDURE

The fish utilized in these cxperiments were
collected daily from the Washington Shore
fishway. They swam into the entrance fishway
channel (fig. 2) where they were held until testod.
They were relcased individually by means of a
release compartment mounted on the end of tho
entrance tunnel (fig. 11). Prior to release, the
release compartment operator ascertained the
species and estimated the length of each fish.
Upon releasing the fish, he plerted an observer
stationed on a walkway above the entrance to
the test channel, When the fish entered the
channel, this observer followed its movements
from the walkway above the channel and noted
the maximum distance which the fish attained.

Traure 11.-—View of entrance tunnel and release compartment utilized in the 13.4 and 158 f.p.s. velocity
experiments.
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Throughout the course of the experiments
(especially in the 15,8 f.p.s. tests) fish that failed
to pass through the channel and were sweptl back
downstream often reentered and attempted to
negotiate the channel again. Generally when
this occurred, testing was merely delayed until
the fish either passed through the channel or was
again swept back downstream to the introductory
aren; the distance negotisted was recorded, and
testing was resumed. If, however, thesc re-
entries became so numerous as to pose difficulty
is distinguishing the fresh fish being introduced
from the relcase compartment, the test was
terminated or at least delayed until the fish could
be cleared fromn the mtroductory area by reduc-
ing the channcl velocity.

As many fish as possible were tested each day.
The number varied from 30 to 60 fish depending
upon availability. At the end of each day the
channel velocity was reduced so that the fish
which had accumulated in the introductory area
could pass through the laboratory during the
night.

RESULTS

The 13.4 f.p.s. velocity tests were conducted on
Seplember 5, 6, and 7, and the 15.8 f.p.s. tests
were made on September 9, 10, 14, and 15. A
total of 47 steclhead trout and 91 chinook salmon
were tested in the 13.4 f.p.s. velocity flow, and 87
steclhead and 130 chinook, in the 15.8 f.p.s. flow.

A cursory examination of the data revealad
that there was considerable variation in the
swimming abilities of the fish tested in the two
velocities. The distances attained by individual
steelhead trout ranged from 10 to 85 feet, (total
length of channel) in the 13.4 f.p.s. velocity and
from 14 to 85 feet in the 15.8 f.p.s. velocity.
Chinook salmon ranged from 15 to 85 feet in the
13.4 f.p.s. velocity and from 0 feet (one fish fuiled
to reach the channel entrance) to 85 feet in the
15.8 f.pas.

The performances of the two species tested on
different days are compared in table 16. The
ouly consistent variation in performance between
days occurred with the chinook tested in the
15.8 f.p.s. velocity, In this instance there was a
decline in the median distance negotiated by the
four groups of fish tested during the 7-day period.
Since therc were only slight differcnees in the
mean lengths of the fish in the four tests, n real
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TabrLe 18.—Median distances attained by chinook salmo
and steethead trout tested on different days in velocttz'ea 4
18.4 and 16.8 [.p.s.

Median di*teng
Number of fish | Mean longth! | negotintedtn
85-foot charne}
Veloolty Dato —
Oul- | Hteel- | Chi- | Steol- | Chi- | Jtecl-

nook head | nook | head | nook | hoad
anlmon| trout |salmon| trout [salmon| trout

F.p.s. Tnches | Inches | Heet Feet

- Sapt, b__ 16 12 w05 27.3 75 ]
184..________ Hopt. 6 _ an 14 27.6| 28.0 8% T3
Hapt, 7__ 20 21 29,8 2.1 0 RE
Sept. 9__ 4 13| 2.3 251 30 78
Bapt. 10. 40 26 | 7.4 281 28 B
188 - Sopt. 14. 21 0] 200 240 21 7
Bept. 15_ 25 20| 26.8| 240 19 T,

| Bagod on estimuled lengths. )
! Values of 85 feot ropresent s minimum estimate of median as length ¢

channe] was only B feet.

decline in the swimming ability of the chinook
salmon tested during the 7-day period is indicated

The pooled dats from the individual tests af
each velocity are presented graphically to show
Lthe respective distances negotiated by the twc
species in the 85-foot channel (fig. 12). Kach
species has been divided into two general-size
groups (small fish congisting of individuals esti-
mated Lo be less than 25 inches in length and large
fish consisting of individuals 25 inches and larger)
to indieate the relationships between performance
and fish size. These data clearly illustrate that

o Lorge Stesiheod
Small Sfeelhead

Large Chinook
Small Chinook

0 10 20 30 40 BO &0 70 8O 80

Large Stealheod

Fercenfage negotioting designated dislance

- MW umﬂawa
OOOOSOOOOOO
T T

Small Steslhead

158 fps. Large Chinook

1 L L . L i Small Chinook
10 20 30 a0 20 60 70 80 80

Distance (in teet) negaticted in channal

Q

Fraure 12.—Performances of small (estimated to be lass
than 25 inches in length) and large (25 inches and
larger) steelhead trout and ehinook salmon in velocities
of 13.4 and 15.8 feet per second,
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gteelhead trout were more successful than chinook
galmon in negotiating the two test flows and

" larger fish of both species were more successful
« | than smaller fish,

In the 13.4 f.p.s. tests 92 por-

1+ % cent of the steelhead negotiated the entire 85-foot
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“the entire length of the channel.

In comparison, only 51 percent of the
" chinook salmon traveled this distance. The per-
formances of both species declined significantly in
the 15.8 f.p.s. velocity. Only 51 percent of the
gteelhead and 5 percent of the chinook negotiated
In comparing
the performances of the two size groups it is
interesting to note that the decline in the perform-
ance of steelhead between the 13.4 and 15.8 f.p.s.
velocity tests was due largely to the influence of
the smaller fish. The proportion of large steelhead

' negotiating the entire 85-foot channel was reduced

by only 20 percent while that of the gmaller fish
was reduced by 66 percent. In comparison, the
proportions of large and small chinook salmon
negotiating the channel were reduced by nearly
the same proportion (90 and 95 percent, respec-
tively) between the 13.4 and 15.8 f.p.s. velocity
tests.

In considering the performance curves in figure
12 we should bear ip mind that: (1) the velocities
of 134 and 15.8 f.p.s. are mean values, (2) the
distances given apply only to measurements made
within the confines of the channel and, (3) the
performance curves are based upon the distances
attained by the fish in their first attempt to

* negotiate the channel.

Roference to appendix (fig. 1) illustrates that
fish may have encountered velocities somewhat
higher or lower then 13.4 and 15.8 f.p.s. as they

_ascended the channel depending upoen the course

they followed. Observations made during the
course of the experiments indicated that although
gome fish traversed back and forth across the
channel they generally ascended the channel near
the walls and were posited near the floor or at
least below middepth. The performance curves
in figure 12, therefore, are probably associated
with velocities slightly lower than the mean values
given. -

On the other hand the distances given in figure
12 may be somewhat loss than the actual distances
which the fish negotinted in the two velocilies,
especially in the 15.8 f.p.s. tests. In thesc tests
the flow was not dissipated upon entering the
approach area to the extent that it was in the

INFLUENCE OF WATER VELOCITY ON MIGRATING SALMON

13.4 f.p.s. tests, and a high-velocity jet continued
through the approach areh to the introduction
pool (fig. 10). A number of fish followed this
jet as they approached -the channel and were
subjected to velocities of 15.8 f.p.s. or greater for
distances up to 20 feot before entering the channel.
The distances given in figure 12 apply only to the
distance attained after entering the channel and
may lead to un underestimation of the performance
of the fish in this velocity.

Tt has been mentioned that fish which failed to
negotiate the entire channel in their first attempt
and were swept back downstream to the introduc-
tory ares frequently reentered and attempted to
negotiate the channel again. Although the mean
distance negotiated by both steclhead trout and
chinook salmon reentering the channel was slightly
Jess than the mean distance achieved by the two
species in their first attempts in both velocities,
there was evidence that at least some of the fish
were capable of achiieving greater distances in the
two velocities than they demonstrated in their
first attempt. The maximum distances which all
(100 percent) steelhead trout and chinook salmon
were capable of negotiating in the two velocities
may, therefore, be somewhat greater than 1s
indicated in figure 12,

RATE OF MOVEMENT EXPERIMENTS
METHODS AND MATERIALS

These experiments were conducted concurrently
with the choice and high-velocity cxperiments and
utilized the same fish. Rates of movement were
determined by simply recording the time required
for the fish to pass through a 30-foot timing zono
in the lower portion of the channels. Gray lines
on the floor of the channels marked the boundaries
of these zones. The downstream boundary or
“atart” line and the upstream or “finish’’ line are
designated as points A and B, respectively, in
figures 3 and 9.

Rates of movement in water velocities of 2, 4,
6, and 8 £.p.s. were measured during the velocity-
preference experiments and in velocities of 13.4
and 15.8 f.p.s. during the high-velocity experi-
ments. In the high-velocity experiments tho
upper end of the channel was not obstructed with
the Denil ladder or stoplogs as it was in the cholce
experitnents. 1t was possible, therefore, to obtain
an additional measure of the rate of movement
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TasLm 17.—Distribution of times required by steelhead trout {o negoliate the 30-foot timing zone in water velocities approzi
maling 2, 4, 6, 8, 18, and 16 f.p.s. :

Water velocity
Time Intot val in seconds 21.p.a. 41D 61.p.e. 8{.p.s. 13.41.pa.
Number | Percent | Number | Percont | Number | Porcent | Number | Porcent |Number 1| Peroent

000 e |
L0-1.9 oo i e .
2.0-2. 2.5 11 23
8.0-8 1]1. 4 37 7.8
404 1.7 63 13.3
5.0-5 10.5 66 14.0
8.0-6 11.1 a3 18. 8
7.0-7. 0.8 40 10, 4
B.0-8. 77 81 10.8
0.0-9.9_. 6.5 28 59
10.0-10.9 4.9 23 4.9
11.0-11.9 25 21 4.4
12,0120 3.7 17 3.6
13.0-18.9. €2 [i 1.8
14.0-14.9_ 3.4 [ 1.3
16.0-15.9. 8.4 ] 1.1
16.0-16.0_ 1.2 b 1.1
17.0-17.9_ 1.2 5 1.1
18,0-18.9. .8 3 .6
19.0-19.9_ 1.2 B )
20.0-20.9. P < T RO
21.0-21.9_ -3 1 .2
20-29. .8 1 N
23.0-23.9_ B e
H0-240_ N 1 2
B.0-25.0 e m e
28.0-20_ | L 2 4
7.0-219... 2 PSS I
MO-289_ e el
20.0-29. -3 2 4
80.04- 1.5 3 .8

Total number of fish____ 324 (... 472 |

! Represenls only fish which were able to negotiato tlming zono.

(from point B to the upstream end of the channel)
for those fish which negotiated the entire length
of the channel.

PROCEDURE

Fish were timed through the 30-foot zone with
stopwatches by an observer stationed on the
catwalk above the entrances of the channels,
During the choice experiments a single watch was
used. It was started as the fish crossed point A
and stopped when the fish crossed point B.

During the high-velocity studies two watlches
were employed. One was used as shove to record
the time required o negotiate the 30-foot zone.
The second watch was started as the fish crossed
point B at the end of the 30-foot zone and stopped
when the fish reached the upstream end of the
channel. Tf the fish failed to negotiate the entire
channel, the watch was stopped when the fish
started to full back downstream.

RESULTS

The distributions of individual times required
by steelhead trout, chinook, and silver salmon to
negotiate the 30-foot timing zone in the various

water velocities tested arc given in tables 17, 18,
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and 19, Passage times listed for velocities from
2 to 8 f.ps. were measured during the choice
experiments and include all fish tested at & given
velocily regardless of choice condition. DPassage
times listed for water velocities of 13.4 and 15.8
f.p.s. were mensured during the high-velocity
experiments and include only those fish which
were able to negotiate the timing zone.

Relationship Between Water Velocity and Rate of
Movement by Specios

Since the passage times do not conform to a
normal type distribution in all instances, a non-
parametric method was considered appropriate
in comparing passage times belween species and
water velocities. The median passage time with
B5-percent confidenco limits was selected as the
test statistic. These values for ouch specics and
velocity are presented in table 20.  Rutes of move-
ment in each velocity, caleulated by dividing the
length of the timing zone (30 feet) by the medisn
times in table 20, arc compared in figure 13. Rates
of movement ranged from 3.1 to 6.9 f.p.s., varying
with species and water velocity. '

A comparison of median times in table 20 reveals
the following with respect to differences between

FISH AND WILDLIFE SERVICE
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aBLE 18.—Distribution of times required b

mating 2, 4, 6, 8, 13, and 16 f.p.s.

¥ chingok salmon to negotiate the S0-foot timing zone in water velocilies approzi-

£ o

"ime interval in seconds

‘Whater velocity

21p.a.

41.p.s.

6f{pas.

Sfpas.

134 1.p.8. 158.8 f.p.4.

Number

Percent

Number

Porcent

Number

Percont. | Number | Percont

Number 1

Tercenl |Number || Percent

© A e

o0 =1

[y

sy
MR eI D o
b3 Gl OB D S b

0

Brsunyuiing
?
s
©

Total number of fish....

20 10
41 22,
89 21,
28 13
19 10.
10 A
4 2.
3.

8.

2,

1

O b 00 39 b O e =] G0 R D

jaryen

()
wEEREEEN

RN - 1T -

Lo

, and 8 f.p.5.

1 Represents only flah which were able to negotlate timing zone.

Taprg 19.—Distribution of times required by silver salmon
to megoliate the 30-fooi timing zone in waler velocities
-approzimaling £, 4, 6

[

spoecics: (1) chinook salmon moved significantly
faster (required less time to negotiate the 30-foot
timing zone) than steelhead trout or silver salmon
in velocities of 2, 4, and 6 f.p.s., (2) the rates of
movement of the three species were approximately
equal at 8 {.ps., and (3) chinook salmon were

Steelhead Trout
Chinook Salmon
Silver Salmon

13.4

-]
( fae! per second )

5.8

of movement maintained

through the 30-foot timing zone by steelhead trout,
chinook salmon, and silver salmon in the six velocitics

Rates are based on the median time required

\‘ N ‘Water veloolty
L
Time Interval 21.pas. 41{pa. 6 1p.m. 8ip.a
« o deconds
| Num-| Per- [Num-| Per- |Num-| Per- (Num-| Per-
ber | cent | ber | cent | ber | cent | ber | cent 8
SRS NSO NS AN FORSOUINN FOURD SRS RSPUI ISP oo -
O B e e e e e g 7
2.0-2.9 2.6
' 3.0-39 5.8 2
4040 7.0 ° 6
. 5.:)}—5..9 0.5 L
S IR A 8.4
I 7079 0.5 B2,
, 8080 T 1| ILY | 5.8 58
Y0099 s
Y x4
11.0-11, = i
| B 3
Al L]
U.0-149 £E53
{ 150-159 =
" 18.0-16.9 o
17.0-17.9 E 2
18.0-18.0 -
19.0-19,9 e
20,0-20.9 v |
21.0-219 "g
22.0-22.9
B.0-28.0 4]
24,0249 4
| gg:%gg Water valocity
N 2ro-zrnl F "
250280 1GORE 13.—Average rates
. 020
X T
Total number of
figh.... 9 oo T 38 |oen. B2 | tosted. e L
to negotiate the timing zone.
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Tavro 20.—Median passage times of steelhead trout, chinook and slver salmon through the
approzimating 2, 4, 8, 8, 15, and 16 [v.3.

- -

30-foot timing zone in waler velr-t;

L]
Pussngo time in seconds ‘ Bawpls iz N
Median and ! R - o
Bpeocies 959 confdehoe Water velouily (f.p.5.) Warter veloeity (1.p.s) i
1lmits - C e fem — e
2 1 6 i 124 15 ‘ Y ! 1 ‘ It i ik ey
p— e[ — o - — |- - - — - e __
6.8 6.4 5.7 5.0 3R 5.
7.4 0.8 6.2 b4 &h LA A 170 KR ki 4
80 T8 0,7 ] 7.1 Gy '
87 4.2 4.6 fl 3.0 7.0 [ .
4.8 4.7 8.0 ) 8.7 =AY i 83 na g B4
6.2 hb 5.3 G.0 G0 Y]
5.8 5.4 8.4 I Y R I
9.7 a8 7.0 S O, - 0 | 3% 32 G
W2 aL0| sy | ae T TILL ’ ‘ [ ‘
! If the median passago time listod for a given specles and veloeity does not Mo b wee: Lhe lower wuct upper Tizuba Hsted {or snc'her valocily or g o .

two passage times are consldered to be slgnificantly diferent.

significantly slower than steelhead trout in water
velocities of 13.4 and 15.8 f.p.s.

Definite trends are noted when rates of move-
ment and water velocities are compared (fig. 13).
Steelhead moved progressively faster as the water
velocity increased from 2 to 8 f.p.s.; then slowed
down somewhat in velocitics of 13.4 and 15.8 f. p.8.
The rate of movement at 8 {.p.s. was significantly
faster than at any other velocity (table 20). Silver
salmon, although slightly slower than steelhead,
also moved faster as the water velocity increused

“13.4 fps. 0[ 15.8 tps.

6r &
) ______,‘-""— .-""-_-_ s
§ 4 e af e

4 d 2r
i 0 1 1 1 ] 0 1 1 i i
s
-
- € fps 8tps
i 8 B[
] 5{ --—____--"“-— & et L R
2 k- [====a- =
- e
5 4 F ar
= —— Slesihaad Trouf
2 et 2t == = =Chlnook Salmon
2 — —Silver Salmon
e O 1 1 1 1 4] 1 ] L 1
[
E 2fp 4fpa
§ aL . 8f e
5 6 I USSR
B at / a4r k“’-_-._/
2 =

-

2r 2F

o 1 1 i 1 1 O I 1 L 1

10-18  16-21 22-27 28-33 .34-3% 10-18 16-21 22-27 28-331 34-39

Length group {Inches)

Fiaure 14.--Relationship betweon fish size and rate of
movement. Rates are based on the median passage
time of each length group. ILengths of individual fish

were estimated. Undorscored heandings represent water
velooities,
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from 2 to 8 fp.s. Chinook salmon differec oo
steelhead trout and siver salimon in the. e
rale of movemnent decreased with ap ieer.

waler veloeity; the [aatest rate of inovomery
achievoed 1 the 2 f.p.s. velocity,

Examinution of the relationship betwer- fis
size and rate of moverment Hustrwies . dif
ferences proviously noted in Lhe rate of mo. - an
belween species cantot be stiributed ro e, qee
i size of the fish (g 14). Compacscas  © th
rates of movemnent Letwean species b b

groups agreos closely with the vl ae

ficure 13. A direct relationship  betvee, iz
and rate of movement is also indicated. 50

head were consistent in this respect throv “ou
tho various velocitics tested.  With the exr o
of the [ish tested al 2 f.p.s., chinook demons. .te
a gimilar consistency. Silver salmon were 1 0 a
consistent, At 2 and 8 f.p.s. the larger fisb 1ov
fustest, whilo at velocities of 4 and & {p. th
smaller fish moved fastest. Tt should be 1 tec
however, thai the silver salmon data ren:-sen

compuratively small wample sizes ana thus na
not be reliable,
Maximum Observed Swirnoning Speeda
The preceding ruies of movement were @ e
upon the speed of the fish in relation ©. th
channel avg did pot take into account the v te
voloeity i which they were wewsneed. &
winy speads may be rcaleulated by addimg  h
velocity of the low to these rates of moven
Maximun sboerved awinuning spesds for « o
head trout, chinook sad sl spinon whooou

sUvoer
v

valoeily are oiven 1z table 200 Mhe Tastear

tivad wes o 24anch atosthead which ounnrss 3
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“4n ‘average swimming speed of 26.8 f.p.s. while
_-pudsing through the 30-foot timing zone. Maxi-
~ ¢ yum observed swimming speeds for chinook and
Y ’,j]ver salmon were 21.9 and 17.5f.p.s.. respectively.

' Here again the water velocities given are mean
~ 4 yalues and may be somewhat lower or higher than
_I the actual velocities which the fish encountered
| depending upon the course they followed ascend-
‘; ing the channel (appendix fig. 1). The maximum
v | gwimming speeds based on these values, therefore,
*7 e subject to an unknown degree of error depend-
. ing upon the distribution of velocities within the
" channel and the course the fish followed.

’

4

TipLE 21.—Mazimum observed swimming apeeds of sieel-
head trout, chinook, and ailver salmon timed through the
$0-foot timing rone tn waler velocities ranging from 2 to

45.8 {.p.a.
!

) !* Rate of
Wator | EHptl- | movVe-
4 Water {Lemper-| mated | ment Bwimmling
) volocity| ature | length (through apeod !
timing
e zone
] \' I
- | Fpa.| °F | Inches | Fpa. | Fops. | Miph
A 2.0 08. 5 24 [%.0 4.0 pﬂ.b
v f 40| 665 % | 18.6| 17.6 120
4 Bteelhead trout . . _____ 8.0 a4a. 8 a0 18.7 4.7 16.8
B . B.1 4. 5 b 18.7 26.8 158.8
13. 4 87.0 32 6.8 10.0 18.6
B‘ 15.8 06. b 24 77 3.8 10.0
| 2.0 66.0 20 15.8 17.8 12.1
1 : 3.9 86 5 28 14.3 18.2 124
y Chipook palmon._.______ 59 8.0 52 14.8 2.2 13.8
1 y 7.9 85. 5 32 13.6 2.5 14.7
13.4 7.0 28 5.8 19.2 14.1
) L 18.8 7.0 i 6.1 2]1.9 14.9
2,1 6.0 18 7.8 9.4 6.4
l_ L 3.9 6.0 14 7.0 10.9 7.4
‘t,_ Silver salmon___._______ 50| 665 Ml o8| 174 11.9
B.4 | 6.5 4 v1| 108 1.9

18wlmming apeed equals rate of movement malntalned through 30-foot
timing rono plus the veloelty of flow In which the rate was measured.

Other Factors Related to Rate of Movement

e e L

[- Effect of nonuniform flow upon rate of move-
4 ment.—At a water velocity of 6 f.p.s. a standing
wave was created in the channel. Although the
¢ position of the wave varied somewhat in relation
' to the channel during the different test conditions,
l__ it was generally posited within the limits of the
‘ timing zone. During the course of the experi-
j; ments it became apparent that this wave was
| alﬂ’ectiug the rate at which fish swam through the
7 timing zone. Some of the fish would stop when

they reached the wave and remain for periods
- ranging from a few seconds to several minutes.
\ This accounts for the comparatively greater per-
'a centages of steelhead, chinook, and silver salmon
. l'f)quiring 30 seconds or more to negotiate the
timing zone in the 6 f.p.s. velocity tests. A com-
parison of the distributions of passage times in

tables 17, 18, and 19 indicates that the occurrence
of the wave affected steelhead trout- and silver
galmon more than it did chinook salmon; 13.6
percent, of the steelhead trout and 10.5 percent of
the silver salmon required 30 seconds or longer to
negotiate the timing zone in conirast to 1.8 per-
cent of the chinook salmon.

Relationship between swimming ability and rate of
movement.—Data on samples of fish tested at water
velocities of 13.4 and 15.8 {.p.s. were examined to
determine whether there were significant differ-
ences in time required to negotiate the timing zone
between fish which were able to negotiate the
entire channel and those that failed to do so.
The distribution of sample sizes restricted the
comparisons to chinook salmon at 13.4 f.p.s. and
gsteelhead trout at 15.8 f.p.s. Passage times were
obtained for only three steelhead trout which
failed to negotiate the channel at 13.4 f.p.s. veloc-
ity and for only six chinook salmon which were
able to negotiate the entire channel at 15.8 f.pas.
The limited data indicate that the ability of the
fish to negotiate the channel was not reflected in
the passage time through the timing zone (table
22).

The data for steelhead trout and chinook salmon
which were able to negotiate the entire channel in
the 13.4 and 15.8 {.p.s. tests were further examined
to determine whether the rates of movement de-
creased as the fish ascended the channel. A com-
parison was made of rates of movement moagured
through the first 30 feet of the channel and those
ineasured through the next 50 feet of the channel
(table 23). By inspection, no decrease in the rate

TavLe 22.~—Differences belween mean passage times of fish
which negotialed entire channel and those which failed to

do a0
[Data aro for chinook in 18.4 £.p.s. voloaity and stealhead in 15.81.p.8. velocity]

Mean time re-
quired to nego-
tiato 80-foo
timing rone

BSampla
slze

‘Water Bpeolea Blze 1
veloclty group A B

Nego- | Failed :
tiatad |to nego- A| B
entire | tlate
channel| entlre
channel

Dililerance
(B—4)

2
3
&

F.pas. Seconds|Seconds
184 . ___ Chinoolk small 9.08 0.14
salmon. mrgla 8.48 8.3

158 . -aas Bteelhesd | small 7.29 6.84

trout. large 5. 98 7.86

=1 bt
Emnis
==}
=]

12
8
25

7

B
fag=pacpen
2227

*

18mall fish conslat of individuals 24 Inchos and leaa in length, large fish
conslst of individnals 28 Inches and greater in length,
N.B8.—Not significant.
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TasLn 23.—Comparison of steelhead and chinook rates of
passage through the lower and upper sections of the channel
in water velocities of 18.4 and 15.8 f.p.s.

Moean rate of
movorment
Bizo (Sample through
‘Water velocity Bpoecloa Rroup slze
Flrat 30|Next 60
faat feet
F.pa. F.pas | Fpa.
Btoolhoad trout_ ... { small 15 4.0 3.8
184 . large 21 4.7 4.7
Ohinook salmon_ .. [[ amal] 8 3.2 3.3
large i1 35 3.6
Steelhend trout_____ amall 7 4.4 3.3
168 . large 20 5.0 4.0
Chinook salmon._ _..|f small |...o____|__._____|________
large 4 5.2 4.6

of movement is apparent among either steelhead
trout or chinook salmon nt 13.4 fps. At 158
f.p.s. both steclhead and chinook showed a de-
clining rate of movement as they ascended the
channel.

DISCUSSION AND CONCLUSIONS

The results of the preceding experiments
clearly demonstrate that water velocity is an
important consideration in the design and oper-
ation ol fishways,

The general response for the high-velocity flow
in the choice experiments emphasizes the impor-
tance of maintaining adequate attraction flows at
fishway entrances. The variation in the response
for a given flow velocity among the different
experimental conditions suggests that the relative
attractiveness of a fishway entrance may vary
with the magnitude of the flows adjacent to
the entrance, and if these contrasting flows are
strong enough, a significant proportion of the fish
approaching the fishway might be diverted from
the entrance. This may be especially true at low
head dems on the Columbia River where entrance
flows must often compete with comparatively
strong spillway or turbine discharges. The re-
sults of the two exploratory tests involving a
choice between velocities of 2.7 and 12.9 indicate
that at least some fish might repeatedly enter and
attemipt to negotiate velocities beyond their
swimuming ability even though a low-velocity pas-
sage was near at hand.

Admittedly the responses demonstrated in the
laboratory may not be directly applicable to
conditions normally existing at fishway entrances.
The interaction of other factors such as turbulence;
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turbidity; differences in water qualily, tempera.
ture, or light intensity; and possibly tendency of
the fish to [ollow the shoreline might influenee
the response to flow differences in the vieinit¥y of
fishway entrances. We have no assurance, there.
fore, that the relative attractiveness of u fishway
could be greatly improved by striving to maintain
the entrance velocity at a higher level than adja.
cent flows from spillway or turbine discharges.
TFurlhermore, since the high-velocity channel ip
these experiments always carried a proportionally
oreater quantity of water, we have not definitely
established that the fish were responding solcly tc
velocity differences.  Additional studies shouid be
conducted to determine the relative importance of
flows in attracting adult salmonids.

The results of the high-velocily cxperiments
demonstrate that the maximum water velocity
which may be employed at the enirance or within
a fishway will be governed by the specics and size
of fish invelved and the distance which the fish
are required Lo negotiate. When a fishway is
designed to pass several species simultaneously the
maximum sallowable velocities should be dster-
mined by the swimming ability of the wenkest
species. It is evident that velocities of 13 and 16
feet per second could not be utilized in passage
facilities designed for both steelhead trout and
chinook salmon unless relatively short distances
are involved (fig. 12). From the performauces
of the two species in the choice experiments we
would conclude that the maximuin velocily which
could be employed for distances of approximately
85 feet would lie somewhere between 8 and 13 [.p.s.
Tt is recognized that determination of a maximum
velocity which may be safely utilized in passage
facilities must not rely solely on the demonstruted
ability of the fish to negotiate a required distance.
The latent effects of the strenuous effort which may
be required to negotiate the passage must also be
considered. Paulik, Delacy, and Stacy (1957)
have demonstruled that salmonids may require a
period of several hours Lo recover from oxhausting
swimming efforts, and Black (1958) has discussad
the possible lethal effects and reduction of swim-
ming ability brought about by sustained sevore
muscular exertion.

The recent findings of Paulik and DeLuacy (1953)
indicating that the swimming ability of adult
salmonids may vary as the fish proceed up the
river suggest that caution must be cxoercised in
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’%pp]ying the results of the Bonneville experiments
" {0 situations [arther up the river.

The results of the rate of movement experiments

{ Jemonstrate that certain water velocities may be

- ¥* more conducive to passing fish through channels

|

|

e e T—— -

. the various velocities tested.

N7

— T — g

A

¢ September 1957.

- also tosted.

] than others. The differences in the rate of move-

ment between species in these experiments pre-

| chide a definite decision as to which velocity would

¥
f‘ cﬁ&ﬂ_nels .

pe most effective in passing these fish through
Chinook salmon demonstrated the fast-
" odt Tate of movement in the 2 [.p.s. velocity while

- gteelhend trout and silver snlmon moved fastest
" ii-the 8 f.ps. velocity. Perhaps the present

ﬁi;'and&rd (Bureau of Commercial Fisheries, 1958)
of’2 1.p.:s. s ndequate when dealing with the species
uiilized in these experiments. This velocity
d’})_ijéurs strong enough to keep the fish orientated
aﬁd moving through the channel at a satisfactory
rate and would certainly require the least effort of
It is significant to

note, however, that our observations were made
“in a shallow, welllighted, relatively narrow
channel; somewhat different patterns of ‘move-
ment might be demonstrated in decper, wider,
and often darker passage channcls frequently
encountered at dams.

The fact that some fish were observed to hesitate
in the standing wave created by the 6 f.p.s. ve-
locity suggests a laminar-type fow might be more
¢onducive Lo a uniform rate of passage through

. channels.

SUMMARY

The purpose of these experiments was to ex-

~ amipe the influence of water velocity upon the
L! orientation, performance, and rate of movement
" of adult migrating salmonids of the Columbia
. River.

Experiments were conducted at the Fish-
eriee-Enginecring Rescarch Laboratory, Bonne-
ville Dam, during the months of August and
Steelhend trout and chinook
salmon were the principal specics ipvolved in
these experiments. A few silver salmon were
The various experiments which
were conducled and their results are outlined
below.

Velocity-preference experlments

The orientative influence of water velocity was

. examined by offering the fish a choico of two

channels carrying flows of different velocities.
The following six velocity combinations were

INFLUENCE OF WATER VELOCITY ON MIGRATING SALMON

tested: 8 ve. 2,8 ve.4,8vs. 6,6 vs. 2,6 vs. 4, and
4 vs. 2 feet per second, The response for the high
or low velocity in each test condition was measured
by the number of fish selecting each channel.
The responses of 2,064 steelhead trout, 750 chinook

" salmon, and 108 silver salmon were observed

during the period August 8-30. The following
results were obtained:

1. The percentages ol steelhead choosing the
high-velocity channel in order of the choice con-
ditions listed above were 79.4, 59.0, 52,2, 73.1,
63.8, and 67.2, respectively. This preference for
the high velocity was statistically significant for
all except the 8 vs. 6 f.p.s. choice condition.

2. The perceutages of chinook choosing the
high-velocity channel for the above choice condi-
tions were 93.0, 67.5, 45.4, 87.1, 62.3, and 73.4,
respectively. Again, as in the case of steelhead,
the preference for the higher velocity was statis-
tically significant for all except the 8 vs. 6 f.pas.
choice condition. Chinook demonstrated a more
positive response than steelhead for the high veloc-
ity in four (8 vs.2,8 vs. 4, 6 ve. 2,and 4 vs. 2 f.ps)
out of the six test conditions. The response was
significantly greater at 8 vs. 2, and 6 vs, 2 f.p.s.
No significant difference could be demonstrated
between the tesponse of large (25 inches and
larger) and small (less than 25 inches) fish except
in the 8 vs. 4 f.p.s. test condition. Here a greater
proportion of large fish chose the higher velocity
channel.

3. The limited number of silver salmon tested
during these experiments indicated that this
spocies generally preferred the bigher velocity
channel.

4. Results of an exploratory test in which 41
asteelhead and 57 chinook were presented with a
choice between water velocities of approximately
3 and 13 f.p.s. were similar to the preceding test
in that 76.6 percent of the steelhcad and 89.5
percent of the chinook chose the high-velocity
channel,

High-velocity experiments

The performances of steelhcad and chinook were
moasured in water velocitics of 13.4 and 15.8 {.p.s.
by determining the distance which the fish were
able to negotiate through an 85-foot channel.
The 13.4 f.p.s. tests were conducted from Sep-
tember 5-7, and the 15.8 {.p.s. tests were conducted
on September 9, 10, 14, and 15. A total of 47
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steelhead and 91 chinook were tested in the 13.4
f.p.s. flow and 67 steelhead and 130 chinook were
tested in the 15.8 f.ps. flow. The following
resulls were obtained.

1. The performance of steelhead surpassed that
of chinook in both 13.4 and 15.8 f.p.s. velocities.
At a water velocity of 13.4 f.p.s., 02 percent of
the steelhcad negotiated the entire length of the
channel whereas only 51 percent of the chinook
achieved this distance. The performance of both
stecelhead and chinook declined at 15.8 I.pas.
velocity. Only 51 percent of the steelhead and
5 percent of the chinook negotinted the entire
85-foot channel. A decline in the swimming
ability of chinook was noted during the experi-
mental period,

2. Large fish of both species performed better
than emall fish in both 134 and 158 fpae.
velocities,

Rate-of-Movement Experiments

The influence of water velocity upon rate of
movement was measured by timing the fish
through a 30-foot distance within the channels.
Rates were determined at water velocities 8ppProx-
Imating 2, 4, 6, 8, 13, and 16 f.p.s. Thege exper-
iments were conducted concurrently with the
velocity-preference experiments and high-velocity
experiments and utilized the same fish. The
following results were obtained:

1. Rates of passage through the channels
varied with species and water velocity, Dased
on median passage times required to negotiate 30
feet, both steelhead trout and silver salmon in-
creased their rate of movement as the water
velocity increased from 2 to 8 f.p.s.; steelhead from
4.1 to 5.6 f.p.s. and silver salmon from 3.1 to 5.1
f.p.s. Incountrast tho rate of movement of chinook
salmon decreased from 6.9 f.p.a. in the 2 I.ps. flow
to 5.5 f.p.s. in the 8 f.p.s. flow,

The rates of movement of steelhead and chinook,
based on median passage times of the fish which
were able Lo negotiate the 30-foot timing zone,
were 4.6 and 3.4 f.p.s., respectively, in the 13.4
f.p.s. velocity and 4.7 and 3.8 fpa., respectively
in the 15.8 f.p.a. velocity.

3. A standing wave which occurred within the
timing zone at a velocity of 6 f.p.s. tended to stop
some of the fish for periods ranging from several
seconds to several minutes. Steelhead were more
affected by this wave than chinook.
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4. Large steclhead and chinook were genersll
faster than small steclhend and chinook at ses:
velocity tested.

5. Maximum observed swimming speeds {vaf
of moverent in relation to the channel plus'th
water velocity in which the rate was measurcs
for each species were as follows: steclhead 43
f.p.s., chinook 21.9 f.p.s., and silver salmon 7.
fp.s. Theso rates are equivalent to 18.3, 120
11.9 miles per hour, respectively.

6. There was no ovidence that the distane
which steelhead and chinook were able to nage
tiato in flows of 134 and 158 [.p.s, influencs.
their rates of movement at these velocitic
Rates of movement of fish which were unable t-
negotiate the entire channel ai these velocities
did not differ significantly from those fish whiep
negotiated the entire channel.

7. There was no apparent differenice in the rales
of movement maintained by steelhead and chinaok
through the first 30 feet and last 50 leet of ih
channel in the 13.4 fps. flow. At 158 [j.s
velocity the rates of movement of both steclhesn
and chinook decreased somewhat through the lngt
50 feet of the channel.
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APPENDIX A
;.
f TEST CONDITION " TEST CONDITION
‘ ean Mean
- 2 fps. velocity ”o. 4 fps. Velocity
. A" — 204}
20 1.6 1.8 2.0 1.9 1.9 201 36 4.0 4.2 4.2
: . 6 1.6 1.8 2.0 2.0 ) 6F 3.7 4.0 4.1 4.1
| b6 8 18 2o eo | '8 jaf 37 28 40 4 3.9
" ' o 1.6 1:8 1.8 19 1.9 8r 15 3.8 38 4.0
ﬁ 4t 1.5 1.8 (.7 1.8 1.8 4r 34 36 3.7 37
! 0 1 | 1 1 1 0 ] 1 | 1
- 6 f.p.s. 8 fp.s.
) w 28r 2ar
! @ oe4p 241
‘ o 20F ' Op——"" ]
. £ 18p 64 64 6.3 6.2 6.4 16 7.9 87 8.6 8.4 7.9
| c 1263 60 62 62 65 |60 2t sz 84 82 82 87| 80
¢ ~ B8F 60 55 5.6 56 6.1 BF 76 8.0 7.6 1.8 8.5
£ ar 57 52 5.2 55 5.7 4+ 15 73 6.9 €.9 77
3 0 1 | 1 1 | oLt | 1 1 o
(o]
. 16 f.p.s.
24\_—‘//
o 201
:g :3_‘.; |:.4 140 135 132 6F 155 167 166 162 163
3. 142 138 135 13 12 15.4 Y .
f Br 133 142 139 (35 3.0 13.4 : - llg.a '.?3 :g.? ::97 ::.: 158
! 4 12.4 13.% 13.5 12.9 1.8 4F 14.9 15.8 15.7 15.1 15.1
o ] 1 1 ] | o 1 | | 1 1
24 12 0 12 24 24 12 0 12 24
{ Lateral distance {inches) from center of channel
iy Fiaure A-1.—Examples of the distribution of water velocities in the channel for each of
the six test conditions. Entries for ench meassuring point (depth and distance from the
conter of Lhe channel) are mean values derived from measurements takoen at these points

e e

at five different stationa between the dowr
limit of the timing zone. (point B, figs. 3 and 0).

INFLUENCE OF WATER VELOCITY ON MIGRATING SALMON

SO

\atream end of the channel and the upstream

Line ai top indicates water surface.
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