Abstract | uﬂ;ﬁ
Paulik, Gerald J., and Allan C. Delacy. Swimming Abilities Of Upstream Migra.nt; S
Silver Salmon, Sockeye Salmon And Steelhead At Several Water Velocities. Schdoizéf,
Fisheries, University of Washington, June 1957, Technical Report No. T |
_ The terminal water velocities at which adult sockeye and silver salmon ahd.f-'
steelhead were no longer able to maintain poéition in an accelerating flow_waféli:k*
determined iﬁ this study. -Fifteen sockeye salmon, nine silver salﬁon and téﬁ:éféal-
head‘were used in the accelerating velocity tests. Twenty-two additional BiiV§??;f.
salmon were each tested at two étarting velocities in the accelerating flow;‘ Tﬂpéé

tests demonstrated that the terminal speed attained is dependent on the acceléfaﬂion

e ey .

pattern ﬁnd thé;;fa;gxggéélérating velocity tests cannot be used tb'measﬁre a fiéh's
absolute maximum swimning speed. ~ .’
. A number of bounding speed experiments were conducted using silver salmon;Q;Tpe
iaximum speed recofded'over a distance of one foot in these tests was 12.2 f.p;s;ff'
Two groups of silver salmon,'éne of 2 fish and one of 14 fish, and 21 steelﬁéad,
were tested to determine the length of time they were able to swim at cohatant wﬁtef
velocities of 3, 4, 5, 6, 7, & 9 and 10 f.p.s. before becoming exhausted. A total
of 218 indlvidual constant velocity tests were run. Seven of the steelhead wero:
tested six hours after they had been fatigued.in a swimming performance test. They

ware able to repeat their initial performance in the second test..
It 1s recommended that the capacity of the lower pools of a fish ladder should

‘be increased at installations where high water velocities may be present immediately

downstream from the ladder entrance.

This report is part of a series initiated in July 1953 for research in connection
with the Fisherles Engineering Research Program of the U. S. Army, Corps of Engineer:
and is part of a study under U, S. Government Contract No. DA 35-026~ang-20800

between the University of Washington and the Corps of Engineers.
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specific mention of fatigue and the extent to which it limits performance, can
be found In the literature. -
The purpose of this investigation is simply to find how long adult salmon
and steelhead trout will swim at different water velocities under strong motivation
A brief summary of a number of preliminary experiments, which were not expresgxy”[
designed o measure swimming ability but nevertheless contaln useful inforﬁatidn‘i

on the subject, is included in this report.

Msthoda and Materials

A wide varlety of equipment was employed in the_axplorétoryprpk$ﬂhich!i§y_.
briefly reviewad in the first part of this féport. The description of special
equipnent used for only one experiment is, therefore, postponed umtil the
particular experiment is reviewad.. Any modification’'of either the "standard" |
equipment or methods described in this part of the paper will also be noted in
the appropriate place. In all of the constant speed tests reported upon in the
last section of this paper only the standard equipment and methods described
below were used. |

Since a detailed deascription of the basic equipment employed in the majority
of these studies is available in Technical Report No. 31 (13), only major changes
made since the publication of that report will be covered in detail here.

The major plece of equipment used in these experiments was an eleven-foot
diameter amnular tank (Figs. 1 and 2). The rotation of this tank can be easily
controlled by a servo-mechanism so as to produce any water velocity up to 20
f.p.s. in the center of the outer twelve-inch channel to which the fish were
confined. This tank was employed as a "treadmill", in which the fish were forced.
to swim at any glven water velocity by mezhs of a light-electrode barrier.

Previous work has shown that the fish will swim to maintain a poslition upstream
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from this barrier until they are axhausted. ; )

One noteworthy change has been made in the actual testing apparatus since
‘t.he publicatlon of Technical Report No. 31 (13). The number of coil spring L
electrodes on t.he barrier was increased from t\-m to four, in order to produce - :
a more uniform electrical field. The dista.nce bet.weon any two olect.rodos in
the four electrode fisld is three and one~third inches. The outer elec;trodea
are c'rne inch i‘rom.the insulated inner and outer walls, Poe.'i't.ive-.and nega’ci\rﬂ“‘
electrodes a.re placed a.ltema.tely to produce the field. It has baen ahmm (13)
vthat. pre-test activity haa a definite effect on a fiah's test _performrnce and
| therefore should be uniform for a glven grOup of fish. The hnlding facilitiea
and pickup techniques were consaquontly modified from those deacribad pravioualy
(13). Each raceway was subdivided into 16 compartments by plywood inserts. The
individual campartments were 39 Inches long, 32 inches wide, and 24 inches doap. {; .
Thirty holea of one-half inch dlameter were drilled in both the upstream and o
downstream ends of the boxes to provide entnance and exit for the water conti.nqm;e
circulated through the raceway at the rate of 12 g.p.m. Qxygen reedings taken
with the raéway at full capacity (16 fish), during the summer when the water
témparature was 60 degrees, showed that the O, level in the compartments at the
tail~end of the raceway was maintained at 9.0 p.p.m. |

This type of holding facility has the following advantages: (1) The abrasions
suffered dwing the holding perled are reduced by cpni'ining the fish in a smooth-
walled compartment. (2) Thé fish is held in a uniform darkened envirorment whers-
it is not disturbed by the usual activity about a hatchery. -(3) Previous mrkl
bas also demonstrated that an avoiding response to a light barrier was significantl:;

greater in fish that have been dark adapted for at least 50 minutes. (4) The need

1 Progress Report No. 10 as of April 30, 1955, to Investigate the Effects of Fatigu-
and Current Velocities on Adult Salmon and Steelhead Trout, Contract No. DA 35-026—

ong—-20800 with the University of Washington.
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for marking the fish in any manner is eliminated by providing each fish ﬁith‘ \
an individual compartment. (5) Capture of the fish for transfer to tﬁ§ testing 
apparatus is facilitated. _ ‘ _ | |

"The carrying box previously described (13) was modified for use with thﬁx--}ﬂ

individual holding boxes. The lid was replaced by a sliding door which couldifﬁﬁf
be controllad wiﬁh a small latch on the side of the box (Figure 3). T6 picklt. ' 
up a fish from a holding compartment, the carrying box was first turned on its ;;:.
side and the sliding 1414 for the bax opened and fixed in the open position by
-mpans of the latch. Two tongs were then used to lower the box into the com-.
partment housing the fish. When the carrying bax was completely submerged in
the compartment., it effectively restricted the avéilable area, S0 ﬁhat’théingh;
. was forced to enter the box when it was slowly moved across ihe compaftmgntei_i'
(Figure 3). As soon as the fish entered the box, the sliding 1id was dropped,.
closing the box. The box was then removed from the raceway, and_the f£ish ﬂaéﬂu
introduced into the annular tank in the usual manner. \

A tape recorder was used to record all experimental protocols. A campletéw h
description of the events recorded is given in (13). A Type I Lap occurredv.
when the fish was swept through the barrier while swimning actively and oriented
upstream. Each swimning test was arbitrarily ended when the second Type I Lap
occurred.

Accelerating velocity tests

In many of the early experiments using the annular tank, the test fish were
introduced into a low starting water velocity which was then accelerated Btead£kf}
according to a fixed pattern (Figure A).’ The water velocity at which the fish f
lost the third Type I Lap was recorded as the end of the test. At this terminal

"~ water velocity the fish was no longer able to swim against or maintain a fixed
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position in the current. This type of a test is considerably different from

the constant velocity type of test in which the water velocity was held constant |
from the time of introduction, until the fish was no longer able to maintain
position uﬁstraam from the light-electrode barrier. .

Two groups of sockeye, obtained from the Washington State Department éf,“! h
Fisheries welr on'Issaquah Creek, were used in a serles of testsvinIWhicﬁ fﬁé N
water velocity was accelerated according to the pattern shown in Figﬁre L. The_ 
first group of fish was obtained on September 6, and the second on Sepbudberyzé;.r
1955. The second group was largely made up of fish which arrived at the weir. |
site at the same time as the first group but were held at the weir for an .-
additional 16 days. The length and sex of these fisharegiven in Table 1. The
sockeaye were held in an wncovered raceway which was subdivided inte four séctioﬁs.
Two fish were held in each section. The electrodes in the light-electrode barrie::
used during these tests, were constructed of stainless steel with an airf;il
crosa-section. Two of these electrodes were used in place of the four coil spfinh
electrodes described earlier. Table 1 gives the water velocities at which the - -
individual tests were terminated. Because of malfunctioning of the tape recorder.
and death of some of the fish during the test period, the number of swimming tegts
recorded varies between fish. These tests were conducted on consecutive dayal
beginning 10 days after the fish has been transported to the University of
Washington for the September 6 group and 5 days after arrival for the Sepﬁember |
22 group. The pooled variance associated with repeated performances by the same I
and the variance between fish for both groups are given in Table 2.2 .The varianc
between fish is not significantly greater than the variation between repeated test

of the same fish for the September 6 group, whereas in the September 22 group, th-

2 See (19) p. 264, Section 10.14 Samples within samples. Model II, for

description of statistical analysis used.
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variation between fiﬁh is highly signlficant when compared to the withih fiahﬁ'  '
variance. This non-significance of the between fish vardiation in the Séptamﬁ;ff {
6 group is in all probability a result of handling techniques which had not beén:\
completely standardized at that time and increased the variability between ré—ﬂx:

peated tests of the same fish.

Table 1

in accelerating velocity tests

Maximm spead attained by adult sockeye salmon

First group of sockeye taken from Issaquah Creek, September 6, 1955 7

Fish no. | Speed attained (f.p.s.) in tests Fork—len%th ! Sex - |
______________________ _| conducted on four consecutive days | (inches
Maximm - Mean _

1 3.7 6.1 5.8 6.0 5.40 25-1/4 M

2 6-1 5.9 5-8 5'93 21" M

3 5.7 6.0 6.0 6.0 5,92 . T 26 Mo

A 5.9 6.0 5.95 23 Mo

5 6.0 6.2 6.0 6.2 6.10 25-1/L M

7 5. 5.8 5.8 5.9 5.65 25-3/4 M

8 5.2 5.8 6.2 6.2 5.85 © 25 M

Water temperature -

58 to 58-1/2°F.

Sacond group of sockeye

taken from Issaquah Creek, Septamber 22, 1955

9 La9 5.5 5.3 b9 5.15 27-1/2 M
10 5.8 5.5 5.8 5.70 24-3/4 M
11 6.2 6.3 6.5 6.33 24-1/2 M
12 5.9 6.1 5.9 5.97 25-1/2 M
13 5.8 4.9 5.3 5.1 5.28 21-1/2 F
14 5.7 6.0 5.85 23-1/4 F
15 5.2 5.4 5.2 5.27 27 M

Water temperature ~ 57-1/2 to 58-1/2°F,




~7-

By using the pooled between fish variance for an error term, it is possible to

test the significance of the decrease in performance between the first and-second

groups. This test ylelds an F value of 2.94 (with 1, 13 degrees of freedom)

which 1s too low to demonstrate a significant difference between the two groups.

By treating the mean performancé of each fish as a single observation, the dﬁéfej

all mean velocity for the combined groups of sockeye is 5.8l f.p.s. (witha

95% confidence interval from 5.33 f.p.s. to 6.29 f.p.s.).

Table 2 Analysis of variance for Issaquah Creek sockeye

September 6, 1955 Group

Source of variatioen Degree of freedom Mean square
Between fish 7 0.631 | 2.35 (N.S.
Repeated test of L
gsame fish 21 0.268

September 22, 1955 Group
Between fish 6 0.621 9.8l **
Repeated test of :
same fish 15 0.063

Comparlson between groups
Between Sept. 6th Group _
and Sept. 22 Group -1 1.840 2.94 (N.S
Betwaen fish (pooled) 13 0.626

NeS. - Not significant

# - Significant at 1% level

Swimming performance teats of silver salmon in an accelerating flow, similar

to the tests with sockeye, were conducted on December 6, 7, and 8, 1955. The

rigid steel electrodes used in the sockeye tests had been replaced by two coil

spring electrodes before the silvers

were tested. The silvers were held at the

University of Washington for six days before the start of the tests.

In all

other respects these tests were comparable to those with sockeyes. Length and
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sex data are given in Table 3 for nine silver salmon captured at the Washington
State Department of Flsheries weir at Soos Creek November 30, 1955. Soos Creek
is a tributary of the Green River which empties into Flliott Bay, Puget Sound.

The hatchery weir is located about 35 miles above salt water. The performance

of the nine silver salmon in tests conducted on the three consecutive days are _
alse contained in Table 3. The statistica computed from these data are sﬁmmﬁfizpd
in Table 4. The variastion between fish was significantly greater . (1% level)
than the variation between repéaﬁad tasts of the same fish. The ovérail mean
swimming perforaance of the silver salmon was 6.2 f.p.s. (with a 95% confidence

interval fram 5.53 [apeS. t0 6.95 fapeSe)s

Table 3 Maximen speeds attained by adult silver salmon

in accelerating velocity tests

Mish no.| Speed attained (f.p.s.) in tests Fork-length Sex
conducted on three consecutive days (inch22§ '
Maxinmm | Menn
maximum
1 6.3 5.5 5.6 5.80 21-1/2 M
2 5.9 6.3 7.3 6.43 26-1/2 M
3 6.0 5.6 6.1 5490 26-1/4 M
b 6., 6.2 6.5 6.27 22 F
5 5., 5.3 5.1 5.27 22-1/4 F
6 6.5 6.3 6.2 6.33 20-1/4 F
7 6.!4- 6-8 700 6'73 22-3/l§ M
8 7.0 7.2 7.0 7.07 20-1/2 M
9 7.0 5.5 6.6 6.7 17-1/2 r
Water tomperature - 50 to SO—l/EOF.
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Table 4 Analysis of variance for Soos Creek silver salmon

Source of variation Degrees of freedom | Mean square | F value
Between fish 8 0.843 5.30 *#
Repeated tests of

same fish 18 0.159

Bt significant at 1% level

Ten adult male steelhead were each given a single accelerating vulocitj tast
on February 11, 1956. These tests were conducted in exactly the same manner, and
‘the same equipment was employed as described above in ihe tests with silver aalﬁpn

--The-steelhsad were obtained, on February 4, 1956, from the Washington State Fish

and Game Department's Hatchery weir on Chambers Creek. The test results and

lengths of the steelhead are given in Table 5. The mean termination velocity for
the tests was 6.98 f.p.s. The 95% confidence limits for this mean are 6.67 f.p;sf
and 7.29 f.p.s. There is a significant difference at the one percent level beé.

tween the performances of the steelhead and the two species of salmon tested.

Table 5 Maximm speed attained by Chambers Creek steelhead
in accelerating velocity tests

Fish no. Maximum speed attainsd Fork~length
(fepes.) (incheg§
1 7.0 23-1/8
2 7.3 26-1/8
3 6.1 26=3/1
4 7.2 25-1/4
5 7.2 24-1/2
6 6.9 23-1/L
7 7ol 24-3/4
8 7.3 26~1/2
9 7L 26~1/4
10 6.3 24-3/4
Water temperature - 44-1/2 to 45°F.
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A pertinent question regarding these accelerating velocity tests 1is wﬁéﬁhar\
the maximum veloclity a fish can attain in this type of test is the maximuﬁ‘véldcit
at which this fish can swim. If this is true, it meams that swimming duringjthé;
period when the veloclty is being accelerated ﬁntil the terminal speed is raached
does not serlously fatigue the fish or affect the ultimate terminal apaed attainad
in any manner. An experiment was designed to determine if the terminal apeed was
independent of fatigue incurred during the time that it takes the water velocity
to become swift enough to displace the fish. Eighteen silver salmon taken frumj
Soos Creek on November 30, 1955 were used in this test. . The.fish were randomly
assigned to two groups. One group Was tested in the usual marmer (1ntroduced at
time zero or into 1.5 f.p.s. - Figure 4), and the second group was introduced
into the tank after the water velocity had accelarated for two minutes and ragchpé
L.4 f.p.3. On the next day, these treatments were reversed bgtwéen thes two g;éﬁﬁﬁ,
z0 that the maximum swimming speed of each fish waa determined for both intfodﬁdﬁic
velocites. ZXach day the fish from each group were tested alternately so that no.
two fish from any one group uére tested successively. Possible bias that cOuldilu
arise from the order of testing or time of day was thus reduced or eliminated.
The test results and the length and sex for the silver salmgn are presented in
Table 6. Tt is evident from the analysis in Table 7, that the velocity at the
time the fish was introduced definitely affected the ultimate velocity attained.
Swirmming during the two minutes required for the velocity to accelerate fram
1.5 to 4.4 f.p.s. lowered the maximum speed attained. This demonstrates that an
accelerating velocity test does not measure a fish's maximum swimming speed and
that the maxjimum speed attained is dependent on the the acceleration pattern.
This also illustrates the mammer in which fatigue may affect a salmon's ability
to pass through an area of high veloclty. The velocity conditians immediately

downstream from the area of highest velocity may be equally as important as the
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Table 6 Maximum attainable swimming speed for silver salmon
introduced into an accelerating flow at 1.5 f.p.s.
and L.k f.p.s.
Fish no. Maximum speed attained Length Sex
Intro. into Tntro. into (inches)
1.5 f.p.8. Lol fop.s.
1 5.3 6.7 - 22-1/4 F
2 6.1 7.0 21-1/2 | M
3 6.0 6.1 24-3/8 F
A 7.0 6.9 20-1/2 M
5 o Seh 5.9 26=3/4 M
6 5.5 6.3 17-1/2 M
7 6.2 6.8 19-1/2 M
8 6.0 6.6 20-1/4 | F
9 5.0 6.6 17-1/2 M
10 5.6 6.7 19 M
11 6.4, 5.8 — F
12 6.5 6.4 22-3/4 M
13 6.2 6.5 17-1/2 F
14 buky 7.0 26-1/2 M
15 5.0 6.0 26-1/2 M
16 5.9 5.9 25-5/8 M
17 5.3 5.7 25-1/4, F
18 5.5 7.0 20-1/4 r
19 6.1 6.5 14 M
20 5.5 6.5 © 26-1/4 M
21 6.6 6.2 22
22 6.0 6.2 2,
Water temperature - 50°F,
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velocity conditions in the area of highest velocity for determining the success
of passage of salmon.

Table 7 Analysis of variance of maximum speed attained by silver salmon
introduced at two different velocities during acceleration.

Source of variation Degrees of freedom Mean square F value
Introduction velocity 1 3.161 27.02 ¢
Fish 21 0.274 234 * |
Interaction (error) 21 ' 0.177

#  Significant at 5% level
#¢ Significant at ¥ level. ' ) e
Work reported upon earlier has shown that performance decrements were

assoclated with handling and with pre-test activity (13). These previous
results and the finding that the fish's maximum attainable speed is influenced
by the acceleration pattern indicate that salmon are highly susceptible to fatigﬁe.
Considering this susceptibility to fatigue as well as the long recuperation
period required (13), one possible weakness in the design of the present pool
and weir type ladder becomes apparent. If a salmon must swim through an area of
high but passable water velocity to reach the entrance to a ladder, it enters
the ladder with a reduced capacity for performance. The salmon will then have
to rest sooner (quite possibly in the lower pools of the ladder) thus altering
its activity pattern so that the length of time spent in the lower pools of the
ladder increases Lo compensate for the fatigue incurred before entering the ladder.
The pools in the lower part of the laddsr may reach their capacity long before
the pools in the middle or upper part of the ladder and may interfere with
the entrance of additional fish into the ladder. In an installation where high

attraction flows are necessary, increasing the capacity of the lower pools of a
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ladder may alleviate pessible crowding problems.
Bowr ) I ents Wit ult Silver O ol

Reports in the literature on the maximum swimming speed which salmon can

attain range from 10 f.p.s. to 20 f.p.s. The majority of these figures were
obtained either by observations of the fish swimming in naﬁural currents or byzu'
observations of the salmon jumping. Using the latter technigue, some character—
iztics of the salmon's leap from the water are measured and the velocity at which
the salmon left the water is determined by back-calculation. A comprehensive :
diséﬁssion Of'this“techniﬁue'is*given by Denil (4). He used theliollcwing
formulaj to calﬁulata the bounding apeed of salmon.

¥y = xtandh- gxz —
2V0%  cos<A

(where x and y are the abscissa and ordinate respectively of a rectangular
coordinate svsten with the origin at the point the fish leaves the water, is
the angle of the path of the leap with respect to the water, and v, is the fish's
velocity at the start of the leap).

However, whether the salmon could attain this velocity if it remains immersed
is open to question. The salmon msy accelerate its velocity considerably as it
i1s laaving the water at tha beginning of the lesap. The water would be used some-
vhat as a "spring beard" in this maneuver. As the fish goes from the more dense
to the less dense medium the resistance associated with any given.ve10c1ty is the
result of entlrely different lorces., In water, the salmon is confronted with
reaislance to movament from friection, form drag and induced drag arising from the
oscillatory swimming motion (7). In air, the salmon must overcome the force of

gravity and air-resistance. At velocities of this magnitude, air resistance 1s

° lerivation and applications of this formula may be found in any calculus book;

e.g., aoe (1B) section 245, FProjectiles, p. 263.




Y . B
practically negligible. Due to the lack of information concerning thd_magniﬁﬁﬁgt'
of the resistance forceas that the salmon encounters in water it is hot pogéibié3_f
to establish a usable relationship between these two types of resistance.. Gefo  ,
(7) used the leap of a porpoise starting from a "dead stop" in a vertical.nosééuﬁ
position to compute tail thrust. For the reasons stated above, it is felt that i
some of the swimming velocities attributed to salmon as a result of their -"'w
obgserved junping ability may be ‘too high.

Table 8 below, was prepared as a sumsary of soms of the existing 1nformationﬁ
on the maximun swimming speeds fish can maintain for "short distancea".m The ;__fg;
values contained in this table were cbtained by different methods and under |
differant conditions, and thus are not strictly comparable, but they do serve . ?fh

as a wseful guide to the Upper llmit of a salmon's swimming speed.

Table 8 Sustained maximum awinminé‘speeds over short distances™
Sourcet  Stringham (20) ‘ : Jackson (11)
Observer: Stringham ILavolle Denil Bayer Napier Jackson
Fish: alewife  salmon salmon ——— sockeye | chinook
Speed: 11.8 2.9 . 10.3 10.0 8.8 to 12.5 to
(fepes.) : 10.3 14.5 *
Source: Gray (8) Rounsefell and Everhart (16)
Observer: Gray Lane Kreitman | Frischholz McLeod and Nemenyi
Fish: galmon trout trout good-swimming specles trout -
Speed:  10.3 to  29.4 13.2 6.3 to 8.6 7.0
(f-ptBo) 1118

* Sockeye were unable to swim at this velocity.

With the exception of the 29.4 f.p.s. maximum speed reported for trout by Ldne,‘f

there is fairly close agreement between the entries in the table._ N

4 The term "short distances® is believed to have reference fo distahces'of_lé@ﬁ -
than 100 feet in all instances and probably refers to distances of less than,ﬁo"

feot for most of the emtries in the table. Additional information on distances

may be fomd in the sources cited.
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of Lane's-estimate, Gray (8) says ™ ..., although Lane has recorded‘tha‘spéédjw
at which various fsporting! fishes are reported to have run out line from a
reelseeesseses Without knowing the precise conditions under which Bgch observatic:..
are made, these conclusions must be accepted with some reserve.! - | |
The sustained maximun swimiing speeds reported for salmon are betwsen 10 f,é.ﬁg -
and 15 f.p.s. .

During December 1956, high speed motion pictures were takenlofrtha sw;mming
performances of five male silver salmon in the annular tank. Four of thége‘ f:\
salmon were wild fish captured at-the-Washington“State*Dapartment of Fiaherieﬁ
trap on White River just below Mud Mountai; Dam. The other ailver éalmon.waali
hatchery reared and had been transferred fram the salt-water aquarium at the
University to the fresh water in the holding raceway twelve days before the test.
The coloring of the silvers from White River and later examination of the gonads
indicated that these fish were in an advanced stage of maturity at_thé time
these tests were conducted. Otherwise, they appeared to be in excellent physical
condition. The silver from the salt-water aguarium appeared.to be weak aﬁd
apparently had been adversely affected by the sudden transfer to fresh water.
Further information concerning these fish is iﬁ Table 9.

Markers, spaced at intervals of one foot, were placad.just above the surfacc:
of the water in the outer chamnnel of the ammular tank. The motion pilcture camera
was focused on the outer chamnel and mounted on one end of a boom which pivoted
on a point directly above the center of the tank. This arrangement made it
possible for the photographer to keep the salmeon in focus regafdless of its
speed or location in the tank. Figure 5 shows a frame taken from the film of
these tests. By counting the number of frames that a fixed point on the salmon
took to move between any two markers {a known distance), the swimming speed over

the distance was computed by multiplying the frames/second by the distance/frame.
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Figure 6. Frame from reversal film showing centrifugal
‘tachometer used to measure speed at which ling-
was pulled off reel. A &
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During each of the tests, the test fish made at least eight sustained bursts of
apeed for distances from two to ten feet. The fish were stimilated when they
entered the electric field set up by the electrode~light barrier and the usual
response of the fish was to move away f{rom the barrier with a quick burst of
apeed. The illumination provided for the photography seemed to excite the fish-
and cause a higher number of darts than would be otherwise expected. The. mascimm.
speed attained during a dart usualLyoccur;edax a distance of two or three feet
frﬁm the spot where the dart started. The speed for each salmon as given in -
Table 9 is the maximun recorded over a distance of one foot during the entire‘
swimning test. All figures were correcta&mggr tgg_;al;;;;; position in the |
charnel with respect to the center of the tank. The average speed over the
entire length of a dart was much lower than the fastest velocity which was mﬁiﬁy
tained for a distance of one foot during the dart. Also the average of the
maximum veloaities maintained for one foot for all the darts that a fish made
during t'.he test was conslderably lower than tge maximm velocity recorded for
the fish in Table 9.  During these bursts of speed, the salmon usually swam at
the outside of the channel and may have been hindered to some extent by the
curvature of the tank particularly over a distance of several feet.

The prasence of a salmon in the charmel causes a restriction of the avallabl:
arez and a corresponding increase in the water velocity about the body of the flc!
This increase is directly proportional to the salmon's maximum cross-sectional
area. A correction for the bias caused in our measurement by this areﬁ restrict

5

mey be easily made by use of the continuity relation” if we assume the increased

velocity to be uniform about the circumference of the f{ish. Fstimated maximum
crogs-sectional areas for the test fish determined by measurement for other silve:

salmon of approximately the same size as the test fish, are listed in Table 9.

? See (21) d=2ction 16. IEquation of Continuity, p. 64.
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Table 9 Maximum speeds attained by adult silver salmon over a distance of one foot.

Fish | Maximm speed (f.p.s.) | Distance from start | Zstimated cross-|Fork-

no. |Measured | Corrected of dart that maximum| sectional area {length
for area was attained (feet) | (sq. inches) (inches)
restriction

1 9.8 10.5 2 to 3 g-1/2 21

2 9.8 10.7 1to2 10-1/2 26

3 1.2 12.2 L to 5 §-1/2 23

A 9.8 10.9 3 to 4 12 30

5 6.7 7.2 2t03 8 20

J— * Salmon from salt-water aquarium.

Using the 12 square inch figure (fish No. 4) to illustrate the use of this correctior
the actual velocity about the fish's body can be computed by multiplying the obsarvec
velocity by 121/109 where the denominator is the cross-sectional area of the channel
reduced by the presence of the test salmon and the numerator is the unrestricted
cross—sectional area. Actually thls correction has a tendency to he somewhat too
high, as both the numerator and dencominator of the above fractﬁon refer to the avail-
able cross-sectional area when the tank 1s at rest. When the tank is revolved, and
the water is forced to the outside of the tank by centrifugal force, this ratio
decreases considerably, depending of course, on the speed of rotation.

As can be seen by comparing Tables 8 and 9, the maxi;um speeds measured in these
tests agree fairly well with those previcusly reported.

An effort was made to measure the darting ability of & salmon in an unrestricted
area during October 1956. One technique used was simply to clock the salmon ovér a
measured distance in a raceway which was five feet wide and thirty feet long.
(Ubservers with stop watches were stationed at markers twenty feet apart. A portable
electric shocking device was used to "chase"™ the salmon over the measured distance.

To eliminate the acceleratiom period, the salmon was allowed to swin five feot before

LY

i
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it entered the measured distance. However, the behavior of the fish and the
rapidity with which they were fatigued, combined with a sizeable variation in
the measurements attributable to observer reaction time, caused the diacontinuanc<
of these tests after only a small mumber of fish were tested. In two suécéaaful-
tests, both a male and a female silver salmon of 27-1/2 inches and 30 incheg. '
fork-length respectively were able to swim the twenty foot distance in 2.05[&f;._
seconds for an average speed of 9.8 f.p.s. ._,:1-
The second method tried conasisted of attaching a line to the salnmh-ahd %;lﬁ

measuring the rate at which the salmon was able to pull the line off a abogl;:ﬂ!
The line was looped over a small plexiglass pulley attabhed"to tha"$£;££ of.a‘ |
centrifugal tachometer. The spool and iachometer were mounted on a base which _.
was free 1o revolve in any direction. .A high-speed motion picture camera was
used to record the movementa of the needle on the dial of thé tachometer. _A‘ v”
frame from the film is shown in Figure 6. The line was fastened to the salmon -
at the base of the dorsal fin. Several tests were conducted with this equip-
ment, however, the salmon could not be induced to make any sustained runs at
high speeds with the attached line. The highest speed recorded was 10 f.p.s.

end was maintained for only a fraction of a second. This speed was attained

by a male silver salmon with a fork-length of 25-1/4 inches.

Congtant speed tests

A number of swimming performance tests were conducted durlng the f&ll and
winter of 1956 for the express purpose of determining how long salmon and steel~-
head are able to swim at’a particular water velocity. One group tested was
selected from sixteen silver salmon captured at the Washington State Department
of Fisheries Hatchery weir on Soos Creek, October 23, 1956. These fish were from
the early part of the fall run. The éample of sixteen fish was selected with

regard to condition and size. ERExtremely large or small fish were not taken.
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Salmon with obvious serioﬁs injuries or which appeared to be within a few dajs |
of spawning were similarly excluded from the sample.

Upon arrival at_phe University hatchery,the fish were placed in individual
holding compartments. After one day of rest, each fish was given iwo pre-test
conditioning trials on successive days. These pre-test trials were conducted
in the same manner as the usual swimming tests with the exception that the pre;'.
tosts were terminated after one T&pe I Lap. The water velocity was 4 f.p.s.
during the pre-tests. Two further selections were made at this point. Four
fish were discarded from the test group because of eye injuries or open wounds
that were previously undetected. The eight test fish were sslected from the
remaining 12 fish on the basis of the orientation to the current -
during the second pre-test. The salmon which oriented into the currént immediatal
upon introduction and required the fewest mumber of reversals (reorientation iﬁtO'
the current) during the pre~test were used as test animals. The purpose of the
selection was to increase the accuracy of the estimate of the relationship be—
tween velocity and swimming time by testing those salmon for which total swimuing
time was the bes’ measure of total activity in the annular tank. In particular,
this selection represents an attempt to reduce a potential source of error
associated with reversals at high velocities. At high water velocities, reversing
tho fish with a net causes a certain amount of turbulence and temporarily lowers
the water velocity. This disturbance may last several seconds and thus introduce
a non—triviai error in swimming times of less than a minute. Observations showed
that these fish and others tested later consistgntly maintained orientation at
higher velocities regardless of their behavior at lower velocitles.

The test sample selected in the manner described above may not be truly
representative of the population from which it was selected with respect to

swimning ability. However, no significant correlation was found between
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swimming time and any of the measures of orientation recorded (reversals, Type
IT Laps and Type III Laps (13)) for silver salmon tested at 3.5 f.p.s. (13) or
sockeye salmon tested at 4.3 f.pes. (14).

The plan of the experiment using the eight silver salmon selected in the
manner described above is shown in Table 10. The observations on the first fdur
days were taken according to a 4 by 4 latin Square design which was replicated
onca.6 The factor of primary concern was thea water velocity at which each test
Qaa conducted. The day factor was included simply to balance out any possible
bilas it might cause in the salmon's performance at the different water vélocities;
The experiment was conducted in the foilowing manner: the tank mechanism was
regulated to produce a given water speed at the center of the charmel; as soon as
the water velocity was stabllized at the desired speed, the salmon from replicaﬁe
I that was to be tested at this water velocity was introduced into the channel;
upon completion of the gwimming test and removal of the first salmon ffom the tank
the salmon from replicate II that was to be tested at the same water velocity was
introduced into the tank. When the second test at the given velocity was finished
and the salmon had been replaced in its holding campartment, the water speed in
the test channel was changed to the next velocity. This sequence of events was
continued until all eight fish had been teated. The order in which the pairs of
fish were tested on any test day was randomly determined.

At the conclusion of the fourth test day 1t was apparent that the salmon
could be successfully tested at higher water veiocities. The seven surviving
salmon, which, with the exception of fish Number 6, appeared to be in good conditic -
were tested at 7 and & f.p.s. on the next two days. The standard method of analysic
for the Latin Square design is not applicable because some of the tests at 3 f.p.s.
were 100 lengthy to complete and because one of the test fish died during the

6

See (6) for further discussion of this type of desigmn.
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Table 10 Porformance scores (swiming time in seconds) of upstream
migrant silver salmon in water velocities from 3 to 8 f.p.s.
heplicate I ‘
Water velocity in f.p.s. Performance
Fish Test date Score in seconds Sex |Length
no. 10/28 10/29 10/30 10/31 10/28 10/29 10/30 10/31 (inches)
1 L 3 6 5 343 486 210 184 | M | 22-1/8
2 3 6 5 4 685 17, 187 370 | M | 22-3/k
3 6 5 L3 Bl 110 240 P | 24-1/k
A 5 4 3 6 174 462 4560w 192 | F | 24-3/4
Replicate II = . -
5 4 3 6 5 307 759 125 184 | F | 21-3/8
6 3 6 5 4 g97 116 139 240 | F | 20-1/2
7 6 5 4 3 85 163 312 &720@%| M | 20-1/2
8 5 4 3 6 130 13 320 W5 | F | 24-7/8
Fish Test date Score in seconds
ro. 1/1 1/ 11/ 11/2
1 7 8 130 85
2 7 8 150 162
3 7 8 * *
4 7 8 1832 143
5 7 8 129 80
6 7 8 2Gi6E L0t
7 7 8 70 55
8 7 8 153 53
Water temperature - 54 to 56°F.

*
i Tegts were termdnated

#6% Fish No. 6 had fungus

Fish Ho. 3 died after testing on 10/30.
before fish was exhausted.

growth on caudal peduncle and caudal fin which

appeared to interfer with its swimming during the tests on 11/1 and 11/2.
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experimental period. The swimming times at 3 f.p.s. are clearly much longer
than the swimming times at 4 f. p.s. or higher. Using the Friedman two-way
analysis of variance by ranks,7 it can be easily shown that there are highly
significant differences betwesen the swimming times of the salmon at 4, 5, and
6 f.p.3. At 3 f.p.s. the bshavior of the fish during the test is critical. The
salmon seemed to be able to swim at this velocity with little exertion. Several
of the salmon, after swimming easily at this velocity for several minutes, darted
rapidly about the tank or reversed their orientation and attempted to swim down-
stream. In two of the tests at this velocity it was necessary to terminate the
tests and return the salmoﬁ.éo tﬁéT;aceway bafore théy were exhausted. Recofdings
of these two tests showed that both of the salmon swam at a steady pace.

Figure 7 shows the curvilinear regression line computed for the data by the
method of least squares. An exponential curve seemed to fit the data fairly well
for water velocities frem 4 f.p.s. to 8 f.p.s. The selsction of this curve was
arbitrary and may be used as only a first approximation to the actual relation-
ship between these variables. Because of the large increase in the length of
time the fish were ablelto swinm at 3 f.p.s. and the previously mentioned difflcult’
encountered in testing the salmon at this velocity the curve was not axtended to
3 f.p.s.

Of further interest are the relative abilities of ilhe fish in relation to
one another at the different water velocities. In particular, if the salmon are
ranked with respact to their swimming ability at any particular water velocity,
do they tend to retain the same rank at a different water velocity? Kendall's

coefficient of concordance (17) is a measure of agreement between sets of ranks.

7 A discussion of this test is available in (17) Chapter 7, pp. 166-173.
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The coefficient of concordance for these data was camputed at 0.593 which

rejec£s at the 1% level of signilicance the null hypothesis that there is no
agreement between the ranks of the salmon according to swimming ability at
differant water velocitles. It may be concluded from this tﬁat fish which are
relatively strong or weak swimmers at one water velocity also tend to remain
relatively strong or weak swimmers at other water velocities.

_ A second sample from the Soos Creek run of silver salmon wasvtaken on
November 19, 1956. The fall rmm was at its peak.at the time this sample was
taken. Twenty-five fish were selected on the basis of size, physical conditioﬁ
and maturity in the same manner as the October 23 sample. These salmon were
held in individual heolding compartments at tﬁe University hatchery during the
course of the experiment. The day after the salmon had been unloaded at the
University they were given a pre-test trial of two minutes duration in the
annular tank at 4 f.p.s. (all the salmon were able to swim at 4 f.p.s. for
thigi length of time). Fourteen were then selected according to their behavior
in this pre-test for use in the velocity tests.

The velocity teéta were conducted according to a Youden Square design.8 The -
fourteen test fish were randomly assigned to the rows of two identical Youden
squares. The experimental procedure employed was similar to that used for the
October 23 group, i.e., two salmon, one from each replicate were tested successi#el
at the same water velocity before the velocity was changed. The 7 by 4 Youden
Square arrangement of treatments that was used and the results of the swimming
tests are shown in Table 11. The random order in which the velocities were
tested is given in Table 1l for the four test days. The primary advantage of
this design over the latin Square type of design previously used (13) is that

the number of test days (or replicates in the notation of Cochran and Cox) can

8 See (3) Chapter 13, Incomplete Latin Squares (Youden Squares) p. 370-375.
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Performance scores (swimming time in seconds) of upstream

migrant, silver salmon in water velocities from 4 to 10 f.p.s.

Replicate I
Water velocity in f.ﬁ.s. Performance B
Fish | .. Test date : Score in seconds Sex| Length
no. 11/21 11/22] 11/213 1/24 | 11/20 11 /22 11/23 11/2, . (inches
1 6 8 9 10 75 73 66 45 | M | 29-5/8
2 7 9 10 I 72 3§ 30 360 | M |18-3/4
3 8 10 L 5 31 18 226 81 | F | 25-5/8
L 9 4 5 6 43 149 8L 75 |F |26-3/8
5 10 5 6 7 27 162 153 90 | M | 19-1/4
6 i 6 7 8 | 17 6, 42 35 |M|203/8
7 5 7 8 9 215 8 43 40 | F | 21-7/8
Replicate IT
8 6 8 9 10 85 A 21 31 | F | 25-3/8
9 7 9 10 A 110 45 35 160 | F | 22-3/4
10 8 10 h 5 65 30 210 78 | M | 19-5/8
11 9 4 5 6 3L 176 107 128 | M | 26-7/8
12 10 5 6 7 8 120 97 14 | M | 27-1/8
13 L 6 7 8 145 85 15, 58 |F | 26-5/8
7N 7 & 9 105 70 4O 27 |F |25
Order in which velocities were tested
11/21 1L1/22 11/23 11/24
fapesa f.p.s. fepe8a f.pes.
9 6 10 6
8 5 9 9
7 8 5 8
A A 8 5
5 9 7 4L
6 7 6 10
10 10 L 7

Water temperaturs - 50 to 51-1/2°F.
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be less than the nmumber of treatments. Whereas a group of adult galmon may be
reasonably expected to survive an experiment lasting four days, if the same
experiment were to last seven days some of the salmon could be expected to incur
injuries or die during the bourse of the experiment,

In order to complete the analysis of the data it 1s necessary to assume that
the observations are normally distributed, have a common variance and that thére
are no interactions. Previous experience with performance tests has indicated
that there is a positive relationship between the mean and the variance of
swimning performances for a given treatment. To elimihaté this relationship and
to satisfy better the assumptions of the test the swimning times were transformed
to logarithms before carrying out the analysis.9 Table 12.givss the results of
the analysis of variance and the adjusted mean swimming times at each water veioci;
This adjustment, which corrects the mean performance times for differences between
fish, was necessahy as each fish was tested at only four water velocities. The
validity and usefulness of this type of correction rests on the assumﬁtion that
there is no Interaction between fish and water velocity. The positive correlation
between the ranks of the silver salmon ranked according to swimming ability at
different water velocities for the October 23 group indicates that this assumption
is reasonable.

It may be seen in Table 12 that the difference in the average performances of
the group between test days was insignificant, indicating that the behavior and
physical condition of the group were fairly constant during the four-day experiment.

period. There 1s a highly significant difference between the average perf{ormances

2 A complete analysis was also made using the swimming time in seconds as the
random variable. The results of this analysis were almost identical with the
results obtained by using the logarithms of the swimming times as the random

variable.
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Table 12 - Analysis of variance in transformed performance scores of
ajlver salmon taken from Soos Creek November 12, 1956 on

velocity tests.

Variation due to Sum of Degrees of Mean square F value
squares {reedam

Differences between _ :
test days 0.05145 3 0.01382 ~ 0.1701 (N.S.)

Differences betwesen
fish (uncorrected

for treatment) 0.63899 12

Differences between |

water velocities 2.20203 6 0.36701 L.5183%
Interaction of ' _

experimental error 2.76172 34 0.08123

Total 5.64419 55

Adjusted mean swﬁmniﬁg times

Water veloclty L fepes. 5 6 7 8 9 10
Swinming time
in seconds 189.8 114.6 | 93.2 | 86.9 L84 34.1 1 23.8

Ne3e — not significant

#% - gignificant at 17 level
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Table 13
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Performance scores (swimning time in seconds ) of upatream

migrant steelhead in water velocities from 4 to 10 f.p.s.

Replicate I
Water velocity in f.p.s. Performance
Fish Test date Score in seconds Sex| length
no. 12/31 14 1/2 13 12/31 1/1 Y2 1/3 (inches)
1 6 8 9 10 267 134 T 83| F| 2
2 7 g 10 4 253 130 107 332 | M| 25-1/4
3 g 10 4 5 120 89 175 183 | F | 29-1/2
L 9 4 5 6 86 218 182 155 | M| 24-3/4
5 10 5 6 7 55 17, 176 155 | F | 26-3/h
6 L6 7 8 420 246 2717 187 | M| 27-1/8
7 5 7 8 9 228 179 139 117 | M| 26-3/8
Heplicate II1
8 6 8 9 10 104 120 W 69| ® | 30-3/4
9 7 9 10 4 190 86 86 286 | M| 2-3/k
10 B8 10 L 5 105 5, 109 129 | F | 32-1/A
11 9 4 5 6 83 330 193 202 | M | 26
12 10 5 6 7 73 205 187 207 | T | 25-5/8
13 L6 7 8 WO 40k 234 128 | P | 25.5/8
1 5 7 8 9 147 187 160 91| F | 27-1/8
Replicate IIX
15 6 8 9 10 50 20 17 15 | M| 17-3/4
16 7 9 10 b 165 9 66 237 | M | 24-3/4
17 g8 10 A 5 35 25 133 122 | F | 21-5/8
18 9 L 5 6 43 286 67 62 | M| 19-7/8
19 10 5 6 7 73 25 153 232 | M| 30-1/4
20 A 6 7 8 162 229 128 72 | F | 26-3/8
21 7 8 9 165 150 113 89 | F | 24

Water temperature — 50 to 53——1/201*‘.
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necessitated a slight modification of the experimental procedure previously
described for the two groups of eilver salmon. The seven steelhead in replicate
I were the first seven fish tested each day; the water velocity was changed at
the end of every test. At the conclusion of the seventh test the steelhead from
replicatea 11 and III were tested in pairs at each of the water velocities.
After the steelhead from replicate I had rested for six hours, they were re—
tegtad, The order in which the tests were run is shown in Table 14.

The last column (Jan. 3) of replicate I was repeated on January 4. This
saries of tests was conducted approximately eighteen hours after the_conclusion
of the re-tests on January 3. |

Table 15 contains the analysis of variance using the traﬁsformed performance
scores for the combined replicates I and II and for replicate III which was N
treated separately. The variation between the average performances of both groups
on different test days is, as for the silver salmon, extremely small. The
variation in average performance attributable to water velocity is highly signifi~
cant for both groups. The mean performance times, adjusted to compensate for the
varying abilities of the fish tested at each water velocity, are given for the
combined replicates I and IT and for replicate III in Table 15. The adjusted mean
performance times clearly demonstrate the superior swirming abllity of the
selected sub-sample (replicate I and II).

Fxamination of the performances of the seven steelhead in replicate III
shows that the physically incapacitated fish, Nes. 15, 17, 18, and 2Q.were weaker
swimmers than the fish whlch were excluded from replicates I and II on the basis
of behavior (Nos. 16, 19, and 21). The "least-squares" performance curve for
the fourteen steelhead in replicates I and II is shown in Figure 9. TFor purposes
of comparison the performance curve for replicate III is also represented in this

graph. DBoth curves have the same general form; the only difference between them
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Table 14
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Performance scores (swimning time in saeconds) of steelhead in tests

before and after a slx-hour rest period and testing schedule

Water velocity in f.p.s.| Score in seconds on Score in seconds after |Repeat of
Fish Test date first test 6 hr. recovery period l/§ vel.
no. |12/31 1/1 /2 1/3 12/31 11 121/ (12/31 1A 1/2 1/3 1/h
1 6 8 9 10 252 134 T4 83 | 245 93 11l 6l 80
2 7 9 10 h 253 130 107 332 | 240 120 84 350 502
3 8 10 L 5 120 89 175 183 | 121 49 185 175 174
L 9 L 5 6 86 218 182 115 | 100 205 217 153 153
5 10 5 6 7 55 174 176 155 65 206 154 179 156
6 IR 6 7 8 420 246 277 187 | 308 234 235 T4 188
7 5° 7 8 9 228 134, 74 83 | 246 194 136 108 114
Test Order Heplicate I (Firat test)
—12/31 1/1 1/2 1/3 1/4
Fish Water| Fish Water Fish Water Fish Water Fish Water
no. vel. | no. vel. no. vel. no. vel. no. vel.
f.p.s. fapes.s fop.s. {+pe8. fePaSe
6 ol s 5 5 L 5 5 7 5 7
2 7 7 7 5 6 1 10 1 10
7 5 2 9 6 7 7 9 7 9
1 6 6 6 7 8 3 5 3 5
L 9 1 8 2 10 A 6 L 6
5 10 3 10 1 9 2 b 2 4
3 8 L L 3 I 6 8 6 8
Replicate IT and IIJ
13 12 11 12
= w ° |w  ° TR
9 i 12 8
6 7 21 7 19 6 15 10
14 9 13 1
2 ° 16 ? 20 7 a7
8 13 4 10
15 O 20 6 21 8 1
1n 8 9 1
w7 15 8 A w  °
12 0 17 8 9
19 t 10 10 15 K 16 4
10 18 10 13
17 B n o | * o 8
Replicate I (re-test)
L 5 5 A 5 5 7
2 4 I 4 5 6 1 10
7 5 2 9 6 7 7 9
1 6 6 6 7 8 3 5
4 9 1 8 2 10 4L 6
5 10 3 9 1 9 2 9
3 8 b L 3 L 6 8
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being that the curve for replicates 1 and II is simply translated to the right

or may be thought of as operating at a higher level of performance. The injuries
guffered by the fish in replicate III seem to have a constant deleterious effect

on the performance of the steelhead regardless of the water velocity.

Table 14 contains the results of the original tests and the re-tests six
hours later for the seven steelhead in replicate 1 on the fourltest days and the
results of Lhe one series of tests conducted on the fifth day. It is obvious
from a comparison of the regression lines ploited in Figure 10 that the steelhead

were zble to recover completely, performance-wise, from the effects of fatigue

experienced in the first test during the six~hour rest perlod. Although, in
some cases, there was & sizable variation of random nature between two performances
of the same fish on the same day, the performance curves for the two groups are
nearly identical. The adjusied mean performances {see Fig. 10) also show the
same close agreement with only random variation. The results of the repetition |
of the January 3 tests on January 4 tend to substantiate the relisbility of the
performance measurements. The swimming time of 502 seconds at 4 f.p.s. for fish
No. 2 on January &4 was considerably longer than the two performances of 332 and
350 sgeconds by this fish at the same velocity on January 3. However, the large
variance which has baen previously mentioned as being assoclated with the longer
performarce times may be responsible for this difference. It is of interest to
note that no daily decrease in performance was experienced by the seven steelhead
in replicate I, in spite of the testing twice a day. These fish did not appear
to differ, at tho end of the experimental period, from the steelhead in replicate
II which wers fatigued only once a day.

At the end of the testing period the silver salmon and steelhead used in the
constant velocily tests appeared to be in good physical condition in spite of the

gevero museular exertion ewperienced. Thevy were subsequently returned to Soos
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Analysis of variance for transformed performance scores of

steelhead, taken from Soos Creek on December 26, 1956, on

velocity tests

Replicates I and IT

Variation due to Sum of Degrees of Mean square F value
squares f'reedom

1. Differences

between test days 0.02505 3 0.00835 0.2928 (N.S.)
2. Differences |

between staelhead

(uncorrected for

treatment ) 0.52091 12
3. Difference |

between water

velocities 0.72820 6 0.12137 L 255640
4. Experimental error

or interaction 0.96G81 34 0.02852
5., Total 2.64397 55

Replicate III

l. Differences between

test days 0.01628 3 0.00543 2220 (N.s.)
2. Differences between

steelhead (uncorrected

for treatment) 1.96513 6
3. Difference between

water velocities 1.16017 6 0.19336 7.90523%
L+ Experimental error

or interaction 0.29349 12 0.02446
5. Total 3.4507 217

Adjusted mean verlormance times
KHeplicates I and 11
Water velocity | 4 fepesd 5 fepese | 6 Fupess| 7 fepes. | B fepes. |9 Ffepes.[10 fupes.
Swimning time
in seconds 253.6 195.2 198.5 17L.8 136.7 £89.4 £81.8
Replicate 111

Swiming time
in seconds 190.7 103.1 118.5 112.0 57.0 54.73 L1.3
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Creek and relesased.

The performance curves for the two groups of sllver salmon and the "normal'
steelhead are presented in Figure 11, Considering first the two groups of silver
salmon and extrapelating the October 23 performance curve from & f.p.s. to 10
f.p.s., the differgnce between the early and mid-run silvers appears to be a
function of thé water velocity. At higher water velocities the two curves
approach one another agsymptotically while they diverge markedly at the lower
" velocities. Thus the differences in swimming-ability between the silvers taken

from the early part of the run and those taken from the peak of the run become

more pronounced as the rate of energy expandituféf&eé;ééégél;ﬁ
The performance curve for the steelhéad (replicates I & II) has the same
form as the performance curve for the November 19 group of silver salmon but
operates at a higher performance level. The steelhead swimming times at 4 f.p.s.
are comparable to the swimming times of the October 23 group of silver salmon
at this velocity. Although these two performance curves intersect at 4 f.p.s.,
the decrease in swimming time per unit increase in velocity is more rapid for
the silver salmon than for the steelhead. As more silver salmon were available
when the samples were taken, any bias arising from the method of selaction would
regult in a relative increase in the swimmning times of the silver salmon.
Therefore it would seem safe to conclude that sieelhead are considerably stronger
swimmers than silver salmon at higher water velocities.
Any extrapolation of the performance curves given in Figure 10 in either
direction is not permissible. At 3 f.p.s. a much larger increase in swimming
times was observed for the October 23 group of silver salmon than would have been

predicted by extending the performance curve. At least two of the fish appeared

to be approaching a rate of energy expenditure which could be maintained for an
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extended period of time at this water velocity. The accuracy of the predicted
performances at velocities above 10 f.p.s. was examined by testing two of the
steelhead, mumbers 2 and 6, at 12 f.p.s. While the predicted performance was
45 seconds, the observed performances were 30 and 31 seconds respectively, in-
dicating that performsnces drop off more rapidly than would be expected on the -
basis of performance curves obtained for velocities fromlh f.p.s. to 10 f.p.s.

Performance tests conducted in an experimental laboratory can not be
expected to yield results which can be used directly without modification to
predict the. performance of a-fish-in a normal field situation. Aé;soon as the
fish is removed from its natural environment'any inferences concerning its
performance have to be restricted to a particular set of conditions. The
logical starting point for performance studies is to determine the fisht's
performance under extremely strong motivation, and if possible this motivation
should be at least equal in strenzth to any motivation that the fish would
experience naturally. If it can be assummed that the fish were so motivated
during the tests in the armular tank (13), performances of the fish in these
tests can be used to construct a reference frame of the fishts ca.}‘:'abilities.
Such a reference frame would be an aid in fecégnizing the occurrence of limiting
conditions in field situations.

Generally speaking, the length of time the fish could swim at any given
velocity aﬁ recorded in the annular tank is lower than the length of time the fish
might be expected to swim in a river or stream at the same water velocity under
the same motivation because of the experimental conditions. The physical re-
striction imposed by the size and curvature of the test chammel has the mechanical

affect of increasing the resistance the [ish must overcame at a given water veloclt;

It is also possible that the anmular tank may have adverse effects of a bilological
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or physiologlical nature. The increase in velocity due to the reduced area in

the channel about the body of the fish has already been discussed. Other, but
less obvious effects of this area restriction are the alterations in the nature
of flow about the fish's body and an increase in shearing or frictional atress,lo
A change in the nature of the flow affecta the total drag coefficient as defined
by Gero (7),ll The magnitude of the increased resistance that the fish must
overcome in order to swim is proportional to the extent that the fish's body
restricts the available arsea in the channel. IExperiments carried out to measure
the magnitude of this bias using rigid fish forms (f{rozen sockeye and silver =~
salmon) with fork lengths of 20 to 23 inches indicate that the bias in per-
formance times caused by changes in flow characteristics and shearing stress
imposed by the restricted dimensions of the test chamnel is not serious for

fish of this size.

Since these experiments were conducted in a rotating device the effects of
centrifugal force must also be considered. During a test the water velocity is
stabilized at the desired test speed before the {ish is introduced into the test
channel. With four electrodes in the channiel the water veloclity stabilizes at
from 73% of the tank velocity at 3 f.p.s. to 90% of the tank velocity at 10 f.p.s.
As the fish must swim to maintain its position ahead of the stationary light-
electrode barrier it may be thought of as essentially a stationary object of
approximately the same density as the water. The fish is subjected tq one force
acting normal to its median-vertical plane and directed toward the outside of

the tank. This force, which acts on the right side of the fish (assuming the

10
See (21) Section 5. Viscosity, p. ll.

Sea (7), p. 3-1L, for discussion of drag acting on fish's body as it moves

through water.




~36~
tank is being rotated in a counterclockwlse direction and the fish 1s oriented
into the current), is the sum of centrifugal force plus the force exerted by
the water column above the fish's right side. However, an opposing forée
directed toward the inside of the tank of magnitude equal to the sum of these
two forces is imposed by the wa.tef column above the fish's left side. Therefore,
a3 long as the fish maintains its position, centrifugal force has no mechanical
effect. The possible physiological effect of centrifugal force is not known.
The parabolic shape of the water's surface during rotation causes a weak coun£ef
current 40 be set up in the-test channel, - Because-this current 1s extremely
slight its effects are thought to be negligible.

The variation in swimming performances between the individual fish in any
of the groups tested during this seriea of experiments was rather large.
Although purely energistic considerations cannot be used to account for all the
variations in performance this does not imply that the varlation observed in
the annular tank experiments is-any the less real or absent in nature. The
spread or range in abilities of a group of salmen migrating upstream is equally
as important as the mean swimming ability of the group. For the same group of
salmon or steelhead, a wide difference would be expected to exist between the
water velocity which would not interfers with the upstream migration of the
group and the water velocity which would stop or block the upstream migration of
the group. Consider for example the MNovember 19 group of silver salmon from
Soos Creek (Fig. 7). To allow all aight of the salmon tested at any of the
velocities between 4 f.p.3. and 10 f.p.s. to pass a 500 foot reach, the water
velocity in the reach should be reduced to less than 5 f.p.s.; on the other hand,
to prevent the passage of all eight salmon in the same reach a 10 f.p.s. flow

wrviild bhe voeriS racl
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The variations in ability between groups of fish may also be quite large;
compare, for example, the steelhead and silver salmon performances reported in
Figure 11, the October 23 sample to the November 19 sample of silver salmon,
Soos Creek silvers to Columbla River sockeye (14), or groups of sockeye saimon
taken from the Columbia River at varlous distances from salt water (14). The
magnitude of_theae variations in ability between specles, batween salmon from
different areas, and between the same fish at different stages of maturity
during their upstream migration, indicates that the efficient design of fish
passage facilities is dependent upon knowledge of the capabilities of the |

particular fish that will use the facilities.
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.Conclusions
1. The length of time silver salmon and steelhead are able to swim in the
annular tank until exhausted was determined at water velocities from 4 f.p.s.
to 10 f.p.s. (see Figs. 7, 8, 9).
2. Steslhead recoveréd (performance-wisa) from an exhauvative swimming effort
in six hours.
3. Differences in swimming ability at low water velocities were found Setveeh
early and mid-run silver salmon.
L. A salmon's maximum swimning speed cannot be determined by an accelerating‘-

velocity test. Swimming during the time the water is being accelerated affects =

[ \ \ Lo
. ” K C‘S‘.s L.
g_-_\_\".DC.\‘- o

the maximun speed attained. < A
5. Steelhead are strénger swimners than either silver saiﬁon or sockeys salmon.

6. Two steelhead were able to swim at 12 f.p.s. in the annular tank for 30 and

31 seconds respectively.

7. The maximum swimming speed recorded for a silver salmon over a distance of

one foot was 12.2 f.p.s.

8. It is recommended that the capacity of the lower pools of a fish ladder should
be increased at installations where high water velocities may be present immediatel-

dovmstrean from the ladder entrance.



R

2o

3.

Lo

5.

7.

9.

10,

11,

39
Referencen
Preder, Ce M. Jr.  The locomotion of fishes. Zoologica, 1923-26, L (5),
155-297.
Chapman, Douglag G. Statistlcel inferences in applied research. University
of Washington. 1953, Unpublished mimeo. notes. 172 pp. |
Cochran, William and Cox, Gertrude M, Experimental designs, Jobhn Wiley
and Sons, New York, 1950, L5L pp. |

Denil, G, Ia mecanigque du possion de riviére. Chap, X. Ies capacités
macaniques de la truite et du saumon., Ann. Trav. publ., Belg.
38 (3), 1937, L11-L33e - - o

Denil, G. La mecanique du possion de riviéreo Chap. XVI. Propos
conclusifs. Ann. Trav. publ., Belg. 39 (L), 1938, 783-811.

Fimney, De J. FExperimental design and its statistical basis. The
University of Chicago Press, Chicago, 1955, 168 pp. |

Gero, De Ra The hydrodynamic aspects of fish propulsion. Amer. Mus.
Novit, (160L), Dec. 11, 1952, 32 pp.

Gray, James. The locomotion of fishes. Lssays in marine biology.
01liver and Boyd, London, 1953, 1-16.

Harris, Jobn E, The role of the fins in the equilibrium of the swirming

figh, T. Uind-tunnel testa on a model of Mustelus canls {Mitehill).

J. Exp. Biol., Oct, 1936, 13 (L), L76-L93.

Karris, John E, Fin patterns and mode of life in fishes. Essays 'in
marine biology. Oliver and Boyd, London, 1953, 17-28,

Jackson, J. K. Variations in flow patterns at Hell's Gate and their
relationships to the migration of sockeye galmon, Int. Pac,
salmon Fish. Cormie Bull. Mo. 3, 1950, 05-129,

Parry, Ds A, Aspects of locomotion of whales. “ature, London, 1948,

161, p. 200,




-40=

Paulik, Gerald J., Delacy, Allan C, and Stacy, Edwin F, The effect of

13.
) rost on the swiming performance of fatigued adult eilver salmon.
 ‘ | University of Washington School of Fisheries. 1957, Tech. Rept.
# Ho. 31 Ozalid. 21 ppe

1. Paulik, Gerald J. and Delacy, Allan C. Swimming abilities of sockeye

galmon taken from different locations along the Columbia River

during upstream mipration. Unpublished results of experiments

conducted at the University of Washington during the summer of

1956,

15, Richardson, E. .
Biol., 1936, 13 (1), 63-Th.

Rounsefell, George A. and Everhart, W, Harry.
John Wiley and Sons, few York, 1953,

The physical aspects of fish locomotion, J. Exp.

Fishery science, its

16,
methods and applications.

Lhl pp.
17. S5iegel, Sidney.

MeCraw-Hill, Yew York, 1956, 312 pp.
Appleton~Century-Crofts, 1949, 592 pp.

Honparanetric statistics for the behavioral sciences.

Calevlus,

18, Snail, Lloyd L.
Statistical methods applied to eyperiments in

19. Snedecor, George V,
The Towa State College Press, Ames,

agriculture end biology.

Towa, 1956, 53k pp.

The maximum speed of fresh-wvater fishes. Amer. Hat,

20, Stringham, E,
58, March-April, 192L, 154-161.

Elementary fluid mechanics. John Wiley and Sons,

21. Vennard, John K.
New York, 195k, LOL pp.

e




