
Abstract 

Paulik,  Gerald J., and Allan C. Dalacy. Swimruing Abilities Of Upstream Migrant 

Silver Saltnon, Sockeye Salmon And Stealhaad A t  Several Water Velocities. School of 

Fisheries, University of WashingLon, June 1957, Technical Report k b  
1 

The terrrdnal water velocities at which adult sockeye and silver salraon eLnd 

steelherad wero no longer able to maintain position In an a c c e l e r a t b  flow were 

determFned in t h i s  study. .Fifteen sockeye salmon, n h e  saver  salmon and tan steel- 

head were used i n  the accelerating velocity tests. Twenty-two addi t ional  euver 

salmon were each testad at two starting velocities in the accelerating f l o w .  Thelre 

tests dmmtratod  that the t e d n a l  speed attained i s  dependent on the acceleration 
-- . . -- 72 

pattern and therefora accelerating velocity t e s t s  cannot be used to measure a fish~s 

absolute m~xlmum swimdng speed. 

A number of bounding speed experiments were conducted using silver er&ilmon. The 

maximum speed recorded over a distance of one foot in thase t e s t s  wrra L2.2 f .p*s.  

Two gmups of s i l ver  salmon, one of 8 f i s h  and one of 24 f i sh ,  and 21 steelhead, 

were t as ted  to determine the length of time they were able to swim at constant water 

velocities of 3, 4, 5 ,  6 ,  7 ,  €I, 9 and 10 f.p.s. before becoming exhauetterd. A total 

of 218 individual constant velocity tests were run. Seven of the steelhead were, 

testad six hours after they had bean fa t igued In a a m g  performance test. They 

were ablo to repeat their Initial. performance in the  second t e s t .  

It i s  recornended that the capacity of the lower pools of a fish ladder ahould 

'bo increased a t  instal la t ions where high water velocities may be prosent k e d i a t a l y  

downstream f m m  the ladder ontrance. 
- - - - - . . -- - 
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This report is part of a series W t i a t e d  in July 1953 for research Fn connection 
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speclf ic  mention of fatigue and the extant to which it U t t ~  performance, can 

be found Fn the literature. 

The purpaae of this investigation is simply to find how long adult salmon 

and ateelhead t r ou t  KUL sKem at different water velocities under strong m n t i v a t b r  

A brief summary of a number of preliminary exper-nts, which were not expressly 

deaigned to meaura s w  abi l i ty  but nevertheless contain ueef ul ~ o r m a t h n  

on the aubject, is included Ln this report. 

Method8 and Materials 

A vt ide variety of equipment wim mployed h the axploratorg work which Is, 

briefly reviewed in the first part of this report. The description of special 

equipnent w e d  fo r  only one experiment is, therefore, postponed u n t i l  the 

p a r t i c u l w  experiment is  reviewed. Any mod-ification'of e i ther  the nstmdardw 

equipment or methods derscdbod in thfs part of the paper w i l l  also be noted in 

the appropriate place. In all of the constant speed tests rwported upon h the 

l a ~ t  aection of this papar only t h e  standard equipent  and methods described 

below were used. 

S h c a  a detailed deecription of the b s i c  equipment amplayed In the majority 

of these s tudies  is available in Technical Report No. 31 (U), only major changaa 

nade since the publication of that report w i l l  be covered in detail here. 

The major piece of equipment used in these experiments was an aleven-foot 

diameter annular tank ( ~ i g s .  1 and 2). The rotation of this tank can be e a s i l y  

controlled by a servwnechanism so aa t o  produce any water veloci ty  up to 20 

f.p,s. in the center of the outer twelve-inch channel -to which the fish ware 

confined. T h i ~  tank w m  employed as a %readmill", in which the f i a h  were forced 

to swim at any given water velocity by me& of a l i gh t - e l ec twla  barrier. 

Previous work has shown that the fish w i l l  stFLm to maintain a position upstream 
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fwm tbia barrier until they are &ustad. 

>One notmrthy change haa been made in the actual t a s t i n g  apparatus s h c e  . 

the publication of 'hahnical Report No. 31 (u). The number of cofl sprbg 

electrodes on the barrier wae incrbaaed from twa to f a r ,  in order t o  produce 

a mre uniform e l e c t d c a l  f i e l d .  The distance betmen any two e l e c t d e w  in 

the four electrode field l a  threo and one-third hchea ,  The outer electrodes 

are one lnch from the insulated h e r  and outer w a U 8 .  Posi t in  and negtativa 

alactrodes are placed alternately to produce the field. It has been shown (13) 

, , 

that pre-test a c t i d t y  hae a definite effect on, a fiahts teat-.psrfom~nce and: . -. 

therefore should be unifom for a giwn & of fish. The holdhg facilities . 
and pLehp tschniquea were consequesrtly mdilfied f m n  thoae described p&ously 

(13). &oh raceway was subdivided into 16 comp;srtmenta by p m  imer ta .  The ' 

I nd iddua l  cartlpartmsnts warn 39 inches long, 32 inches wide, and 24 Fnches deep.. 
I 

! 

bas also dawnstrated tha t  an 8voidAn.g mspanse to a Ught barrier waa sigdficantl: 

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

Progreas Report No. 10 as of AprU 30, 1955, to Investigate the Effects of Patigu. 

and C u r r a n t  Vslocitiea on Adult Sdmn and Steelhead Trout, Cantract No. DA 354% 

eng-20800 with the University of N a a W o n .  

T W y  holes of one-half inch diameter were d r u e d  in both the upstream and 

dawnatream ands of the bmee to p h d e  entnance and axit for the water c c ~ n t i L n ~ ~  

circulated through the raceway at the rate of 12 &p.m. wgen madinga taken ' 

with the raceway at f u l l  capacity (16 f i s h ) ,  during the aurraner when the m%ar . 

temperature 60 degrees, showed that the O2 l d  Sn the compartmsnta at the 

tail-end of the raceway was maintahed at 9.0 p=p.m= 

This type of hold* facffl ty has the folZwlmg advantages: (1) The abraaims 

suffered durbg  the holding period are reduced by confining the f i ah  iLn a smooth- 

walled co~~par tment .  (2) The f i s h  is held in a W o r n  darkand errvlrorrmext where 
I 

it is not disturbed by the  usual activity abut a hatchery. ( 3 )  Prevlm work 



for rn~rking the f i s h  in m y  manner is eUminated by providing each f i a h  with 

an Fndivldual compartment. (5) Capture of the f i s h  f o r  tranerfer to the teerting 

apparatw is f a c U t a t a d .  

The car* box previously dmcribsd (u) ma modified for use with the 

individual holding baxes. The U d  was replaced by a a l i d h g  door which could 

be controllad with a small latch on the aide of the box (~igure 3) .  To piak 

up a fish from a holding corupartmnt, the carryimg box was first turned on its , 

side and the slldFng U d  for the box opened and fixed in the open position by ' 

maam of-.the latch. Tbso tongs wem then used to lower the box 5nto the cam- 

pztrtrnent housing the f i sh .  When the c a r r y f n g  b a  was canpletdy submerged in 

the compartment, it a f f e c t i v e  restricted the available area, so that the f i s h  . 

wae forced to enter the box when it was slowly moved acrosa the cmpartment 
LA- 

( ~ i g u r e  3) .  As aeon ae the f i s h  entered the box, the slid- lid taw dropped,.. 

closing the box. The box was then removed frmn the raceway, and the f i s h  m 

Fntroduced into the annular tank in the usual manner. 

A tape recorder was used to record a l l  experimental protocols. A complete 
. , 

doacription of t h e  manta recorded 19 given in (13). A Type I Lap occurred .-- 
when tho f i s h  was swept through the barrier wf i i l e  s ~ & m h g  a c t i v e  and oriented 

upstream. Each awimnhg test was arbitrarily ended when the aecond Type I Iap 

A ~ c e l e r a t i m  velocity t es t s  

In of the early experiments using the annular tank, the teat fish were 

introduced h t a  a low starting water velocity which was then accelerated steadily,, 

according to a fix-ed pattern ( ~ i g w e  4). The water velocity at which the fish 

l o s t  tho t h i r d  Typo I Lap was recorded as the end of the test. At this terminaX 

water velociLy the f i a h  was no longer able t o  avlm against or mxLntah  a f h d  
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position In the current. T h i s  type of a t e a t  is considerably different fran 

the constant vebc i ty  type of test in M c h  the water vslocity was held constant 

j fwsn the time of Introduction, until the fish was no longer able to malntah 

poeition upatream from the Ught-electmde barrier. 

Two groups of sockeye, obtained from the Wahhgton State Department of 

Fisherfes weir on Iesaquah Creek, were used in a aeries of t e s t s  b M c h  the 

water velocity was accelerated according to the pattern s h m  in Figure 4. The 

first group of fish was obtained on Septamber 6 ,  and the second on September 22, 
, . 

1955. The second group waa largely made up of f i s h  which arrived at---thk--weir,.,, 

s i t e  at the same t h e  aa the &st group but were held at  the nsir for an 

additional, 16 daya . Tho length and sax of them f iah are given in Table 1. The 

sockeye were held in an uncwered raceway which was subdivided in to  four sections.  

Two fish were held in each section. The electrodes in the Ught-electrode barrie:. 

used during t h e m  t e s t s ,  were cowtructed of stainleas steel with an a i r fo i l  

cross-section, Two of these electrodes were used i n  place of the four co i l  sprins- 

e l e c t d e a  deaclribad earlier. Table 1 gives t h e  water velocfties at  which the 

indlpfLdual t e s t s  were t e ~ ~ t e d .  Because of m a l f u n c t i c d q  of the  tape reoorder. 

and death of soma of the fish during the t e e t  period, the number of mimdng tast.: 

recorded varies between f iah .  These tests wera conducted an consecutive clap 

beginning 10 day-a after the f i s h  haa been traneported to the University of 

WashingLon for the September 6 group and 5 days after arrival for the Septamber 

22 group. The pooled variance associated with  repeated performances by the aame T 

2 
and the variance between f i s h  f o r  both group8 are given in Table 2. The varian: 

between f i a h  is not significantly greater than t h e  variation between repeated test 

of the same fLsh for the September 6 group, whereas in the S e p t d e r  22 group, tht 

9ae (19) p. 264, Ssction 10.14 S m l e a  within s m l s s .  Nodel TI, for 

description of statistical analysis used. 



 tio on between f h h  ia highly significant when compared to the uZthin I i sh , , '  ' 

. 

variance. T h i s  non-significance of the between f i s h  variation In the S a p t d a r  

6 group is in all p r o b a b U t y  a r e sd t  of handling techniques which had not bean 

completely standardized a t  that t h e  and increamd the variabUty between re- 

peated t e s t s  of the sama fish. 

Teble 1 Naxlnnrm sped a t w e d  by adult mckerge saLmon 

in accelaratbg velocity teats 

F i r s t  gmup of taken f r o m  Issasuah 

Fiah no. 
- 

Speed attained (f .p.e .)  b teats  
cqnducted on four consecutive, days - 

Mean 

L I 

Water temperature - 58 to 58-1/2%. 

Creek, S e p t d m  6, 1955 

- 
- 
- Second group of aockeye taken fmm Issaquah Cra&, September 22, 1955 



Bg using the p o l e d  between f i s h  variance for  an error tern, it is possible to 

t a s t  the significance of the decrsaee In performance betwean tha firet and second 

groups. This test ylelda an F d u e  of 2.94 (with 1, 13 degrees of freedom) 

wblch i e r  tw low to damoxlstrate a si&ficant differace batwem the two gmups. 

By treating the mean p e r f o m c e  of each f u h  as a 8-e, observation, the mr- 

a l l  mean velocity fo r  the combined groupa of sockeye ia 5.81 f .p.a. (wlth a - 

Table 2 A n d p i s  of variance for Issaquah Creek mckeye 

Source of variation 1 Degree of f medm 1 Mean aquars I P.. value 
. - - - -. - - 

Between f i ~ h  
Repeated test of 
same fish 

Comparison between groups 
I 1 I 

September 22, 1955 Gmup 

Betwmn Sept . 6th Croup 
and Sept. 22 Group 1 
Between fish (poled) 13 

N.S. - Not sQpificant 
- Significant at l$ level 

9.84 * 

i 

Swinxudng performance tests of silver salmon in an accelerating flow, s W a r  

to the t e s t a  with sockeye, ware conducted on December 6 ,  7, and 8 ,  1955. The 

rigid a tee l  electrodes used 3n the sockeye t e a t s  had been replaced by tm c o n  

aprhg electrodes before the a i lva re  were tested. The silvers were held at the 

University of WashZngton for a h  days before the start of the t e s t a .  In a l l  

oLher rospacts these tes%s were camparable to those with sockeyes. Length and 

0.62l 

0,063 

Between f i sh  
Hepeatad test of 
same fish 

6 

15 
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sex data are given in Tablo 3 for nine s i lver  salmon captured at the W a s w o n  

Sta te  Department of Fisheries weir at Soos Creek Novanbar 30, 1955. Sooa Creek 

is a tribukarg of t he  Grean River which empties in to  Watt Bay, Pugit %wd. 

'iTha hatcheqr weir is 1ocat.d about 35 d e s  above s a l t  water1. Tho performance 

of the nine s i l v e r  salmon in t e a t s  conducted on the three consecutive dsgs are 

also contained in Table 3. The stntistica computed from these data are a d z a d  

in Tabla 4. The variation between f i a h  was significantly greater (s level) 
than the variation between repeated tests of the same fish. The overall mean 

s-ximirig porfomance of tho silver salmon w a s  6.24 f .p.s .  (with a 95% confidence 

hte rv t i l  fraq 5.53 I.p.3. to 6.95 f .p.s,). , 

Table 3 I l m  speeds a t t a h e d  by a d u l t  sUver a w n  

In accelerating velocity tasts 

Fish  no. Speed ntsained (f .p.s. ) in t e s t s  
conducted on threa consecutive dayu 

Sex 



Table 4 Analysis of variance for Soos Creek silver s h n  

Ten adult male steelhead were each given a single accelerating velocity test 

Repeated t es ta  of 
same fish 

on Februav U, 1956. These t e s t a  were conducted in exactly the sane manner, and 

Source of variation 

Between fiah 

18 1 0.159 

the same equipmentwas employad aa deacribod above h a  t h e  tests with eilver d m n  

Moan square 

00&3 

Degrees of freedam 

8 

-- - -The a tee lhad  were obtained, on February 4, 1956, f r o m  the Washington S t a t e  Fish 

F value 

5.30 * 

and Gamo hpar tmentvs  Hatchery weir on Chambers Creek. Tho teat results and 

length of the steelhead are given in Table 5. The mean tendnation velocity for 

the t e s t s  was 6.98 f .p.s.  The 95% confidence M t s  for t h i a  m e a n  are 6.67 f .p.s. 

and 7.29 f.p.s. There is a significant dlfforencs at the one percent level be- 

tween the performances of the ertedhead and the two species of salnon taeted. 

Table 5 MaxJmum apeed a t t a b e d  by Chambers Creek stadhaad 

in accelerating velocity t e s t s  

3- speed attain& I 

(f *p.s. ) 
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A p e r t b e n t  question regarding therae accelerating velocity t e s t s  la whether 

the maximum velocity a fish can a t t a h  in this type of teat is the mximum valdcit 

at which this fiah can s d m *  If this ia true, it mearm that edmnhg during the 

period when ths velocity 9s being accelerated u n t i l  the terndnal  speed is reached, 

doas not serimaly fatigue the fish as affect the ultbnata terminal speed att-d 

h any manner. An experiment was designed to determine Ff the termFnal speed wa~ 

independent of fatigue lncurred during the t h e  that it takes the water velocity 

to become swift enougfl to displace the fieh. Eightsen silver sdxmn taken frmn 

Soos Creek on November 30, 1955 were used Fn this test .  The f i a h  w e r e - r d m l y  

assigned to two  gmups. One group was tested iin the usual banner (introduced at 

t b m  ZQK) or in to  1.5 f .p. 8.  - Figure 4), and tho second group was i a t r o d u c d  

in to  the tank after the water velocity bad accelerated for two minutae and reach4 

4.4 f .p .3 .  On the next day, these treatments were revemed between t h ~  two groups 

so that the mudmum m h n i q  s p e d  of sach f i ~ h  was d e t e m h e d  for both Lntmductll 

velocites. Each day the fish from each g m q  were t ee ted  dternately so that no 

two f i s h  from axy one group ware tested aucceasively* b s s i b l e  biae that could 

arish from the order of testing or t h e  of day was thus reduced or elixrdnatad. 

The t e s t  results and tho 1-h and sex fo r  t h e  silver s d m m  are presented In 

Table 6 .  It is evident from the analysis in Table 7 ,  t h a t  the velocity at the 

t h e  the fish waz introduced dofinItaly d f e c t e d  t h ~  ultimate velocity attained. 

S w b n h g  during the two minutes r ewred  for the valacity to accdera te  f m  

1.5 to 4.4 f .P.B. lowwed t h ~  mar5mm speed attained. %a damn st rate^ that an 

accelerating valocit,y test, does not measure a fish's mxintum tspsed and 

that  the maximan speed attained i.8 dependant on t h e  tho acceleration pattern. 

T h i s  also illustrates tho manner in M c h  fatigue may affsrct a sa3moIlls abmty  

to pass ~hrough an area of high velocity. The velocity c o n d i t i m  irraned-ately 

downstream f r o m  the nrua of hlghost velocity my be eqwdly as wrtant as the 
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Table 6 MkxSrmm atLainable swimming speed for silver salman 

introduced into an accalerathg flaw a t  1.5 f.p.3. 

Fish no. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

ll 

I 2  

13 

14. 

15 

16 

17 

18 

19 

20 

2l 

22 

and 4.4 f.p.3. 

3 

Water temperature - 5 

Length 
(inches) 

Sex 
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velocity conditions in the area of higheat velocity for determining the auccesa 

of passage of salmon. 

'Fable 7 w e i s  of variance of maximum speed attained by silver 

introduced at two different velocitias during acceleration. 

+x+ Significant at I$ l e v e l  .> - ,--- 

Work reported upon earlier has shown tha t  performance decrements were 

F value 

27.02 * 
2.34 .#- 

- 

associated with handling and with pro-test act iv i ty  (13). Thoso predous 

reaults and the finding t ha t  tho fish's maximum attainable speed is influenced 

by the acceleration pattern indicate tha t  salmon are highly susceptible to fatigue. 

Considering this sueceptibility to fatigue as well as the long recuperation 

pariod required (l3), one possible weakness in the, desigi  of the present p l  

and weir type ladder becomes apparent. If a salmDn must swlm through an area of 

high but passable water velocity to reach the entrance to a ladder, it enters 

the ladder with a reduced capacity f o r  p a r f o m c e .  The salnaon will then have 

to rest sooner (quite possibly in the lowar pools of the ladder) thus  alter- 

i t s  activity pattarn so that the length of time spent 3n t he  lower pools of t h e  

ladder h c r a s e s  to campensate for the fatigue incurred before enterhg the ladder. 

The pools in the lower part of the ladder  may reach t h e i r  capacity long before 

the pools in the  i d d d l e  or upper part of the  ladder and may interfere with 

tho entr,mce of additional f i s h  into the  ladder. In an h e t a l l a t i o n  wfiero high 

attraction flows a r o  necessary, increasing the capacity of the lower pools of a 

.* Significant at 5% level 

Mean square 

3.161 

0.274 

0 177 

Source of variation 

Introduction velocity 

Fiah  

Interaction (error)  

Degreea of freedan 

1 

21 

21 
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ladder m y  a l l e v i a t e  p a s i b l e  c a  problems. 

Row > ~ ~ a a c d  Lbqraeats With. Adlilt S g v e r  SdJIOll 

ilaports in the literature on the maximum speed which salmon can 

attain range from10 f .p .9 .  to 20 f .p .3 .  The majority of theso figures were 

obtained either by obsarvatiom of t he  f i s h  swimmhg in natural currents or by 

observations of the a h n  jmphg. Using the l a t t e r  technique, some character- 

i s tZcs  of tho sdlnhonqs leap fram the water arc maasurd and the velocity at which 

t h ~  s-n l a f t  the water ~ F J  detenxhlsd by back-calcukition. A camprahensim 

discussion of this technique i r g i v a n  by Donil ( 4 ) .  He usod the follcrw~n~ 

(where x and y are t h e  abscissa and orCinate respectively of a rectangular 

c m r d d t e  system wLth the origin st the po in t  the f i s h  leaves the wnter,d-, is 

the an& of the  path of the leap with rospect to the water, and vo is the fish's 

velocity at tho start of tho lea?). 

However, whothor the  sdLmon could attain this volocity Ff it r d n s  immersed 

Is o p n  50 quostion. Tho saLmn ecca1ern:e its velocily considerably as it 

is I-sav5ng the ~rmtss et tho bcgimhg of the loq. ?hn water would be used same- 

a j c U ; t o p /  swinLtq motion ( 7 ) .  In air, tho s*dmon x ~ s t  overcom the force  Of 

gravity ard air-reuislxnce. A t  velocities of LPds mI,dtude,  air resistance is 
- -- 
3 *. !!eriuai.ian m d  nppplicit tions of %tit3 f o m i l a  may be f o a d  in calculus book; 

a .g., 309 (18) section 2&5, Projoc ,c i les ,  p. 265. 
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practfcally negligible. Due t o  the lack of M o m a t i o n  concernhg tho magnitude 

of the  resietance forces that the salmon encounter8 in. water it is not po~sible 

to satobliah a &able relatiomhip between these two types of realstance. Gem 
* 

(7)  used the leap of a porpoiee start* fmm a "dead stop" k a vertical n o s ~ - - ~ p  

position to compute tail t h a t .  For the reasons atsted above, it i e r  felt that  
' I .  

some of the er-g velocities attributed to &on a8 a result of t h e i r  

observed Jumping abil i ty m y  be too Ughl 

Tablo 8 b d w ,  was prepared as a aurmtiary of sane of the &st* ilnfomtion 

on the m x h m  s w i m h g  speeds f i s h  can maintab for "short d i ~ t a n c e s ~ ~ .  The _ . - _-  

values contained in this table wem obtained by different  methods and undeP 

different c o n d i t i m ,  and thus are not strictly conrparahla, but they do some . , 

1 

as a useful guide to the upper W t  of a salnaonro sw lndxq  q e e d .  

Table 8 Sustained maximum m f h d n g  apeads over short d3+stances 4 

Source: Stringham (20) I Jackson (ll) 

Fish : a l W e  salmon salmon - sockeye 1 I chinook 

Speed: Urn$ 9.9 10.3 10.0 8.e to 
(f l p . ~ .  ) 10.3 

12.5 to 
Uc.5 * 

Observer: G r a y  Lane beitman 
Fish: a w n  trout trout 

With the exception of the 29.4 f .p.8.  mmimm speed reported for tmut by h e ,  

Frischholz McLeod and Nemenyi 
good-swimming species trout I 

Speed: 10.3 to 29.4 13.2 
( fmp.8. )  urn8 

there is fairly closo agreement between the entries in the table. 

4. 
The term nshort distances" is believed to have reference to &stances of lase 

Sourca: Gray (8) 

6.3 to  8.6 7.0 

than LOO feet in a l l  instances and probably refers to diatancee of less than,% 

RounsefeU and Everhart (16) 

* Sockeye wore unable to swim at t d s  velocity. 

feet for most of the entrise In the table. Additional information on dbtances' ' 

may be found in the sources cited.  



Of Lane's estimate, Gray (8) saga . . . , although Lane has recorded the *speed , 

at which various teporting' f iahes are reported to have run Out line from a 

reel.......... Withaut kmwiq the precise condltiohs under which ~ u o h  obaervatio 

are made, these conclwiona must be aocepted with same reserve.tf 

The suetained maxhm swinming apeeds reported for salmon are between 10 f . p . ~ ,  

and 15 f.p.s. 

During December 1956, high speed mtion picturea were taken of the s ~ h t d n g  

performsacea of five male silver s u n  in the annular tank. Four of theae 

salmon were wild f i s h  captured at the Washington Statw-Dapartment of Ffaharies 

trap on White River j u s t  balm Mud Mountain Dam. The other silver saLmon was 

University to the freah water in the holding raceway twelva days before the teat. 

Tho coloring of the erilvem from White River and later e x w t i o n  of the gonails 

indicated that these f i s h  were in an advanced stage of maturity at the time 

these teats were conducted. Othorwkse, they appeared to be Ln excellent physicd. 

condition. The s i lver  from the aalt-water aquarium appeared to be weak and 

apparently had been adversely affected by the sudden transfer to fraah water. 

Further information cmce- these fish is in Table 9. 

Markers, spacad st intervals of one foot, were placed jmt above the surfacj 

of the water in the outer cham& of the annular tank. The motion picture, camera 

was focused on the outer chamel and munted on one and of a boom which pivoted 

on a point dftrectly above the center of the tank. This arrangement made it 

possible for the photographer to keep the salmDn In focus regardless of i t s  

speed or location in the tank. FLgure 5 ahms a frame taken from the film of 

these tests. By counting the nmber of frames t ha t  a f ixed point on the salmon 

took to m e  between any tm mrkara (a known distance), the s w h d n g  speed over 

the distance waa computed by multiplying the frames/second by the distance/f-e* 





D u r i n g  each of the tea ts ,  the test f i s h  made at least  eight sustained bursta of 

speed for dietancee from two to ten feet. The f i a h  were stimulated when they 

entered the elec t r tc  field sot up by the electrode-light barrier and the usual  

reeponoe of th0 f i s h  was to move away from the barrier with a quick burst of 

speed. The illumination provided for the photography oeamed t o  excite the fiah 

and cause a higher number of darts than would be otherwise expected. The moAmmi 

speod attained during a, dart usuallyoccurredat a distance of two or three feet 

from the spot where the dart started. The speed f o r  each salraon as given in 

Table 9 is tho mxhm recorded over a distance of one foot during the entire 
. - - - . . . - -. - - - - - b ., 

s.whdng t e a t .  A l l  figures were corrected fo r  the sdmon~a  posit ion in the 

channel wi th  respect to the center of t h e  tank. T h e  average speed over the 

entir~ length of a dart was much lower than the fastest velocity which was &&- 

Lainad for a distance of one foot during the dart. U a o  t he  average of the 

mxin~um vdoc i t i aa  m h t a i n e d  fo r  one foot for all the d a r t s  t h a t  a f i a h  made 

during the t e a t  was considerably lowor than the a velocity rocordsd for 

the ffsh in Table 9 ,  During t.heso bursts of speed, the salmon usually swam at 

the  o u t s i d e  of the channel and may have been hindered to some exLent by the 

curvature of t h e  tank particularly over a distance of several feet. 

The presence of a salmon in tho charmel causes a restriction of the  availablf 

arm and a corraaponliing i nc rease in t h e  water velocity about the body of the fir: 

T h i s  h c r o a s e  is directly proportional to the sdlmonfs m x i m m  cross-sectional 

araa. A correction for  the bias caused in our measurement by this area restr ict .  

m.y bo easily made by , u s e  of the  continuity relation5 if we assume the increased 

velocity to ba unFfom about the c i r c d e r e n c e  of the fish.  Estimated maximum 

C I W S S - s o c t i o d  arms for t h e  test f i s h  determined by moaswemnt for other sflve: 

salmon of approximately the same sizo as tho test fish, are liatad in Table 9. 

Sea (21) asction 16. Qua t ion  of Continuity, p. 64. 
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Tab19 9 Masdmm apeed8 attained by adult silver s h n  over a distance of one foot. 

Fish 
no. 

&timated cross- 
e e c t i o n d  area 
(sq. inches) 

. .- -. . -. - > x- Salmon frm salt-water aquarium. 

Uistance from a t a r t  
of dart t ha t  maxdnnm 
was attained (feet) 

2 to 3 

M ~ ~ r d m x n  speed (f . p . ~ . )  Fork- 
length 
(inches ) 

21 

26 

23 

30 

20 

Maaaured 

9 8 

Using t h e  32 square, inch f i g w e  (fish No. 4 )  to i l lustrate the use of this ccrrectio;. 

the actual velocity about the fish's body can be cmputad by multip3ying the, observe< 

v a l o c i t y  by =/lo9 where the donominntor is the cross-sactior& area of the channel 

reduced by the  aressnce of the t e s t  salmon and t h e  nmerator ia the ur~.e&trilctad 

cross-sectional area. Actually this correction h a  a tendoncy to be s a m m t  too 

high, as both the  numeratar and d a n o h t o r  or tho ahve  f rac t ion  refer to the a u -  

able  cross-sectional area when the tank i s  a t  rest. hken t ho  tank I s  ravolved, and 

t h e  water is forced to the outside of t h e  tank by centrifugal. farce, t h i s  ratio 

dccraaaes considerably, depenri;lng of' course, on the speed of rotation. 

Eas ccvl  be smn  5y cmparhg  Tables 8 m d  9 ,  the  -wn sposds measured I n  these 

tast.u a p e e  fairly well  wi th  those p r ~ v i ~ l i l s l ~  reportad. 

An effort was made to measure the d a r t i n g  a b i l i t y  of a salmon in an unrestricted 

area during October 1956. One techr,iqua used w ~ s  simply to clock the salmon over a 

Corrected 
for area 
restriction 

10.5 

measured distance h a racoway which was five feet wide and th i r ty  feet long. 

Obsarvers wLth stop watches were stationed at r ~ r k o r s  twenty feet apart. A partable 

al.ect,ric shocking dovice wae usad to %hasart t he  salnon over the  measured distance. 

To o lbLna te  fhe accdsmtim period, the s d m n  was allowed to swim f ive  foot before 



it entered tho meamred distance. However, the  behavior of the f i s h  and the 

raptdity wlth which they were fatigued, combined w i t h  a sizeable variation in 

the maasurements attributaI.de to observer reaction t h e ,  caused the discontbuancc 

of these tests after only a s m a l l  number of fish were tested. In two successful 

t e s t s ,  both a male and a female sflver salmon of 27-1/2 Inches and 30 inches 

fork-length respectively were able to swim the twenty foot distance in 2.05 

seconds for an average apeed of 9.8 f.p.e. 
. ,  

The second method t r i e d  consisted of attaching a l ine  t o  the saLrrabn and 

measuring the rate at which the s h n  was able to pull. the Une off a spool. 
- T -  -- , n7- - < ,> 77 T 

The, line was looped over a smal l  plexiglaes pulley attached to the ahaft of s 

centrifugal tachometer. The spool and tachometer were munted on a base d c h  

was frae to revolve in my direction. A h i g h p e e d  nmtion picture camera was 

used to record t he  mvmenta of the needle on the d i d  of the tachometer. A 

frame fm the  f i lm is shown in Figure  6. The kine was fastened to the  ailman 

at the base of the dorsa3, f in .  Several t e x t s  were conducted with this equip 

ment, however, the  salmon could not be induced to d e  any austa lmd runs at 

high spssds with the attached l ine.  The highest speed recorded m a  10 I .p .s .  

wld was m a l n t a h e d  fo r  only a fraction of a second. T h i s  speed was attalned 

by a ma le  s i lver  salrnon with a fork-length of 25-1/1, inches. 

Constant speed t es ta  

A nmber of swimdng performance t e s t s  were conducted during the fal l  and 

winter of 1956 for the express purpose of determZnixlg how long a-n and steel-- 

head are able to swlm a t . a  particular water velocity. One group tested waa 

selacted from sixteein s i lve r  salmon captured a t  the Washington State Departmant 

of Fisher ies  Hatchery weir on S m s  Creek, October 23, 1956. These f i sh  were frm 

the early par t  of the f a l l  run. The sample of sixteen f i s h  was selected with 

regard to condition and size. ktremely la rge  os small f i a h  were not taken. 



S d m n  with obvious serious injuries or which appeared to be w i t h i n  a few days 

of upawnFng were s%arly excluded from the sample. 

Upon arrival at the University hntchery,the f i s h  were placed in individual  

holding corrgsartmernts. A f t s r  one day of rest, each f i s h  was given two pre-test 

conditioning trials on successive days. These pre-test t14al.s were conducted 

in the same manner as the usual a u b m h g  teats with th$ exception that the pre- 

t e s t a  were te rmina ted  af ter  an0 Type I Lap. The water velocity was & f .p .8 .  
' 

during the pre-tests. Two further selections were made at t h i a  point. Four 

f i s h  were discarded from the test g m p  - .  because - - of eye b ju r i e s  or open wounds 

tha t  wers previousl;y undetected. The eight test fish wers selected from t h e  

r e m a w  12 f i s h  on the basis of tho orientation to tho currant 

durhg the  socond pre-teat. The a-n which oriented in to  the current immediate: 

upon introduction and required t h e  fewest number of reversals (reorientation i n t o  

t h e  current) during t h e  pro-test wero used as test admals. Tha purpose of the 

selection was to Fncreaso the  accuracy of the  est-te of the relationship bs- 

twson velocity and a w b d n g  time by testing those o-dmon for which t o t a l  s W h n h g  

tima was t h e  bast measure of total act ivi ty in the qnular tank. In particular, 

t h i s  selection represents an attempt to reduce a potential eource of armr 

associated with reversals at high velocities. At high watar volocitiss,  reversing 

t h o  f i s h  w i th  a net causes a certain .mount of turbdernce and. ternprarily lmrs 

the water velocity. This disturbance m y  last several seconds and thus introduce 

a non-trivial error in swimming timas of less than s mSnute. Obsemationa showed 

that these f i s h  and others tested later consistently maiintained orientation at 

higher velocities rqardless of t h e i r  behavior at l m o r  velocities. 

The test sample selected in the m e r  described above I@Y not be t ruly 

representative of tho population from which it was aelectod with respect to 

s m g  abi l i ty .  Hawever, no significant correlation was found between 



sHinrming time and any of the measuros of orientation recorded (revomals, Type 

I1 k p s  and Type I11 Laps (13)) for silver sdmon tested at 3.5 f .p,s. (13) or 

sockeye a h n  tested at 4.3 f.p.s.  (u). 

The plan of the experiment using the eight eilver salmon selected Jn tho  

manner described above ia shown in Table 10. The observations on the first four 

days were taken a c c o w  to a 4 by 1, Latin Square design which was replicated 

6 
once. The factor of primary concern was the water velocity a t  which each test 

w a s  conducted. The day factor was included simply to balance out any possible 

bias it might cause in t h e  asLmonta performance at the different water valocities. - 
The q e r i m e n t  was conducted in the followinp, manner: the tank mechanism was 

regulated to produce a given water speed at the center of the chasmel; ae soon aa 

t he  water velocity was stabilized at  the desired speed, the salmon from replicate 

I that waa to be tes ted  at this water velocity was introduced in to  the chmmel; 

upon coqlett ion of tho m h m d n g  test and ramoval of the f i m t  salmon f r o m  the tank 

t h e  salmon from roplicata 11 t ha t  m a  to be tasted at t he  same water velocity waa 

introduced in to  the tank. When the second *est at the given velocity W ~ B  finished 

and tho salmon had been replaced in i ts holding cqarLment ,  the water speed in 

the t e a t  channel was changed to the next velocity. This sequence of events was 

continued until. a l l  eight f i s h  had been tested. The order in which the pairs of 

f i s h  were tested on any test day was randomly determined. 

At the conclusion of the four th  t e s t  day it was apparent that t h e  salmon 

could be successfully tssted a t  higher water velocities. 'The seven surviving 

salmon, which, with the excaption of f i s h  Ember 6 ,  appeared to ba in good conrlitir.- 

were t es ted  at 7 and 8 f . p . s .  on the next two  day^. The standard mathod of malpli.: 

f o r  the  Latin Squaro design is not applicable because some of the t e s t s  at 3 f.p.a. 

ware Loo len,gthy to complete and because one of the t e s t  f i s h  died during t h e  

' See (6) for  fur ther  discussion of t h i s  type of design. 



migrant si lver  salmon in water velacities fmm 3 to 8 f .p . s .  

Realicate I 

Fish  
no. 

Water velocity in f .p.o.  
Test dats 

1?/28 10/29 10/30 10/31 

Porf ormance 
Score in aeconds Sax 

10128 10/29 10/30 10131 

Fish 
no. 

Score -51 aeconds 
1 u/2 

JF Fish  :do. 3 d ied  after testing on 10/30. 

- Tesi;s wera t o d ~ t a d  before f i sh  was uhaus ted .  +s- F i s h  !do. 6 had fimgus growth on c a u d a l  psdtmcle and caudal  fin which 

appoarod to intarfer wi th  its ~xhrndnq during t h e  k e s t s  on I1/1 and ~ / 2 ,  
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' e x p e d o n t a l  period. The swimming times at 3 f . p . s .  aro clearly much longer 

than the s-g t h ~ s  at l+ f. p . s .  or higher. U s i n g  the Friedman t w 0 - w ~ ~  

analyai~ of variance by ra.nk8,' it can be e e ~ F l y  ah- that there are highly 

significant differences between the a- time8 of the salmon at 4,  5, and 

6 f .p .3 .  At 3 f.p.3. the behavkor of t he  f i s h  during the t e s t  i8 cri t ical ,  The 

8- seamed to be able to swLm at this velocity with l i t t l e  exertion. Several 

of the salmon, after twhmhg  e a s l l y  at t h i e  velocity fo r  several minutea, dartsd 

rapidly about the tank or reversed their orientation and attempted to swlm dawn- 

stream. In two of the tasts a t  t h i s  velocity it was necessary to termitnate t he  

t e s t s  and return the aalrnon to the raceway before they were exhausted, Recorbjslga 

of these t w o  t e s t a  shmd that both of the salmon swam a t  a steady pace. 

Figure 7 shows the c wvilinear regression line computed for  the data by the  

method bf l eas t  squares. An qmnantfal .  curve aeemed to fit tho data fairly well 

for water velocit iea frmn 4 f,p.s. to 8 f.p.0. The selection of this curve, waa 

arbitrary and may be used as orily a first approximatSon to the ac tua l  relation- 

ship between these variables. Because of the large increase In the 1-h of 

t h o  the fish w e r e  able to srdm a t  3 f . p . s .  and t h e  previoudy mentioned diff icul t? .  

encountered in te8tim.g t h e  salmon at thls velocity the cu rve  was not a tended to 

3 f . p . 3 .  

Of f u r t he r  interest are t he  relative ab i l i t i e s  of tho  fish in rc la t ion  to 

one another at t he  different water velocities. In particular, if the salmon are 

ranked with respect to t h e i r  erwjanjllg abi l i ty  a t  any particular water velocfty, 

do t h q  tend to retain the same rank at  a different water velocity? Kondall's 

coefficient of concordance (17) ia a measure of agreement between sets of ranka. 

A discussion of this test is available in (17) Chapter 7, ~ p .  166-173- 





The coefficient of concordance for theso data was cauputed at 0.593 which 

i 
rejects at the l,% l o v d  of signUicanca tho null hypothesis that there is no 

agreement botwaon the ranks of the salman a c c o r d h g  to s w l m h g  ability at 

dfffersnt water velocities. It mag be concluded fmm this that fish M c h  are 

relatively strong or weak swimmers at m e  water velocity aha tend to remain 

relatively strong or weak mimaera a t  other water velocitias. 

A second a q l e  from t h e  Soos Creek run of s i lve r  salmDn was taken on 

Novernber 19, 1956. The f a l l  run w a s  at i ts pa& at the time this sample ww 

taken. Twenty-five fish were selectod on the basis of size, phyeical condition 

and maturity in the same m e r  as the October 23 sample. These salmon were 

held in Fndividual holding compartments at the University hatchexy during the 

course of the experiment. The day after the salmon had bean unloaded at the 

University they were glven a pre-test trial of t w o  minutes duration Itn the 

annular tank at 4 f .p.s. ( a l l  the sISeon were able to swim at 4 f .pea. for 

t h i S l e @ h  of t h e ) .  Fourteen were then selectod according to the i r  bahmior 

in this pre-test for use in the velocity teats. 

, The velocity t e e t s  were conducted according to a Youden Square design.8 The 

fourtern test f i s h  were randomly assigned to t h e  rn of two i d e n t i c a l  Youdm 

squares. The experimental procedure employed was similar to t h a t  used for the 

October 23 group, i.e., two salmon, m e  from each replicate wore tested succerssivlsl 

a t  t he  sane water velocity before the volocitgA was c h q o d .  The 7 by 4 Ywden 

Squaro arrangement of treatmmts that waa used and the results of t he  s- 

tests are ahown in Table U. The rcmdan order in which the velocities were 

tested is given in Teble U for the four test days. The primary advnntago o f  

this design wer the h t i n  Square type of design prwiously used (13) is that 

tho number of t e s t  days (or ropUcatas in the notation of Cochran and  ax) can 

* See ( 3 )  Chapter 13, I n c c m p ~  bth Squares (Youden ~quares) p. 370-375. 



Fish 
no. 

1 

2 

3 

4 

5 

6 

7 

ll Perf 

. . 

ormance acores ( s w  t3.m~ in seconds) of upstream 

migrant silver s h n  in water velocities from 4 to 10 f .p.s .  

Water velocity in f.p.3. Perf o m c e  
Taat date Score In  seconds 

1 

6 8 9 10 75 73 66 45 

Ordor in which velocities were t es ted  

n/21 n b 3  W a 4 .  
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be l e m  than t h e  number of treatments. Whereas n group of adu l t  sahmn may ba 

reastmmhly expected to s d v e  an experhonk last* four days, FP the samw 

experiment were t o  Zsst seven dqys some of the  a W n  could be expected to Encur 

injuriea or die during the course of tho experiment. 

In order to complete the a n a l p i n  of the data it is necerssaq to assume t h a t  

the observations are normally distributed, have a camon variance and that there 

are no interactions. Previous experience with performance t ea ta  has Ind ica ted  

that there is a positive relatiomhip betwem the mean and the variance of 

swiming p e r f o m c a g - f o r  a given treatment. To elaminate thia relationship and 

t o  satisfy better the  a s s q t i o n s  of the test the mhming times were trmsforrraed 

to logarithm before car- out t he  analysis.9 Table I 2  gives the ramiLts of 

the analysis of variance and the adjwted mean swimming t 5 m s  a t  each water veloci,, 

T h i s  adjustment, which corrects Lhe mean pe~forma~lc3 t h s  for dirferencea between 

fish, was necessary as each fish wag teated a t  only four water velocities. The 

val;ldlty and wefulnass of t h i a  type of correction rest8 on the asamption that 

there is no interaction between fish and water velocity. The psitive- correlation 

between the ranks of the silver salmon ranked according to a- abflity at 

different  water velocities for the October 23 group indicates that t h i s  assumption 

is reasonable. 

It may be saen in Tabla l2 that  the difference in the average performances of 

the group between test d a ~ ~  was h e i g n i f i c a n t ,  M i c a t l n g  tha t  the behador and 

phgsical conditfon of the group were fairly constant during the four-day ex-per-nt. 

period. There is a highly sigrdficant difference betwean the average performances 

A complete analysis was alao made using the m b n i n g  time in seconds as  the 

randam variable. The results of this analysis were almost identical with t he  

raerults obtainad by using the  logarithms of the times as the randm 

variable. 



Table 12 Analysis of variance in transformed performance acores of 

silver sabmn takm from S m a  Croak Novanber l2, 1956 on 

velocity tes ts .  

Variation duet to 

Differences between 
tes t  days 

Differences between 
fish (uncorrected 
for treatment ) 

Differences between 
water vdoc i t ios  

Intoraction of 
experimental error 

Total 

Sum of 
e quar ea 

Degrees of 
f reedan 

Adjusted mean mhming times 

Maan square F d u e  

. .  . 

N.S. - not significant 
+ - significant at l$ level 

Water velocity 

t- 
in seconds 189.8 

9 

1 

10 

23.8 114.6 

7 
------- 

86.9 93.2 

8 

48.k 
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Table 13 Performance Bcorea (sulrmung time in seconds) of upstream 

migrant etselhead I n  water velocities from 4 to 10 f.p.8. 

Water velocity in f .pa s. 
Teet date 

=I31 1/1 l/2 l/3 
6 8 9 10 

Performance 
Score in seconds 

w 3 1  1 1/2 1 / 3  

16 7 9 10 4 165 94 66 237 

17 8 10 4 5 35 25 133 I22 

18 9 4 5 6 43 286 -67 62 

19 10 5 6 7 73 525 153 232 

20 4 6 7 162 229 128 72 

5 7 8 9 165 150 . l l 3  89 
A 

lister temperature - 50 to 53-1/2%. 

Sax Iangth 
(inches) 

F 24 

25-1/4 

F 29-1/2 

M a-3/rc 
I 



necossitgted a e l i ~ h t  nndification of the experimental procedure previously 

described for the tm groups of ailvar a h n .  The sovan stealhead fn replicate 

I were the first sown f i s h  tested each day; the water velocity waa changed at 

tho  end of every teat. A t  the conclusion of the seventh test the steelhead frm 

roplicatee I1 and 111 were tasted in p a h  at each of tha water valocitiea. 

After the steelhaad from replicato I had restod for six hours, they were re- 

tested. The order in which the  t c l s t ~  were run is s h m  Fn Table U. 

The last column  an. 3 )  of replicate I was repeated m January 4. Thia 

series of tesLs was conductad approximately eighteen hours & t a r  the-concluaim 

of the re-tests on January 3. 

Table 15 contains the analysis of variance u e i n g  the transformad performance 

scores for the  combined replicates I and I1 and f o r  replicate I11 which was 

treated separately. The variatian between t h e  average perfamgnces of both .groups 

on diffarent  t e s t  days is, as for the silver admon, extratly a&. The 

variation in average p e r f o m c e  a t t r ibu tab le  to water velocity i a  highly signifi- 

cant for both groups. The m e a n  performance times, adjusted to coarpensate for the 

v q c h g  ab i l i t i e s  of the fish tested a t  each water velocity, are given f o r  the 

combined replicataa I and I1 and for replicate 111 in Tablo 15. The adjusted man 

p e r f o m c o  timas clear ly demmtrate the superior m c h h g  ability of the 

selected subsample (replicate I and 11)~ 

Examination of the performnces of the seven steelhead 3n replicate 111 

shows that  the physically incapacitated f i sh ,  Nos. 15, 17, 18, m d  20 ware weaker 

swimmers thm the fish which wore excluded f'mm replicates I and I1 on the basis 

of behavior ( ~ o e .  16, 19, and 21). The rllcaat-~quaresM performance curve f o r  

the fourteen stcselhaad in replicates I and I1 is shown in Figure 9. For purposes 

of comparison the performance curve f o r  replicate XI1 is  also represented i n  this 

graph. b t h  curves have t,hs a m  general form; the  only  difference between them 





conds) of steelhead in t o s t s  Table U+ Performance scores (- thne in SO 

before and af ter  a ah-hour rent period and testing ~cheduls 

Replicate I (re-test ) 

Re ea t  of 
J 

1A v d .  
1/4 

80 
502 
174 
153 
156 
188 
U 

I 

Score in second8 after 
6 hr. recovery period 
12/31 1/1 112 113 

a 5  93 U 64 
240 120 84 350 

49 185 175 
100 205 217 153 

65 206 154 179 
308 234 235 74 
246 1 9 ~  136 108 

Score in seconds on 
firat test 
32/31 111 1/2 1/3 

252 134 74 $3 
253 130 107 332 
120 89 175 103 

€% 218 182 U5 
55 174 176 155 
420 246 277 187 
2 8  134 74 83 

Fish  
no. 

1 
2 
3 
4 
5 
6 
7 

Test Order Replicate I ( F i r s t  test) 

4 

Water velocity in P.p.s. 
T a t  data 

12/31 1/1 1/2 113 
6 8 9 10 
7 9 10 4 
8 10 4 5 
9 4 5 6 
10 5 6 7 
4 6 7 8 
5 '  7 0 9 

5 7 

1/4 
Fish Water 
no. vel. 

f .p .3 .  

5 7 
1 10 
7 .9 
3 5 
4 6 
2 4 
6 8 

2 b 
7 5 
1 6 
4 9 
5 10 
3 8 

5 5 

3 
l i c a t o  I1 and P: 

l/3 
Fish Water 
no. vel. 

f .p .8 .  

5 7 
1 10 
7 9 
3 5 
4 6 
2 G 
6 8 

4 5 

l/2 
Fish Water 
no. vel. 
f .P .S .  

4 5 
5 6 
6 7 
7 8 
2 10 
1 9 
3 4 

la31 
Fiah Water 
no. vel. 

f op.8. 

6 - k -  - 
2 7 

5 7 
1 6 
4 9 
5 10 

8 

b 4 
2 9 
6 6 
1 8 
3 9 
4 4 

111 
Fish Water 
no. val. 

f mp.8 

5 5 
7 7 
2 9 
6 6 
1 8 
3 10 
4 4 

5 6 
6 7 
7 8 
2 10 
1 9 
3 4 

1 10 
7 9 
3 5 
4 6 
2 9 
6 8 
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boing t h t  the curve Cor replica.t;us I and 11 is simply translated t~ the right 

or may be thought of as  oparat iw a t  a higher level  of parformance. The injuries 

suffered by t h e  f i s h  in replicate I11 seem to have a conatant deleterious effect  

on tho p o r f o m n c e  of the steolhaad ragardlovs of the wator velocity.  

Tabla Uc contains the ramlts of the  original t e s t s  and the re-testa erlx 

hours l a t a r  for tho seven steelhead in rap l ica te  1 on the four  t e s t  days and t h e  

results of the one series of t,ests cond~xcLod on t h o  f i f t h  day. It is obvious 

fran a cmpwisan o f  tha  regrossion l i n o s  p l o t t e d  in Figure 10 that  the stealhead 

were abls to recover coq,lotel:f, pe r fomce-wiso ,  from -the er"fact,s of fatigue 
. - - - - . , . - - . . . 

experiencad Ln the first t e s t  during the six-hour rest pariQd. U t h o ~ g h ,  in 

sono cases, there  was a s i m b l o  variation of' random natxre between two performances 

of tho same f i s h  on t h e  same day, t he  per.formanco curves far the two groups are 

marly  identical. Tho adjusLed mean perfo-mlances (see  Pig. 10) also shm the 

s a c  close agroemont with only rash variation. The se3iiI.t~ of the repet i t ion 

of the  January 3 h s t s  on January 4 tond to substmtiata the reliability aE the 

p e r f o m n c a  neasurcmants. Tho swirmaing tb te  of 502 m c o n h  at 4. f.p.5. fo r  f i s h  

No. 2 cln January 4 was considerably longer than the two parfomncos  of 332 and 

350 soconds by t,Ms f i s h  st t h e  s-ma velocity on January 3. Kmrevor, the l ~ r g e  

variance which has been previously mentioned as b a h g  asuociated ~ 5 t h  -tho longer 

perfo,xwca Lirms m y  bz responsible for Lhl3 dl l feronze .  It Zs a9 L r t a r o s t  to 

note t ha t  no daily decrease in pwformance was experienced by the seven stoaShoub 

in repl icate  I, in s p i t s  of tho t a s t i n g  t d c a  a day.  These f i ~ h  did not appear 

to differ, at tha end oi' 'Yhe expori,mntal period, fmm the  steelhead h replicate 

I1 which wers f a t i g u e d  or&). once a day. 

A t  the  end of the  tes1;ing period Lhc s i l v e r  salmon and steelhead ased in the 

cur.stant volocity t e s t s  appoared to be in good pb,vsical condi-Lion in s p i t e  of t h e  

s e m r o  nxsc~ i lax .  exertion experienced. 'I'ho;~ were subsoquantly rat,urned to S m s  



Table 15 W i a  of variance for transformad performance scores o.f 

steelhead, taken f r o m  Soos Croek on Docombor 26, 1956, on 

velocity t e s t s  
. . - -  

Variation due to 

1. Differences 
between test days 

2. Dif f emncas 
between steelhead 
(uncorrected for 
treatment ) 

3 - Dif f srence. .. . . 
. . - . . . . 

between water 
valocities 

5 .  Total 

Rep 

Sum of 
8 quares 

0 02505 

0.92091 

-- . ...- 

0.72820 

0.96981 

icatea I and 

Degrees of 
f'reedom . 

1. Differences between 
test days 

2.  difference^ between 
steelhead (uncorrm 
for treatment) 1.96513 

4 Expsrimntal  error 
or interaction 1 0.29349 

3 .  Difference between 
water v e l o c i t i ~ l s  

Mean squaro 

1.16017 

F value 

Ad;justed moan performance times 
I 

- 
R e p l k a t c  111 

Swirrming timo 
in seconds 

Replicates I and 11 

i I 

10 f.p.8, 

81.8 

Water velocity 

Swimning t h e  
in seconds 

190.7 

c 

103 1 116.5 

4 f .p .3 .  

253 9 6 

U2.0 

5 f.p.s. 

195.2 

57.0 

6 f.p.s. 

198 5 

54.3 

7 f.p.3. 

174 . 8 

W 3 

8 f.p.3. 

136 7 

9 f.p.3. 

69.4 
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Croak and released. 

The p e r f o m c e  curves for  the two groups of silver s d m n  and the %xnormaltr 

stealhead are prasented h Figure ll. ConeiderFng frrst the two groups of silver 

salmon and extrapolating the October 23 perfomanca curve from 6 f .p .5 .  to 10 

f.p.e., the difference between the csarly and mid-run silvern appears to be a 

function of the water velocity. At higher water ve1ocit;iea the two curves 

approach one another a~ymptotically w h i l e  they diverge markedly at the lower 

veloci t ies ,  Thus the difference8 in swhming,abUity between the silvers taken 

from the early part of the run and thoee taken fmm the peak of t,ha run become 
. - - - - - . _.- - - -. - 

more pronounced as the- rate of -'enera expendit& decreases.--- 
-.__ __ . - --- 

The p o r f o m c e  curve for  the s t e e l h a d  (replicates I 8 XI) has the same 

form as the  performance cunra fo r  the Kovaber 19 gmup of silvsr s h n  but 

operates a t  a higher performance level. The steelhead B-g t b s  at 4 f.p.s. 

are comparable to tho mimhg t h c s  of the October 23 group of silver salmon 

a t  this velocity. Although these two parformance curvea intersect at 4 f,p.s., 

the docrease In sdmmhg time per un i t  increase in velocity is more rapid for  

the  s i lve r  salmon than f o r  the steelhead. As more silver s h n  were available 

when the samples were taken, a q  bias arising frm the method of selection would 

result in a re la t ivo  increase 3n the  m i r m h g  times of the silvsr salmon. 

Therefore it would seem safe to conclude that steelhead m e  considerably st,ronger 

swhmers than silver salmon a t  higher water volocities. 

Any extrapolation of the  performance curvos given in Figure 10 in either 

direction is not permissible. At 3 f.p.3. a much la rger  increase in mimning 

times was observod for the October 23 group of silver s-n than would have been 

predic tad  by extending the performance curve. A t  least two of the f i s h  appeared 

to be approaching a rate of energy expenditure which could be maintained f o r  an 





extended period of time at this w t o r  velocity. Tho accuracy of t he  predicted 

performances at velocities above 10 f .p.3.  waa examinad by test- two of the 

steelhead, nunbars 2 and 6, at 12 f.p.3. W e  the predicted performance was 

45 seconds, the obaerved p a r f o m c e s  were 30 and 31 aeconda respectively, in- 

dicat ing that porfornrancee drop off mre rapidly than would be expected on the 

basis of p e r f o m c e  c w s e  obtained for velocities fmm 4 f .p .3 .  to 10 f.p.3. 

Performance tests conductod in an axperimental laboratory can not be 

expected to yield r s a d t a  which can be used directly without modification to 

predict the performance of a - I i s h , i n  a n o d  f i e l d  situation. As soon as the 

f i s h  is r w e d  f r o m  its naturd. environment any hferancea  c o n c e n d q  i t s  

performance have to be restricted to a particular set of cond-ltions. The 

logical starting point f'or p e r f o m c e  studies is to datermine the fishvs 

parfol3lumce under extremely strong motivation, and if poesible this motivation 

should be at least equal. in s t roWh to .my mtivation that tha f i s h  would 

experience naturdly .  If i t  can be assummed that the f i s h  ware so motivated 

during the t es ta  in the annular tank (13), p e r f o m c o a  of the f i sh  in these 

tests can be used to constmct a reference frame of tho fish's capabilities. 

Such a reference f rame would be an a i d  in reco@eing tho occurrence of lMting 

conditions in field situations. 

Generally speaking, t h e  1angLh of time the f i s h  could swim at any given 

velocity ae recorded in the annuhr tank is lower than the length of t h o  the f i s h  

might be oxpected to swim in a r iver  or stream a t  $he same water velocity under 

the same motivation because of the experimental conditions. The pws ica l  re- 

striction imposed by t he  size and curvature of the t e a t  channel has the machanicaJ. 

ef fec t  of increasing the resistance the i i s h  must overcmo at a given water volocit: 

It is alao possiblo that t h e  annular tank may have adverse effects of a biological 
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or ;3hysiological nature. The increase in velocity duo to the reduced area h 

the  channel about the body of' the fish has already been discussad. Other, but 

less obvious e f fec t s  of this arka rostrlction are t he  alteratiom in t he  nature 

of flow about the fish's bady and an increase in shearing Or frictional atreels. 10 

A change in the nature of the flow affect8 the t o t a l  drag coeff icfent  as defined 

by Gem (7),n The magd tude  of the increased resistance that the fish must 

overcome in order to swim is p r o p r t i o n d  to the extent that the  f i sh ' s  body 

r e e t r i c t s  t h e  available area in the channel. Zxperiments carried out to measure 

. . . - . . . . . -. . the magnitude of this biae  c s h g  rigid fish forms (frozen aockeye and silver . . -. 

saLmnn)'with fork lar@hs of 20 to 23 inches indicate that the bias in per- 

formance times caused by chargee in flow characteristics and shearing stres~ 

inrposed by the  restricted dimensions of the t e s t  chnnol is not seriow for 

f i sh  of this size. 

Since t h e m  experiments were conducted in a rotating device the effects of 

centrifugal force must also be considered. During a test the water velocity is 

stsbLlized at the  desired t e s t  speed bofora ",a f f s h  is introduced in to  the t ea t  

chumel. With four elcctmdas in t h e  chamid  the water velocity s t a b U z e s  at 

from 73% of Lhe tank velocity at 3 f .p.  s to 90% of the tank velocity at 10 f .p. s. 

As t he  fish must stFLm to maintain i t s  position ahead of the stationaq- Ught- 

electrode barrier it may be thought of as essentially s stationary object of 

approximately the same donsity as the  water. The fish is subjected to one, force 

acting norral to i t s  median-vertical plane and directed toward the o u t ~ l i d e  of 

the tank. This force, Fthich acts  on the  right side of t h e  f i s h  ( a a ~ m h g  the 

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

See (71, p. 3-U, for discussion of drag acting on fish's W y  as it m e s  

tlzravgh water. 



tank is being rotated in a counteralockwlee direction and the fish is oriented 

into the current), is the sum of centrifugal force plus the force exerted by 

the water column above the fishra right side. Hmemr, an opposing force 

directed toward the inside of the tank of nugnitude equal to the  sum of these 

two forces is impoaed by the water column abwe the fieh's left side. Therefore, 

as long as the fiah maintains i t a  poaition, centrifugal force ha~ l  no mechanical 

effect. The possible physiological effect of centrifugal force i a  not laown. 

The parabolic shape of the waterrs surface during rotation causes a weak counter 

current to be set  up in the -test channel.- Because-"thipl current is extremely 

s l igh t  i t s  effects are thought to be negligible. 

The variation in sw%mhg performances between the i n d i v i d u a l  fish h any 

of tho groups t e s t e d  during this series of auperfmenta was rather large. 

Although purely energistic considerations cannot be used to account for dl the 

variations in performance this does not imply tha t  the variation observed in 

the annular tank q e r i m a n t a  is any t h e  less real or abaont in nature.  The 

spread or rangs in abilities of a group of sdlmcrn migrating upstream ia equally 

as important as the mean 3 w h n h g  a b U t y  of t he  group. For the sam~ group of 

salmon or steelhead, a wide differonce would be expected to exist between the 

water velocity which would not intarfers with the upstroam migration of the 

group a d  t h e  water velocity which would stop o r  block the  upstroam migration of 

the group. Consider for example the Flovernber 19 gmup of s a v o r  salmon from 

Soos Creek (r'ig. 7 ) .  To a l l o w  all eight of the saJmon tested at any of the 

velocities between 4 f . p , s .  and 10 f .p.9.  to pass a 500 foot roach, the  water 

velocity in the reach should be reduced to less than 5 f .p .8 . ;  on t h e  other hand, 

to prevent 5he passage of all e igh t  salmon in tho same reach a 10 f.p.3. flow 

would be required. 



-37- 

The variations in abl l i ty  between groups of fiah tnsy also be qu i t e  large; 

canpare, for example, the steelhead and silver salmon perfonmaces rewrted in 

Figure U, the October 23 sanrpls to the November 19 sample of silver sdmon, 

Soos Creek silvers to  Columbia River sockeye (u), or groups of sockeye saLmon 

taken f r o m  the Colmbia River at various distance8 from s a l t  water (U). The 

magnitude of these variations in abil i ty between speciea, batwean salmnn f r o m  

different arms, and between the same f iah  at differant stages of maturity 

during their upatream migration, indicates t h a t  the efficient design of fiah. 

passage f a c i l i t i e s  i r s  dependent upon -ledge of the capabi l i t i es  of the 

particular f i s h  that w i l l  m e  the facilities. 



Conclusions 

1. Tho length  of time ailver salmon and steelhead a m  able to swim in the 

annular tank until exhausted was determined at water velocfties from 4 f .p.8.  

t,o 10 f .p.s. (see Fm. 7, 8, 9 ) .  

2. Stealhead recovered (performanc+wleo) f r o m  an oxhauative s-ng effort 

h s k  hours. 

3 Differences in swimaing ability at law water velocities were found between 

early and mid-run silver salmon. 

4. A salmon~s m n x h  swimming speed cannot be datenuhad by an accelerating 
. , 

velocity test. Swbming during the  tima the water i a  b e i q  ac~elerated-affecti'~~-'~- 

6. Two s t e a l b a d  ware able to aw5m at 12 f . p . s .  in the annular tank for 30 and 

31 seconds reapactively. 

7. Tha maximum swimning speed recorded for a silver salmon over a distance of' 

one foot wao 12.2 f . p . 8 .  

6. It is recamended that  the capacity of tho l m r  p l a  of a filsh ladder should 

be increased at Installa:ions whore ~~FJI water veloci t ies  may be prerirmt h ~ d L a t e l - ~  

downstrean f r o m  Lhe ladder entrancer. 
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