
The Influence of Oxygen Cunccntr~tion on the Swimming Performnnce 
of Juvenile Pacific Salmon at Vnriow l'empernluresl' " 

GEFLALD E. DAVIS,~ JACK FOSTKI~,:' CIIARLXS E. WARRLN,~ AND PETER D ~ I J D O R O F F ~  
Fncilic Cooper t c~ i i i~  Pcclcr I'ollurion U I M I  Fisheries Rcscurch Laboratories (Orcgon Smte  University r r r d  

U. S .  Public H c d ~ h  Seruice) .  Oregon Stnte U n i z w r s i ~ ~ ,  Coronllts, Oregon 

ABSTRACT 

The s u ~ t a i n c d  nwimming speeds of juvcnilc w h o  l~nd chinook nalinon t e ~ l e d  in a tubular churn- 
bar at  ~ c m p c r a t ~ ~ r c ~  runging from 10 to 20' C. u~uul ly  wrrt. dependent on h e  dinsolvcd oxygen 
concentration nt any tried r:oncentrntion hclow the uir-suturntion Icvcl. Some undclycarling 
chinook snlmon tcntcd at 19.5" C. were notably cxccptionul; their performance ut high oxygcn 
concentrutions W R B  iiot markcrlly bctler thnn that nh~erved ul lower conccntrution~ hetwcen 5 
und 7 mg/l. Thew fish may have heen nnemic. Redur:tion o l  oxygcn concenlrulion from air- 
saturatinn lcvele to 7, 6, 5, 4. and 3 mg/l  ueunlly resulted in reduclion of the maximum suetnined 
swimming ~ p c c d  of coho snlmon hy u h o u ~  5, 8, 13, 20, and 30 percent, respccti~r.1~. T h e  per- 
c e n t a g e ~  arc b a ~ e d  on the observed p e r f o r r n ~ ~ ~ ~ c e  of the first-failing urld second-failing individunls 
of n p u p  of five fieh used in a perforrnrulce Lmt. Tllc c o r ~ e ~ p o n d i ~ l p  rstimatcd percent re- 
ductions of the ~wirnming speed of first-fuiling lish in most nf the eurly axploratory experiments 
with chinook snlmon were somewhat Fea tc r ,  nveraginp; approximutely 10, 148, 20, 27, u ~ l d  38 
percent, respectively. W i h k  the range3 nf tented conccntrnhrn~ u1rove tha ~aturution levels, 
variationw of oxygen conccntrution hnd little or no eifect on the pcrformunce of wild under- 
yearling and hatchery-reared yearling c:uho nnlnlon. Tht: perIormance of the wild lu ideryenr l in~~ 
nt tested oxygen con~:entrutions improved p r ~ g r c s s i v c l ~  with illcreuw of tcrnpcruture from 10 
to 15 nnd to 20' C. 

INTJtODUCTION 

Many experiments at various ternpcratures 
hnve becn rcportcd in which mortnlities o f  
resling fish and oxygcm conaumptior~ rates of 
both resting a i d  active fish l~nve been related 
to oxygen conccntra~ion. Few cxperimenb 
have hecn rq~or ted ,  however, on the influenci: 
of reduct:d levels of disst~lved oxygen or1 
growth nnd on swirnmitlg perforrriar~ct:. The 
need for such information in determining th~ :  
wnter quality rcquirenienta of fish urd  con- 
trollirig watcr pollution hns h n  ernphnsixed 
by I ) ~ ~ d o r ~ f f  ( 1957, 1960) nnd others. 

katz, Pritchnrd,  rid Wnrrcw (1959) have 
demtmstrated the nbility of juvtmil~: i:ollo 
nalrnon, O ~ r c o r h ~ i l , c h ~ r s  Icisutclt  (Wnlhnurn) , 
arid chinook salmon, O i ~ c o r h ~ ~ z u h r r s  ~shawy-  
tscha (Wnlbnurn), lo  swim for 24 or 48 hour6 
ut the rnoderale speed of 0.g foot per second 
it] wnter nt 20" C. with oxygen c:or~cc:ntrations 
near 3 mg/l, not much al~ove the conr:entra- 
t i o n ~  which would be lethal to these fish unJ(:r 

conditior~s rieccssitating no sustained activity. 
Craham (1949) has reported one experiment 
with h r e e  fish on the ir~fluence of oxygen cnn- 
centrntion on tho maximum steady swimming 
or "cruising" speed of h e  brook trout, Sul- 
u e l i r ~ u s  forr t inal is  (Mitchill), aE 8' C. Fry 
( 1957) h n ~  rcported some previously unpub- 
lished results of similar experirnmls at several 
temperatures with the yellow perch, Perca 
flnvescem (Mitchill) , performd hy R. (;. 

E'crguuon. Marked reduclion of the cruising 
speeds of hnlli troul and perch at low oxygen 
cor~centmtions wns dernotlstrated, lmt in the 
cnsc: (11 h: h o o k  trout, only cor~centrahns  
below G mg/l wcrt: iound to hnve any effect. 

'l'lie influence 01 lemperaturt: on the cruising 
spced of goldfint~, C a r a s s i u s  a u r a t u s  (Lin- 
naeus), hns been studied l y  Fry and Hart 
(1948) . Similar experiments with coho salmon 
u ~ i c l  suckeye snlmt111, O i ~ c o r l r y ~ d r u s  r rc rka  
(Wult~aum), have hccn reported by Rrctt, 
Hollands, nnd Aldcrdice (19SR). Thc optimal 
temrlerature for the performnnce of the w h o  
salmon wns iouriJ lo be ncor 20" C. ' Tet:hnicnl l'uper No. 14.75, Oregon Ap;ricul~urul 

Exrwrimen~ Stution. The influcr~r:c: of reduccd oxygen concerl- 

 on Statc Unjvcr~ily. 20" C. has been invcsligated (Dnvi~o11 e l  al., 
'Robert A. Taft Sunitury EngineerinR Cenler, U. 

S. Pulllic ITcalth Scrvicx 1959; Herrmann, Warren, and Doudorofi, 
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F I G I J ~ L  1.- -Appurutus uved fur nwilnrning pcrformnnce btudiau. For u detuilctl mmidiagrammatic: clruwir~r: 
of h e  Rome ~lpp~lrulus see Kutz, Pritchnrd, and  Wurrrn (1959). 

L o ~ s e s  of fish in the stor:k l u r ~ k ~  uaua11y 
were insi,rrriiricarlt. However, hcavy losses of 
hatchery-renred coho snlmon ycurlir~gs fol- 
lowed a riw oT water kmpera ture  in the 
spring of I959. Use of the ~ u r v i v i n g  fish wae 
c1iscontinut:d whcr~  it hecanle apparent thnt 
many wcrr: diseased. All f i ~ h  wcrc: r:arclully 
exnminecl a t  h e  lime of their removnl from 
l a ~ ~ k ~  Tor us(: i r ~  espcrirrlerilu, ant1 t h o w  h a t  
were cwideiitly r1eformt:rl o r  in 1)oor c : o r ~ d i t i o ~ ~  
were rejected. 

Table 1 shows the age c:lasst:s, rcaring hie- 
tori,,, u r~d  Fork lcnglhs (means and  ranges) 
of coho and chinook snlmon tested at  dilfcr- 
c:r~t spec:ific:d terripcralures, and also the in- 
clusive dntes of ench experiment. 

The  experimentnl nppurnkns is pi~:t.uretl in 
k'igure 1. A nchmlatic drawing showing more 
detnjl h n ~  been presented 1)y Katz, P r i ~ d l a r d ,  
a n d  Warren (1959) .  The test animuls wcre 

J/l/SN-4/2S/Sfi Cl~i?tooli 1 Jlui~.hc.ry-rend 96 81-128' 11.5 
5/14/58-6/13/58 Chinook 0 Lul)-rt.ura~P 59 51-73 15 
T/l(i/5H-H/19/SN Chinook 0 IInichcry-raurecl 68 57-70 10.5 
10/S/SH-d/lH/S0 (:oho 1 1Inl ~.lwry-rcnrcd 197 119-144 13 
f1/0/50-0/28/58 C:ohu 1 I'rmd-rrnr~d 183 127-144 15 
7/t3/58 H/O/W Coho 0 Wild t o c k  77 67-HU 15 
U/R/50-11/7/50 Col~o 0 Wild ~ t o c k  H O  78-88 20 
1 1  /19/5H-13/31/59 Coho 0 Wild stock 84 70-OU 10 , - -  , -  , 
- . . 

1 Thc fork lcngtbs of Ufl pnrcnnt of t l~csc fish wcrc less thm 110 millinwtcrs. 
9 Obt~lnctl  from hntrhnry when "cry youtlg and rn~lrnrl thnrri~ltrr in Inhnmtory vtock tnnk~.  
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confined in a horizontal glass tube ("Pyrex" 
glass pipe) 60 inches long nnd 4 inches in 
diameter. Water could he continually circu- 
latcd through this tubular chamber by means 
of a centrifugal pump capnble of producing 
currentu with velocities up lo 2.5 feet per scc- 
ond (f.p.s.) . The vr:locities were adjustable 
by means of a calibrated gate valve 1oc:alctl a1 
the pump's outlet. Three circular wirc-mesh 
screcns of varying diarneler attached ir~sicle 
h e  tuhe near thc upstreatn end served as 
haffles for distributirlg the flow 01 water from 
the pump and dissipating gross turbuler~ce or 
reducing it to firlcr patterns. The observed 
motion of suspended in thc water 
and the behavior of teHt animals indicated that 
a lairly well distrihuled and rectilinear flow 
thus was produccd in thu lube, except in the 
irnrnedinte vicinity of the baffles. A movable 
screen (perforated alumirium plate) served as 
ii clo~un: near the downstmam c:nd of the 
tuhe. This screen was mountecl on a rctcactilc 
rod and could ht: positioned so afc to permit 
introduction of fish inlo the tube through a 
funncl-like receptacle, or removal of walcr 
and fish ~hrough a stoppered outlet. 

The wntor in the system was replaced con- 
linually, at a rat(: of aboul 1 liter per minute, 
will1 fresh water or adjusted temperature and 
o x y p n  content. The incoming wnter was 
heated to h e  desired temp(:ralure by means of 
n tht:rmostntically conlrolled henter immersed 
in n glass jar. The diudvecl oxygen content 
was regulated by bubbling r~itrngen, air, or 
oxygen at an appropriate rut(: through thc 
wnter as it flowed downward in an overflow- 
ing glass colurnn filled with Raschig rings. 
The flow of nitrogen or oxygen through the 
columri was ndjusted hy means of a two-stage 
pressurt:-reducir~g valve.. The flow of wnter 
through the column arid into the tubultir 
chamber was regulated hy adj ustinp the level at 
which water left the system, i.c., hy raising or 
lowerir~g the distal end of a rub be^ tuhe scrvitlg 
as an ni~tlct. The water crltering and lenving 
the tuhular (:hamher pnmecl through mmplc 
l~ottles which could be wilhdrawn for detcrtni- 
riation ol the oxygen cor~lerlt of the water. 

r 7 l k e  temperature of the wnler circulating in 
[he system incrmsed in the pump because of 
fluid friction. Cornpenmutory cooling of the 

water was achievcd hy passing it through an 
aluminum heat exchanger. Tho heat exchanger 
was itnmersed in onc of two adjacent com- 
partments of a partitioned tank filled with n 
c:oolecl, circ:idated, aqueous ~olution of elhylcne 
glycol. From this compartmerlt of the lank, 
the solution was transferred hy rncarls of two 
small pumps to [he other compartmeiit con- 
tuiriing the cooling coils o i  a refrigeration 
unit; the colder solution so displaced over- 
Ilowed irilo the former compartment (i.e., re- 
turned) through a notch in the tank's parti- 
tion. Valves at the pump outlets regulated the 
lransfer rales. h e  pump operated continu- 
ously, whereau  he other was aclivated by a 
thermorepulntoc immersed in the water ilow- 
i r ~ g  nut of thc tuhular chnrnhcr. The water 
flowing through the chamher thus was kcpt 
automatically at a fairly uniform temperature. 
The rmge  of tempernturc fluctuation usually 
wns less t h m  1.5' C., but brief failures of the 
thermoregulntory systcm resulted in larger 
Iluctuatioris up to about 2.5' C. on Tar(: 01:- 

cauions. 
A n  i~idicator on the handwheel of the p i e  

valve used for regulating water velochies nrd  
u gsadunttxl dial (not shown i r ~  Figure 1 or 
the citcd drawing) facilitatcil accurtlte vclocity 
ncljustmenl. The vdve was culihrated wilh a 
Steveris Midget Current Meter, mnr~ufacturc:(l 
hy T,eupold nnd Stevens Instrumentu, Inc., 
Portland, Orcgnn. Calihratior~ was repeated 
clurii~g  he coilrsc of the cxperi~nents. arid the 
curve rdating vnlvc settings to current vcloci- 
lies wnR found to he unchar~gcd. 

Experimental procedure 
I ,  I he pro(:~:dure~ followed were cs~entially uni- 

form throughout the ~ tudy .  Test fish were riol 
fed or1 [he day of their rcmoval from a stock 
tank [or transfw to the experimental apparu- 
tus. Thc ~ransfer took pIace iri h e  afternoon 
or early evening or  he day prcccding the day 
of the test. The temperature of the wnter in 
ille appnrr~tus then was about the Hame as that 
ol the wnler from which the fish had hccn 
iaken. A group of five fish of ur~iform size 
was used in tach test. 

As ~ o o n  as the introduct:d fish were calm, 
the water velocity in the tuhular chamber was 
slowly iricreased to 0.25 f.p.s., and the auto- 
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mntic temperature controls wt:re actualed. 
The test temperature usually was attnined in 
about 1 hour. The f i ~ h  were then leh undis- 
turbed until the following mornin:: to bccnme 
accustomed l:o the cxpc:rirnenlal conditions. 
They were nble to mnintnin their position in 
the tube with little or no exertion. In th(: 
morning, usually about 16 hours later, the 
wnter velocity wns incrensed by 0.10-f.p.s. irl- 
c:rt:mcnt~ at 20-minutc: iritcrvah until a velocity 
of 0.75 f.11.s. was renched. At this time, tht: 
concentration of oxygen irl the ir~coming 
wnter was adjusted to the nppropriak 1evc:l. 
r l l l ie  cliusolved oxygcrl i:or~t(:rik of the water in 
the system reached the desired C O I I H ~ ~ I I L  level, 
and the Iish lcarr~cd to swim steadily ngninst 
the currc:nt during a sul)st:quer~t %hour period. 
The hnse velocity of 0.75 f.p.~., which was 
dee~ned necesrrnry Tor ensuring sustnined activ- 
ity of all the fish, was uniformly maintnint-:I] 
throughout this At the end of the 
3-hour preparatory periocl, the wnter vr:loc:ity 
WUH gradunll increantd by definite incre- 
ments until one or two fish failed to contirnlc: 
swimrnir~g. 'I%(+ velocities at  which the f i r ~ t  
nnd second swimming fnjlures oc:c:iirrc:c1 wcre 
rccorcl~cl in rnosl of the coho salmon experi- 
ments. Only iht: velocity for the first failure 
was recorded. however, in tests with chinook 
and pond-reared yearling coho ual~non, which 
were terminated upon failure of the first fish. 

All ycnrling (:olio snlrnon wcre suhjccted to 
velocity increments of 0.15 f.p.s. every 20 
niinutcs. 111 tests with coho salmon uncleryear- 
lings, the velocity increments nnd timt: inter- 
vals were hnlf ns g e n t ;  i.c., 0.075 f.p.9 und 10 
minutes, respectively, excepting some special 
tests. The velocities succesvively tried in ex- 
periments with yearling chinook salmon werc: 
0.75, 1.05, 1.27, 1.55, 1.75, nnd 2.0 f.p.~., nr~d 
those tried in tesls with underyenrlings were 
0.75, 0.93, 1.05, 1.16, 1.27, 1.35, 1.485, 1.55, 
1.63, and 1.75 f.p.5. Velocities wen: iricrt:ast:d 
evt:ry 20 minutes in all tests with chinook 
snlrnon. 

In experiments with coho salmon, a benm 
of lighl Irorn a 60-watt irlcandescent lamp wns 
directed at the downstream end of ~ h c  tube to 
discourage fish Irom hwirnming in the irn- 
mediate vicinity of the perforalwl closure. 
'The possibility of  occasional premature fnil- 

ure of the fish clue to accidental impingemelit 
on the screen thus presumably was reduced. 

The downstream closur~ was rotated ns 
necessary in order to s~imulate f i ~ h  that had 
failed to continue swimmirlg and had come to 
rest against thc closure. When thc failure nil- 
peared to be pnrmanetit, the water velocity at 
which it occurred was recorded. up or^ the 
fuilure of one or two fish, a s ~ m p l e  of the 
eIIlucrit water from thc test chamber was 
taken for c1t:tcrrnination of the diusolved oxy- 
gen content by the Alsterherg (azidel modifi- 
cation of tho Winklcr method, and the test 
was terminated. The fish then were removed 
Ironi the apparatus and measured, and usunlly 
were liberated thereafter. Excepting n ICW 
fish that had been evidctltly injured, yenrling 
diir~ook salmon used in an irlitial series of 
successful or sbortive tests were used again in  
an irnmt:diately succceding seriav of additional 
tests. They were held in stock tanks and fed 
for n t  leust a Iew days before the scconcl use. 

The use of five f i ~ h  in oach test and the ob- 
servation of first or first ant1 ~ccond failures 
only hnd their origin in early exploratory cx- 
periments. In thew t:xperiments, attempts were 
rnatic to measure median porlorrnanct: usirig 
five yenrlir~g chinook salmon in each tesl. De- 
terminations of currcnt velocities causing third 
fnilurey theri yielded highly variable rt:sults. 
11 was concluclecl that two or thrcc of the five 
fish, proha1)ly Lhc more vigorous onl:H, oftcr~ 
wert: able to take ndvnntage of small eddies in 
tllc vir:ini~y of the baffles at the upstrcarn t d  

of the test chumhcr by occupying fnvornhle 
positions with re1ativt:ly low water velocities 
just downstream from the baffles, The first 
a d  sc~orid fish 10 fail appnrently hnd derived 
little or no bcnefil from the presence of the 
eddies, not having found them or havir~g 
yielcled the fnvornhle po~itionn. Tlw third fish 
to fail presumably had benefited ~ ren t ly  in 
wrne of t h ~  tesls, lmt not in others. It was 
noted also that a change of hydraulic coridi- 
tions within the tent chamber could resuh 
from the obstruction of perforatioris of thc 
downstream closure by two or nlore fish fmced 
against the closure. Yet reduction of the num- 
ber of fish in n test group to three in order to 
ovr:rt:ornc the h e r  difficulty in evaluating 
median performnnce was riot dccmeii expedi- 
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ent, for t h i ~  would have ~nadt: it possihlr, for 
all or most of thc fiuh frequently to occupy 
unduly favorable situations, avoicling thc full, 
rtlled, current volocilics. 

Coho salmon d d o ~ n  remained in thc sup- 
po3edly favorable position~ at  the upstrenm 
crid of the test chamber. Thereloro, wlicri 
smnll undcryearling cohos were used as test 
animals, the waler velocity resulting in failure 
ol t h~ :  third fish or five probably could have 
been proIi~ably determir~ed; howevcr, this was 
riot done, so thnt d ~ t n  perlaining to Iirst and 
second fnil11rt:s only are nvnilnble. The pres- 
ence on the dowris~rearn closure of evcn a 
sir~glt: lid1 l~crllaps hnd enme slight effect on 
conditions ~ I I  h e  lest chamber (current veloc- 
ity, etc.) ; thus ific: Iirst-failure data are 
dccrned somewhnt more reliable than the sec- 
ond-failure dntu. 

Sorni: comparntive mcasorcrnerik wert: mnde 
of the hemoglobin content of the blood of the 
yearlir~g arid uncleryenrlir~g co11o salnion from 
different sources bv the colorimetric acid 
h c n i a h  n~ethocl. For such a delermination, a 
0.05-milliliter snmple of Moo11 tnkt:ri from 
the cnudnl nrlcry of a fish whose tail hnd been 
severed wns clruwr~ irilo a blcrod-clilutinp; pipette 
nr~d hcmolized in 5 rni1lilitc:rs of 0.1 r~orrnal 
liydrochloric ncicl. The light-trnnsmitlancy of 
the di1utc:ti blood sninpk wm determined clew 
tro~hotometric:ally, c:mployinp n filter with a 
wuvelerigh rating of 525 millin~ic:rons. The 
Fisher E1er:trophotometer employed wns cnli- 
hraled using n Raus~li  and LornL "Spectror~ic: 
20" Colorinieter nnd url availat)lr: tnhle (in 
Bnusch nud Lomb's Methods  and Calib~atiom 
manunl) reluting transmittnncy readings math: 
w i h   he lntter ir~~trunlenl to heniogloLir~ levels 
in  grnms pcr 100 milliliters of blood. 

The ncid henlatin method eml~loyecl i n  
not mlirely sntisfnctory lor delcrrr~inalion ol 
hernoglol~in iri fish l~loocl because nuclei of 
el-yhrocytes ~c:niair~ in suspensiun. 'The un- 
coyrec.:tc:d hemoglobin vnlue~ rcported 11erc:in 
may all he too high (Lsrsen nncl Snieszko, 
1061 ').'I These values are cleernecl suIlicic~i~ly 
ir~s~ructive. howevcr, and usahle wi~hout (:or- 
rection for prwcnt comparalivc purposes. 

O T , ~ H ~ I I  rind Snieszko (1901 ) huvc: n i ~ g g c ~ t e d  1111: 
fnllnwinR "iac~or" or fnrmnla for correcting thc  
~txnclartf n(,id hematin hc~noplohin (A-H llh) V G ~ U C R  

nhtaint:d with trout 1)lnnd: 
0.531 x A-I1 H b  + 2.448. 

P 4 0 8 10 12 14 18 In PO 2 2  
DISSOLVED OXYOEN CONCLNTHATION IN M I L L I G R A M  PER LITER 

F I ~ U I ~ K  2.- -Wntcr vcloci t ic~ U L  which ~wirnrning 
fuil11re.r of firul-iuiling wild undcrycurling  oh snl- 
nion oct:urrcd ut 10, 15, rind 20" C., in rclulitrn lo din- 
solvrtl oxygen cont:entrntion. 

RESULTS 

l i~deryear l ing  coho snlinon 

The resuhs of experimtmts w i h  wilA under- 
yearling r : o h  salrrion (for dntes, see 'l'nblt: I ) 
at temperntures n m r  10, 15, and 20" C. (Fig- 
ures 2 n r~d  3) are the ones derrncti m o ~ t  con- 
~ i s t e r ~ t  and satiufaclory, and will be con~idnrsd 
first. The experirncnls showed that at ench 
Lev1 temperature the ~wirnmirig performance 
or h c  coho salmon was depende~~t  upor1 the 
dissolved oxygcri concentrntiol~ throughout o r  
nearly throughout the rarlgc tcstc:cl corlccn- 
t rn t ion~ Lclow the air-saturntion level. Within 
 lie rnngc of tested c:nnt:c:rllralioriu Aove  the 
saturatior~ vtrlue, variations of oxygen conccrl- 
tration hnd only l i t~le or no effect on the per- 
formance. At any oxygcrl coriccntralior~ wilhin 
the cxpc:rirnen~al range, the performunr:~: cnnpa- 
bility of the fish proved &renter nt the highest 
test tempernturt: (20" C.) thnn nt the lower 
I(:mperntures. 

Tn Figurr: 2, which shows the relntion hc- 
tween oxygen conr:cnLrahn and water veloci- 
 tic^ r e~u l~ i r lg  in first fnilurt:~ at each test icm- 
pernture, all points obtnined in the uuunl marl- 
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1 ! 4 L  ,' /' FlR9T FAILURE 
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0 1 8 8 0 L V I D  OXYOEN CONGENIRATION IN M I L L I O F A M ~  PEW L I T E R  

ner are shown n~ wlid circles. T h  four poinls 
plottc:d as open circles along the 20' C, nrld 
10'' C. mrves are based or1 first failures in 
tests in which the tirnc: intervnl lwtween snc- 
r w ~ i v c  velocity chnngcs was clouh1t:d ( i . c . ,  in- 
creased from J O  to 20 minuit:sj. The proxim- 
ity of these points to the curves, which were 
filled to the solid circles, irirlicates that the 
increase of the time interval did 11ot mntcritllly 
i~ifluence the tesl results. 

Th(: points reprchcntin~ failures at thc: lmse 
velocity of 0.75 f.p.s. cnnnot be clcctned en- 
tirely vnlid. Each of thest: failures occurrecl 
during the 3-hour pt:riod nl1owt:tl for reducing 
the oxyger~ crmccntrntior~ Lo the ( h i r e d  (ulti- 
~ r ~ i i ~ e )  constnr~t level, which had been tlcarly 
nttaincd at the time when the failure ocr:urrcti. 
At that ~ ~ H Y O ~ V C ~  o x y p n  hvcl the fnilure corl- 
ceivn1)ly coulcl have occurred also nt n wutc:r 
velocity sorr~ewhnt I(:FIFI than the ( :hsen  h e  
d o c i t y .  

T11t: devintinns oI the exp-rinwntnl dntn 
TI-om the thrw curves r l~own in I('igure 2 are 
no1 great. At d l  lhree tesi tempernturc:~, tlic: 
wloci t ic~ a1 which first failures occurred cle- 
dined rriarkedly whcn the oxygen cnncentrli- 
tion wns rr:ducecl to l(:velu niuc,l~ below 9 or 

r 7 J 0  mp;/l. I hr:)~ incren~~ed little or none with 
an irlcreasc of nxygcn corlccntrntior~ Leycnid 
this Icvel, which is nut f u r  from the nir- 

saturation level for cadi test tempernturc. The 
nir-saturation vnlues nt 10, 15, and 20" C. 
have beer1 reported lo be about 11.3, 10.2, 
anti 9.2 mg/l dissolved oxygen, respectively 
( Amerimn Public Hcalth Association, 1960).  

'I%e deviations of the second-fnilure data 
from hand-drawn curves f i t t ~ d  by eye ap- 
parently were no grcntcr than were hose  oC 
the first-lailure data. Figure 3 permits c o w  
llnrison of thc curves llased on first and sec- 
ond failures of urlcleryearling coho salmon nt 
h e  three different tomperntures. In ench set 
of three curvcs, thi: 20' C. curve is positioned 
well ulwve tht: essentially ~ imi la r  10" C .  carvt:, 
the performance of ihc f i ~ h  at nny oxygen 
conc:r:nrrntion hcing evidently l~ctter nt the 
hi,-her Lempernturr ~ h a n  al the lowcr lempera- 
tun:. The expected ir~~ermediate position of 
the 15" C. curve i~ h t  nren in thc second- 
fnilurt: series. The differt:nces in uhape of the 
six curvt:~ appear to he lnrgcly fortuitous nnd 
nscritd)le to experimentnl or sn rnphg  errors. 

Lllood sarnlhs lor hemoglobin determinn- 
Liori were taken from 10 rc:c:critly cnptured, 
wild, uncleryc:arlin~ cohn salmon, arid frorr~ I0 
thnt hod 1)c:en held in the stock Lanks nt the Inbo- 
ratory for almost 4 months. The hemoglobin 
vnluca oljtnincci avernpci 11.5 g/100 ml a r d  
ranged Cram 9.6 to 13.5 g/100 ml. 'rhc mean 
vnluet? lor the recently collrcted fish and fnr 
 hose thut hacl been held nt the laboratory for 
R lo118 time were 11.9 nrld 11.1 g/100 ml, and 
the stnrdard deviations were 1.1 nnd 1.0, re- 
spcctivel y. 'The smnll cliffererlcc between the 
menrls is not slatisticnlly significnnt. Althou~.h 
the ~amples  were  smnll, il can be c:oncludecl 
that no ~c r ious  nlter~tion of thc hemoglohirr 
content ol the blood of the fish resulted Crorn 
thoir captivity. The uniformity of rcsults oh- 
tninctl with fish helcl at the 1al)oraiory for 
varying l)(:rlods of time, which is indimted by 
the good [it of the data to the plotted curves, 
also  show^ that holding h e  fish tlt the lalwru- 
tory resultcd in no wrious delerioratiori of 
tllelr phy~icvul condition. 

Yearling coho saltrtor~ 

The swimming sl)eeT1ti of the yearling coho 
snlmo~i at tcrnperature~ near 12" and lsO C. 
(Figure 4) undertitandnbly provecl grealer 
than those of the smaller underyearlings in 
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FICUHE 4.-Wuler ve loc i t i~~  UL which ~wirnming fuilurus of hat( : l~er~-reurcd and pond-reured ycarling coho 
~ulrnon occurred, in relation to dis~olvcd oxygen concentration. Tlln dnta or p i n l a  LO which thc ~et:olld- 
iuilurc cu~-vt: lor hntchcry-ruured fin11 waR fitled ure not shnwn. 

coml~arable tests. Thc performnricc: ol the 
pond-rcared yearlings waw rnarkcdly better 
than that of the hatchery-reared fidi  at oxy- 
gen concentrations abovc 5 mg/l. The per- 
formance of Ihc yearlings, like that of th(: 
underyearlings, wnR evidently impairt:ti hy re- 
duction of the dissolved oxygen concenlrahn 
to lcvcls much below the air-saturation levels. 

Curvcs represcriting thc r e l a h n ~  between 
oxygen conc:cntrntion nrid water velocities ef- 
fecting lirst failures and at:cond failures of 
11alcher~-rcared yearlirigs are included in Fig- 
ure 4. Only the  point^ Lo which the first- 
fnjliire curve W a s  fitted (solid circlus) are 
uhown. The singlc curve for pond-rcarcd 
ycnrlings in Figure 4 is based upon first- 
fnilurc observations (open circlcs) . Second- 
failure data were not regularly rec:orded in 
the experiment with pond-reared fish; also, 
owing to the paucity of nviiilnl~le material, no 
lest3 werH performed with these fish at oxygen 
concentrations above 11..5 mg/l. 

Although the swinlming performance of the 
first hatchery-reared yearlings to fail at 1.2' C. 

wns mnrki:clly i~npnired at low oxygen concen- 
trations, nppurtw~ly [here was l i t~lc improve- 
ment ol the performance of these Tidl when 
the oxygen conccntrntion wan iricrcasecl from 
7 or 8 mg/l to levels near and well above tht: 
air-satura~ion level (a1)ouL 10.8 mg/l). The 
results wcre highly vnriahle, tiowever, and (:on- 
~iequently the fit Lo hefie experi~ncntd dnta 
of the curve in E ' ipre  4 is not good. The 
curve bnsed on second fni lure~ ~ h o w s  con~ id -  
ernhly more improvement of swirn~rling per- 
fornlnncfl wid1 an incrense in oxygen concell- 
t ru~ion from 7 or 8 mg/l to the air-saturation 
level tliar~ is shown hy thc: olherwise ~irrlilnr 
curve bawd on first faihrns. 

The curvet+ in Figure 4 show ihal, at nir- 
saturn~ion levels of dissolved oxygen, first 
failures ol hatchcry-rcared and pontl-rcarecl 
yc:arlings wurc to he expnctcd at water vdoci- 
ties m a r  1.CIS arid 2.3 f.p.s., rt:spcctively. At 
oxygen concentrations helow 5 mp/l, the dif- 
fcrcnce in pcrforrnnnce of the hatchery-rearetl 
and pond-reared f i ~ h  was not pronounced. 
l'hc small difference in mean size of the 
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hntchery-renred nnd pond-reared fish nnd thc: 
difference of temperatures at which their 
~wimming ability was tested may have con- 
~ributed to the observed difference of their 
performant:s. JIowev~r,  thc difference in per- 
formance probably is nscrihahlu chiefly to a 
diilcrence in physical condition of the two 
groupR of fish. The rarigc: ol blood hemoglobin 
valut:s determined for n sample of 39 fish 
takcri from the hatchery-rcared stock was 4.8 
to 12.5) g/lOO ml. The mean and the standard 
devintion were 9.5 nnd 2.3 g/100 ml, respec- 
tively. A sample of 32 fish taker1 lrom the 
pond-renred stock yielded values ranging 
from 8.7 to 15.3 g/100 rnl. The mean and the 
~tnndnrrl deviation were 11.1) arid 1.6 g/100 
ml, respectively. The differtmce helwecn the 
means for h e  two aarnples is highly significant 
stilliutiuilly. The grelil variability of the hemo- 
globin content of the blood of the hatchery- 
reared yenrlings may havc heen at  lenst partly 
responsible for the large vnriuhili~y and gem 
erally low level of thc performance of early- 
fniling individuals in different tests at oxygen 
cor~wntrntions above 5 rng/l. 

Chiizoolc snlrrron 

The number of observntior~s made in the 
course of  c:nc:h of scvernl experirncntv with 
chinook snlmon was rcla~.ively small, and the 
comparnhlc T ( : Y U ~ L E ~  of individunl  test^ wen: 
mthvr varinble, partly becnuse of 
triirlor varia~ions of procedure which had rioL 
yet heen refined nnd Idly  standarclized when 
h e  chinook salmon exparimtmts wcrt: urlcler- 
takcn. For thcse reasons, the annly9is nnd 
interpretntion of the  result^ o f  Lhese cxplora- 
Lory experiments cannot bo c u r r i d  far. 'The 
rt:tiuhs arc sulficiently in tercshg,  howcver, to 
be repor td  briclly. 

Two experiments wilh underyearlirlg chi- 
nook salrrlon H L  temperatures near 1.5 n i ~ d  
10.5' C. y ic:ldcd slrikingly unlike results (Fig- 
ure 5). The swimmirlp; performance of the 
first-failing fish nt tht: higher test Lempera- 
turcs appeared to 1je virtually indepcnden~ of 
oxygcn r:or~cenlration when Lhc concentration 
waH tihove 7 rng/l. 'The results ohtnined at thc 
lower te~nperntures inclicntcd that the per- 
formance prohnl~l!- was dependerit on oxygen 
cnntxmtrutinn not only throughout the rnngr, 

11.5 ' G. 
YEARLINGS 
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FICUHE 5.-Watnr vc1oc:ities nt which swimming 
failurcs uf iirnl-fniling yearling nnd undcrycmling 
chirlook: salmon occurrrtl U L  diffcrcnt tcmpcrulurcu, 
in rrlulion lo di~solvcd oxygen concentrntion. 

of tested concentratio11 (up lo about 9 mg/l) , 
but nlso at hight:r concentrntior~s. 'I'hc results 
ol earlier tests nt low temperatures (near 
11.5" C.)  with yearling chirlook salmon (Fig- 
ure 5) hnd suggested a relntionship hctwt:cn 
oxygcri concentration nnd swimming perform- 
ance uomewtiat inkrnledinte in rinturt: hctween 
hose  indicnted by the results of the two ex- 
p:riments with undery carlings. 

The observations nnd curves plotted in 
Figure 5 pertain to firs1 failures only, data or1 
second failures oI chinook salrno11 not having 
becr~ regularly recorded. The performance of 
first-fniling halchcry-reart:d undcryearlings at 
tcrnperatures rmar 19.5" C. improved greatly 
with an ir~crease of oxygen concentralion from 
about 2 to 5 mg/l, but there is 110 indication 
that an incrense hcyond 7 mg/l hnd nny fnvor- 
able influence on the performance. The rela- 
1-ion 1,etwet:n oxyjierl concentration and swim- 
ming speed ohucrved in the experiment with 



the largcly 1al)oratory-renred underyearlings 
~cutecl nt tc:lnperalurt:s near 15" C, is moru 
ntmrly rectilincnr, witl~irl thc range of tested 
oxygen concentrntior~s (ubout 1.5 to 9 mp'l) , 
~ h a n  ~lios(: oLserved in other cxperimt:r~ts with 
chinook and coho sal~non. '[he conclusior~ l h n ~  
lhe pcrlormance of the fish pro1)al)ly would 
have been Ijetter nt the air-saturntion level of 
tiiuuo1vt:d oxygcn (about 10 rng/l) thnn nt 
!I mg/l, and ]letter yet nt a conct:nlruLior~ 
alove the air-saturation level, is uriavoidnble. 
At these high c:onc:c:r~tratinns, the underycar- 
lings tested nt the lower temperntures prot~a- 
1)ly would have been nearly all capahlt: of per- 
furrrlnr~rx: l w ~ ~ e r  ihan [he average performnncu 
a1 Lhc: sarnc: concentrations of lhc first-fnilinp; 
fish i ~ : s ~ ~ : d  a1 111~ higher temprrutures. l'hc: 
s~riking difference between the rcuult~ of the 
l .wo expr:rirni:nls is not nttribulahl~ entirely to 
tempernture clifTerc:r~r:cu nor to differt:r~c:c:s in 
size or age of the fish, nnd so il rnust have 
1)(~:11 clut: largely to other unde~(:rmined I a c ~ o r ~ .  

Likt: tllc: swimming speed or the largdy 
1nt)ora~or~-reared underyearlirigs nt ternpera- 
lures rwar 15'' C., the perforr~iant:e of the 
lnrger hntchery-rt:u~~d y(:nrlir~gs tested at 
lowcr temperntures, especially those Iish thnt 
had not heen used previously, see~necl to de- 
c:lir~(: shnrply will1 decreasc of oxygcn contxm- 
trntior~ frorr~ ~hc: highesl lesl(:d I(:vt?ls (s1i;r;litly 
1)c:lnw the nir-sntul-atiori 1evt:l) tn 5 or 6 rng/l. 
TTowever, the further ilnpnirment ol h e  per- 
formnnce with n decrrnse of oxygen conceri- 
trntion from about 5 to 2 or 3 ~np / l  was 
greater than that shown by thc lasl-rrii:ritior~i:d 
~lnrle.r~~nrlings,  nnd much l i h  thnt shown by 
the hn~chcry-rt.art.11 11riclc:ryc:urlings tested at 
Lernpcraturt:~ m a r  1!).S0 C. The significance 

of the difference hntween the rt:sults ol  ~ h c  ~ w o  
serics of tests with previously unused n ~ ~ d  orlce- 
u u t d  yearlings (Figure 5) is not clear. Thc 
previous exp-ier~ct:  ol  he once-used fish in 
h e  cxperimmtnl nppnrntus inny hnve irdlu- 
encecl their perforrnar~cc. IL s11c)nld 11i: noted, 
however, h a t  a few of the lenst vigorous fish 
used in the ir~itiul seric:~ of te~Lu wcrt: ilis- 
carded arid not iilcluded in the lot of once- 
used y rn r l in~s  save11 for h c  snccer:dirig lcsts, 
and this mny hnve influenced the teet results 
nlso. 

Comparative r t d t s  

Table 2 shows the percent reduction of the 
swimming s1lced u r  r:ollo salmon helow the 
speed at the nir-snturntion level of disaolvc~l 
oxygcvl for c:ac:h uT ~evcrnl  arhilrarily sclecterl 
lower oxygen concentrntions. The reductior~ 
1wrt:c:rituge~ nrc hastvi ori velocities lakc11 horn 
the c:mvt>s fitted 1 0  thc c:xpc:rirnrri~nl data 
(Figures 2, 3, and 4'). Seconcl-failure as well 
as firui-[ailurt. curve# were 11sd whcn avnil- 
nble. The computed percent redilctions nf tht: 
swimming speed of coho snlmon nt ench m y -  
gen c:orii:c:illra~iori cot~siclcrerl ('l'ahlo 2 )  are 
moderately uniform. Only the relatively high 
pc:rt:c:riLagc:u derived horn the curve lor poncl- 
rcared yearlings, which is based on few m t l  

rather variaLle c:sperlmental d a ~ a ,  are rio~ably 
different from thi: i : o r r t : s p c i r ~ i ~  l)ert:c:r~l.agw 
derivecl from the other curves. The 1nttt:r 
vu1ut:s (L .c . ,  exclusive of lhose lor pmd-reared 
yc:urlir~gs) perlai~lirig Lo oxygen c:ormrltra- 
tions of 3, 4, 5, 6, rmd 7 mg/l nverugv :!O.li, 
10.9, 12.7, K4#, nncl 4#.!) percent. rcspectivel y.  
Thc limited data nvailahle ii~dicnte that h c  
corrcsponcling percent reductions of the swi~n- 
rnil~g speeds ol  liealhy chirinok salrilon a1 11. 
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to 15' C. may bc: decidedly grcater; nnrnnly, 
about 30, 27, 20, 14, arid 10 pert:er~t, rcspcc- 
tively. Thew values are not inarkedly cliffel- 
ent from those estimated for the pond-rcared 
yearli~ig coho salmon (Tnble 2 )  . 

I t  has been show11 that the sustairlwi ~ w i m -  
minp 11erformnnr:e oupl~i l i ty  of coho nnd chi- 
nook snlrnon usually is i~npuir~:cl when the 
dissolved oxygen corlc:er~~ration is reduced 
from the a i r -dura t ion level to nny consideru- 
bly lower level, hut nt much higher concentrn- 
tiom the performance of coho salmor~ irn- 
proves only slightly, or riot at all. Grahmn 
(1!hl80) iourlci Lhat the cruising s p : d  of 1)rook 
trout ut UU C. was wupprecialdy reduced only 
when the oxygen conc:entratior~ was lowered to 
I ~ ~ : I H  MOW 6 mg/l ( n ~ ~ o u t  50 pert:er~t oi  air- 
snturntion). The d u ~ a  of Ferguson reported 
by Fry (1057) indicate:, however, thnt t h :  
cruising speed of the yellow perch is reduced 
somewhat nt oxygt:ri concentrations only n 
little below the nir-saturutiorl Icvel, especinlly 
at the highc.r LA Letnperatureu. Unlike tl~c: 
curves presrmted i r ~  this paper, curves rehting 
111~: cruisirig s p e d  ol the perch to oxygcr~ c,tm- 
cet~tratiori, c:xcc:pl one obtained nt the 1owt:st 
test tempernture of 10' C . ,  show an abrupt 
chnnge in slope nt nn oxygcr~ c:oncerilration 
near 3 mg/l. The perlorrria~icc of the perch 
was greatly impaired only at oxygen conc:c:rl- 
trntions I d o w  this 1wt:l. 

The results of experi~nents with t~rook troill 
reporttd by Grahum ( L1)4?)) arid experiments 
with 1akv trout, Salzxbinus r t n n q c . t ~ . v h  (Wnl- 
ha im ' ) ,  rcpor~ctl 1)y Gibson and Fry (1!)548) 
indicated that the nctivt: rncta1)olic rales, or 
inaximum rates of oxygen uptake (Fry, 1057),  
of hes r  salmonids genernTly m-c: tic:pcrldt:ri~ or1 
oxy 3:11 concentrntion or11 y at ccrrncentration 
levt4o c:or~nidoral~ly below the nir-snt~lra~iorl 
levels. However, Graham's finding wwus not 
confirmed 11y Job (1455) arid Basu (19S!,), 
who found the active oxyyrr:rl consumptiol~ 
rates or th(: hrook trout to he rlcpriiclcnt on 
oxygen concentnilions up to, or ( : v w  well 
above, h e  air-snturntiori lrvels, exc:ept nt very 
low tmiperatures. Bnsu ~t i r r lu l~~ecl  the fish hy 
rriraris of an electric hnrriw, wherens Graham, 
Cilrson nnd Fry, nncl Job clid not. 

The relntion hetwceri metnbolic rate and 
~wimrriirlg performance c:al)al)ility hne hccm 
discussed by Fry (1.?)47, 1957).  He presented 
evidence thal cruiving spoc:ri increases ns the 
Hquare root of the "rriclaLolic differt:ric,e" or 
"scope for activity" (I..(:., the active mte lenn 
ill(: slandard r n t d  ir~crcases. From this it can 
he inferred h a t  determiria~io~ls of active or 
mnxirnum steady rales of oxygen ~:o~lsumption 
j )~ : r~ inp  can clemcrnstrntc: a potentinl for slight 
improvement of ~ s t a i n e d  swimming pt:rform- 
nnce nt ir~crt:ast:ti oxygen coricentrations thnt 
cannot be rendily clernonstrnted 1,y measure- 
ment or 1.11~ perforniance i t ~ d f .  I t  can be con- 
clucled nlso that the moderate ir~c:ri:ast:s of 
aclivc oxygm uptake  rate^ ~l ia t  were ol~served 
I J ~  Job ( 10.55) when oxygerl cor~centrations 
wcre raiseel heyoncl tlic: air-saturation 1evt:Is 
proGahly irldicate only very stria11 increases of 
sustninecl uwirnrnil~g speccl. IIowevt:r, thc re- 
lntion betwec:ri 1111: rates of oxygerl up~.ake and 
uc:tual sleady swimming ~peeds  of a f i ~ h  in n 
rotating nnnultir rt:spirometer is not ~irnple 
arid well estnblished. R H ~ U  (11)59), in his 
Tnlde 11 (p. 183 3 ,  and Fry' h v e  rcpor~etl 
that the oxygen uptakv rates of brook trout 
nnd carp h a 1  had been reccr~lly plar:c:d in a 
reepiromc:tc:r ir1crt:asecl littlo or none will1 
ttlrt:c:fold to sixfoId increases of respirometer 
rolatior~ rates (ljeyond 5 or Ci rvvolutions per 
minute). Yet. Rnsu also reported large in- 
crt:mst:s of h e  oxygen uptakc rati: of trout rc- 
sultitig from mild electrical stinidation with- 
out ir~c*r.r:ast: of the respiromcter rotutior~ rntc 
(I..(:.. at ench rntp tesl(:ci). 'l'liis indicates that 
iri the absence of such ~tiniulation rhc nxygcn 
uptake rates nt all the swimming spet:du wert: 
nluch less thun thc: lilghest possible rntes. The 
~ignifir:nnc:e of thr metnholic: rntc: ciala needs 
further r:lnrific:atiori Lefnre these dntu car1 I)e 
properly (:ompared with a r d  related to incle- 
l~criilently obtnined swimmin; perfnrrnarice 
data. 

It has h c n  noted thut slrikingly dissimilar 
results wcrc ohtained in dill(:rent experimei~ts 
wid1 chinnok sulrnon (Figurc: 5 '1 . 11 s e e m  
rc:asoriahle to suppose: that the innhility of ~ h c  
firsl-failirig underyenrlings tested at tcrnpcra- 

' I'craonal c~onin1~111ic~11io)i and ~11r~~id~li~11r.d am:ouIit 
uf rcccnt c ~ x p c : ~ - i r r ~ r n ~ u J  I ~ C . R I I ~ L ~  ol)lnined by 1). W. 
Coljlt:, rt.ct.ivrJ from T)r. 1''. E. J. Fry in  July 1961. 
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tures near 19.5" C. to perform much better 
at higher oxygen concr:ntrations h n r l  a1 con- 
centrations between 5 and 7 mg/l wns due to 
an tl1)riormally low oxygen capacily of their 
blood. Unlike the underyetirlir~~s tested nt 
lower tenlperntures (which hnd been reared 
mostly nt the laboratory, on a dic:t prt:dorrii- 
nantly of b w i  liver), these fish had beer1 rc- 
cerirly ohtained from the hatchery, where a 
high incidence of tinerniu tlmorlg juvenile chi- 
nook ~ a l m o n  at other times has bcen raportcd. 
Even nt oxygc:~~ concerilrations well below the 
air-saturation level, the ldood of those incli- 
vidunl~ that failed first may have l)et:n, at thc 
time of their failurc, oxygenat~d virtunlly to 
capaci~y after passing through tho gills. TJn- 
Cortunatc:ly, rio measuremenls of the hcmo- 
globin content of the hlood of these fish were 
made. 

The ol~servcd anemic condition of many of 
the hatr:hsry-rcuretl coho salmon may have 
irlflucrlced the results ohtninecl with tlieut: Iish 
n l ~ o .  Tlic curvv bnscd on first failures urnong 
these fin11 (Fig-ure 4) shows some improve- 
ment of performance with nn increase of oxy- 
gen c:ont:c:rllralion Irom 8.0 mg/l to  l(:vcls f n r  
nbove the gaturution l evd  However, this im- 
provement mny he unreal, or it may have beer1 
cxaggeraled by sampling errors, lor the datu 
to which the c:lirvc: wus fitted m e  highly vari- 
lible. The 1)lood hemoglobin of Nome of the 
more nnemir: intiividualu possibly wns oxygen- 
a t d  a1  he gills nenrly to ita capacily wen 
when these Iiuh were swimming at their maxi- 
mal spced nt nmhient oxygen concmtrntioi~s 
helow R mg/l. 

At ronccrilr~lioris at which the switnniirig 
performnncc and active melaholic rnte nre 
oxy~en-cor~ccri~ra~iorl dcpendcnl, the rnte of 
oxygen consumplion and [he pc:rfurmnnce of 
liuh may be limited by the greatest at~aina1)le 
ratc of gill irrigation or respiratory volume 
(Fry, 19.57; Basil, 1959). Howevcr, Shepard's 
(1955) dnta on th(: inll~~enct! of ncclimation 
to reduced oxygen c:orw:r~trutions upon the 
aclive rate of oxygen uptake of brook trout, 
arid his seemingly vnlid interpretation 11ieri:or 
(p .  4,25), supported by the dala of  Prosser 
et n2. (1957), indicate that the oxygPn I ~ ; + I I A -  

port capacity of h e  blooti also mny he of  
some importance. At higher oxygen concen- 

trations ( ic. ,  in the zoric of independer~ce) , 
the rnnxirriurr~ sustained swimming speed of 
healthy (i.e., not ur~ernic) fish at  n given 
lemperature may be determir~nd 1)y Lhcir mus- 
cular cnpnhilities or by the effectivenew of the 
existing stimulus, &mu (1 959) has auggestcd 
thnt the active oxygen consumption rale at 
these conr:rmtrt~tions is limited I J ~  the riormal 
oxygen transport cnpnr:ity of h e  blood. 
Shepard's (lL)S5) lindings fail to support this 
vicw, for at high oxygen conccntratioris he 
detected no ~ i g n i h a n l  difference in ur:live 
oxygen uplake rntes of brooli trout acclirnnted 
to high a r d  low concentrntions, but his fish 
may not hnve beer1 stirnulaled sufficiently to 
vvoke maximum rates. 

Tn the experirnenls reported herein, somt: oi  
h e  fish were tested nt nomewl~at urisr:aeonnl~le 
ternpcraturt:~ markedly higher than those at 
which thcy had been held before they were 
plnced in the expcri~nental apparatus. T h e  
previous cxposure of these fish to lower tcm- 
perntureu, ~:spccially the uncleryenrlin;: c:oho 
salrnon teslecl at 20° C., may have irliluetlced 
the ~ t x t  rcsul t~  became of incomplete thcrmal 
~cclimntion (sen Fry and Hm1, 19/18). It 
aliould he noted, however, thnt the 15' C. 
ciirves in Figures 2 and 3 are bnsecl oil tcsts 
with wild underyearling cohos lhat had been 
hdti nt ~trearn-water temperatures very near 
the test tempernture. Yrolor~ged ac:c:limation 
o f  tht: Iivh to h e  various tested oxygen c:on- 
centmtions prohal)ly wouhl liavr: al~cred the 
rcsults somewhnt, increasing the swimmirig 
speedu at rcdur:ed oxygon concentralinns, as it 
has been shown to irlrluenct: the active. tnela- 
hnIic raleu ol brook trout (Shepard, 1955). 

l 'he irnprovcmcn~ of  he swimming per- 
forrnnr~cc 01 juvenile coho salrnou resultir~g 
from ternpcratuce increaues up to 20' C. re- 
ported herein hns heen oLserved also by nrett, 
Hollancls, and Alderdice (19.58). However, 
lhc mean cruising speeds, even of yearlings, 
recorded hy t h e  ar~thors were considernbly 
lower thun thc rrlaxirnum suslairied swimming 
speeds of the wcnke~t (first-ftlilir~g) wild 
uncleryenrliny of slightly srnnllor average size 
~esled at corresponding temperatures and at 
oxygen concentrntions ncnr air-suturalion in 
our  ~ t l ldks .  Most of the latter fish nppnrer~lly 
were able to continue swimming (for 10 min- 
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utes) nt speeds or~ly slightly (ahout 0.1 f.p.9.) 
1)eIow 1.60, 1.65, and 1.80 i.11.s. at tempera- 
tures of L O ,  15, a r d  20' C., respectively (Eig- 
ure 2 ) .  Second-failing fish (Figure 3 )  nnd 
nvernge i~~diviciuals usually were nhle to rrlairi- 
lain even greater speeds. l'ha cruising speeds 
(rnai~~lainccl for 1 hour or longer uriiier strong 
stimulus) of yearlings tested at the stmc tcm- 
l~eratures by Brett, Hollurld~, and Alderdice 
nveragad only 1.16, 1.23, and 1.35 f.p.~.,  rc- 
spectively. The fish ueed by them had been 
hntchcd, reared, and thermally acclimated cit 
[he laborntory, and they were tested in n ro- 
tiitir~g aririular trough. The dissimilnrity of 
results prnbnbly is nscri~)al,le mostly to cliffor- 
ent:t:s of Lhc material, appnrntue, arid methods 
employed, n11c1 not to unavoidnhle errors iri 
the evaluation of uhsolutc-l uwirnming speeds 
due Lo i r~e~ua l i ty  of wnter velocitie~ at differ- 
ent points in n test chamber, etc. 

l ld ike  the results of prolonged tcsis at 
moderate wnter velocities reported by Katz, 
Pritcharti, and Warren (1059), the data pre- 
sented in this pnper and those of Hrt:tl, Hol- 
lands, nr~d Alderdice have applicntion where 
high levcl~ nC sustailiecl activity may 11c re- 
quirecl of juvenile salmon for relatively short 
pcriocl~ ol time. The relation lwtwccr~ swim- 
ming time a r~d  the highest water velocity re- 
sisted hy these fish hns not yet becn thoroughly 
investigntrd. Howt:vt:r, ir~slructive results were 
ol~tair~ecl from the few tests nt 10 a r d  20' C. 
wherein ur~der~(:arling coho salmon were re- 
quired to resist each sl~c:c:e~sively tested veloc- 
ity alrove the base velocity of 0.75 f.11.~. for a 
period twice thc r~orinal time iriterval between 
velocity increments i open circles in Figure 2 ) .  
From ~hcse resul~s one can ctrriclude thnt the 
~naxirnurn sustairlc:cl swirnmi~~g spct:d of which 
an individual is capable i~ not a fur~clior~ ol 
swirnrriir1,p duration within tirnr: limitu as yct 
undef i r~d.  Although seemin~ly not in ngrer- 
~ r ~ c n t  with Boyar '~  (1961) data on the swini- 
ming performnr~c:e oI young Atlantic herring, 
this coriclusion is uupI~nrtcd hy the dutli or 
Hrelt, Hollands, nnd Altlcrtlice. They round 
that, alter an initial period of swirr~rnhp; 
" 1 1 ~ t ~ t s "  and "slumps," whic:h usunlly c:oulcl 
he prt:vcritecl Ly ,grndually increasing tht: r ~ t c  
of trough rolation in the course of  bout 1 
hour, juvenile coho salmon wnuld continue 

swimmin~  ut a ricarly constant maximum sus- 
l a i r d  or cruising speed for an  hour or much 
longer before fatigue sct in. Yet, the fish cer- 
lairily are cnpnble of much more rapid swirn- 
ming for very shirr1 periods of time. 

Situations whereiri the uurvival trf j u v e d c  
sul~nor~ could depend 011 sustnined rapid swim- 
ming are readily imaginable, but whether or 
not such uwimming tit R I I R C I ~ ~  approachir~g the 
n~easurcd maxima is necessary in the course 
of normal feecling and migratory nctivjties i u  
not k ~ ~ o w r ~ .  Also, it is not known whether or  
r~o t  [lie ability of the fiah to perform h i e 1  
bursts of ir11t:llW activity, such a8 may be r1ecr.s- 
sary to avoid capture by predators, would hc 
influenced hy reduction o f  oxygen cor~ctmtra- 
lion as wiw their sustnined swimming nbilily 
in tllc rt:portr:d tesLs. This qucstiori and the 
influence of disuolvc:rl oxygen on the resistance 
of the fish to fatigue when swimming for Ionl: 
periods at vnriouu spcet'ls short of the highest 
posaihle sustnined or cruising speeds still rwed 
invt!stigation. 

At the preuent tirnc, one can only speculate 
a b o u ~  the ecological sijinificnnce of the ob- 
served impnirment of pt:rCorrrinr~t:t: nt oxygen 
concentrntions not far below the nir-snturntion 
levels. Orlo can reasonably argue h a t  fish are 
not likcly LO posscss pcrformar~cc t:aptlhilities 
that do not contribute to their success or well- 
being in r~alurt:. In accortiant:c+ with this view, 
Fry (1957) stnted that "Any reductior~ of the 
oxygen content below the level where the 
activt: IrlcldIolic rate begins to be rcs~ricied 
iu probably ur~ruvorahle Lo 1111: ~pet:ir:u con- 
cerned." Apparently there is no evider~ce, 
I~owever, to support this view, and l~erhnps a 
differtmt view also can be effec~ively c11:fencled. 
Certainly nnt: car1 reasnrlal~ly urguc that solne 
slight restriction of the mnximurn sustaincrl 
swimrnir~g speed of salmon, through reduction 
of dissnlved oxygen in portions id streams re- 
ceiving organic wastes, prnt~nbly would not 
uvually result in ~ e r i n u ~  damnge tn ~nlnion 
I~oT)~~la t io~is .  I11 this t:or~riection, the rather 
large variation in performar~cc capacity 01 
coho salrnor~ with normal variatior~s of [ern- 
pernturc (Brett, IIollantls, a r d  Alderdice, 
1958), and the observed different:r:s hctween 
individunls of about the same size or ape, 
shoulti tre notecl. 
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