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The final swimming speed ol juver~ilc largemouth I ~ Y ,  M;croptcr~rs sa1m~m'rlc.r (La~6~)i.dct), 
was rerlucetl rnarkedly at oxyucn concentrations bclow 5 or 6 mg/litcr in tests at  25 C in a tubular 
chamher ~ I I  which the velocity of water was itlcrea~cd gradually, nt IO-mi11  interval^, until the  
fish were forced by the current ~ ~ e r ~ n a n c n t l y  against a ~creen.  At l cvc l~  above 6 mg/litcr, the 
final swimmir~g speed was virtually independent of the oxygen cor~rcntration. The performance 
of bass that had bcen acclimntcd overnight t o  elevated carbon rlioxidc level& was not materially 
affected by the highest tested conccn1.rations of frec carbon dioxide, xverafiing 48 mg/liter, nt  
nny tested level of dinsolved oxygen. 

For juverlilc coho salmon, Oncorhy~cchus kisutch (Walbaum), ai temperatures near 2 0  C: 
and carbon tlioxirlr! con cent ratio^^^ near 2 rng/liter, any considerable reduction of the oxygcn 
concentration from about !I mg/liter, the  air-saturation Icvcl, I-eaulted in some reduction of t h e  
final swimming speed. Thc performance ol i hc  mlmon was impaircd much more rnarkedly than 
wns that of thc b a ~ s  by the same reduct-ion of the oxygen conce~ltration. At oxygen conccntrationa 
near and nbovt. the air-saturation level, h i ~ h  concentrationa of free cnr1)on dioxide averaxirlfi 
18 and 01 rr~g/liter had a tleprcs~ing effect on the final swimmir~g speed of coho salmon even 
aftcr clvernight acclimation. Howcver, this t'llect decrensed a t  rcduced oxyKen concentrations. 
No rnc;lsurrible effect ol free rrarl~on dioxide concentrations near 61 rng/liter wns evident a t  2 
m ~ / l i l r r  dissolved oxygen, and ronccntrationu ncar 18 rn~/ l i ter  had lil-tle or 110 effect. even at 
nlorlernttly rcduccd dissolved nsygcn lcvcls alter overnight ncclinlation of the salmon to  these 
carhon dioxide concentratione. 

TIIE LTTEKATUKE dealing with the influence of djssolvcd oxygen on the swim- 
n ~ i n ~  pcrfol-m:mce of fshcs has been rcvieured recently by Doudorotf and 
Warrcn (3965), along wil.h nluch other pertinent literaturc. Jlavis e t  xl. ( 3  963) 
fnnncl that cvcn slight recluclion ol the dissolved oxygcn co~lcentration from 
thc air-saturation lcvcl t~sually 1-edtcd  in some reduction of thc maximurn 
sustained swirnining spccds ol  juvenile coho salmon, Oncurhynchns kiszltch, 
and (:hiri~ok snlrnon, 0. IsJ~(~u~y!s-cJ~a,  a t  tempcrxtt~rcs 01 10-20 C. Katz et xl. 
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(1059) tested the ability of juvenile large~iloutll bass, Micmpkrzcs snlnzoides, 
63-93 m m  in total length to swim for 1 day agairist a currerit a t  n spccd of 
:bout 24 cm/sec. In Septemlxr, a t  25 C, tlie hass were a l~ l e  to  resist tllc current 
evcn when t-he oxygen concentration was only almut 2 mg/liter, lmt in I k -  
ccmber, a t  temperatures of 1.5.5-17 C, they apparerltly were unal~lc to  do 
so wlicn the oxygen conccnt.rntion was reduced to 5 inglliter. The maxin~unl 
sustained swimming speeds of the bass possible under tlie various c:orlditions 
were not determined. 

Carbon dioxidc has long bccn known to be toxic to fish (Doudorofi' and 
Katz, 1950) and to  reduce the affinity ol  their blood for oxygen a t  liigli as 
well as reduced oxygen tensions (Koot, 1931). Basu (1959) rncasurcd the 
L i  active" oxygen consumption rates of four species of fish a t  various con- 
ccntrations of both dissolved oxygen and carhon dioxide. Stcady activity was 
ensured hy 11iild elect.rica1 st-imulation whereby thc fish were forccd to swirn 
in a rotating. annular rcspirometcr. I ~ I I  found that  the logari t l~n~ of ilic 
oxygen uptake rate declined linearly with increase of (:arbon dioxidc con- 
ccntra~ion. 'l'liis decline was rriuch yteeper a t  very low dissolved oxygen lcvclv 
than a t  liiglier levels in the tllree species tested a t  thc w r y  low lcvels: the 
t)rown bulllicad, Amriurus nchuloms; carp, Cyprinas carfiio; m d  goldfish, 
C~arassiz~s auralas. We lcr~ow of 11o conlparalh cxpcrirnent-s on the influewe 
of free carbon dioxide or1 the swimming specds of fish at various levels ol 
dissolved oxygen. 

The  resistar~ce to dissolved oxygen defic:iency of rcsting coho salrnon 
(McNeil, MS, 1956), largemouth bass (Hart,  1945, 1957), and many other 
species of fish has heen found not to  he markedly an11 lastingly reduced a t  
carbon dioxide concentrations below 50 mg/litc.r. In cxpcritrlcnts with coho 
salmon, the miriimuni effective cart)on dioxide c:onc:cntrations have been found 
to vary wit11 the degree of rapidly pi-ogress in^ acclimatization or adjustment 
of the fish to the elevated carbon dioxide levels (McNeil, MS, 1956). They  
may also vary somewhat with t11c bicarbonate alkalinity of thc water (McNcil, 
MS, 3956) and with tcil~perature, 1 ~ u t  Ijoudoroff (1957) has pointed out that  
the wide variation wit11 t e ~ i ~ p c r a t ~ ~ r e  of effcct.ivr: carl)on dioxide lensions t l ~ a t  
has been rcportcd (Fry e t  al., 1947) docs not s i ~ n i f y  material variation of 
effective carbon dioxide conr:enlration,s. Alabaster e t  al. (1957) rourld that  
carbon dioxide concentrations well below 50 mg/liter had a rnarkecl cffcct 
or1 the dissolvocl oxygen recluirerncnts of rainlmw trout, Sdmo gairtincri. 
Howcvcr, in t.hcir tcs.ts, t l ~ c  fish cvidcritly were subjected to low oxygcrl con- 
cerltratiorls and high (:arbon dioxide concentrations suddenly 2nd simulta- 
neously, so tha t  they had rio opportu~iity to bccornc adapted to the elevated 
carbon dioxide levels 1-wiore being sut)jected to  critical or lcthal dissolved 
oxygen lcvels. 

'The main ot~jective ol the present work was  cvaluation of the influe11c:e 
of carbon dioxide a t  liigh, low, and intermediate oxygen concentrntioris 011 the 
rnaxi~num sustained swimming speeds of largemouth I:ms a t  25 C and ol coho 
salrr~on a t  20 C. Our initial undertal;ing, however, was accurate determi~latiorl, 
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in late spring arid early sutnmcr, of the influence oi dissolved oxygen on the 
swiminiiig allility of the 1jass a t  25 C and a t  a low level of free carbon dioxide. 

MATERIALS AND METITODS 

EXPERIMENTAT, FISH 

The  largcmouth hass used in thew studies were seincd frorn a pond near 
Junction City, Oregon. Juvenile coho salmon wcre seined periodically from 
tributaries of the Alsea Rivcr in Benton County and fro111 the Yaquina Rivcr 
in 1,incoln County, Oregon. All fish were graded according- to size; the largest: 
and srnallest fish were discarded. 'l'he mean total length of the hass used was 
82 nim; the standard deviation was 2.3 mm. The rrlcan total length of the 
coho saltnon was 82 rnn-1; tlic st.andard deviation was 3.9 tnm. 

Thc fish were kept in a constant temperature rootrl in 50-gal (189-liter) 
glass aquaria supplied with running- water from a srnnll spring-fed stream. 
Tlic larg-erimuth bass werc 11clrl a t  25 C, the test tcrnperaturc, arid ied unre- 
stricted ratio~ls ol  small, live carthworma for a t  lcnst 18 days t~elore use in 
experiments. Losses oi 11ass in 111c stock tank were llcgligiblc during the ex- 
periments. Thc  first. lot ol coho salrnori uscd was lield a t  20 C, the test tctrl- 
perature, 1)ut 11cavy losses occurred whicli wcrc due to arl uriidc~ltificd disease. 
'She use of this lot of fisl~ was discoritirlued when tlle d i~ease  becarlie apparcnt 
and only a w d l  nutnbcr of the fish had been uscd. Subsequently, all the coho 
sallrlon were lield a t  t l ~ c  lower accliinatiori terl~perature of 17  C for a t  lws t  
S days l d o r e  use in experiments, and ~ i o  more discased fish were olmrvcd. 
'l'he coho saln~oti wcrc fed unrestricted rations of tuhificid woi-111s during thc 
holding periods. 

EXPERIMENTAL APPARATUS 
The  experirriental apparatus (Fig. 1) was designed for subjecting fish 

to a rcctiline:1r flow of water of controlled velocity, tcrrlpcraturc, and dissolved 
gas content in a glass tube (test chamber) 1.5 m long and 100 ti1111 in invide 
diarn. I t  has heen described in detail by Davis e t  al. (1963) and diagrarntned 
hy ICatz e t  al. (1959). Filtered stream water, supplied tlirough polyethylcnc 
pipe and Tygon tubing, could he circulated co~itinuously, by rncans of a n  all-iron 
r:cntrifugal punip, through the tuf~ular test chan-lber and througll an aluminutn 
]]cat ext:ha~igcr itnt~iersed in :1 cooling bath for tctnpcrnturc control. Water 
velocit.ies in the c:harrlI:~cr could he adjusted by means of a gate valve Iocatcd 
a t  tlic pump's outlet. Tbc valve had an attached graduated dial and an  in- 
dicator on the handwheel. It. was calibrated with a s~ilall cui-rent meter. 

The  water i r i  the systctn was renewed continuo~isly a t  a rate oi 1 liter per 
111it1ut.e. Dissolved gas r:onccnt.rations were maintained by i~ltroducirig a gas, 
or gases, a t  the tmttorn of a vcrtical glass column filled with ceramic Raschig 
rings, tlirougl~ whkh the wat.er flowed downward hefore entering the exper- 
imental chan11)er. Nitrogen, cori~pressed air, and oxygen were used ior 111ain- 
taining corice~ltrations of dissolved oxygen below, at,  arid above air-saturation 
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FIG. 1. 'I'he experimental apparatus. 

Icvcls, respcc(.ivcly. Carl:)cm dioxide was uscd in combination with the ahovc 
gascs to attain concentrations of this gas above the low lcvcl c:haracteristic 
of t l ~ c  uritrented water. 

A Iew ~riinor changes were rr~ade in the apparatus described 1)y Davis 
c t  al. (1963). A fixed alurrlinurn screen was added hehind the ri~ov:ll)le (rc- 
t r ac t a lh )  scrc-el1 a t  the downstrean1 cnd ol the test chamber, t~ehind tlw 
fish-introduc:tio~i port and funnel. This enal~led re~noval of each fish from the 
expcrirrrcntal c1ian1l:rur as  soor1 as it was forced by the current against the 
~l iov~lble scrccri, without danger of thc fish heing swcpt out of the chamber 
and through the purrlp, The coritrol and measuretncnt of the flow of water 
througlr the vertical glass colunin and into thc tcst chamber wcrc facilitated 
by fii.t.ing rt llall-displacelilent flowrrlcter arid a glass stopcock to t.hc water 
supply tube betwecn the columri and the chnmhcr. Bands of hlnck plastic 
tape werc attat:hed to the outside of thc tcst cliambcr wall as a n  aid to visunl 
oricrltatiori of tllc fish. 

The proc:edures followed in experiments with the two species o f  fish wcrc 
csseritially tlic same. Five fish of uniforrri size were talwn fro111 the  holding 
tank t:hc day before a test and placed in the test charrtbcr late in the afternoon, 
the terr~pcrature witlliri the apparatus having been previously adjusted. As 
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soon as tlie fisli wcre calm, the water velocity was increased t o  7.6 cm/sec. 
At this low water vclocity, the fish were able to maintain their positions within 
the chntnher with littlc or no exertion. The  fish were left undisturbed in tlle 
apparatus until the ncxt morning (about 16 hr), when ihc water velocity was 
gradually increased, in S or 15 min, to a hase velocity of 15.2 cm/sec in the 
experirnents with Iargernouth bass and 22.5 cm/sec ill those with coho saln~on. 
These two t~nse velocities, espct:ially the first, were not much abovc the lowest 
velocities a t  which the fish had to switn to  maintain their positiorls within 
the tcst cham1)er and avoid impi~igenicnt on the downstrcarn closure, After 
the desired watcr velocity had been reached, the dissolved oxygen concentration 
~ 3 9  reduced or increased as necessary. Thc  dissolved oxygen content of the 
water in the chamher reachcd the  desired constant level arid the fish learned 
to swim steadily against thc current during a ~u t~sequen t  4-hr period, alter 
which the water velocity was raised by uniform incremerits until all five fisli 
failed to c:ontinue swimn-ling. Jloth largcmouth bass arid coho salmon were 
snl)jected to  vclocity incrctnents of 2.3 crn/scc every 10 11-h, starting in each 
case from the stated base velocity. 

The  free carbon dioxide concentration was adjusted a t  the sarnc tirnc 
as the clissolved oxygen cont:eritraticrn in one series of tests with each spccics 
of fisli. In  all other cxperj~ne~its in which the fish wcre subjected to clcvnled 
levels of frce cnr1)on dioxide, the carbon dioxide conccntrat.ion was acljustccl 
hefore placing the fish in tlie experimental chaml)er, but the dissolved oxygcn 
c:oncrntraiion rcmainud ncar the air-saturation level until the following morning. 

I n  tests with roho salmon, a beam of light Irom a 60-w incnndest-cnt lamp 
was clircct.ed a t  thc clownstream end of the chamber to discourage fish from 
swir~ln~ing in tlie inir~~ccliate vicinity of the movablc scrccn. 'The downslrcatn 
(:losure (rc~ractal)le scrccn) A':K rotated as necessary in order to stirnulalc 
all fish tha t  llad failed to continue swirnrning and had come to rest against 
the closure. Tllc water vrlocity a t  which an individual Gsh appareritly had 
heen forced prrnlmicntly ag~iinst. [.he screen was recorded as the find s7~~nz~nzing 
slleed ol that  M I .  'llie fish was removed wit11 the :-lid oT a s~iiall clip net iusertcd 
into tlie tcst cllamlwr tl~i-ough l.lw lu1111c1-likc receptxle and port at the dowti- 
stre:.~m e r d  ol thc cllalnlm-; rclrxctio~i of thc tnova1)le screen permitted the 
current to  curry (.lie fish (off the screen w c l  into the dip nct. After I-en~oval, 
the ijsli wrrt: llcld separati:ly in 1-liter I :~drers  until tertllit~ation or the tcst. 

Water tcrnper;rtui-cs were c:hec:lied frequently during experiments. T l ~ c  
t cmperature I-a tlgcs in c x p e r - i ~ ~ ~ c n ~ s  with coho salrrlon did not exccccl 1.5 degrees 

7 - C with 1)ut lour unimportant cxceptioris. I hc ranges te~ided to be greater in 
ihe earlier tests wiih l;~rger~~oulh hass, exceeding 1.5 but riot 2.3 degrees 
in c i ~ h t  i-ests, a n d  failures of the Ihcrmoregulatory systenl iri two cxperimt:nts 
resulted in 3.6 and 2.8 degrccs C fluctuations. After the last fisll to fail had 
I-lccn rcmnved T~-orll ~ h c  test c:llatnhrr, s:implrs of water flowing out oi the 
lcst cham1)er wcrc taken lor cl~cmical arlalyses. All water arlalyscs wcre dorie 
114' stnndard nietl~ods (Amel-icali I'ublic Health Associat.ion, 1960). Ijissnlved 
oxygen concerltrntions r lex or 13clnw tlie air-saturation level wcre determined 
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by tlic Alstcrbcrg (azidej modification of the Winklur mcthod; the Porneroy-" 
Iiirscliman -Alsterberg method was used for determining conc:entratioiis far  
;hove the air-saturation level. Carbon dioxidc levels were determined norn- 
ogrnphically, after determining $H, total alkalinity, tcr-nperature, 2nd total 
dissolved solids. After thc watcr analyses had bccn cornplcted, the fish werc 
individually rncasurcd and weighed, arid blood samples usually wcrc t:llien 
for hctnoglobin dctcrrninations. 

The  I~crnoglobin content of the blood of the test arliriials was determined 
a t  the ends of most of the tests. The  cyarimetl~en~oglobi~i metliod, as descril-led 
by Wintrobe (1961), was employed in all detern~i~iations. A 20-larnlxla sample 
oi blood, obtained by severing the caudal peduncle of a fisl~, was diluted in 
5 ml of Drabliin's solution, which converted the hemoglobiri to cyanmethe- 
tnoglohin; ilic latter was measured electrophoton-~etricnlly. A Ijeckman Model 
I1.U. spcctropholotncter was used to  measure the optical density of the cy- 
annlcthcn~oglobin solution a t  a wave length of 540 rnp. The  optical density 
scale of the spectrophotometer was periodically sta~idardizcd, using- He~notrol 
as  a hcrnoglohin standard. 

EXI'EKIMENTS ON LAKGEMOUTH BASS 

Experiments with 1argerr)outh bass (Table I) were perlorrr~ed bctwccn 
April 25 and July  25, 1962. All mean weigl~ts, and final swir-nming speeds in 
Table I arc tncans for five fish except those pcrtaining to only one test. I n  
t ha t  test, thc k t - f a i l i n g  fish had a n  injured caudal fin; tl~crcforc, the values 
for the otlwr four fish only were averaged. Data  on the individual fish, and 
also ranyes of water temperatures obscrved during the tests, have bccn rcporterl 
by rhhl1:rerg (MS, 1963)."rhe final swimming speed of a fish in Icngtlis per 
set:ond (L/set:) is a relative spced calculated hy dividing the recorded final 
swirrltning spccd, cxpressed in centimeters per second, I,y t11c total length 
of thc fish in cent-irnctcrs. 

The  use of relative swin~mjr~g speeds of l m s  (L/scc), ra t l~cr  i.han n1)solute 
speeds (cm/sec), appeared to I)e decidedly advantageous. The  absolute speeds 
of hnss tested a t  high oxygcn and low carhon dioxide corlcerltratio~is tendcd to 
increase with increase of ljody length. The  relative speeds (L/sec:), on t l ~ c  
o t l~c r  hand, appcnrcd t o  be irldependent of body Icng-th within the narrow 
range of lcng-ths rcprcsented ( 7 5  88 mtn). 

I t  i s  apparent (Fig. 2 )  tha t  the swiuitiiing speed of largemouth 1:)ass at. 
low carhon dioxidc concentrations decreased with reduction of  dissolved 
oxygen co~irentrat-ion below 5 or 6 rnglliter. At tested oxygen conccnt.rnt:ions 
ahove 6 mg/litcr, the performance of bass apparently was virtually independent 
of  oxygcn concentration. 

"ome errors to he found in D a h l h e r ~ ' ~  (MS, 1003) theuis, such ns inarcurate determina- 
t i o n ~  of fl-ec carhon dioxide levels, were corrected in ihc course or preparntion ol the present pnpcr 
through rcfurcncr to original (bcnch) notes and rccom~)utntion. 
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TABLE I. Expcrirncnial cnntlitions arid the mean sizes and final ~wirrirninfi speeds of juvenile 
Inrgemouth t m s  (u..iually Gve) in test@ a t  various concentrations of diusolved oxyEen and carbon 

dioxide. 

Mean final 
M can Frec Mean swinlnlirig 

Mran di~aolvccl carbon TutaI iota1 Menri speed 
Date of tcrnp oxygen dioxide" alkalinityb IcngLh weight 

cxpt. (C) (mg/lilcr) (rng/ l i tw)  (mg/litr,r) PI-I (nzm) (g) CITL/.SL'G L/sec 

"An avterivk (*) indicates that lieh were not acclimated to thc carl)on dioxide concentration 
shown. A dash (-) indicatc~ that rarhon dioxide was not added to  the stream wat-er and (he  Inw 
corlcentration of Iree C'C)I in thc water was not evaluated ($H no t  clctcrmined). 

'~ icarbonate  alkalinil y exI)ressed as calcium car1)nnaLe (CnCOs) eq~~ivalcnl.. Deternii~ia- 
t io~is  ol total tliusolved solids r a n p d  between 130 and 133 rng/liLcr. 
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DISSOLVED OXYGEN C O N C E N T  R A T I O N  IN 
MG PER L ITER 

FIG. 2. Relatiomhip between the  mean final ~wimming speed of 
larjiemouth bass, expressed in L/sec, and the  dissolved oxyKcn 
concerltrntion at nearly natural, low concentration,s of carbon 
dioxide (probably <3 mg/liter) nnd iemptmlurcs near 25 C. 

I'ree carlmn dioxidc coricentrat.ions were riot deterrnincd during the 
tests whose rcsul~s are plotted in Fig. 2, with but  m e  exception. 1)eterminntions 
ri-lade urider sitrlil~~r expcrin-~er~tal conditions duririg the same srasori ol' the 
next ycar (the spring of 1963) indicated that  iree carbon dioxide conccntrations 
probahly ncvcr exceeded 3 mg/litcr durir~g the test period. 

Figure 3 facilitates cornparison of thc rcsults of the diffcrcnt k i ~ d s  or 
groups of experimcnis perfortncd with largemoutli 1:)nss. 111 the group of tcsts 
in which the conceritratiotis of iree carbon dioxide averaged 21 mg/liter, 
the fish were exposed to  11lc1n for little time before the swimming pcrforma~lc:e 
trials, the carbon dioxide concentration having Lcen iricreased at t l ~ c :  s ;me time 
that  the dissolved oxygen concentrat:ion was r e d u c d .  The  data  to wliicll the 
curvc was fitted arc not s h o ~ ~ t l  in Fig. 3,  except t l ~ r e ~  poir~ts (solid triarlglcs) 
that  represent data  obtained later than t-hc rest arid a t  :lhout 111c time tha t  
the tests nt elcvated carbon dioxide conc:cntrations were pcrforrned. T h e  in- 
dividual test data  irotn the 1ntt:cr cxpei-iinents are d l  includrd in IGg. 3, and 
most of thern do r ~ o t  deviate marlwdly from the curvc. 'l'l~osc that  do deviai-e 
consiclcrably are a h v e  the curvc, arid not helow, indicating iimprc)venlent. 
of swimrning perlorninnce. Howcvcr, sirice all of illc thrcc points Ijnscd on 
tests at low carbon dioxide conccntratiuris (solid t.rianglcs) also atmve 
the curvc, i t  appears that  the bass proha\)ly were ~encra l ly  ; ~ l ~ l e  for some 
reason to perform slightly better in the later tests than in tllc carlicr ories urder  
the same conditioris. Tlhus, it can IN c:onrluded that  conccntr:~tio~ls ol lree 
carbon dioxide even above 40 mg/litcr, which arc rnrcly foulid in nat-urtr, 
llad virtually rln adverse erfcct 011 the swinlrning pcrforrrianre oi h s s ,  1)ut 
there is riot sufficient evidence of improverncnt of the performance at any  
concentration of carbon dioxide. 
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FIG. 3.  Mean final ~wimrninji speeds, expremed in 
L/sec, of Iargernouth haas nt various concentrations of 
dissolved osy gen and carbon dioxide. The curve relating 
~ w i m r n i n ~  ~ p w d  t o  oxyxen concentration is the curve 
that was Gttcrl to nll data from test6 a t  the low conceritra- 
tion o f  free carbon d i o ~ i d r  (prthahly <3 rn~/ l i ter )  only, 
most of which (those fmm early testsj have not h e n  
plotted hcrc. Thc stated free carbon dioxide levels of 48, 
21, and 38 mx/liter are rncans of ubscrvcd values lor 
ir~divitlual tests ranging from 44 t o  55 mg/liter, 17 to  
23 tng/liler, and 24 to 38 nig/liicr, rcsptctively. See 

text for further detnils. 

There was riot much difference in performance bctween thc first-failing 
2nd third-iailing bass. and the data pertairling to cach do not deviate widely 
from the respective cyc-fitted curves (Fig. 4). 

Hemoglobir~ detcrtninatjons were made on blood samples horn 67 juvenile 
largemouth Ijnss t~srd in the perlormancc tcsts, none 11:lvirig bccn made in the 
carliest tests. Thc rncan and st;~rlrl;~rd deviation of the v:-ll~les obtained (Dahl- 
I:)cr~, MS, 1963) arc: 7.92 and 0.47 g/100 nil, rcspcctively. 

EXPEICIMENTS ON COHO SALMON 

Gxperimerits with coho salmor~ (Tablc TI) wcrc performed betwcen August 
6 and Novenzber 9, 1962, and lwtweeri 0ctol:rr-r 20 and 1)ecember 10, 1964. 
Data on i~~dividual  fish tested in 1962 h v e  bccn reported by T>ahlhcr~; (MS, 
14h3).u Five M i  wcre used in  each test and t l ~ e  final swimrning speed (also 
Icngth and weight) was recorded For cadi of the five fish except in scvcn tests in  
which only lour tcrtninnl speeds were recorded, and one test in  which three 
i i ~ i d  S ~ C C C ~ S  were noted. In x v e u  of the excepted tcsts, one or two fish (two 

RAs noted earlicl-, wrnc errors to be found in I-lahlhrrg's (MS, 1963) the&, such XH inawurate 
rlcterminations of free c:nrhon dioxide, were corrccicd in the course of preparaiion of the present 
1a1)cr. These errors in r ludc  the recording of the fol-k lcngths of coho salmon utlcd in cxpcriments 

h o .  61 through 77 as total lengths. 
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FIG. 4. Final swi rnmi r~~  specds, in L/sec, of first-failing and 
thirtl-failiri~ (of five) coho salrnon and largcrnouth bass a t  low 
concentrations (<3 mg/liter) of carlmn tlioxidc in relation to  the  
d i . ~ ~ o I \ ' ~ d  oxygen concentration. The swirnmi~ig speeds of the coho 
salrnon wcrc adjusted (~izc-col-rccted) for R total length of 82 mm 
in the rnaIilier csplained in the  test .  l'hc curvc bawd on thc data 
of l h v i s  et  al. (l!M) i s  shown without the ir~(lividual olmrvations 
lo which it was f ~ l  lrd. I t  relates the adjuvtetl firm1 swimming spccds 
at 20 (:' of first-failing coho salmon to  oxygen (:onrentration. Inas- 
much as observatior~s pcrl-aining t o  failures a t  the base velocity 
are of questionable valur (Thvis et  al., 1963), such nn olrrservntion 
a t  an oxyKcn concentration of almut 1.5 mg/liter was discarded 

in plotting the latter curve. All  crrrvcs were fitted by  eye. 

in one test d y )  ret-nained in ;L iavoral-)lc position ncar tlic barflcs a t  the up- 
stream end of t h e  test charnber. Thcse fisl~ wcrc thus scerningly able to with- 
stand w:ltt.r velocities nli~c:h higher tllnn tllc tcrminal vclocitius recorded 
for other fish test-ed. 111 one test a fish found to llavu frayed fins was disregarded. 
In most experitnerlts the fish did not h i d  the favorable positions descrilwd, 
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a d  all five final swinlrning speeds were used in co~nputing the means. I n  
experiments reported by 1)nvis e t  al. (11)63), cl~inook salmon often derived 
ndvml-age irom the c d d i c ~  l~ehind the IxtCflcs, but coho salmo~i did so only 
rare1 y .  

'The relative swit~lrning speeds i11 L/sec were adjusted (size-corrected for 
a total body lerigth of 82 turn) so as to  coriipensatc for differer~ce of the fish 
in size only, which is known to influence both the absolutc ~wimming speed 
(in cm/sec) and the relativc speed (in L/sec). W l ~ c n  the total length oi a 
jish was grcatcr than S2 n m  (rncan lcngth of all the col~o saltnon used), the 
adjustment was made by taking thc logarithm or the ot~servcd swin~rning 
spced of a Ly11 in L/,sec, adding a value eq11a1 to  0.0027 t i r ~ ~ c s  t11e difference 
Llctwecn 82 rnrn and the ac:t~ial length of the fish iri n m ,  and tlicn finding the 
antilognriihtn of the surll. b T h c n  the length of the lish was less than 82 ~ n m ,  a 
c:orrcsponcling adj~~stn-lent \bras made by su1)trat:tion. 

According to unpuldisl~ed data obtained in our  laboratory by 11. M .  
Smith, Jr., the logarithm ol the final rclaiive swimming speed of juvenile coho 
salmon in L/sec dcclines almost l i~~ea r ly  I:)y about 0.0027 with increase in 
total length of the fish by 1 m m  within the length range of 70-120 rnm. Our 
own data are in i:ti~- agrrcrllcnl with this finding, whicll is 1:rasccl on results of 
numerous tcsts a t  high oxygen and low carl~on dioxide concentrations per- 
forrllccl by Smith wit11 our apparatus and hy  neth hods sirrrilar to ours. The  above 
relationship does not hold for snlmon much less than 70 rnm in Icngth, and i t  
ol~viously cannot apply t-o fish much more than 1 2 0  mm long. Smith's data 
on sustained speeds do not agree u d l  with the linear rcla~ionship suggested 
by nainhridge (1.960) I:)ctwccn t.he logarithm ol body length of a fish and the 
logarit11r-n of the maximurn absolute swimniing speed sustainable for a relatively 
short time interval (burst spccd). nainbridg-e's metliod of speed adjustment for 
diflercnccs in body lerigth was tllcrcforc rcjectcd in Iavor ol the above-described 
method. Within the range of lcngths of our coho sal~uon (74 -100 rnm), thc 
decrease of tllcir relative sustained swimrr~ing speed (L/sec) with incrcasc of 
body Icngth is ahout as  great, proportiondly, as is the increase of the absolute 
spccd (ctn/sec). Thus, the corr~putation and use of uriadjusted relative speeds 
is not decidedly advantageous in the case of the coho sa l~ i~on ,  as i t  appeared 
to be in the case ol the largcrnoutb bass. Nevertheless, it was decided to  ex- 
press adjusted speeds ol  coho salrnon in L/scc, rathcr than i r i  cm/sec, so that  
the data  for salmon mid bass plotted in our figures wo111d 11e comparable. 

In  Fig. 5, the points representing rcsults of the two tests a t  carbon dioxidc 
concentrations ahove 70 rng/liter (95 and 120 rng/liter) are given as solid 
circles; the 36 olhers of the same group represcnt results of tests a t  concen- 
trations ranging from 39 to  70 rrlg/liter and averaging 55 mg/liter. All bu t  
one of tlic t.cs1.s a t  concentrations ranging from 39 to  58 r~ig/liter (mean 48 
tng/liter) were perlormed in 1962, and all tcsts a t  concent:ratior~s of 60 mg/ 
liter and more (mean 74 mg/litcr) wcrc pcrfortncd in 1964. Surprisingly, 
there was no evident differe~ice between the results obtained in these two 
series of tcsts, so that  one cur-ve fits all of these data reasonably well. Eve11 
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FIG. 5 .  Mean adjusted (size-correclcd for n total length 
of 82 mm) final swimminji ~pcetls of coho salmon a t  
different mean levels of free carbon dioxidc in relation 
to dissolved oxygen concentration. The solid r:irrlcs 
represent 1-cnultfi of t w o  t c s t ~  a t  the very high carl)on 
tlioxidc concentrations of 9.5 and 120  rn~/ l i t r r .  Poi- fish 
recently exposer1 to 18 nig/liter frce TOa, the ~ inx le  Rrluare 
represerltv an anonialou~ I-esult that was disregarded in 
lilting the curvc to the other observations even t h o u ~ h  
we ilrc not nwal-e of any faull of thc 1-est (at 17 mg/liter 
dimolved oxygen) that would nccourit for the low Incan 
final swimrmng ~peerl  of the fish. The ~ t a t e d  free carl.)on 
dioxide levcls of 61, 18, rind 2 rng/litcr w e  meam of 
al)scrved  value^ for individual tests ranxinu from 39 to  
120 mu/liter (wilh only two values ahovc 70 ~ng/liter), 
16 to  28 mg/liter, and 1.4 to  3.8 ~ng/liter, rtspeci-ively. 
?'he curvcs were fitted by eye. SCL' icxt for further details. 
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the two points obtained i11 1964 a t  carLon dioxidc concentrations of 95 and 
120 nlg/liter arc close to the curve arid slightly above it. 

I3etwee1i dissolved oxygcn concerltrations of about 2 mg/liter and 7 
or 8 ~ng/liter, the swi~nnlillg speed of the coho salrnon declined markedly and 
almost linearly with dccrcase of the lognrithrn of the dissolved oxygen con- 
centration (Fig. 5). Within the range of tested dissolvcd oxygen concentrations 
above 9 rng/liter, variatiorl of oxygen concentration had only a slight efkt  
on the swirntning perforr~iance. 

Figure 6 facilitates comparison of the curves shown in Fig. 5 .  Except 
a t  more or less reduccd oxygen c:o~icentrations, elevated carbon dioxide con- 
centrations mar  18 rng/liter apparently influenced thc fnal  swit~lming speed 

- 2 MO/L 
.--- la  MO/L (20-HR ACCLIMATION) 
. . . . . . . , . 18 M Q / L  (RECENT EXPOSURE) 

61 MG/L (20-HA ACCLIMATION) 

2 1 1 I 1 1 1  1 1 1 1  I I l l  1 1  

I 2  3 4 6 6 7 8 910 15 20 25  3 0  4 0  SO 

DISSOLVED OXYGEN CONCENTRATION 
IN MG PER LlTLR 

FIG. 6. Cornpwiuun of curves (from Fig. 5)  relating 
mean adjusted (size-corrected for a total length of 82 
rnni) final ~wimming speeds of coho nalrnon to d i ~ ~ o l v e t l  
oxyxeri concentralirm ol)tnined at different menn levels 

of free carbon dioxide. 

of coho salmorl, especially when the fish had not becomc adjusted to them. 
Even after overnight acclin~ation, free carbon dioxide coricentrations ranging 
fro111 39 to 120 mg/litcr and averaging 61 mg/liter evidently had a pronourlccd 
d c c t  on thc  swimmirig spccd, but only a t  dissolved oxygen c:onccnt.rations 
well al-love 2 mg/litur. At the 2 nig/liter level of dissolved oxygen, no effect 
of the high free carbon dioxiclc concentrat.ion was apparent, and the greatest 
effect occurred a t  an oxygen coricentration near arid above 6 rng/liter. When 
oxygen concentrations were al~ove 6,O mgjliter, 11 ol 1 2  tests a t  the highest 
carbon dioxidc concentrations yielded rrlcan adjusted final swinlmi~ig spccds 
helow 6.8 L/sct:, wllcrcas 14 of 16 test8 a t  the lowest carbon dioxide coricen- 
t.ratioiis yielded rnean values a h v e  6.8 L/sec (Fig. 5).  Thus, thcre car1 be 
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little doubt tha t  the difference bctween tllc curvcs obtained for thc highest 
and lowest carbon dioxide co11centr;ltioris (Fig. 6) is not fortuitous. Tlle cx- 
pectcd, i n t e r n d i a t e  positions of the two curves ol~taincd a t  intcl-nlcdiatr 
earl-)on dioxide cor~cent:rntions a v e r a ~ i ~ ~ ~ ;  18 mg/liter sl~uuld l)e considered 
as confirmatory evicle~~ce. 

A rather marked difference car1 be seen lwtween the swin~uii~lg speeds of 
fir-st-failinl;. and third-hiling coho salmon (Fig. 4). There is very littlc differcncc 
1)etween the curves bawd on first-failure data  reported here arid the first- 
failtire da ta  reported by Ilnvis c t  xl. (1963), who used underyearling coho 
~a l tnon  oT L L ~ I O U ~  t l ~ c  same s i x  as ~ I I O S C  used in our study and recordcd first 
and second iailurcs only. The difrcrcnces 1:rctwccti final swimming spccds of 
our hrst-[ailing and third-failing Lsli probably wcre duc to  pcrsistcnl diiicrences 
in swin~tning al~ility of individual fish like those found by Tl~onias c t  al. 
(1964) tl~rougli retesting of groups ol juveriile salr~ionids. Our MI werc not 
retested, llowever, to determint. whether 01- not the sarrru irtdividu& con- 
sistently show poor or good perlorma~~ce in repeated trials. 

Hcrooglohin deter~niriations were made on I~lood sa~nplcs frorri 184 mlro 
salmon (in all but  fivc test-s) in 1962, hut  none in 1964. The mea~ i  arid tlic 
standard deviation of the valucs obtained (I.)nlllbcrg-, MS, 1963) are 6.85 : L I ~  

0.82 g/100 ml, rcspcctivcly. 

DISCUSSION 

The  swimming specds sustxincd by hsh for 10 min that  are reported 
herc as final swirnrning speeds suitable for 011r comparative purposes are not 
nuccssarily speeds s t~stai t~ablc indefinitely. nrc t t  (1964) has considered, with 
:~ttcntion to  pcrtincnt earlier litcraturc, thc duration of tests necessary for 
rncasur-ing thc true sustained swimming capacity OI fish, as  iridicated by the 
relation hetween swirriri~ing velocity and fatigue time. On the t~asis of his own 
limited data, he concluded that  "Tor sockeye [salmon] a reliahle estimate oi  
sustained speed could not he obtained under a tcst pcriod of about 5 hr." 
More extensive unpu1)lished data. on coho s r h o r l  rcccntly obtained in our 
lahoratory by R. M. Srnit.11 provide no support for a 5-hr test pcriod hut con- 
siderable justihcntion for a tcst pcriod of about 30-50 min. However, tllcy 
also show that  the ahili t y of an individual coho salmon to  rnaintain a ccrtxin 
spced for an hour, or cvcn for 5 lir, docs not signify that  its failure to  maintain 
tha t  spccd cannot occur Roan thereafter. Furtlxrr~~crrc, practical considr.rat.ions 
precluded tlic use of time intcrvals much greater that1 10 nrin bctwccn vclocity 
increments in our tests. 'l'hc 10-tnin inlervals somewhat arbitrarily cliosc-:n 1)y 
Davis e t  al. (1963) thcrcforc wcrc adoptcd also in our work, laci l i t~~ting cotn- 
parison of our results with those of the laltcr authors. H a v i r l ~  used 20-nijn 
tirric intervals between velocity incren-~cnts instead of 10-min intervals in a 
few tests performed for comparative purposes, 1)avis e t  al. (1963) did not 
find tha t  the doubling of t.he lmgth ol the intcrvals results i r ~  appi-ec:ii~l~lc 
decrease of final swimming. speeds of coho saln~on. Th119, 10-rnin intervi~ls 
may prove entirely justifial~le when the vclocity increments ai-e as small nu 
ours. 
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High concentrations of free carbon dioxidc had a more pronounced eflect 
on the swiim~iing spccd oi coho salmon a t  dissolved oxygen concentrations 
near or r~bove tlic air-saturxtion value than a t  oxygen concentrations far 
below air-sr~turation (Fig. 6 ) .  This otlserved difference in eflecl.iveness of cnrlmn 
dioxide a t  diflcrcnt dissolved oxygeri levcls will be considered in tlie light 
of availr*ble information concerning the i~ifluencc of t.he gas on the affinity 
of fish hlood ior oxygcn. 

A notal~le c11arac:teristic of fish blood is its very incorn11kt.e oxygenation 
even a t  extremely high oxygcn tensions in the presence of rriodcratc amounts 
or tcnsions of carbon dioxidc. The  largc effect of carbon dioxide on the dfinity 
oi blood for oxygen a t  high oxygcn tensions was first noted i11 several species 
ol marine fish I:)y Root (1931 ), and it is often called the Root crfect, tllougli 
it may be regarded hy sonw as inscparablc from the well-know11 Bohr effect. 
'The Root crfcct has lwen observed in salmonid fishes (Ferguson and nlaclc, 
1941.; l31ack c t  al., 1966a, I]! c, d ) .  

With increasing activity of a lish, thc oxygen requirerricnt of its tissues 
increases. The intensity ol sustai~ied activity (.llcrefore may, under some 
conditions, lje liriiitcd hy tlie al~ility of the blood to transport oxygen to the 
tissues. I t  can also bc limitcd tjy the rate ol delivery of oxygen to the ljlood 
a t  t l ~ e  gills when this rate is jnwfhcient ior lull utilization of the oxygen trnns- 
port capaci t .~ of tlie blood. 'I'here may he other lirr~iting factors. 

We do not yet know wllet.licr the final swimming spced of healthy (not 
ar~ctl~ic) salmon a t  norn~al carl-)on dioxide ronce~ltrations and high dissolved 
oxygcn levels a t  wl~icll the speed is virtually indcpcnclent ol oxygen con- 
ccntrniiori is or is not limited Ily the oxygcn transport capacity of their l~lood. 
Jjavis e t  al. (1963) and J3rett. (1964) liave discussed tlic factors that  may limit 
swirl~nling speeds and oxygcn uptake rates of salmon. They liave arrived a t  
no dclinitc: conclusion that can 11c r e~a rdcd  as an answer to the abovr: question. 
Hasu (1.959) perhaps ur~justifiably equated the maximum oxygen uptalre rate 
of artivc Lsh in well-oxygr~lr~tcrl water to  "tlie ability of the lish to  transport 
oxyg-en lrorll tllc cxtern:-11 nic'diuri~ under activity". T-Te iound no direct rclation 
tjetwecn tlic clTecta of carbon dioxidc on (.he "active" oxygen uptake rates of 
various Lsh at high oxygen corlccntrations and its eHects on ilic ability of 
t l~cir  hlonds 1.0 t:~kt. up oxygen. Nevertheless, it s t . c r~~s  rcasonal~le to suppose 
that  the lcvcl of activity that  coho salmon can mairit;h~ a t  liigh oxygen con- 
centrations in the :itnl)ie~it 1l1cdii1111 niay t ~ e  reduced 1)y c:rrbon dioxidc at least 
in part through reduction of tlic a1dit.y of t l ~ e  1)lond to  transport o x y ~ c n .  

As tho concentration of oxygcn dccrcascs from a high level in walcr whose 
(:;~i-lmtl dioxide conknt  is not too Iiigh, ext.ract.ion hy active M i  oT suflicicnt 
oxygeri iron1 tlic water may 1)e rnai~itaincd by passing cnough water over the 
gills. Howcvcr, aftcr a point has been rcacl~cd where the greatest possil~lc 
irrigation of t l ~ c  Kill surfaces ran barely supply enough oxygeri ior nearly 
coii~plctc o>rygcn;itinn of tlic blood, t l ~ c  lcvcl of fiustaina1)lc wiivity ~i iust  
dccrcauc: w i t h  further reduction of diusolvcd oxyg-en, A t  low oxygen conccri- 
trations, the rr~aximuni sustai~laljlc activity is bclicved to 1)e nlostly or critirely 



determined by the maximum possible rate of gill irrigation; the blood's lar-gely 
unutilized oxygen trnnspor-t capacity would not. be truly limiting, t.l~ouxIi it 
rnay have sotnc indirect import (1)avis e t  al., 1963). 'Therelore, i t  appears 
tha t  Clie e8w1 oi ~i~odcrately high carbon dioxide corwcnt.rations on tllc ahilii y 
of the blood to transport oxygen, which effect may be very important a t  hip11 
oxygen conceniratio~ls, sl~ould be less important or of no consecluencc, in 
relation to  swimming performance, a t  low oxygcn ronccntrat.ions. At a low 
oxygeIi concentration, the extent of oxygeriation oi the 1:llood a t  the gills is 
a func:tion of the amount of oxygen delivered to  the gills, and the amounts of 
oxygen talicn u p  a t  the gills by bloods having normal X I I ~  reduccd affi~iities for 
oxygen thcrcfor-e need not r~cccsvarily diDcr ~tmterially. 

I t  must he admitted that  the ahove explanation oi our finding mil 1)e 
reasonaldy criticized as an extrcmc oversirnplificatioii of a cot~lplex pruI)leni; 
wherl i t  is prrswd, sotnc: serious wcalinesses or difficulties 1.leror11c appnrcnt.. 
Oxygen movcs at the gills from the ambient ~iledium into the ljlood plasnln arid 
t l~en rc  into cryt.lii-ocytcs a t  varying rates dcpenderlt on diffusion gmdients 
nlaintained L)y  ill irrigritiori :md tissue respiration. The  oxygen content oi 
blood retul-nine to the gills depends on the degree oT discli:~rgc of oxygt.11 Iron1 
t l ~ e  blood to  ~ l l c  I-espiring tissues, also 1)y difiosion. The  ratcs of both the 
loading of the I:~lood wit11 oxygen and its unloadi~i~:  tnust he inilueuced t,y 
carl:mn dioxide. Equilibria lilw those on which oxygen diwxiation curvt.5 
for blood are 1)i~sed pro1)ably arc never directly involved in the operation of 
the complex and dynamic system under cowidentic~n herc. I t  is evident thi~t 
only a t  very high oxygen tensions of the cxtcrnd ~r~cdiun-1 is nearly lull uti- 
lization possil:)le of tlic oxygen capacity of t h e  t)lood of a w r y  activc coho 
salmon when little rar1:mn dioxide is present. Much lower tensions doul~tless 
would suffice for iull oxygenation of the blood's heinoglobin upon attairinlent 
of eyuilibl-iurn. 

Still, t l ~ e  r ed~~c l ion  1)y carbon dioxide oi the af ini ty oi thc bloocls of 
~ a l ~ i o n i d s  lor oxyycn illat has bccn reported must result in reduction of the 
dcgree of oxygenation of t h e ~ e  bloods wlicn the fish are switnrning rapidly 
in water with very high oxygen tensions. Also, the fact. remains (.hat the m;ix- 
irr~unl swiniming speeds of our coho salmon a t  low and high c:arl:)on dioxide 
conceritratioris were virtually equal wl~cn the dissolved oxygen lcvel was very 
low. We can conclude th;it ~ l lc re  was no material effect of carbon dioxide on 
the amount of oxygen that  could 1)e extracted hy thc fish iron1 the oxygen- 
tleficierit water p a s s j n ~  ovcr t.heir gills. Thus, it appcnrs that t 11c proposed 
explanation of our results, or of the convcrgenw of the curves in Fig. 6 o n  the 
left side, may be esse~ltially sound. 

An alternative, tentative cxplnnation of our finding could be I:mcd on 
the supposition tha t  car1)on dioxide sornellow depresses internal (tissue) 
respiratiarl of activc coho salrnon and t l~cir  muscular p o w r  more dirrc-tly 
than ~lirougli its i~iflucnce on the oxygen-carrying n1)ility of their blood, and 
independently 01 tha t  inlluenc-c. Such a n  effect also could well becorrlc Icss 
irnportant and finally disappear undcr llypoxial conditions as the oxygenation 
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of the blood a t  tlie gills atid tlie supply of oxygen to tile tissucs arc reduced. 
Possible inhiLition nf activities nf sonie cnzymes essential to  mainteriance ol 
~nusculnr fu11c:tion should be relatively ineffective when the oxygt.11 supply 
to musclc and o t l~cr  tissucs is highly dcficicnt. x11d sevcrcly restricts tissue 
respiration. Thc i rnpor ta~ic~  of lhe efl'ect of carboll dioxidc on I h o d  and oxygen 
trimsport perhaps has beer) nvere~iiphasizcd in tlie past. 

Our incidental ol)servation that  a largc increase of free cnrt~on dioxide 
from about 50 (30-60) mK/liter to  about 100 (95-120) nlg/liter had no appai-ent 
eflcct (111 the swimnling perlormanee of coho salmon a t  ratllcr high oxygen 
conccntr:.ttions (Fig. 5) is i~iterestitig. Such i11r:rcases of rnrbon dioxjde con- 
centratinn havc a mucl~ greater effect on dissolved oxvjien letlial tl~rcsllolcls 
(aspl~yxial levels) ior c:oho salmon than do i~icreascs of free (:arbon dioxide 
from low lwcls to 50 n-lg/liter (hlcT\Tcil, MS, 1956). T-Iowever, Root (1931) 
fourid that  inc~cnses ol c:arljon dioxide hcyond certain levels h;~d little or no 
effcrt on the :dLnity for oxygen of tlrc bloods of somc marine fishes, and tllc 
same llas Iwen found to l.)c true or thc I:~lood of a salrnonid fish (Black e t  a]., 
1966d). The notcd I)cllavior oi l)lood in vitro r:ould help to explain our con- 
cordant firding pertaining to  the swirnming specds of coho salnlon, if t l ~ a t  
finding can 1,e verified. T l ~ c  afi-rettment of the tu70 kinds of da ta  could tlicn 
I x  cited as evidcncc s~~pport i t ig  t-lle supposition that  t l ~ c  swimming speed o l  
(:oh0 sal~non in our tcsts :-lt l l i~ l l  concentrations of l ~ o t h  oxygen and carbon 
dioxide was limited by the ah l i t y  of the blood t.o transport oxygen. 

Rasu (1959) found that  the logarithms of the "active" oxygen consutnption 
rates of fish at :.dl oxygen runc:cntrations ~erlcrally decrease linearly with 
incrcnse of [I-ce carbon dioxide concent.rat.ion from zcro. Cartjor~ dioxiclc tisually 
had ahout as riiur.11 cliect on these rates xt modcratdy reduced oxygcn con- 
centrxtions :is a t  J i i f i l l  c ~ ~ ~ ~ c n t r a t i o i l ~ .  I ts  efcct on the "activc" oxygen uptake 
rntcs o i  three tolerant spt'(:ics of w a r ~ ~ ~ w a t c r  fish WilS (:01isidrrahly greater 
:-~t very low co~lce~itratinns than R L  higher c-o~lcciitrat.ions.~ T11c apparent dis- 
agrrctnent ol nnsu's findings wit11 our observation ill:-tt carbon dioxidc had 
little or no cfrect 011 the  swi~i i r~~ing  speed o i  c:oho salmo~i  a t  low oxygen con- 
centrations is notewortlly and puzzling. The maxitnurn sustained swimrning 
speed of fish and their ~xlaxinium oxygcn uptnlx rate a t  any give11 tcmpcraturc 
are Kencrally assumed to be closely rclat.cd (l;ry, 1957). The  larli of any dc- 
rnnnstrnhle impairnle~lt of (lie swiilirning pcrforma~lcc of our largcniouth bass 
by I-ather high car1)on dioxide conc.cntratinris a t  any dissolved oxygcn level 

T h e  Iwvest levcl ol dissolvwl oxyjien at which tests with brook trout, Snloelirzus jontirzdis, 
the only nalmonid icsted by l h s a  (11)50) ,  WCI-c perlormed was allout 5 mg/liter (447: of air- 
saturatim at thc test terr~prrature of 10 ('), arid no n~arkcd r-lirferencr wrw ol)sc.rverl in effects 
of carbon tlioxjdc al this an t i  h i ~ h e r  osysc~~ corlcentrations. At the  lowcst oxygcr~ concentration 
tcuicd, tlie tl-out I O R ~  its ahility 1-0 h e  xtive at a carbon dioxide lcvcl ~[irncwhnt nhove 50 mg/ 
liter, hut rr~iiiritai~ied a riearly ccinstant oxygen ~~pl.xkc rate with increase of free cnl-bon dioxide 
u p  to 80 ~r~~/l i ter .  Some of, Ihuu's  "active" oxyKnn uptake rat-CY for war~i~water fish tculecl a t  
vely low oxygen concentl-;llioris or  at- h i ~ h  carl)on dioxide conccr~lrations appcar lo he much )em 
than "standard" or "rr~inimurn resting" rates for the same Lsh specic~ unrlcr more favorable 
contlitions. I t  i~ not clearly stated I hilt the h h  in question were not ricl llally swin~lning sreadily, 
liut they proliably werc incapacilaleil nnd inactive. 
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(Fig. 3) is interesting in view of the pronourlccd influence of low concentrations 
of carbon dioxide on ihc oxygen uptake rates of other warmwatcr species re- 
ported by Rasu (1959). 

Our evidmc:t: tha t  the effect of free carbon dioxidc on the swimming 
perlormanc:t: oi  coho salmon decrcascs niarkedly with acc:limation (Fig. 6) 
is not deemed conclusive. IJowever, i t  is in agreement u~i th  the findings of 
other investigators, who noted that  the effects ol moderate (tolcrahle) in- 
creases of carbon dioxide concentration on the ability of fish to extract oxygen 
frotr~ their rnccliurn arc largely or entirely transitory (McNeil, MS, 1956; 
Saunders, 1962; UoucloroU and Warren, 1965). Arid even our relativcly un- 
accliniat.ed (least acclitnatcd) coho salmon had been exposed to tlie elcvated 
(:arbon dioxidc conccntrat io~~ (almut 18 mg/liter) for sol-ne tirnc before their 
swimrning pcrlorrr~i~nct: was measured; without s ~ ~ c l i  acclimation, the perlorrn- 
a w e  perhaps would have been irnpaircd rr1uc11 more than it was. 

I11 tlie presence of rnuch clissolved oxygen, thc final swimmirlg speeds of 
Iargcrnoutl~ bass at 25 C were generally less than those of coho salmon of about 
t l ~ c  salnc size a1 20 C:. Ilowever, h;d a single vertical scale 1)eeri used in plottirig 
t l ~ c  cli~ta lor 1ar~cn1c)uth Lass and coho salmon in ITig. 4, ihe comparxI.)le curves 
for tlic two spccics would have met or intersected, showing the Inss to I)ct 
hctl-cr switntncrs t11:ln thc coho sa l~mm a t  dissolved oxygen cnncentrxtiorls 
I~elow 2 ii~g/liter. Figure 4 sliows that  the median final swinln~ing speed of 
coho salri~orl (i.e, the final speed of third-failing fish) at thc dissolved oxygen 
conc:entration ol  3 mg/liter is less tllan t l ~ c  cc~rrc~pondjng speed a t  the air- 
saturation level of dissolved oxygcn by about 30%, whereas the speed of 
largemouth bass nt the 3 mg/litcr lcvcl is less t l u n  thc speed a t  the air-saturation 
level oi dissolved oxygen by only ahmi- 1OfZ,. Reductiorl of the sustaincd 
swimming speed of largctnoutl~ Lass (median final spccd) 1-97 3Ofj{,, from ~ h c  
spced a t  the air-saturation level ol dissolved oxygen, car1 Ije Reen to occur 
a t  an oxygen concent.rat.ion ncar 1.5 rng/liicr. T l ~ c  curves based on mean 
final swimming speeds in Fig. 2 and 5 difkr  very littlc from ihe corresponding 
curves in Fig. 4 ljased on median final speeds. 

I t  is in tc rcs t in~  to  note that  the growth rate ol largenlouth bass kcpt 
on unrestricted food rations ;lt 26 C.: and low carlmn dioxide levels decreases 
rnatorially with clccrcase of oxygen concent.ratinn from the air-sat.uration level 
to  5 or 6 mg/liter (Stewart et al., 1967), whereas the sustained swimmirig 
spcccl of our bass (Fig. 2 )  did not. Thic observation may be viewed as an 
iridication that  the swimming speed of the hnss a t  high oxygen concentrations 
was riot litnitccl by thc oxyKeri trarisport capacity oi their blood (which secminyly 
could not f ~ l l l  y 11iilixec1 a t  the reduced oxygen concentrations in the expel-- 

itncnts on growth) and the supply ol oxygen to their tissues. However, its 
signihcancc is uncertain, for the oxygcna~ion of hlood a t  the gills may bc nlort! 
rapid in very rapidly swimming bass than in  heavily fed and relativcly quiet 
tlass. The  accelerated oxygenation of Glood could tnake possiljlc lwarly full 
utilization of thc blood's transport capacity a t  relativcly low dissolved oxygcrl 
level8 in the active bass consuming oxygen a t  a rrlaxirr~al ratc. Saurlders (1062) 
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lias suggested tliat rapid swimming iriay cvcn interfere with the respiration 
ol fish, reducing the respiratory volume, but no conclusive evidence u;as pre- 
sented. 

P .  1 h e  sustained swimning spccd of coho salmon was not i n ~ ~ c l i  affected xt 
considerably reduced oxygen concentrations by 18 mg/litcr of c a r h n  dioxide 
aft-cr sornc acclimation (Fig. 6);  tliat of somewhat acclimated largemouth 
hass was not adversely affected even hy 48 mg/liter of carbon dioxide (Fig-. 3). 
Ellis (1937) determined frcc carbon dioxide concentrations in various Arilei-ican 
rivers : ~ n d  found that  they gcncrally did riot cxcecd 14 mg/liter in polluted 
as well as  unpolluted river waters. Alahnster e t  al. (1937) have stated that 
carbon clioxidc concentratioris up to 50 ppm have been ol:)scrved in a stream 
containing sewage crfl~~cnt.  Tlie dissolved oxygcn conterit of tlic walcr was 
not stated. Strearri watcrs polluted with rnincral acids cont:eivably could 
have tcrnporarily even 1nuc11 I ~ i ~ l i c r  concentrations of libcrated carhon dioxide. 
However, in natural :md pollu~cd waters th :~ t  are not scriously deficient in 
dissolved oxygen, concentl-ations of free carbon dioxide certainly do not often 
approach cvcn 20 ~ng/liter.  Tlie results of our experiments t h r ~ s  do not indicate 
that  Free carborl dioxidc can oft:en materially impair the ~cviinming performancc 
01 fres1iwat.cr fish in nature. Jt sliotdd b e  noted, however, that  greater effects 
of carbon dioxide on swiml-ning pcrforrnance perhaps would l~avc  been found 
had the test tcrnpcrature been much lower. Coho salmon in our experiments 
TYero tcstcd a t  a temperature (20 C) that is rather high for ~dt~1011. nasu 
(1959) found tha t  the cflect of carbon dioxide on active oxygen consun~ption 
rates of various iislics, including brook trout, was sotnewhat less a t  high tctn- 
pcraturcs than a t  lower temperatures. 

The  writers are ~;rateiul  to Dr C. E. Warren, Professor of I%licries, 
Orcgon State University, for his hclpful advice and support during this in- 
vestigation. 
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