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ABSTRACT

The final swimming speed ol juvenile largemouth bass, Micropterus salmoides (Lacépide),
was reduced markedly at oxygen concentrations below 5 or 6 mg/liter in tests at 25 C in a tubular
chamber in which the velocily of water was increased gradually, at 10-min intervals, until the
fish were forced by the current permanently against a screen. At levels above 6 mg/liter, the
final swimming speed was virtually independent of the oxygen concentration. The performance
of bass that had been acclimated overnight to elevated carbon dioxide levels was nol materially
affected by the highest tested concentrations of free carbon dioxide, averaging 48 mg/liter, at
any tested level of dissolved oxygen.

Tor juvenile coho salmon, Oncorkynchus kisuich (Walbaum), al iemperatures near 20 C
and carbon dioxide concentrationg near 2 mg/liter, any considerable reduction of the oxygen
concentration from about 9 mg/liter, the air-saturation level, resulted in some reduction of the
final swimming speed. The performance of the salmon was impaired much more markedly than
was that of the bass by the same reduction of the oxygen concentration. At oxygen concentrations
pear and above the air-saturation level, high concentrations of free earbon dioxide averaging
18 and 61 mg/liter had a cepressing effect on the final swimming speed of coho salmon even
after overnight acclimation. However, this elfect decreased at reduced oxygen concentrations.
No measurable effect of {ree carbon dioxide concentrations near 61 mg/liter was evident at 2
myg/liter dissolved oxygen, and concentrations near 18 my/liter had little or no eflect even at
moderately reduced dissolved oxygen levels alter overnight acclimation of the salmon to these
carbon dioxide concentrations.

INTRODUCTION

Tue LITERATURE dealing with the influence of dissolved oxygen on the swim-
ming performance of fishes has been reviewed recently by Doudoroff and
Warren (1965), along with much other pertinent literature. Davis et al. (1963)
found that even slight reduction ol the dissolved oxygen concentration from
the air-saturation level usually resulted in some reduction of the maximum
sustained swimming speeds ol juvenile coho salmon, Oncorhynchus kisutch,
and chinook salmon, O. shawylscha, at temperatures of 10-20 C. Katz et al.
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(1959) tested the ability of juvenile largemouth bass, Micreplerus salmoides,
63-93 mm 1n total length to swim for 1 day against a current at a speed of
about 24 cm/sec. In September, at 25 C, the bass were able to resist the current
even when the oxygen concentration was only about 2 mg/liter, but in De-
ccmber, at temperatures of 15.5-17 C, they apparently were unable to do
so when the oxygen concentration was reduced to 5 mg/liter. The maximum
sustained swimming speeds of the bass pogsible under the various conditions
were not determined.

Carbon dioxide has long been known 1o be toxic to fish (Doudoroff and
Katz, 1950) and to reduce the affinity of their blood for oxygen at high as
well as reduced oxygen tensions (Root, 1931). Basu (1939Y) measured the
“active’” oxygen consumption rates of four specics of fish at various con-
centrations of both dissolved oxygen and carbon dioxide. Steady activity was
cnsured by mild electrical stimulation whereby the fish were forced to swim
in a rotaling annular respirometer. Basu found that the logarithm of the
oxygen uptake rate declined linearly with increase of carbon dioxide con-
ceniration. This decline was much sieeper at very low dissolved oxygen levels
than at higher levels in the three species tested at the very low levels: the
brown bullhcad, Ameiurus nebulosus;, carp, Cyprinus corpro; and goldfish,
Carassius auratus. We know of no comparable experiments on the influence
of free carbon dioxide on the swimming speeds of fish at various levels of
dissolved oxygen.

The resistance to dissolved oxygen deficiency of resting coho salmon
(McNeil, M5, 1956), largemouth bass (Hart, 1945, 1957), and many other
gpecies of fish has been found not to be markedly and lastingly reduced at
carbon dioxide concentrations below 50 mg/liter. In experiments with coho
salmon, the minimum effective carbon dioxide concentrations have been found
to vary with the degree of rapidly progressing acclimatization or adjustment
of the fish to the elevated carbon dioxide levels (McNeil, MS, 1956). They
may also vary somewhat with the bicarbonate alkalinity of the water (McNeil,
MS, 1956) and with temperature, but Doudoroff (1957) has pointed out that
the wide variation with temperature of effcctive carbon dioxide lensions that
has been reporied (Fry et al,, 1947) docs not signify material variation of
effective carbon dioxide concentrations. Alabaster et al. (1957) found that
carbon dioxide concentrations well below 50 mg/liter had a marked effcct
on the dissolved oxygen requirements of rainbow trout, Salmo gairdneri.
However, in their tests, the fish evidently were subjected to low oxygen con-
centrations and high carbon dioxide concentrations suddenly and simulta-
neously, so that they had no opportunity to become adapted to the elevated
carbon dioxide levels before being subjected to critical or lcthal dissolved
oxygen levels.

The main objective of the present work was evaluation of the influence
of carbon dioxide at high, low, and intermediate oxvgen concentrations on the
maximum sustained swimming speeds of largemouth bass at 25 C and of coho
salmon at 20 C. Qur initial undertaking, however, was accurate determination,
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in late spring and early summer, of the influence of dissolved oxygen on the
swimming ability of the bass at 25 C and at a low level of free carbon dioxide.

MATLERIALS AND METIIODS

EXPERIMENTAL FI1su

The largemouth bass used in these studies were seined from a pond near
Junction City, Oregon. Juvenile coho salmon were seined periodically from
tributaries of the Alsea River in Benton County and from the Yaquina River
in Lincoln County, Oregon. All fish were graded according to size; the largest
and smallest fish were discarded. The mean total length of the bass used was
82 mm; the standard deviation was 2.3 mm. The mean total length of the
coho salmon was 82 mm; the standard deviation was 3.9 mm.

The fish were kept in a constant temperature room in 50-gal (189-liter)
glass aquaria supplied with running water from a small spring-fed stream.
The largemouth bass were held at 25 C, the test temperature, and fed unre-
stricted rations of small, live carthworms {or at lcast 18 days belore use in
experiments. Losses of bass in the stock tank were negligible during the ex-
periments. The first lot of coho salmon used was held at 20 C, the test tem-
perature, but heavy losses occurred which were due to an unidentified discase.
The use of this lot of fish was discontinued when the disease became apparent
and only a small number of the fish had been used. Subsequently, all the coho
salmon were held at the lower acclimation temperature of 17 C for at least
5 days belore use in cxperiments, and no more discased fish were observed.
The coho salmon were fed unrestricted rations of tubificid worms during the
holding periods.

EXPERIMENTAL APPARATUS

The experimental apparatus (Fig. 1) was designed for subjecting fish
to a rectilinear flow of water of controlled velocity, temperature, and dissolved
gas content in a glass tube (test chamber) 1.5 m long and 100 mm in inside
diam. 1t has been described in detail by Davis et al. (1963) and diagrammed
by Katz et al. (1959). Filtered stream water, supplied through polyethylene
pipe and Tygon tubing, could be circulated continuously, by means of an all-iron
centrifugal pump, through the tubular test chamber and through an aluminum
licat exchanger immersed in a cooling bath for temperature control. Water
velocities in the chamber could be adjusted by means of a gate valve located
at the pump’s outlet. The valve had an attached graduated dial and an in-
dicator on the handwheel. It was calibrated with a small current meter.

The water in the system was renewed continuously at a rate of 1 liter per
minute. Dissolved gas concentrations were maintained by introducing a gas,
or gases, at the bottom of a vertical glass column filled with ceramic Raschig
rings, through which thc water flowed downward before entering the exper-
imental chamber. Nitrogen, compressed air, and oxygen were used {for main-
taining concentrations of dissolved oxygen below, at, and above air-saturation
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F1c. 1. The experimental apparatus.

levels, respectively. Carbon dioxide was used in combination with the above
gascs to attain concentrations of this gas above the low level characteristic
of the untreated water.

A lew minor changes were made in the apparatus described Ly Davig
ct al. (1963). A fixed aluminum screen was added behind the movable (re-
tractable) screen at the downstream end of the test chamber, belind the
fish-introduction port and funnel. This enabled removal of each fish from the
experimental chamber as soon as it was forced by the current against the
movable screen, without danger of the fish being swept out of the chamber
and through the pump. The control and measurement of the flow of water
througl the vertical glass column and into the test chamber were facilitated
by fitting a ball-displacement flowmeter and a glass stopcock to the water
supply tube between the column and the chamber. Bands of black plastic
tape werc attached to the outside of the test chamber wall as an aid 1o visual
oricntation of the fish.

EXPERIMENTAT. PROCEDURE

The procedures followed in experiments with the two species of fish were
cssentially the same. Five fish of uniform size were taken from the holding
tank the day before a test and placed in the test chamber late in the afternoon,
the temperature within the apparatus having been previously adjusted. As
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soon as the fish were calm, the water velocity was increased to 7.6 c¢m/sec.
At this low water velocity, the fish were able to maintain their positions within
the chamber with little or no exertion. The fish were left undisturbed in the
apparatus until the next morning (about 16 hr), when the water velocity was
gradually increased, in 5 or 15 min, to a base velocity of 15.2 cm/sec in the
experiments with largemouth bass and 22.8 cm/sec in those with coho salmon.
These two base velocities, especially the first, were not much above the lowest
velocitics at which the fish had to swim 1o maintain thcir positions within
the test chamber and avoid impingement on the downstream closure. After
the desired water velocity had been reached, ihe dissolved oxygen concentration
was reduced or increased as necessary. The dissolved oxygen content of the
water in the chamber reached the desired constant level and the fish learned
to swim steadily against the current during a subsequent 4-hr period, after
which the water velocity was raiged by uniform increments until all five fish
failed to continue swimming. Both largemouth bass and coho salmon were
subjected to velocity increments of 2.3 cm/sec every 10 min, starting in each
case from the stated base velocity.

The free carbon dioxide concentration was adjusted at the same time
as the digsolved oxygen concentration in one series of tests with each species
of fish. In all other experiments in which the fish were subjected to clevated
levels of free carbon dioxide, the carbon dioxide concentration was adjusted
before placing the fish in the experimental chamber, but the dissolved oxygen
concentration remained near the air-saturation level until the following morning.

In tests with coho salmon, a beam of light {rom a 60-w incandescent lamp
was directed at the downstream end of the chamber to discourage fish from
swimming in the imrmcdiate vicinity of the movable screen. The downstream
closure (retractable screen) was rotated as necessary in order to stimulate
all fish that had failed to continue swimming and had come to rest against
the closure. The water velocity at which an individual fish apparently had
heen forced permanently against Lhe screen was recorded as the final swimming
speed of that fish. The fish was removed witl) the aid of a sinall dip net inserted
into the test chamber through the [unncl-like receptacle and port at the down-
stream end ol the chamber; retraction of the movable screen permitied the
current to carry the fish off the screen and into the dip net. After removal,
the fish were held separately in 1-liter beakers until termination of the test.

Water temperatures were checked frequently during cxperiments. The
temperature ranges in experiments with cobo salmon did not exceed 1.5 degrees
C with but [our unimportant cxceptions. The ranges tended to be greater in
the earlier tests with largemouth bass, exceeding 1.5 but not 2.3 degrees C
in eight tests, and failures of the thermoregulatory system in two cxperiments
resulted in 3.6 and 2.8 degrees C fluctuations. After the last fish to fail had
been removed [rom the test chamber, samples of water flowing out of the
test chamber were taken for chemical analyses. All water analyses were done
by standard methods (American Public Health Association, 1960). Dissolved
oxvgen concentralions near or helow the air-saturation level were determined
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by the Alsterberg (azide) modification of the Winkler method; the Pomeroy-
Kirschman -Alsterberg method was used for determining concentrations far
above the air-saturation level. Carbon dioxide levels were determined nom-
ographically, after determining pH, total alkalinity, iemperature, and total
dissolved solids. After the water analyses had been completed, the fish were
individually measured and weighed, and blood samples usually were taken
for hemoglobin determinations.

- The hemoglobin content of the blood of the test animals was determined
at the ends of most of the tests. The cyanmethemoglobin method, as described
by Wintrobe (1961), was employed in all determinations. A 20-lambda sample
of blood, obtained by severing the caudal peduncle of a fish, was diluted in
5 ml of Drabkin’s solution, which converted the hemoglobin to cyanmethe-
moglobin; the latter was measured electrophotometrically. A Beckman Model
D.U. spectrophotometer was used to measure the optical density of the cy-
anmethemoglobin solution at a wave length of 540 mu. The optical density
scale of the spectrophotometer was periodically standardized, using Hemotrol
as a hemoglobin standard.

EXPERIMENTS ON LARGEMOUTH BASS

Experiments with largemouth bass (Table I) were performed between
April 25 and July 25, 1962. All mean weights, and final swimming speeds in
Table I arc means for five fish except those pertaining to only one test. In
that test, the frst-failing fish had an injured caudal fin; therefore, the values
for the other four fish only were averaged. Data on the individual fsh, and
also ranges of water temperatures observed during the tests, have been reported
by Dablberg (MS, 1963).° The final swimming speed of a fish in lengths per
second (L/sec) is a relative speed calculated by dividing the recorded final
swimming spced, cxpressed in centimeters per sccond, by the total length
of the fish in centimeters.

The use of relative swimming speeds of bass (L/scc), rather than absolute
speeds (cm/sec), appeared to be decidedly advantageous. The absolute speeds
of bass tested at high oxygen and low carbon dioxide concentrations tended to
increase with increasc of body length. The relative speeds (L/sec), on the
other hand, appeared to be independent of body length within the narrow
range of lengths represented (75-88 mm).

It is apparent (Fig. 2) that the swimming speed of largemouth bass at
low carbon dioxide concentrations decrcased with reduction of dissolved
oxygen concentration below 5 or 6 mg/liter. At tested oxygen concentrations
above 6 mg/liter, the performance of bass apparently was virtually independent
of oxygen concentration.

*Some errors to be found in Dahlberg's (MS, 1963) thesis, such as inaccurate determina-
tions of frec carbon dioxide levels, were corrected in the course of preparation ol the present paper
through reference to original (bench) notes and recomputation.
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TabLe I. Experimental conditions and the mean sizes and final swimming epeeds of juvenile
largemouth bass (usually five) in tests at various concentrations of Jissolved oxygen and carbon

dioxide.
Mean final
Mean Free Mean swimming
Mean dissolved  carbon Total total  Mean speed
Date of Lemp oxygen dioxide® alkalinity® length  weight —— ——
cxpt, (< (mg/liter) (mg/liter) (meg/liter)  pIT  (mm) (&) em/sec L/sec
4/25/62 247 8.40 - - - 80.8 4.86 37 4.6
4/26/62 251 5.20 - - - 81.8 5.52 40 4.9
4/27/02 25.2 2.20 - - -  83.0 6.04 33 4.0
4/28/62 25.1 6.40 - - - 84.6 6.20 41 4.9
4/29/62 24.8 13,30 - - - 840 5.54 38 4.5
4/30/62 25.2 1.40 - : - 81.2 5.24 25 3.1
5/1/62 25.1 35.50 - - - H0.4 5.3 36 4.5
5/5/62 249 11.40 : - - 824 610 41 5.0
5/8/62 251 1.00 - - - 82.0 5.95 20 2.4
5/9/62 25.0 19.70 - - - 81.6 5.78 40 5.0
5/10/62 24.9 4.50 - - - 80.4 5.69 38 4.7
5/11/62 249 3.00 - - - 814 568 36 4.4
5/14/62 24.9 10.30 - - - 82.8 6.03 39 4.7
5/15/62 25.2 4.30 - - - 83.2 6.36 36 4.4
5/16/62  25.1 2.50 - - - 812 58 31 3.8
5/17/62  24.9 6.60 - - - 814 6.01 3 4.6
5/18/62 248 1.50 - - - 822 5.60 27 3.3
5/23/62 25.0 24 .00 - - - 82.8 6.39 37 4.7
5/24/62 25.1 7.60 - - - 81.8 5.72 37 4.5
6/26/62 25.0 8.10 2.5 85 7.8 79.0 5.58 40 5.0
7/4/62 25.1 4.70 - - - B81.2 5.81 38 4.6
1/5/62 25.0 3.10 - - - R1.2 5.94 36 4.5
7/10/62 25.0 7.90 25 94 6.85 8§2.8 6.11 40 4.8
7/11/62 24.9 3.30 38 92 6.65 #1.8 6.13 37 4.5
7/12/62 25.3 2.10 24 - 6.85 B82.2 6.31 35 £.2
7/13/62 24.9 1.35 28 94 6.80 H1.8 6.45 29 7.8
7/16/02 249 5.10 26 96 6.80 H6.2 7.36 43 5.0
7/17/62 23.4 1.85 44 - 6.60 83.0 6.20 30 3.7
7/18/62 24 8 7.85 43 96 6.60 83.0 6.32 41 4.8
7/19/62 24 8 3.20 49 - 6.55 83.6 6.25 38 4.5
7/20/62 248 5.10 54 - 6.50 83.6 6.41 40 4.7
7/24/62 250 2.10 18" - 7.00 H1.8 5.82 32 39
7/25/62 241 1.20 23* 97 6.90 83.4 6.11 24 2.8
1/26/62 25.1 4 .40 22* - 6.90 85.2 6.82 40 4.7

“An asterisk (*) indicates that fish were not acclimated to the carbon dioxide concentration
shown. A dash (—) indicates that carbon dioxide was not added to the atream water and the low
coneentration of [ree CO, in the water was not evaluated (pH not determined).

"Bicarbonate alkalinity expressed as calcium carhonate (CaCQy) equivalent. Determina-
tions of total dissolved solids ranged between 130 and 133 mg/liter.
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Fi1G. 2. Relationship between the mean final swimming speed of
largemouth bass, expressed in L/sec, and the dissolved oxygen
concentration at nearly natural, low concentrations of carbon
dioxide (probably <3 mg/liter) and tempcratures near 25 C.

I'ree carbon dioxide concentrations were not determined during the
tests whose results are plotted in Fig. 2, with but one exception. Determinations
made under similar experimental conditions during the same season of the
next year (the spring of 1963) indicated that ireec carbon dioxide concentrations
probably never exceeded 3 mg/liter during the test period.

Figure 3 facilitates comparison of the results of the different kinds or
groups of experiments performed with largemouth bass. In the group of lcsts
in which the concentrations of free carbon dioxide averaged 21 mg/liter,
the {ish were exposed to them for little time before the swimming performance
trials, the carbon dioxide concentration having been increased at the same time
that the dissolved oxvgen concentration was reduced. The data to which the
curve was fitted arc not shown in Fig. 3, except three points (solid triangles)
that represent data obtained later than the rest and at about the time that
the tests at elevated carbon dioxide concentrations were performed. The in-
dividual test data from the latter experiments are all included in Iig. 3, and
most of them do not deviate markedly from the curve. Those that do deviate
considerably are above the curve, and not helow, indicating improvement
of swimming perlormance. However, since all of the three points based on
tests at low carbon dioxide concentrations (solid triangles) also {all above
the curve, it appears that the bass probably were gencrally able for some
reason to perform slightly better in the later tests than in the earlier ones under
the same conditions. Thus, it can be concluded that concentrations ol [ree
carbon dioxide even above 40 mg/liter, which arc rarcly found in nature,
had virtually no adverse effcct on the swimming performance of bass, hut
there is not sufficient evidence of improvement of the performance at any
concentration of carbon dioxide.
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1. 3. Mean final swimming speeds, expressed in
L/sec, of largemouth hass at various concentrations of
dissolved oxygen and carbon dioxide. The curve relating
swimming speed to oxypen concentration is the curve
that was (itted to all data from tests at the low concentra-
tion of free earbon dioxide (probably <3 mg/liter) only,
most of which (those from early tests) have not been
plotted here. The stated free carbon dioxide levels of 48,
21, and 38 mg/liter are means of observed values [or
mdlvl(lual tests ranging from 44 to 55 mg/liter, 17 to
23 myg/liter, and 24 to 38 mg/liter, respectively. See
text for further details.

There was not much difference in performance between the first-failing
and third-failing bass. and the data pertaining to cach do not deviate widely
from the respective eye-fitted curves (Fig. 4).

Hemoglobin determinations were made on blood samples [rom 67 juvenile
largemouth bass used in the perlormance tests, none having been made in the
carliest tests. The mean and standard deviation of the values obtained (Dahl-
berg, MS, 1963) arc 7.92 and 0.47 g/100 ml, respectively.

EXPERTMIENTS ON COHO SALMON

IExperiments with coho salmon (Table IT) were performed between August
6 and November 9, 1962, and hetween October 20 and December 10, 1964.
Data on individual fish tested in 1962 have becn reported by Dahlberg (MS,
1963).% Five fsh were used in each test and the final swimming speed (also
length and weight) was recorded for cach of the five fish except in scven tests in
which only four terminal speeds were recorded, and one test in which three
final speeds were noted. In seven of the excepted tests, one or two fish (two

8As noted earlier, some errors to be found in Dahlberg's (MS, 1963) thesis, such as inaccurate

determinations of free carbon dioxide, were corrected in the course of preparalion of the present

per. These errors include the recording of the fork lengths of coho salmon used in experiments
INo 61 through 77 as total lengths.
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Fic. 4. Final swimming specds, in L/sec, of first-failing and
third-failing (of five) coho salmon and largemouth bass at low
concentrations (<3 mg/liter) of carbon dioxide in relation to the
dissolved oxygen concentration. The swimiming speeds of the coho
salmon were adjusted (size-corrected) for a total length of 82 mm
in the manner explained in the text. The curve based on the data
of Davis et al. (1963) is shown without the individual ohservations
to which it was fitled. It relates the adjusted final swimming speeds
at 20 C of first-failing coho salmon to oxygen concentration. Inas-
much as observations pertaining to failures at the base velocity
are of questionable value (Davis et al., 1963), such an observation
at an oxygen concentration of about 1.5 mg/liter was discarded
in plotting the latter curve. All curves were fitted by eye.

in one test only) remained in a {avorable position ncar the baffes at the up-
stream end of the test chamber. These fish were thus scemingly able to with-
stand water velocities much higher {han the terminal velocities recorded
for other fish tested. In one test a fish found to have frayed fins was disregarded.
In most experiments the fish did not find the favorable positions described,
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and all five final swimming speeds were used in computing the means. In
experiments reported by Davis et al. (1963), chinook salmon often derived
advantage {rom the eddies behind the baflles, but coho salmon did so only
rarely.

The relative swimming speeds in L/sec were adjusted (size-corrected for
a total body length of 82 mm) so as to compensate for difference of the fish
in size only, which is known 1o influence both the absolute swimming speed
(in cm/sec) and the relative speed (in L/sec). When the total length of a
fish was greater than 82 mm (mean length of all the coho salmon used), the
adjustment was made by taking the logarithm of the observed swimming
speed of a fish in L/sec, adding a value equal to 0.0027 times the difference
between 82 mm and the actual length of the fish in mm, and then finding the
antilogarithm of the sum. When the length of the fish was less than 82 mm, a
corresponding adjustment was made by subtraction.

According to unpublished data obtained in our laboratory by E. M.
Smith, Jr., the logarithm of the final relative swimming speed of juvenile coho
salmon in L/sec declines almost linearly by about 0.0027 with increase in
total length of the fish by 1 mm within the length range of 70-120 mm. Our
own data are in {air agreement with this finding, which is hased on resnlts of
numecrous tests at high oxygen and low carbon dioxide concentrations per-
formed by Smith with our apparatus and by methods similar to ours. The above
relationship does not hold for salmon much less than 70 mm in length, and it
obviously canunot apply to fish much more than 120 mm long. Smith’s data
on sustained speeds do not agree well with the lincar rclationship suggested
by Bainbridge (1960) between the logarithm of body length of a fish and the
logarithm of the maximum absolute swimming speed sustainable for a relatively
short time interval (burst speed). Bainbridge’s method of speed adjustment for
differcnices in body length was therefore rejected in favor of the above-described
method. Within the range of lengths of our coho salmon (74 -100 mm), the
decrease of their relative sustained swimming speed (L/sec) with incrcasc of
body length is about as great, proportionally, as is the increase of the absolute
speed (ecm/sec). Thus, the computation and use of unadjusted relative speeds
is not decidedly advantageous in the case of the coho salmon, as it appeared
to be in the case of the largemouth bass. Nevertheless, it was decided to ex-
press adjusted speeds of coho salmon in I./scc, rather than in cm/sec, so that
the data for salmon and bass plotted in our figures would be comparable.

In Fig. 5, the points represcnting results of the itwo tests at carbon dioxide
concentrations above 70 mg/liter (95 and 120 mg/liter) are given as solid
circles; the 16 others of the same group represent results of tests at concen-
trations ranging from 39 to 70 myg/liter and averaging 55 mg/liter. All but
one of the {ests at concentrations ranging from 39 1o 38 mg/liter (mean 48
mg/liter) were performed in 1962, and all tests at concentrations of 60 mg/
liter and more (mean 74 mg/liter) were performed jn 1964, Surprisingly,
there was no cvident difference between the results obtained in these two
series of tests, so that one curve fits all of these data rcasonably well. Even
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F1G, 5. Mean adjusted (size-corrected for a total length
of 82 mm) final swimming speeds of coho salmon at
different mean levels of free carbon dioxide in relation
to dissolved oxygen concentration. The solid circles
represent results of {wo testa at the very high carbon
dioxide concentrations of 95 and 120 mg/liter. For fish
recently exposed to 18 mg/liter free COy, the single square
represents an anomalous result that was disregarded in
fitting the curve to the other observations even though
we are not aware of any fault of the test (at 17 mg/liter
dissolved oxygen) that would account for the low mean
final swimming speed of the fish. The stated free carhon
dioxide levels of 61, 18, and 2 mg/liter are means of
observed values for individual tests ranging from 39 to
120 mg/liter (with only two values above 70 mng/liter),
16 to 28 mg/liter, and 1.4 to 3.8 mg/liter, respectively.
The curves were fitted by eye. Sce text for further details.
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the two points obtained in 1964 at carbon dioxide concentrations of 95 and
120 mg/liter arc close to the curve and slightly above it.

Between dissolved oxygen concentrations of about 2 mg/liter and 7
or 8 mg/liter, the swimming speed of the coho salmon declined markedly and
almost linearly with decrcase of the logarithm of the dissolved oxygen con-
centration (Fig. 5). Within the range of tested dissolved oxygen concentrations
above 9 mg/liter, variation of oxygen concentration had only a slight effect
on the swimming performance.

Figure 6 facilitates comparison of the curves shown in Fig. 5. Except
at more or less reduced oxygen concentrations, elevated carbon dioxide con-
centrations near 18 mg/liter apparently influenced the final swimming speed
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TFic. 6. Comparison of curves (from Fig. 5) relating

mean adjusted (size-corrected for a total length of §2

mm) fmal swimming speeds of coho salmon to dissolved

oxygen concentration obtained at different mean levels
of free carbon dioxide.

of coho salmon, espcecially when the fish had not become adjusted to them.
Fven after overnight acclimation, free carbon dioxide concentrations ranging
from 39 to 120 mg/liter and averaging 61 mg/liter evidently had a pronounced
eflcct on the swimming speed, but only at dissolved oxygen concentrations
well above 2 mg/liter. At the 2 mg/liter level of dissolved oxygen, no effect
of the high free carbon dioxide concentration was apparent, and the greatest
effect occurred at an oxygen concentration near and above 6 mg/liter. When
oxygen concentrations were above 0.0 mg/liter, 11 of 12 tests at the highest
carbon dioxide concentrations yielded mean adjusted final swimming speeds
below 6.8 L/scc, whercas 14 of 16 tests at the lowest carbon dioxide concen-
trations yielded mean values above 6.8 L/sec (Fig. 5). Thus, there can be
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little doubt that the difference between the curves obtained for the highest
and lowest carbon dioxide concentrations (Fig. 6) is not fortuitous. The cx-
pected, intermediate positions of the two curves obtained at intermediate
carbon dioxide concentrations averaging 18 mg/liter should be considercd
as confirmatory evidence.

A rather marked difference can be seen between the swimming speeds of
fArst-failing and third-{ailing coho salmon (Fig. 4). There is very little differcnce
between the curves based on first-failure data reported here and the first-
failure data reported by Davis ct al. (1963), who used underyearling coho
salmon of about the same size as those used in our study and recorded first
and second f{ailures only. The differences between final swimming speeds of
our fOrst-failing and third-failing (sh probably were due 1o persistent dilicrences
in swimming ability of individual fish like those found by Thomas et al.
(1964) through retesting of groups ol juvenile salmonids, Qur {ish werc not
retested, however, to determine whether or not the same individuals con-
sistently show poor or good performance in repeated trials.

Hemoglobin determinations were made on blood sanples from 184 colio
galmon (in all but five tests) in 1962, but none in 1964, The mean and the
standard deviation of the values obtained (Dablberg, MS, 1963) are 6.85 and
0.82 ¢/100 ml, respectively.

DISCUSSION

The swimming specds sustained by fish for 10 min that are reported
herc as final swimming speeds suitable for our comparative purposes are not
necessarily speeds sustainable indefinitely. DBrett (1964) has considered, with
attention to pertinent carlier hiterature, the duration of tests necessary for
measuring the true sustained swimming capacity of fish, as indicated by the
relation between swimming velocity and fatiguc time. On the basis of his own
limited data, he concluded that “for sockeye [salmon] a reliable estimate of
sustained speed could not be obtained under a test period of about 5 hr.”
More extensive unpublished data on coho salmon recently obtained in our
laboratory by E. M. Smith provide no support for a 5-hr test period but con-
siderable justification for a test period of about 30-50 min. However, they
also show that the abilily of an individual coho salmon to maintain a certain
apeed for an hour, or even for 5 hr, does not signify that its failure to maintain
that speed cannot occur soon thereafter. Furthermore, practical considerations
precluded the use of time intervals much greater than 10 min between velocity
increments in our tests. The 10-min intervals somewhat arbitrarily chosen by
Davis et al. (1963) therefore were adopted also in our work, facilitating com-
parison of our results with those of the latter authors. Having used 20-min
time intervals between velocity increments instead of 10-min intervals in a
few tests performed for comparative purposes, Davis et al. (1963) did not
find that the doubling of the length of the intervals results in appreciable
decrease of final swimming speeds of coho salmon. Thus, 10-min intervals
may prove entirely justifiable when the velocity increments are as small as
ours.
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High concentrations of free carbon dioxide had a more pronounced effect
on the swimming speed of coho salmon at dissolved oxygen concentrations
near or above the air-saturation value than at oxygen concentrations far
below air-saturation (Fig. 6). This observed differencc in eflectiveness of carbon
dioxide at diffcrent dissolved oxvgen levels will be considered in the light
of available information concerning the influence of the gas on the affinity
of fish blood {or oxygen.

A notable characteristic of fish blood is its very incomplete oxygenation
even at extremely high oxygen tensions in the presence of moderate amounts
or tensions of carbon dioxide. The large effect of carbon dioxide on the affinity
ol blood for oxygen at high oxygen tensions was first noted in several species
of marine fish by Root (1931), and it is often called the Root cllect, though
it may be regarded by some as inscparable from the well-known Bohr effect.
The Root cllect has been obscrved in salmonid fishes (Ferguson and Black,
1941; Black et al., 19664, b, ¢, d).

With increasing activity of a fish, the oxygen requirement of its tissucs
increases, The intensity ol sustained activity (herefore may, under some
conditions, be limited by the ability of the blood to transport oxygen to the
tissues. It can also be Jimited by the rate of delivery of oxygen to the blood
at the gills when this rate is insufficient {or full utilization of the oxygen trans-
port capacity of the blood. There may be other limiting factors.

We do not yet know whether the final swimminyg spced of healthy (not
ancmic) salmon at normal carbon dioxide concentrations and high dissolved
oxygen levels at which the speed is virtually independent of oxygen con-
centration is or is not limited by the oxygen transport capacity of their blood.
Davis et al. (1963) and Brett (1964) have discussed the factors that may limit
swimming speeds and oxygen uptake rates of salmon. They have arrived at
no definite conclusion that can be regarded as an answer to the above question.
Basu (1959) perhaps unjustifiably equated the maximum oxygen uptake rate
of active fish in well-oxygenated water to “the ability of the fish to transport
oxygen [rom the external medium under activity”. Te {found no dircct relation
between the effects of carbon dioxide on the “active’” oxygen uptake rates of
various fish at high oxvgen concentrations and its effects on the ability of
their blonds to take up oxygen. Nevertheless, it sectus reasonable to suppose
that the level of activity that coho salmon can maintain at high oxygen con-
centralions in the ambient medium may be reduced by carbon dioxide at least
in part through reduction of the ability of the blood to transport oxygen.

As the concentration of oxygen decrcases from a high level in water whose
carbon dioxide content is not too high, extraction by active fish of sufficient
oxygen {rom the water may be maintained by passing enough water over the
gills. However, afler a point has been rcached where the greatest possible
irrigation of the gill surfaces can barcly supply enough oxvgen for nearly
complete oxygenation of the blood, the level of sustainable activity must
deercase with further reduction of dissolved oxygen. At low oxygen concen-
trations, the maximum sustainable activity is beliecved to be mostly or cntirely
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determined by the maximum possible rate of gill irrigation; the blood’s fargely
unutilized oxygen transport capacity would not be truly limiting, though it
may have some indirect import (Davis et al, 1963). Therelore, it appcars
that the elfect of moderately high carbon dioxide concentrations on the ahility
of the blood to transport oxygen, which effect may be very important at high
oxygen concentrations, should be less important or of no consequence, in
relation to swimming performance, at low oxygen concentrations, At a low
oxygen concentration, the cxtent of oxvgenation of the blood at the gills is
a function of the amount of oxygen delivered 1o the gills, and the amounts of
oxygen taken up at the gills by bloeds having normal and reduced affinities for
oxygen therefore need not necessarily differ materially.

It must be admitted that the above explanation of cur finding can be
reasonably criticized as an extreme oversimplification of a complex problem;
when it is pressed, some serious weaknesses or dificulties become apparent.
Oxygen moves at the gills from the ambient medium into the blood plasma and
thence into erythrocytes at varying rates dependent on diffusion gradients
maintained by gill irrigation and tissue respiration. The oxygen content of
blood returning to the gills depends on the degree of discharge of oxygen [rom
the blood to the respiring tissues, also by diffusion. The rates of both the
loading of the blood with oxygen and its unloading must be influenced by
carbon dioxide. Equilibria like those on which oxygen dissociation curves
for blood are based probably are never directly involved in the operation of
the complex and dynamic system under consideration here. It is evident that
only at very high oxygen tensions of the external medium is nearly {ull uti-
lization possible of the oxygen capacity of the blood of a very active coho
salmon when little carbon dioxide is present. Much lower tensions doubtless
would suffice for full oxygenation of the blood’s hemoglobin upon attainment
of equilibrium.

Still, the reduction by carbon dioxide ol the affinity of the bloods of
salmonids [or oxyeen that has been reported must result in reduction of the
depree of oxygenation of these bloods when the fish are swimming rapidly
in water with very high oxvgen tensions. Also, the fact remains that the max-
imum swimming speeds of our coho salmon at low and high carbon dioxide
concentrations were virtually equal when the dissolved oxygen level was very
low. We can conclude that there was no material effect of carbon dioxide on
the amount of oxygen that could be extracted by the fish from the oxygen-
deficient water passing over their gills. Thus, it appcars that the proposed
explanation of our results, or of the convergence of the curves in Fig. 6 on the
left side, may be essentially sound.

An alternative, tentative cxplanation of our finding could be based on
the supposition that carbon dioxide somehow depresses internal (tissue)
respiration of active coho salmon and their muscular power more directly
than through its influecnce on the oxygen-carrying ability of their blood, and
independently of that influence. Such an effect also could well become legs
important and finally disappear under hypoxial conditions as the oxygenation
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of the blood at the gills and the supply of oxygen o the tissues arce reduced.
Possible mhibition of activities of some cnzymes essential 1o maintenance of
muscular function should be relatively ineflective when the oxygen supply
to muscle and other tissucs is highly deficient and severely restricts tissue
respiration. The importance of the effect of carbon dioxide on blood and oxygen
transport perhaps has been overemphasized in the past.

Our incidental observation that a large increase of free carbon dioxide
from about 50 (39-60) mg/liter to about 100 (95-120) mg/liter had no apparent
eflect on the swimming performance of coho salmon at rather high oxygen
concentrations (Fig. 5) is interesting. Such increases of carbon dioxide con-
centration have a much greater effect on dissolved oxvgen lethal thresholds
(asphyxial levels) for cobo salmon than do increascs of free carbon dioxide
from low levels 1o 50 mg/liter (McNeil, MS, 1956). However, Root (1931)
found that increases of carbon dioxide heyond certain levels had little or no
effcct on the affinity for oxygen of the bloods of some marine {fishes, and the
same has been found to be true of the blood of a salmonid fish (Black et al.,
1966d). The noted behavior of Llood in vitro could help to explain our con-
cordant finding pertaining to the swimming specds of coho salmon, if that
finding can e verified. The agreement of the two kinds of data could then
be cited as evidence supporting the supposition that the swimming speed of
coho salmon in our lests at high concentrations of both oxygen and carbon
dioxide was limited by the ability of the blood to transport oxygen.

Basu (1939) found that the logarithms of the “active” oxygen consumption
rates of fish at all oxygen concentrations gencrally decrease linearly with
increase of {ree carbon dioxide concentration {from zero. Carbon dioxide usually
had about as much cffect on these rates at moderately reduced oxygen con-
centrations as at high concentrations. Its effect on the “active” oxygen uptake
rates of three tolerant specics of warmwater fish was considerably greater
at very low concentrations than at higher concentrations.” The apparent dis-
agreement of Basu’s findings with our observation that carbon dioxide had
little or no cffect on the swimming speed of coho salmon at low oxygen con-
centrations is noteworthy and puzzling. The maximum sustained swimming
speed of fish and their maximum oxygen uptake rate at any given temperature
are gencrally assumed to be closelv related (I'ry, 1957). The lack of any de-
monstrable impairment of the swimming performance of our largemouth bass
by rather high carbon dioxide concentrations at any dissolved oxygen level

"The lowest level of dissolved oxypen at which tests with brook trout, Salvelinus fontinalis,
the only sulmonid tested by 13asu (1939), were performed was about 5 mg/liter (447, of air-
gaturation at the test temperature of 10 ), and no marked difference was observed in effects
of carbon dioxide at this and higher oxygen concentrations. At the lowest oxygen concentration
tested, the trout lost its ability to be active at a carbon dioside Ievel somewhat above 50 mg/
liter, but maintained a nearly constant oxygen uplake rate with increase ol free carbon dioxide
up to 80 mg/liter. Some of Basu’s “active” oxygen uptake rates for warmwater fish tested at
very low oxygen concentrations or at high carbon dioxide concentrations appesr to be much Jess
than “standard” or “minimum resting’’ rates for the samc (sh species under more favorable
conditions. It is not clearly stated that the fish in question were not ackually swimming steadily,
but they probably were incapacitated and inactive,
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(I'ig. 3) is interesting in view of the pronounced influence of low concentrations
of carbon dioxide on the oxyvgen uptake rates of other warmwater species re-
ported by Basu (1939).

Our evidence that the effect of frec carbon dioxide on the swimming
performance of coho salmon decrcases markedly with acclimation (Fig. 6)
is not deemed conclusive. However, it is in agreement with the findings of
other investigators, who noted that the effects of moderate (tolerable) in-
creases of carbon dioxide concentration on the ability of fish to extract oxygen
from their medium arc largely or entirely transitory (McNeil, MS, 1956;
Saunders, 1962; Doudoroll and Warren, 1965). And even our relatively un-
acclimated (least acclimated) coho salmon had been exposed to the clevated
carbon dioxide concentration (about 18 mg/liter) for some time before their
swimnming performance was measured; without such acclimation, the perform-
ance perhaps would have been impaired much more than it was.

In the presence of much dissolved oxygen, the final swimming speeds of
largemouth bass at 25 C were generally less than those of coho salmon of about
the same size al 20 C. [Towever, had a single vertical scale been used in plotting
the data for largemouth bass and coho salmon in Iig. 4, the comparable curves
for the two specics would have met or intersected, showing the bass to be
better swimmers than the coho salmon at dissolved oxygen concentrations
below 2 myg/liter. Figure 4 shows that the median final swimming speed of
coho salmon (i.e. the final speed of third-failing fish) at the dissolved oxygen
concentration of 3 mg/liter is less than the corresponding specd at the air-
saturation level of dissolved oxygen by about 307, whercas the speed of
largemouth bass at the 3 mg/liter level is less than the speed at the air-saturation
level of dissolved oxygen by only about 109;. Reduction of the sustained
swimming speed of largemouth bass (median final speed) by 309, from the
speed at the air-saturation level of dissolved oxygen, can be seen to occur
at an oxygen concentralion ncar 1.5 mg/liter. The curves based on mean
final swimming speeds in Fig. 2 and 5 difler very little from the corresponding
curves in Iig. 4 based on median final speeds.

It 1s interesting to note that the growth rate of largemouth bass kept
on unrestricted food rations at 26 C and low carbon dioxide levels decrcases
materially with decrcase of oxygen concentration from the air-saturation level
to 5 or 6 mg/liter (Stewart et al.,, 1967), whereas the sustained swimming
speed of our bass (Fig. 2) did not. This observation may be viewed as an
indication that the swimming speed of ithe bass at high oxygen concentrations
was not limited by the oxygen transport capacity of their blood (which seemingly
could not be fully utilized at the reduced oxygen concentrations in the exper-
iments on growth) and the supply ol oxygen to their tissues. However, its
significance 1s uncertain, for the oxygenation of blood at the gills may be more
rapid 1n very rapidly swimming bags than in heavily fed and relatively quiet
bass. The accelerated oxygenation of blood could make possible nearly {ull
utilization of the blood’s transport capacity at relatively low dissolved oxygen
levels in the active bass consuming oxygen at a maximal rate. Saunders (1962)
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has suggested that rapid swimming may cven interfere with the respiration
of fish, reducing the respiratory volume, but no conclusive evidence was pre-
sented,

The sustained swimming speed of coho salmon was not much affected at
considerably reduced oxygen concentrations by 18 mg/liter of carbon dioxide
after some acclimation (Fig. 6); that of somewhat acclimated largemouth
basgs was not adversely affected even by 48 mg/liter of carbon dioxide (Lig. 3).
Ellis (1937) determined frec carbon dioxide concentrations in various American
rivers and found that they generally did not exceed 14 mg/liter in polluted
as well as unpolluted river waters. Alabaster et al. (1937) have stated that
carbon dioxide concentrations up to 50 ppm have been observed in a stream
containing sewage cffluent. The dissolved oxygen content of the water was
not stated. Stream waters polluted with mineral acids conceivably could
have temporarily even much higher concentrations of liberated carbon dioxide.
However, in natural and polluted waters that are not scriously deficient in
dissolved oxygen, concentrations of free carbon dioxide certainly do not often
approach even 20 mg/liter. The results of our experiments thus do not indicate
that free carbon dioxide can often materially impair the swimming performance
of freshwater fish in nature. Jt should be noted, however, that greater effects
of carbon dioxide on swimming performance perhaps would have been found
had the test temperature been much lower. Coho salmon in our experiments
were tested at a temperature (20 C) that is rather high for salmon. Basu
(1959) found that the cffect of carbon dioxide on active oxygen consumption
rates of various fishes, including brook trout, was somewhat less at high tem-
peratures than at lower temperatures.
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