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The Influence of Oxygen Concentration on the Swimming Performance
of Juvenile Pacific Salmon at Varions Temperalures" *
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U. 8. Public Health Service), Oregon State University, Corvallis, Oregon

ABSTRACT

The sustained swimming speeds of juvenile coho und chinook salmon tested in a tubular chum-
ber at lemperatures ranging from 10 to 20° C. usually were dependent on the dissolved oxygen
concentration at any tried concentration hclow the air-suluration lcvel. Some underyearling
chinook ealmon tested at 19.5° C. were notably cxceptional; their performance ut high oxygen
concentrations was not markedly better than that observed al lower concentralions betwcen &
und 7 mg/l. These fish may have been anemic. Reduction of oxygen concentration from air-
saturation levels to 7, 6, 5, 4, and 3 mg/1 usually resulted in reduction of the maximum sustnined
swimming speed of colo salmon by about 5, 8, 13, 20, and 30 percenl, respectively. These per-
centages arc based on the observed performance of the first-failing and second-failing individuals
of a group of five fish used in a performance test. The corresponding estimated percenl re-
ductions of the swimming speed of first-failing [ish in most of the early exploratory experiments
with chinook salmon were somewhat grealer, averaging approximately 10, 14, 20, 27, and 38
percent, respectively. Within the ranges of tested concentrations above the saturalion levels,
variations of oxygen concentration had little or no effect on the performance of wild under-
vearling and hatchery-reared yearling coho salmon. The performance of the wild underyearlings
at tested oxygen concentrations improved progressively with inerease of temperature from 10
to 15 and to 20° C.

INTRODUCTION conditions necessitating no sustained activity.
Graham (1949) has reported one experiment
with three fish on the influence of oxygen con-
centration on the maximum steady swimming
or “cruising” speed of the brook trout, Sal-
velinus fontinalis (Mitchill), at 8° C. Fry
(1957) has reporled some previonsly unpub-
lished resulis of similar experiments at several
temperatures with the yellow perch, Perca
flavescens  (Mitchill), performed by R. G.
Ferguson. Marked reduction of the cruising
speeds of both troul and perch at low oxygen
concentrations was demonsirated, but in the
casc of Lhe brook trout, only concentrations
below 6 mg/1 were found to have any effect,

The influenco of lemperature on the cruising
speed of goldfish, Caraessius auratus (Lin-
naeus), has becn studied by Fry and Hart
(1948). Similar experiments with coho salmon
and sockeye salmon, Oncorhynchus nerka
{Walbaum), have becn reported by Brett,
Hollands, and Alderdice (1958). The oplimal
temperature for the performance of the coho
salmon was found to be near 20° C.

The influence of reduced oxygen concen-

Many experiments at various tempcratures
have been reported in which mortalities of
resting fish and oxygen consumption rates of
both resting and active fish have been related
to oxygen conceniralion. Few experiments
have heen reported, however, on the influence
of reduced levels of dissolved oxygen on
growth and on swimming performance. The
need for such information in determining the
water quality requirements of fish and con-
trolling waler pollution has heen emphasized
by Doudoroff (1957, 1960) and others.

Katz, Pritchard, and Warren (1959} have
demonstrated the ability of juvenile coho
salmon, Oncorhynchus kisutch (Walbaum),
and chinook salmon, Oncorhynchus tshawy-
tscha (Walbaum), to swim for 24 or 48 hours
at the moderate speed of 0.8 foot per second
in water at 20° C. with oxygen concentrations
near 3 mg/l, not much above the concentra-
tions which would be lethal to these fish under

1 Technical Paper No. 1475, Oregon Agricullural
Experiment Station.

2 This investigution was supported in part by re-
search grunt RG 4352 from the Division of Rescarch
Grants, Public Health Scrvice.

S Department of Fish and Game Manugement, Ore-
gon State University,

*Robert A. Taft Sanitary Engineering Center, U.
5. Public Health Service.

tration on the survival of juvenile coho saimon
at different temperatures and on their food
consumption and growth at temperatures near
20° C. has been investigated (Davison ef al,
1959; Herrmann, Warren, and Doudorofi,
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1962}. 'The growth and food consumption
rates of abundantly [ed underyearlings de-
clined slightly with reduction of oxygen con-
centration Lo 6 and 5 mg/l, and declined more
sharply with further reduction of oxygen con-
centration.

The purpose of the present investigalion
was to delermine the cxlent to which the
maximum sustained swimming speeds of juve-
nile coho and chinook salmon at selected tem-
peratures ranging from 10 to 20° C. are re-
duced by reduction of oxygen concentration
10 various levels below the nir-saturation levels.
Tests at oxygen concentrations above the air-
saturation level sometimes were performed in
order to determine whether the best swimming
performance of which the fish were capuble at
a given test temperature had or had not been
attained at the saluration level. The data from
the experiments with coho salmon reported
herein have heen presented more fully in
tabular form by Davis.®

MATERIALS AND METIIODS
Experimental fish

Underyearling cobo salmon were seined
from Lributarics of the Alsca and Yaquina
Rivers in Lincoln County, Oregon. One group
of yearling coho salmon was obtained from
the Oregon Fish Commission’s Fall Creek
Salmon Hatchery in the Alsca River basin,
and another was taken [rom an experimental
rearing pond on Mill Creck, a tributary of the
Alacu River. The latter fish had been obtaincd
as fry from the Fall Creck Hatchery, but had
not been fed before planting in the rearing
pond, where they subsisted enlirely on natural
food. Underycarling and yearling chinook
salmon were obtained from the Oregon I'ish
Commission’s McKenzie River Salmon Hatch-
ery in Lane County. Underycarlings tested at
15° . in May and June of 1958 had been ob-
tained from the hatchery in March when they
were very small. They were held al the labo-
ratory [or more than 6 weeks before he tesls
were hegun, and during this period they grew
large enough to use in the experimental ap-
paratus. Al the fish were graded according

5 avig, G. E. (1960) The influcnce ol dissolved
oxygen concentration on the swimming performance
of juvenile coho sulmon al’ different temperatures.
M.S, thesis, Orcgon State University, 58 pp.
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to size, the largest and smallest individuals
heing discarded.

The coho salmon were held in round,
wooden, outdoor stock lanks, 60 inches in
diameter and 24 inches deep, at the Oak Creek
Taboratory near Corvallis, The tanks were
supplied with water from a small spring-fed
stream. Water [rom the same source was fil-
tered and used in the experimental apparatus
in all tests with coho salmon. Chinook salmon
used in experiments at 19.5° C. also were held
in a stock tank at the Qak Creck Laboratory.
Those used in other experiments were held in
similar tanks at the Squaw Creek Laboratory,
Corvallis, which were supplied with water
from Marys River. Water from the latter
source was used (after filtration when turbid)
in all the tests with chinook salmon.

All chinook salmon that were tested al 19.5°
C. were held for 3 to 5 days in standing
acrated waler in a 20 C, conslant-temperature
room al the Squaw Creck Laboratory before
their usc in each test. With this exception, the
experimental animals were not specially ac-
climatized to the test temperatures before their
introduction into the experimental apparatus.
ITowever, experiments al each Lest temperature
except temperatures near 20° C. were per-
formed during a period or season in which the
mean recorded temperature of the water in the
stock tanks did not dilfer by much more than
3° C. from the test temperature. Thus, slock
tank temperatures recorded when wild under-
yeurling coho salmon were removed for test-
ing at 10° and 15° C. averaged 7.5° (range
5.3-11.1°) and 15.0° (range 12.6-18.6°), re-
spectively; and those recorded when yearling
cohos were removed for testing al 12° and
15° C. averaged 8.7° (range 6.4-11.9°) and
13.0° (range 11.1.-15.6°), respectively. Stock
tank temperatures recorded when the under-
yearling cobos were removed for testing at
90° C, were all well below the test tempera-
ture (range 8.2-15.0°) and averaged 12.3° C.

The underyearling coho salmon were fed a
around dict composed of 70 percent marine
fish ol several species, § percent horse meat,
10 percent beef tripe, 3 percent beef liver, and
9 percent cereals. The yearling coho salmon
and the chinook salmon were fed beef liver
with a dried meal supplement and sall.
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Tigunk 1.- -Apparatus used for swimming performance studies. For a detailed semidiagrammatic drawing
of the same upporatus see Kate, Pritchard, and Warren (1959).

Losses of fish in the stock tanks usually
were insignificunl, However, heavy losses of
hatchery-reared coho salmon yearlings fol-
lowed a rise of water temperature in the
spring of 1959, Use of the surviving fish was
discontinucd when it became apparent that
many were diseased. All fish were carefully
examined at the Lime of their removal from
lauks for use in experiments, and those that
were evidently deformed or in poor condition
were rejected.

Table 1 shows the age classcs, rearing his-
tories, and fork lengths (means and ranges)
of coho and chinook salmon tested at dilfer-
cnt specified temperatures, and also the in-
clusive dates of each experiment.

Experimental apparatus

The experimental apparatus is pictured in
Figure 1. A schematie drawing showing more
detail has been presented by Katz, Pritchard,
and Warren (1959). The test animuls were

Tante 1. —Kinds, age clusses, rearing histories, and fork lengths of salmon used in experiments at specified

temperatures during different periods, listed chronologically

’ -F.Urk lenglh

R N Specics Age Taest
1(,)11.:19‘:(::::“22:;; af clags HReuring history (millizcters) — temperature
salmon (venrs) Meun Runge (=)
3/1/58-4/25%/58 Chinook 1 Tlatcherv-renred 98 a1-128¢ 11.5
5/14/58-6/13/38 Chinook 0 Lub-renred® 59 51-73 15
T/16/58-8/12/5Y Chinook 0 Ilatchery-reared 68 57-76 19.5
12/5/58—4/18/50 Caho 1 TTatchery-reared 127 112-144 12
G/0/59-6/28/59 Coho 1 Pond-reared 133 127-144 13
7/8/58 B/6/K9 Coho 0 Wild stock 77 a7-89 15
9/8/50-11/7/59 Colio 0 Wild stock 80 76-88 20
11/12/59-12/31/59 Coho 0 Wild stock B4 79-00 10

L The fork leugths of 96 percent of thesc fish were less than 110 millimeters.
3 Obtalned from hatchery when very young and rearsd therealter in lahoratory stock tanks.
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confined in a horizontal glass tube (“Pyrex”
glass pipe) 60 inches long and 4 inches in
diameter. Water could be continually circu-
lated through this tubular chamber by means
of a centrifugal pump capable of producing
currents with velocities up Lo 2.5 feet per sec-
ond (f.p.s.). The velocities were adjustable
by means of a calibrated gate valve localed at
the pump’s outlet. Three circular wire-mesh
screens of varying diameler attached inside
the tube near the upstream end served as
baffles for distributing the flow of water from
the pump and dissipating gross turbulence or
reducing it to finer patterns. The observed
motion of particles suspended in the water
and the behavior of test animals indicated that
a {airly well distribuled and rectilinear flow
thus was produced in the tube, except in the
immediate vicinity of the baffles, A movable
screen (perforated aluminum plate) served as
a closure near the downstream cnd of the
tube. This screen was mounted on a retractile
rod and could be positioned so as to permit
introduction of fish into the tube through a
funncl-like rcceptacle, ar removal of waler
and fish through a stoppered outlet.

The water in the system was replaced con-
Linually, at a rate of about 1 liter per minute,
with fresh water of adjusted temperature and
oxygen content. The incoming water was
heated to the desired temperature by means of
a thermostatically conlrolled heater immersed
in a glass jar. The dissolved oxygen content
was regulated by bubbling nitrogen, air, or
oxygen at an appropriate rate through the
water as it flowed downward in an overflow-
ing glass column filled with Raschig rings.
The {low of nitrogen or oxygen through the
column was adjusted by means of a two-stage
pressurc-reducing valve. The flow of water
through the column and into the tubular
chamber was regulated by adjusting the level at
which water left the system, z.., by raising or
lowering the distal end of a rubber tube scrving
as an outlet. The water enlering and leaving
the tubular chamber passed through sample
bottles which could be withdrawn for detcrmi-
nation of the oxygen content of the water.

The temperature of the waler circalating in
the system increased in the pump because of
fluid friction. Compensatory cooling of the
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water was achieved by passing it through an
aluminum heat exchanger. The heat exchanger
was immersed in one of two adjacent com-
partments of a partitioned tank filled with a
cooled, circulated, aqueous solation of ethylene
glycol. From this compartment of the tank,
the solution was transferred by mcans of two
small pumps to the other compartment con-
taining the cooling coils of a refrigeration
unit; the colder solution so displaced over-
{flowed into the former compartment (i.c., re-
turned) through a notch in the tank’s parti-
tion. Valves at the pump outlets regulated the
Lransfer rales. One pump operated continu-
ously, whereas the other was activated by a
thermoregulator immersed in the water {low-
ing out of the tubular chamber. The water
flowing through the chamber thus was kept
automatically at a fairly uniform temperature.
The range of temperature fluctuation usually
wag less than 1.5° C., but briel {ailures of the
thermoregulatory system resulted in larger
{luctuations up to about 2.5° C. on rare oc-
casiona.

An indicator on the handwheel of the gale
valve used for regulating water velocities and
a graduated dial (not shown in Figure 1 or
the cited drawing) facilitated accurate velocily
adjustment. The valve was calibrated with a
Stevens Midget Current Meter, manufactured
by lLeupold and Stevens Instruments, Inc.,
Portland, Oregon. Calibration was repeated
during the course of the cxperiments. and the
curve relating valve settings to current veloci-
lies was found to be unchanged.

Experimental procedure

The procedures followed were essentially uni-
form throughout the study. Test fish were nol
fed on the day of their removal from a stock
tank for transfer to the experimental appara-
tus. The transfer took place in the afternoon
or early evening ol the day preceding the day
of the test. The temperature of the water in
the apparatus then was about the same as that
of the waler from which the fish had been
taken. A group of five fish of uniform size
was used in cach test.

As soon as the introduced {ish were calm,
the water velocity in the tubular chamber was
slowly mcreased to 0.25 f.p.s., and the auto-
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matic teraperature controls were actualed.
The test temperature usually was attained in
about 1 hour. The fish were then left undis-
turbed until the following morning to become
accustomed to the experimental conditions,
They were able to maintein their posilion in
the tube with little or no exertion, In the
morning, usually about 16 hours later, the
water velocity was increased by 0.10-.p.s. in-
crements at 20-minute intervals until a velocity
of 0.75 f.p.s. was reached. At this time, the
concentration of oxygen in the incoming
water was adjusted to the appropriate level.
The dissolved oxygen content of the water in
the system reached the desired constant level,
and the [ish learned to swim steadily against
the current during a subscquent 3-hour period.
The base velocity of 0.75 f.p.e., which was
deemed necessary for ensuring sustained activ-
ity of all the fish, was uniformly maintained
throughout this period. At the end of the
3-hour preparatory period, the water velocity
was gradually increased by definite incre-
ments until one or two fish failed to continue
swimming. The velocities at which the first
and second swimming failures occurred were
recorded in most of the coho salmon experi-
menls. Only the velocity for the first failure
was recorded, however, in tests with chinook
and pond-reared yearling coho salmon, which
were terminated upon failure of the first fish.

All yearling coho salmon were subjected o
velocity increments of 0.15 f.p.s. every 20
minutes. ln tests with eoho salmon underyear-
lings, the velocity increments and time inter-
vals were half as great; i.c., 0.075 f.p.s and 10
minutes, respectively, excepting some special
tests. The velocilies successively tried in ex-
periments with yearling chinook salmon werc
0.75, 1.05, 1.27, 1.55, 1.75, and 2.0 f.p.s., and
those tried in tesls with underyearlings were
0.75, 0.93, 1.05, 1.16, 1.27, 1.35, 1.45, 1.55,
1.63, and 1.75 f.p.s. Velocities were increased
every 20 minutes in all tests with chinook
salmon.

In experiments with coho salmon, a beam
of light from a 60-watt incandescent lamp was
directed at the downsiream end of the tube to
discourage {ish [rom swimming in the im-
mediate vicinity of the perforaled closure,
The possibility of occasional premature fail-

ure of the fish due Lo accidental impingement
on the screen thus presumably was reduced.

The downstream closure was rotated as
necessary in order to slimulate fish that had
failed to continue swimming and had come to
rest against the closure. When the failure ap-
peared to be permanent, the water velocity at
which it occurred was recorded. Upon the
failure of one or two fish, a sample of the
effluecnt water from the test chamber was
taken for determination of the dissolved oxy-
gen content by the Alsterberg (azide) meodifi-
cation of the Winkler method, and the test
was terminated. The fish then were removed
from the apparatus and measured, and usually
were liberated thereafter. Excepting a few
fish that had been evidently injured, yearling
chinook salmon used in an initial series of
successful or ubortive tests were used again in
an immedialely succeeding series of additional
tests. They were held in stock tanks and fed
for at least a few days before the second use.

The use of five fish in each test and the ob-
servation of first or first and second failures
only had their origin in early exploratory ex-
periments. In these experiments, attempts were
made to measure median performance using
five yearling chinook salmon in each test. De-
terminations of current velocities causing third
failures then yielded highly variable results.
It was concluded that two or three of the five
fish, probably the more vigorous ones, often
were able to take advantage of small eddies in
the vicinily of the baffles at the upstrecam end
of the test chamber by occupying favorable
positions with relatively low water velocilies
just downstream from the baffles, The first
and second fish to fail apparently had derived
little or no benefit from the presence of the
eddies, not having found them or having
yvielded the favorable positions. The third fish
Lo fail presumably had benefited greatly in
some of the tests, but not in others. It was
noted also that a change of hydraulic condi-
tions within the test chamber could resull
from the obstruction of perforations of the
downstream closure by two or more fish forced
against the closure. Yet reduction of the num-
ber of fish in a test group to three in order to
overcome lhe latler difficulty in evaluating
median performance was not decmed expedi-
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ent, for this would have made it possible for
all or most of the fish frequently to occupy
unduly favorable situations, avoiding the {ull,
rated, current velocitics.

Coho salmon seldom remained in the sup-
posedly favorable positions at the upstream
end of the test chamber. Therefore, when
small underyearling cohos were used as test
animals, the water velocity resulting in failure
ol the third fish of five probably could have
been profitably determined; however, this was
not done, so that data pertaining to first and
second failures only are available. The pres-
ence on the downstream closure of even a
single [ish perhaps had some slight effect on
conditions in the test chamber (current veloc-
ity, etc.):; thus the [irst-failure data are
decmed somewhat more reliable than the sec-
ond-failure data.

Some comparative measuremenls were made
of the hemoglobin content of the blood of the
vearling and underyearling coho salmon {rom
different sources by the colorimetric acid
hematin method. Tor such a delermination, a
0.025-milliliter sample of blood taken {rom
the caudal arlery of a fish whose tail had been
severed was drawn into a blood-diluting pipette
and hemolized in 5 milliliters of 0.1 normal
hydrochloric acid. The light-transmittancy of
the diluted blood sample was determined elec-
trophotometrically, cmploying a filter with a
wavelenglth rating of 525 millimicrons, The
Fisher Electrophotometer employed was cali-
brated using a Bausch and Lomb “Spectronic
207 Colorimeter and an available table (in
Bausch and Lomb’s Methods and Calibrations
manual) relating transmittancy readings made
wilh the latter instrumenl to hemoglobin levels
in grams per 100 milliliters of blood.

The acid hematin method employed is
not enlirely satisfactory for delermination ol
hemoglobin in fish blood because nuclei of
erylhrocytes remain in suspension. 'The un-
corrected hemoglobin values reported hercin
may all be too high (Larsen and Snieszko,
1961).% These values are deemed sufliciently
inslructive, however, and usable without cor-
rection for present comparalive purposes.

O Larsen and Snieszke (1961) have suggested the
following “factor” or formula for corrceting the
atandard acid hematin hemoglobin (A4-H I1b) values
obtained with trout blood:

0.534 % A-H Hb 4 2.44.
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Froune 2. ‘Wuater velocities at which swimming
failures of firsi-failing wild underycarling coho sal-
mon oceurred at 10, 15, and 20° C., in relation Lo dis-
solved oxygen concentration,

RESULTS
Underyearling coho salmon

The results of experiments with wild under-
yearling coho salmon (for dates, see Table |)
at temperatures near 10, 15, and 20° C. (Fig-
ures 2 and 3) are the ones deemed most con-
sistent and satisfaclory, and will be considered
first. The experimenls showed that at each
lesl temperature the swimming performance
ol the coho salmon was dependent upon the
dissolved oxygen concentration throughout or
nearly lhl‘oughout the range ol tested concen-
trations below the air-saturation level. Within
the range of tested concentralions above the
saturalion value, variations of oxygen concen-
tration had only litlle or no effect on the per-
formance. At any oxygen concentration within
the cxperimental range, the performance capa-
bility of the fish proved greater at the highest
test temperature (20° C.) than at the lower
lemperatures.

In Figure 2, which shows the relation be-
iween oxygen concenlration and water veloci-
tice resulting in first failures at each test tem-
perature, all points obtained in the usual man-
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Ficune 3.—-Comparison ol curves relating oxygen
concontration  to  swimming perlormance of first-
fuiling and of second-failing underycarling coho
salmon wt three different temperalures.

ner are shown as solid circles. The four poinls
plotted as open circles along the 20° C. and
10" C. curves are based on first failures in
tests in which the time interval between suc-
cessive velocity changes was doubled (i.c., in-
creased from J0O to 20 minutes). The proxim-
ity of these points to the curves, which were
fitted to the solid circles, indicates that the
increase of the time interval did not materially
influence the test results,

The points representing failures at the base
velocity of 0.75 fp.s. cannot be decmed en-
tirely valid. Fach of these failures occurred
during the 3-hour period allowed for reducing
the oxygen concentration lo the desired (ulti-
male) constanl level, which had been nearly
attaincd at the time when the failure occurred.
Al that dissolved oxygen level the failure con-
ceivably could have occurred also at a water
velocity somewhat less than the chosen hase
velocity.,

The deviations of the experimental data
from the three curves shown in Figure 2 are
nol great. At all lhree tesl lemperatures, the
veloeities al which first failures occurred de-
clined markedly when the oxygen concentra-
tion was reduced to levels much helow 9 or
10 mg/l. They increased little or none with
an increase of oxygen concentration beyond
this level, which is not far from the air-
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saturation level for each test temperature. The
air-saturation values at 10, 15, and 20° C.
have been reported to be about 11.3, 10.2,
and 9.2 mg/] dissolved oxygen, respectively
(American Public Health Association, 1960).

The deviations of the second-failure data
from hand-drawn curves fitted by eye ap-
parently were no grealer than were those of
the first-[ailure data. Figure 3 permits com-
parison of the curves based on first and sec-
ond failures of underyearling coho salmon at
the three different temperatures. In each set
of three curves, the 20° C. curve is posilioned
well above the essentially similar 109 C. curve,
the performance of the fish at any oxygen
concentration being evidently better at the
higher lemperature than at the Jower tempera-
ture. The cxpected inlermediale position of
the 15° C. curve is best seen in the second-
failure series. The differcnces in shape of the
six curves appear to be largely fortuitous and
ascribable to experimentul or sampling errors.

Blood samples for hemoglobin determina-
Lion were taken from 10 rvecenlly eaplured,
wild, underyearling coho salmon, and from 10
that had been held in the stock Lanks at the labo-
ratory for almost 4 months. The hemoglobin
values obtained averaged 11.5 g/100 ml and
ranged {rom 9.6 to 13.5 /100 ml. The mean
values {or the recently collected fish and for
those that had been held at the laboratory for
a long time were 11.9 and 11.7 /100 ml, and
the standard devialions were 1.1 and 1.0, re-
spectively. The small difference between the
means is not slatistically significant. Although
the samples were small, it can be concluded
that no scrious alteration of the hemoglobin
content of the blood of the fish resulted from
their captivity. The uniformity of results ob-
taincd with fish held at the laboratory for
varying periods of time, which is indicated by
the good [it of the data to the plotted curves,
also shows Lhat holding the fish at the labora-
lory resulted in no secrious delerioration of
Lheir physical condition.

Yearling coho salmon

The swimming speeds of the ycarling coho
salmon at temperatures near 12° and 15° C.
(Figure 4) understandably proved grealer
than those of the smaller underyearlings in
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Ficung 4.—Water velocities ul which swimming fuilures of hatchery-reured and pond-reared ycarling coho
sulmon occurred, in relation to dissolved oxygen concentration. The data or points o which the second-
{uilure curve for hatchery-reared fish was fitled are not shown.

comparable tests. The performance of the
pond-reared yearlings was markedly better
than that of the hatchery-reared fish at oxy-
gen concentrations above 5 mg/l. The per-
formance of the yearlings, like that of the
underyearlings, was cvidently impaired by re-
duction of the dissolved oxygen concenlration
to levels much below the air-saturation levels.

Curves representing the relations between
oxygen concentration and water velocities ef-
fecting lirst failures and sccond failures of
hatchery-reared yearlings are included in Fig-
ure 4. Only the points to which the first-
failure curve was fitted (solid circles) are
shown. The single curve for pond-reared
yearlings in Figure 4 is based upon first-
failure observations (open circles). Second-
failure data werc not regularly recorded in
the experiment with pond-reared fish; also,
owing to the paucity of available material, no
Lests were performed with these fish at oxygen
concentralions above 11.5 mg/l.

Although the swimming performance of the
first hatchery-reared yearlings to fail at 12° C,

was markedly impaired at low oxygen concen-
trations, apparently there was little improve-
ment of the performance of these fish when
the oxygen concentration was increased from
7 or 8 mg/l to levels near and well above the
air-saturalion level (aboul 10.8 mg/1). The
results were highly variable, however, and con-
sequently the fit Lo Lhese experimeuntal data
of the curve in Figure 4 is not good. The
curve based on second failures shows consid-
erably more improvement of swimming per-
{formance with an increase in oxygen concen-
tration from 7 or 8 mg/l to the air-saturation
level than is shown by the otherwise similar
curve based on first failures.

The curves in Figure 4 show that, at air-
saturation levels of dissolved oxygen, first
failures of hatchery-reared and pond-reared
yearlings were to be expected atl water veloci-
ties ncar 1.95 and 2.3 f.p.s., respectively. At
oxygen concentrations below 5 mg/l, the dif-
ference in performance of the hatchery-reared
and pond-reared fish was not pronounced.
The small difference in mean size of the
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hatchery-reared and pond-rcared fish and the
difference of temperatures at which their
swimming ability was tested may have con-
iributed to the observed difference of their
performance. Ilowever, the difference in per-
formance probably is ascribable chiefly to a
difference in physical condition of the two
groups of fish. The range ol blood hemoglohin
values determined for a sample of 39 fish
taken from the hatchery-rcared stock was 4.8
to 12,9 g/100 ml. The mean and the standard
deviation were 9.5 and 2.3 g/100 ml, respec-
tively. A sample of 32 fish taken [rom the
pond-reared stock yielded values ranging
from 8.7 to 15.3 g/100 ml. The mean and the
standard deviation were 11.9 and 1.6 g/100
ml, respectively. The difference hetween the
means {or the two samples is highly significant
stalistically, The greal variability of the hemo-
zlobin content of the blood of the haichery-
reared yearlings may have heen at least partly
responsible for the large variabilily and gen-
crally low level of the performance of early-
failing individuals in diffevent tests at oxygen
concentrations above 5 mg/l.

Chinook salmon

The number of observations made in the
course of cach of scveral experiments with
chinook salmon was rclatively small, and the
comparable resulls of individual tests were
rather variable, perhaps partly because of
minor varialions of procedure which had nat
yet been refined and [ully standardized when
the chinook salmon experiments were under-
{auken. For these reasons, the analysis and
interpretation of the results of these cxplora-
lory experiments caunot be carried far. The
resulls are sulficiently intercsting, however, to
be reported bricfly.

Two experiments with underyearling chi-
nook salmon al temperatures near 15 aud
19.5° C. yiclded strikingly unlike results (Fig-
ure 5). The swimming performance of the
first-failing fish at the higher test lempera-
tures appeared to be virtually independent of
oxygen concenlration when Lhe concentration
was above 7 mg/l. The results obtained at the
lower temperatures indicated that the per-
formance probably was dependent on oxygen
concentration not only throughout the range
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TFicure 5—Water vclocities at which swimming
failures of {irst-failing yearling und underycarling
chinook salmon occurred ut diffecrent temperatures,
in relation 10 dissolved oxygen concentration.

of tested concentration (up to about 9 mg/1),
but also at higher concentrations. The results
ol earlier tests at low temperatures (near
11.5° C.) with yearling chinook salmon (Fig-
ure 5) had suggested a relationship between
oxygen concentration and swimming perform-
ance somewhat inlcrmediate in nature between
those indicated by the results of the two ex-
puriments with underycarlings.

The observations and curves plotted in
Figure 5 pertain to first failures only, data on
second failures of chinook salmon not having
becn regularly recorded. The performance of
first-failing halchery-reared underyearlings at
temperatures near 19.57 C. improved greatly
with an increase of oxygen concentralion from
about 2 to 5 mg/l, but there is no indication
that an increase beyond 7 mg/1 had any favor-
able influence on the performance. The rela-
tion between oxygen concentration and swim-
ming speed observed in the experiment with
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TapLe 2—Percent reduction o]f the swimming speed of coho salmon wt each of several lower levels of dis-

solved oxygen from the speed at ihe air-saturation level

Yereenl reduclion of swimming spoed at dlssolved oxygen

Lixperimental
muterinl und - L
temperature 3 ma/l 4 mg/1
Wild underyearlings
10° C. 33.3*33.8 104 —21.9+
15° C. 25.1*-20.1 19.7%-20.1
20° C. 26.6*-24.0 16.7*=18.4
All temperaturas 20.6*-33.8 16.7%-21.0%
Yearlings
Hatchery-reared
12° (. 31.6 -34.0* 20.8 -23.1%
Tond-rearcd )
16° C. 38.7 29.1

concentration of:

. 5 mg/l Ei mg_/l 7 mg/1
11.6 —13.3% 7.8 ~ §.5" 4.4 —5.3%
13.5%=13.9 9.3%—10.1 5.8%-0.4

9.0%-11.5 5.0%— 7.4 3.2%—1.1

9.9*_13.9 B5.9*—10.1 3.2%6.4
124 -15.0* 7.6 —10.2% 3.8 -5.48%
10.9 125 7.0

* Percent reduction of swimming speed Lased on sccond fallure, Values not so designated wre buased on first failures.

the largely laboratory-reared underyearlings
lested al temperatures near 159 C, is more
nearly rectilinear, within the range of tested
oxygen concentrations (about 1.5 to 9 mg/l),
than those observed in other experiments with
chinook and coho salmon. The conclusion that
the performance of the fish probably would
have been better at the air-saturation level of
dissolved oxygen (about 10 mg/l) than at
9 mg/l, and better yet at a concentralion
above the air-saturation level, is unavoidable.
At these high concentrations, the underyear-
lings tested at the lower temperatures proba-
bly would have been nearly all capable of per-
formance better than the average performance
al the same concentrations of the first-failing
fish tested al the higher temperatures. The
siriking difference between the results of the
iwo experiments is not attributable entirely 1o
temperature differcnces nor to differcnces in
size or age of the fish, and so it must have
been due largely 1o other undelermined faclors.

Like the swimming speed of the largely
luboratory-reared underyearlings at tempera-
lures ncar 15° C., the performance of the
larger hatchery-rcared  yearlings  tested at
lower temperatures, especially those [ish that
had not heen used previously, seemed to de-
cline sharply with decrease of oxygen concen-
tration from the highest tested levels (slightly
below the air-saturation level) to 5 or 6 mg/L.
Tlowever, the further impairment of the per-
formance with a decrcase of oxygen concen-
tration from about 5 to 2 or 3 mg/l was
greater than that shown by the last-mentioned
underyearlings, and much like that shown by
the hatchery-reared underyearlings tested at
Lemperatures near 10.59 €. The significance

of the difference between the results of the two
gerics of tests with previously unused and once-
used yearlings (Figure 5) is not clear. The
previous experience of the once-used fish in
the cxperimental apparatus may have influ-
enced their performance. It should be noted,
however, that a few of the least vigorous fish
used in the initial serics of lesls were dis-
carded and not included in the lot of once-
used yearlings saved for the succeeding tests,
and this may have influenced the test resulls
also.

Comparative results

Table 2 shows the percent reduction of the
swimming speed ol coho salmon below the
speed at the air-saturation level of dissolved
oxygen for cach of several arbitrarily selected
lower oxygen concentrations. The reduction
percentages are based on velocitics taken from
the curves fitted to the cexperimental data
(Figures 2, 3, and 4). Second-failure as well
ns {irst-lailure curves were used when avail-
able. The computed percent reductions of the
swimming speed of coho salmon at each oxy-
gen concentration considered (Tablo 2) are
moderately uniform. Only the relatively high
percenlages derived from the curve [or pond-
reared yearlings, which is based on few and
rather variable cxperimental data, ave notably
different from the corresponding percenlages
derived from the other curves. The latter
values (i.e., exclusive of those [or pond-reared
yearlings) perlaining lo oxygen concentra-
tions of 3, 4, 5, 6, and 7 mg/l average 30.6,
19.9, 12.7, 8.4, and 4.9 percent. respectively.
The limited data available indicate that the
corresponding percent reductions of the swim-
ming speeds of healthy chinook salmon at 11
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to 15° C. may be decidedly greater; namely,
about 38, 27, 20, 14, and 10 percent, respec-
tively. These values are not muarkedly differ-
ent from those estimaled for the pond-reared
yearling coho salmon (Table 2},

DISCUSSION

It has bheen shown that the sustained swim-
ming performance capability of coho and chi.
nook salmon usually is impaired when the
dissolved oxygen concentration is reduced
from the air-saturation level to any considera-
bly lower level, but at much higher concentra-
tions the performance of coho salmon im-
proves only slightly, or not at all. Graham
(1919) {found that the cruising speed of brook
trout at 8° C. was sppreciably reduced only
when the oxygen concentration was lowered to
levels below 6 mg/l (about 50 percent of air-
saturation). The dala of Ferguson reported
by IFry (1957) indicate, however, that the
cruising speed of the yellow perch is reduced
somewhat at oxygen concentrations only a
little helow the ajr-saturation level, especially
at the higher test temperatures. Unlike the
curves presented in this paper, curves relating
the cruising speed ol the perch to oxygen con-
cenlration, excepl one obtained at the lowcest
test temperature of 10° C., show an abrupt
change in slope at an oxygen concentration
near 3 rog/l. The performance of the perch
was greatly impaired only at oxygen concen-
trations below this level.

The results of experiments with brook troul
reported by Graham (1949) and experiments
with lake trout, Salvelinus namaycush (Wal-
baum), reported by Gibson and Fry (1954)
indicated that the active melabolic rales, or
maximum rates of oxygen uptake (Fry, 1957),
of these salmonids generally are dependent on
oxygen concentration only al concentration
levels considerably below the air-saturalion
levels. However, Graham’s finding was not
confirmed by Job (1955) and Basu (1959),
who found the active oxygen consumption
rates ol the brook trout to he dependent on
oxygen concenfrations up to, or cven well
above, the air-saturation levels, except at very
low temperatures. Basu stimulaled the fish by
means of an electric barricr, whereas Graham,
(iibson and Fry, and Job did not.
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The relation hetween metabolic rate and
swimming performance capability has been
discussed by Fry (1947, 1957). He presented
evidence Lhat cruising speed increases as the
square root of the “melabolic difference” or
“scope for activity” (f.e., the active rate less
the standard rate) increases. From this it can
be inferred that determinations of active or
maximum steady rales of oxygen consumption
perhaps can demonstrate a potential for slight
improvement of sustained swimming perform-
ance at increascd oxygen concentrations that
cannot be readily demonstrated by measure-
ment of the performance itself. It can be con-
cluded also that the moderate increases of
aclive oxygen uptake rates that were observed
by Job (1955) when oxygen councentrations
were raised beyond the air-saturation levels
probably indicate only very small increases of
sustained swimming specd. llowever, the re-
lation between the rates of oxygen uplake and
actual sleady swimming speeds of a fish in a
rotating annular respirometer is not simple
and well established. Basu (1959), in his
Table IT (p. 183), and Fry" have reporled
that the oxygen uptake rates of hrook trout
and carp that had been recently placed in a
respiromcter  increased little or none  with
threclold to sixfold increases of respirometer
rolation rates (beyond 5 or 6 revolutions per
minute). Yet. Basu also reported large in-
creases of the oxygen upteke rate of trout re-
sulting from mild electrical stimulation with-
out incrcase of the respirometer rotation rate
(i.c., at each rate tesled). This indicates that
in the absence of such stimulation the oxygen
uptake rales at all the swimming speeds were
much less than the highest possible rates. The
significance ol the metaholic rate dala needs
further clarification before these data can De
properly compared with and related to inde-
pendently  obtained swimming  performance
data.

It has been noted that sirikingly dissimilar
results were obtained in different experiments
with chinook salmon (Figure 5). 1t seems
rcasonable to suppose that the inability of the
first-lailing underyearlings tested at tempera-

T Personal communicution and unpublished account
ol recent experimentul vesulls obtuined by 1. W.
Coble, received {from Dr. . E. I, Fry in July 1961.
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tures near 19.5° C. to perform much better
at higher oxygen concentrations than al con-
centrations between 5 and 7 myg/l was due to
an abnormally low oxygen capacily of their
blood. Unlike the underyearlings tested at
lower temperatures (which had been reared
mostly at the laboratory, on a diet predomi-
nantly of beef liver), these {ish had been re-
cently obtained from the hatchery, where a
high incidence of anemia among juvenile chi-
nock salmen at other times has been reported.
Even at oxygen concentrations well below the
air-saturation level, the blood of those indi-
viduals that failed first may have heen, at the
time of their failure, oxygenated virtually to
capacily after passing through the gills. Un-
fortunately, no measurements of the hemo-
globin content of the blood of these fish were
made.

The ohserved anemic condition of many of
the hatchery-reared coho salmon may have
influenced the results obtained with these [ish
also. The curve based on first failures umong
these fish (Figure 4) shows some improve-
ment of performance with an increase of oxy-
gen concenlralion [rom 8.0 mg/] to levels far
above the saturation level. However, this im-
provement may be unreal, or it may have been
cxaggeraled by sampling errors, for the data
to which the curve was fitted are highly vari-
able. The blood hemoglobin of some of the
more anemic individuals possibly was oxygen-
ated at the gills nearly to its capacity even
when these [ish were swimming at their maxi-
mal speed at ambient oxygen concentrations
below 8 mg/L

At concenlralions at which the swimming
performance and active metabolic rate are
oxygen-concenlralion dependent, the rate of
oxygen consumption and the performance of
{ish may be limited by the greatest attainable
rate of gill irrigation or respiratory volume
(Fry, 1957; Basu, 1959). However, Shepard’s
(1953) data on the inlluence of acclimation
to reduced oxygen concentrations upon the
aclive rate of oxygen uptake of brook trout,
and his seemingly valid interpretation Lhereol
(p. 425), supported by the dala of Prosser
et al, {1957), indicate that the oxygen trans-
port capacity of the blood also may be of
some importance. At higher oxygen concen-
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trations (Z.c., in the zone of independence),
the maximum sustained swimming speed of
healthy (i.e., not anemic) fish at a given
temperature may be determined by their mus-
cular capabilities or by the effectiveness of the
existing stimulus. Basu (1959) has suggested
that the active oxygen consumption rate at
these concentrations is limited by the normal
oxygen transport capacity of Lhe blood.
Shepard’s (1955) {indings fail to support this
view, for at high oxygen concentirations he
detected no significant difference in uclive
oxygen uplake rates of brook trout acclimated
to high and low concentrations, but his fish
may not have been stimulaled sufficiently to
evoke maximum rates.

In the experiments reported herein, some of
the fish were tested at somewhal unscasonable
lemperatures markedly higher than those at
which they had been held before they were
placed in the experimental apparatus. The
previous cxposure of these fish to lower tem-
peratures, especially the underyearling coho
salmon tested at 20° C., may have influenced
the test resulls because of incomplete thermal
acclimation (see Fry and Harl, 1918). It
gshould be noted, however, that the 15° C.
curves in Figures 2 and 3 are based on tests
with wild underyearling cohos that had been
held at stream.-water temperatures very near
the test temperature. Prolonged acclimation
of the fish 1o the various tested oxygen con-
centrations probably would have altered the
results somewhat, increasing the swimming
speeds at reduced oxygon concentralions, as it
has been shown to influence the active mela-
bolic rates of brook trout (Shepard, 1955).

The improvement of the swimming per-
formance of juvenile coho salmon resulting
from tempcrature increases up to 20° C. re-
ported herein has heen observed also by Brett,
Hollands, and Alderdice (1958). However,
the mean cruising speeds, even of yearlings,
recorded by these authors were considerably
lower than the maximum suslained swimming
speeds of the wecakest (first-failing) wild
underyearlings of slightly smaller average size
lested at corresponding temperatures and at
oXygen concentrations near air-saturation in
our studies. Most of the latter fish apparently
were able to continue swimming (for 10 min-
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utes) at speeds only slightly (about 0.1 f.p.s.)
below 1.60, 1.65, and 1.80 {.p.s. at tempera-
tures of 10, 15, and 20° C., respectively (Fig-
ure 2). Second-failing fish (Figure 3) and
average individuals usually were able to main-
tain even greater speeds. The cruising speeds
(maintained for 1 hour or longer under strong
stimulus) of yearlings tested at the same lem-
peratures by DBretl, Hollands, and Alderdice
averaged only 1.16, 1.23, and 1.35 {.ps., re-
spectively. The fish used by them had been
hatched, reared, and thermally acclimated at
the laboratory, and they were tested in a ro-
tating annular trough. The dissimilarity of
results probably is ascribable mostly to differ-
ences of Lhe material, apparatus, and methods
employed, and not to unavoidable errors in
the evaluation of absolute swimming speeds
due Lo inequality of water velocities at differ-
ent points in a test chamber, etc.

Unlike the results of prolonged tests al
moderate water velocities reporled by Katz,
Pritchard, and Warren (1959), the data pre-
sented in this paper and those of Brett, Hol-
lands, and Alderdice have application where
high levels of sustained activity may be re-
quired of juvenile salmon for rclatively short
periods of time. The relation between swim-
ming time and the highest water velocily re-
sisted by these fish has not yet been thoroughly
investizated. However, inslructive results were
oblained from the few tests at 10 and 20° C.
wherein underycarling coho salmon were re-
quired to resist each successively tested veloc-
ity above the base velocity of (L75 f.p.s. for a
period twice the normal time interval between
veloeity increments (open circles in Figure 2).
From these resulls one can conclude that the
maximum sustained swimming specd of which
an individual s capable is not & funclion of
swimming duration within time limits as yet
undefined. Although seemingly not in agree-
ment with Boyar’s (1961) data on the swim-
ming performance ol young Atlanlic herring,
this conclusion is supported by the data of
Brett, Hollands, and Alderdice. They [ound
that, alter an initial period of swimming
“bursts” and “slumps,” which usually could
be prevented by gradually increasing the rate
of trough rotation in the course of about 1
hour, juvenile coho salmon would continuc
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swimming at a ncarly constant maximum sus-
lained or cruising speed for an hour or much
longer before fatigue sct in. Yet, the fish cer-
lainly are capable of much more rupid swim-
ming for very shorl periods of time.

Situations wherein the survival of juvenile
salmon could depend on sustained rapid swim-
ming are readily imaginable, but whether or
not such swimming at speeds approaching the
meusurcd maxima is necessary in the course
of normal feeding and migratory activities is
not known. Also, it is not known whether or
not the ability of the fish to perform brief
hursts of intense aclivity, such as may be neces-
gary lo avoid capture by predators, would be
influenced by reduction of oxygen concentra-
lion as was their sustained swimming ability
in the reported tests. This question and the
influence of dissolved oxygen on the resistance
of the fish to fatigue when swimming for long
periods at various speeds short of the highest
possible sustained or cruising speeds still need
investigation.

At the present time, one can only speculate
aboul the ecological significance of the ob-
served impairment of performance at oxygen
concentrations not far below the air-saturation
levels. One can reasonably argue that {ish are
not Tikely to possess performance capabilities
that do not contribute to their success or well-
being in nalure. In accordance with this view,
Fry (1957) stated that “Any reduclion of the
oxygen content below the level where the
active melabolic rate begins to be restricted
is probably unfavorable to the species con-
cerned.” Apparently there is no evidence,
however, to support this view, und perhaps a
different view also can be effectively defended.
Certainly onc can reasonably argue thaet some
slight restriction of the maximum sustained
swimming speed of salmon, through reduction
of dissolved oxygen in portions of streams re-
ceiving organic wastes, probably would not
usually result in serious damage to salmon
populations. In this connection, the rather
large variation in performance capacity of
coho salmon with normal variations of tem-
peraturc (Brett, Ilollands, and Alderdice,
1958), and the observed differences between
individuals of about the same size or age,
should be noted.
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In walers receiving organic wastes, etc., re-
duced oxygen concentrations normally are
associated with elevaled concentrations of {ree
carbon dioxide. Basu (1959) has presented
data on the influence of carbon dicxide at dif-
ferent temperatures and oxXygen concentrations
upon the active metabolic rate and scope for
aclivity of brook trout that had been recently
placed in the experimental media, From these
data one can infer that the percent reductions
of the sustained swimming speed of juvenile
salmon at reduced oxygen concentrations per-
haps would have been appreciably greater
than those observed had an amount of carbon
dioxide heen added to the water approximately
equivalent to the amount of oxygen removed
in each test. However, the data of McNeil®
indicate that the adverse cffects of moderate
concenlrations of carbon dioxide on the toler-
ance of low oxygen concentrations by resting
coho salmon are transient, the fish evidently
becoming acclimatized very soon to these
carbon dioxide concentrations. The same may
well be true of any effects on the active meta-
bolic rate and swimming performance.
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