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ABSTRACT
Supervisor: Dr, J.E. McInerney

Swimming speeds of coho salmon juveniles have been investigated
with respect to acclimation temperature and acute (test) temperature
experience, Sustained swimming speeds were appraximated in terms of
eritical swimming speeds; the latter is related to the time to fatigue in
samples of fish exposed to incremental increases in water velocity in an
experimental water tunnel, Three series of tests were conducted between
September, 1968 and May, 1969 on coho ranging between approximately
7% and 9% em, total length,

Regression relations between critical velocities and acclimae
tion and test temperatures were developed by response surface analysis
using a non~linear second degree polynomial as a model,

Maximum performance (5.8 lengths/second) occurred at
acclimation and test temperatures near 20° C, At lower acclimation
temperatures, maximal performance was found at temperatures greater than
those of acclimation, defining a ridge of near-maximal performance. Thus,
maximal performance over a range of test temperatures is not necessarily
found at a test temperature equal to that of acclimation. In addition,
maximum performance over a range of acclimation temperatpree is not
necessarily found at an acclimation temperature equal to that of testing,
This lack of correspondence over the performance surface changes pro-
gressively, attenuating at acclimation and test temperatures in the
vieinity of 20° C,

Seasonal differences in performance were observed, although
not clearly defined, These involved a change in the shape of the

performance surface. In addition, a dependence of swimming performance
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on size was recognized, although the relation could not be defined
quantitatively,

Compariscn of performance of the coho with that of the sockeye
salmen juveniles sugpested that the former may be better equipped to
perform in warm enviromments,

A hypothesis is advanced suspesting that a relation, in terms
of temperature, way exist between the p:rfmo optimum, those for
netabolic scope and growth on excess rations, and for the final terpera-
ture preferendum,
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INTRODUCTION

Temperature is probably the most potent physical factor in
the aquatic medium, This is especially true for fishes, which are
obligate poikilotherms throughout their life, The high specific
heat of water, combined with rapid eireculatory exchange through the
gills, makes mainterance of an independent body temperature impractical,
While the elevation of body-muscle temperature has been noted in tuna
(Barrett and Hester, 196L) it may be stated that fishes are generally
thermal conformers, as they appear to expend no energy to maintain a
constant body temperature, Thus, all the activities of fishes are, in
varying degrees, subject to temperature, Brett (MS) suggests that for
fishes temperature may be considered as the "master ecological factor®
of the aquatic environment.

The subjeet of this study, the coho (Oncorhynchus kisutch,

Walbaum), is an anadromous salmonid that characteristically spends its
first year in fresh water, although the period of fresh water residence
may vary, The ecoho is common in small streams and along the shorelines
of lakes, Temperatures in these areas may become quifc high (20°0 +)
and may be subject to considerable fluctuation,

Two other species of Pacific salmon, the ehinook (0., Eshawytscha,
Walbaum) and the sockeye (0. nerka, Walbaum) also spend up to a year or
more in fresh water, Characteristically these species inhabit lsrge
streams and deep lakes respectively, where more uniform, lower
temperatures prevail,
: While these species are taxonomically closely related, their
distinetly different habitats suggest that they may display differences
in their response to temperature, The coho would be expected to be




the most eurythermal of these salmonids, owing to its relatively warm
and unstable habitat,

Attempts to assess the effects of temperature on a species
are often extremely difficult under field eonditions, The environment
consists of a complex of biotic and abiotic facters which may act
independently or in eoncert, and the fish responds not to individual
factors, but to the complete enviromment, To interpret adequately
the effects of temperature in the unconstrained environment, the
ecologist requires information on the effeets of this factor alone
and in combination with other factors of importance, Data of this
type are best obtained from controlled laboratory studiess

The first step in a laboratory study of the effects of
temperature on a species is to determine the temperature tolerance.
As deseribed by Fry (1947), temperature tolerance is dependent upon
thermal history, or the acclimation temperature, When both upper and
lower tolerance levels are considered, a sone of temperature tolerance
may be described, The area enclosed by the tolerance zone, or
tolerance polygon, has been measured in terms of acclimation and test
temperatures to provide a quantitative estimate of the eurythermicity
of the species, expressed as "degrees centigrade squared,”

Brett (1952) determined the tolerance zones for the five
species of Pacific salmon, While the size of their tolerance zores
shows some correlation with their respective habitats, the ability of

all five species to exceed normally encountered extremes augéeuu

that temperature tolerance per se plays a relatively minor role in
limiting their distribution,

:
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To further assess the role of temperature in the ecology of
Pacific salmon, more subtle measures of viability are required, Brett
(1956, 1958) suggested that the ability of a species to be active
within its tolerance domain may be of more importance in determining
the success of a species than the actual dimensions of the tolerance
domain, He suggested the presence of smaller domains within the
temperature tolerance scne, defining boundaries for effective growth,
activity and reproduction,

Within each of these mlhr domains, the response in question
may be optimized under certain conditions of acclimation and test
temperatures, If these responses can be assumed to provide estimates
of the physiological wellebeing of the species, its distribution
according to temperature may be dependent upon both the dimensions
(shape) of these response demains and the position of their response
optima,

The present study deseribes a laboratory investigation of
the effects of acclimation and acute temperature experience, and to
some extent the effect of size, on the sustained swimming speed of
Jjuvenile coho salmon, The term "acute temperature experience" is
used to denote the testing of fish at temperatures other than those
of acclimations

Sustained swimming speeds measure active capacity of the
integrated organism, in contrast with capacity Mntl of individ-
ual systems or organs vithip the animal, Swimming speeds indicate
the energy available to the fish after maintenance requirements have
been met, Aetive capacity is dependent upon the difference between
standard and active metabolism (metabolic scope). However, for a
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given change in temperature, swimming speed changes are much less
than those for metabolic scope. In general, metabolic secope rises
geometrically with increased swimming speed (Fry, 1967). As
swimming speeds are direct measures of active capacity, they may be
readily translated in terms of the organism's ability to maintain
position in a current, obtain food, or defend a territory. Also,
active capacity and growtn optima may coineide (Fry, 196L). Hence,
the measurement of sustained swimming speeds may provide one
biologically valid estimate of the ecoho's physioclogical potential
under varying temperature conditions,

The ability of the juvenile ecoho to inhabit warm and
relatively unstable enviromments may be related to the dimensions of
its temperature performance domain and the position of its performance
optimum within this domain, A number of biologically important
responeges to a given factor or combination of factors may define
physiological optima for a species (Alderdice, MS), The present
study investizates one response to test and acclimation temperatures;
it is intended to provide a step toward improved knowledge of
physiological optima for Q. kisutch.

MATERIALS AND METHODS

Experimental Fish

Source and culture,
Exercise prior to testing may significantly affect the
swimming ability of fish (Brett et al., 19583 Brett, 1965).
Assuming that individuals from a wild population wo:ld be better
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exercised than cultured stock, it would have been desirable to obtain
wild specimens and test them as soon as thermal acclimation was
complete, However, the difficulty in obtaining adequate numbers of
wild coho during the winter months made this approach impractical,

An alternate procedure was adopted, Wild coho fry were
collected with hand seines from Kinkade Creek, a tributary of the
Little Qualicum River, Vancouver Island, B.Ce The fish were transferred
to holding facilities at the Fisheries Research Board of Canada
Biological Station, Nanaimo, B.C. and held there during the experimental
period, from September, 1968 to May, 1969, An initial stoeck of 500
eoho was collected on July 22 and 23, 1968, These fish were used for
trial runs during August, 1968 to establish a satisfactory test
procedure., An experimental stock of 2500 fish was then collected
during the period August 28 to September 5, 1968, These fish were
approximately 5% months old and their mean total length was about 6
em, (size range approximately L to 8 em),

After collection, the fish were held in a large eircular
tank (3' x 8') located outdoors and provided with a partial cover,

The fish were subject to natural photoperied, and seasonal and
diurnal temperature fluctuations (Fig. 1)« A continuous inflow of
fresh water to the tank produced a moderate current against which

the fish swame, The level of activity was quite low, probably not in
excess of une body length per secound, Commercially prepared, pelleted
food (Abernathay formula, Salmon-Cultural laboratory, longview,
Washington) was used, This diet was supplemented with frozen brine
shrimp (Artemia) for the first few months,




Figure 1
Variation in photoperied (eivil) and ambient
water temperatures during the experimental period
(September 1968 « May 1969).




LHOITTAVA 40 SYNOH

TEMPERATURE --+

HOURS ——=~~=- 0O

| | | 1

| 1

MAY

APR.

MAR.

FEB,.

JAN.

DEC.

NOV

OCT.

SEPT.

16|
14k
121

o (00] O <
Oo 38NLVHE3d4dNW3L

WY o




7
While the experimental stock could not be classed as "wild",
the work of Vincent (1960) on domestication of brook trout suggests
that the experimental stock would retain much of the stamina of wild
fish, The low mortality and absence of disease observed suggests that
the fish remained in good condition throughout the experimental period.
A sample of 10 fish was used in each swimming speed test, and
it was necessary to re-use some fish during later tests, To allow
adequate time for recovery from testing and acelimation to stock tank
temperatures, used fish were held for a minimum of one month in a
" smaller eireular tank (3' x 3') located beside the stock tank, After
the holding pericd, the used fish were transferred back into the
experimental stock,

Acclimation of test fish.

Groups of approximately 100 fish were removed from the stock
tank for thermal acclimation prior to testing, Any cbviously weak
or injured fish were discarded during selection for acclimation, The
data of Brett (1965) and Bainbridge (1958) indicate that size affects
performance, Therefore, fish to be acclimated were selected according
to size. Fish were anaesthetised (1:10,000 MS 222 for 2 to L minutes)
and selected for a given total length 20,25 em, Two advantages were
gained by this procedure, First, by beginning a replicate with fish
slightly larger than the mean size of the experimental stock, it was
possible to maintain this size for each acclimation group, in spite of
continuing growth of the fish during the time required to complete one
replicate of the experimental design, Second, it was found during
preliminary tests that aggressive behavior was displayed during
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swimming tests, even at swimming speeds near fatigue levels. This may
have caused premature failure of some fish, Uniform size selection
appeared to reduce the level of aggression.

Groups of test fish were acclimated in oval, 100-litre
fibreglass culture tanks (Alderdice et al., 1966) located in the laborae
tory, Fresh water at three temperatures was available for each tankt
ambient temperature (Fig. 1)j heated (26°C)j and refriperated (3°C to 5°C),
By appropriate mixing, it was possible to produce an inflow to the tanks
at a temperature approximately 1°C below the desired acclimation
temperature, Balaneing this inflow against a thermostatically controlled
heater allowed control of temperature within £0,1°C,

Five acclimation tanks were available (Fig. 2). Two of these
were equipped for high temperature acclimation by the addition of
gas-stripping columns to remove excess oxygen and nitrogen from the
inflowing water, Two tanks were modified for low temperature acclima-
tion by the addition of stainless steel cooling coils. Insulation of
one of these tanks allowed acclimation temperatures to be held as low
as 2°C, A low net inflow of water was required in order to maintain
precise temperature control,

Electric pumps were installed on each tank to recirculate
water and provide a current, Water velocities varied considerably.
Maximm velocities were approximately 15 to 20 em/second near the
pump outlets and minimum velocities of less than 3 em/second were
recorded in some portions of the tanks, The average velocity was
about 6 to 8 em/second, or slightly less than one body length/second,

Two large fluorescent lamps mounted above the acclimation
tanks provided lighting, Photoperiod was controlled by a time eclock




Figure 2
Photograph of the acclimation tanks, The pumps at the
front of the tanks recirculate water to provide a current,
The two tanks to the left (1 and 2) are equipped with gas-
stripping coluns, The two to the right (L and 5) are
equipped with stainless steel cooling coils, The thermo-
regulators at the rear of each tank and the relays above
control stainless steel heaters in uch tank, Tempera=
ture is continuously recorded by the scanner and stripe
chart recorder in the top left of the photcs The entry
device (see text and Figs 6) is also shown to the left

of the tanks,
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regularly adjusted to provide normal day-length (Fige. 1.3 230
minutes).

During acclimation, fish were fed daily, using the diet
deseribed for the outdoor stock, The fish were not fed for a
minimm pericd of 12 hours prior to testing,

Rates of acclimation to temperature have not been deseribed
for salmonids, Rates of gain of heat tolerance for Carassius auratus
(Brett, 19L6) and acclimation periods used for Pacific salmon (Brett,
1952) provided rough guidelines for establishing minimum acclimation
periods in the present study, Minimum periods of 2 to 3 weeks appeared
desirable, the time being dependent upon the direction and magnitude

of the temperature change required, The actual acclimation times to
the beginning of testing for ou.h acclimation group are shown in
Table I, Owing to the time required to test each group, some groups
were held at acclimation temperature for extended periocds prior to use,
While Brett (1952) found no differences in tewperatura tolerance

after extended acclimation, the longer periods in this study were
undesirable, especially for high temperature acclimations where the
risk of disease could be greater (Table I),

Active Capacity Apparatus

Types of apparatus,

Various types of apparatus have been used by previous
investigators for the determination of swimming speeds. Fry and
Hart (1948b), Bainbridge (1958), Paulik et al. (1957), Brett et al.
(1958) and others ho_.n used rotating annular troughs, While annular
t.rmghtn‘oan be used to measure cruising speeds, it is difficult to
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Table I, Days of acclimation prior to testing.

Acclimation Initial Minimmm
Tenmperature T ture Acelimation
(o) (°c) (Days)
11,0 15,0 b1
1,0 15,0 20
8.0 15,0 22
17.0 13.3 18
540 840 29
2,0 5.0 23
23,0 13.3 21
20,0 13.3 20
17.0 13.3 56
14,0 Te7 17
11.0 7.7 32
800 505 20
5.0 2.5 16
2,0 2.6 16
23,0 2.6 15
2,0 2,0 10
2000.' 206 h6
17.0 1.9 Lk
560 3.1 15
14,0 g.! 20
840 +0 16
11,0 10 2l
20,0 745 1,
5.0 +0 19
14,0 640 2L
23,0 6.0 20

# This group contracted a fungus disease.
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force a fish to swim maximally in them, Sereens or electrodes may
be added to the annular trough to stimulate the fish to swim, but
these produce increased slippage between the water and the trough,
making actual water velocities difficult to determine, Decause of
the circular design of such "fish wheels™, some veloecity differences
also occur between the inner and outer edges of the trough,

Straight, open troughs have been employed by Reimers (1956)
and Vincent (1960) but it is difficult to obtain precise water
velocities in these troughs. "iall drag" is often considerable,
especially in troughs with rectangular cross-sections.

"Glosed=-circuit™ water tunnels have been used by several
investigators (Brett, 19643 Blazka et al., 19603 Davis et al., 1963}
Smit, 19653 Thomas et al., 196L), These tunnels have the advantage
of more precise velocity control, and a reduction of wall drag is
possible, Also, fish may be stimulated to perform maximally in this
type of apparatus, There are two basic types of recirculating water
tunnels, those designed for measurement of metabolic rate as well as
swimming performance (swimming respirometers) and those designed for
measurement of swimming speeds only (active ecapacity tunnels),

The overall volume of respirometers must be limited to
allow measurement of oxygen consumption, and test chambers are therefore
relatively small, This problem was partially solved in a respirometer
where the test chamber was of a much larger diameter than the remainder
of the tunnel (Brett, 196L), Expansion and contraction cones at each
end of the test chamber apparently reduced the undesirable flow
patterns which would nornll;.r result from an abrupt change in tunnel
diameter, A different approach was used by Blaszka et al. (1960) in
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the design of their respirometer, This apparatus consisted of two
horizontal concentric eylinders. Water was driven through the inner
eylinder by a propellor and returned between the two eylinders, The
design necessitated close proximity of the propellor and test chamber,
a situation which may have had undesirable effects on the test fish,
As respirometers must be sealed to measure oxygen consumption, testing
groups of fish is often difficult, as fatigued fish cannot readily
be removed,

Tunnels designed for measuring swimming speed only are not
subject to size restrictions, Iarger test chambers are possible,
allowing the fish more freedom of movement, As there is no need to
restrict overall water volume, portions of the tunnel leading up to
the test chamber may be large in diameter, reducing undesirable flow
patterns in the chamber, As the active capacity tunnel does not
require sealing from the atmosphere, removal of spent fish is
facilitated, This attribute, combined with the tunnel's large size,
allows testing of groups of fish in order to amass comparative data.

General construction of the apparatus,

The water tunnel used in this study was built specifically
for swimming speed (active capacity) measurements (Figs. 3 and L),
It was designed by the staff of the Fisheries Research Board of
Canada Biological Station, Nanaimo, B,C, and fabricated at the Pacific
Naval laboratory, Esquimalt, B.C,

Water was forced through the tunnel (Figs. 3) by a five~blade
propellor, belt driven by a 3/8 H.P, constantespeed electric motor,
A hydraulic drive unit (not shown) allowed precise control of propellor
RePM, ;




Figure 3

Basic construction of the active capacity tunnel.
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Figure )
A photograph of the active capacity tunnel, The
observation ports (upper left) are partially covered
with plastic sheeting, The electric fans and shroud-
ing around the test chamber prevent condensation,
The temperature controller, tachometer and shocker
voltage controls are mounted in the centre panel,
The electric motor and the hydranlie drive unit below

are visible in the lower right corner of the photo.
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The propellor and the major components of the tunnel, with the
exception of the test chamber, were fabricated from fibreglass,
Tunnel diameter, with the exeeption of the test chamwber, was 8
inches (inside diameter) and the total volume of the apparatus was
about 550 liters.

The water temperature in the tunnel was controlled by
balanecing two 500 watt heaters against a flow of ethylene glycol
pumped through cooling coils. A temperature sensor was located bee
tween the propellor and the test chamber, A pair of solenoid wvalves,
actuated by the sensor, allowed coolant to circulate through the
coils as required, Initial experiments indicated that low test
temperatures were difficult to obtain, Therefore, the entire tunnel,
with the exception of the test chamber, was insulated with 3/4 inch
neoprene rubber sheeting, Double plexiglass windows were constructed
for the observation ports to aid insulation and prevent condensation
at low temperatures, After insulation of the tunnel, test temperatures -
could be held within £0,1°C. or less, although ice formation on the
cooling coils was encountered with 2°C, test temperatures at low
velocities,

The test chamber,

Two stainless steel screens were inserted at the forward
end of the test chamber to reduce the macro-turbulence caused by the
propellor and minimize "wall drag" in tae test chamber, The screens
produced a micro-turbulent flow which rasulted in an extremely flat
velocity profile in the test chamber (Fig. 5).
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Figure 5
The veleocity profile in the test chamber, The points

shown are percentages of the mean water veloeity,




"

et ot et it T

-+

-

_.._.__.._-*.-_____.TI__.___....____. ¢

BOTTOM

. 90% 100% 110%
PERCENTAGE OF MEAN VELOCITY



18

The test chamber was constructed of clear aerylic tubing,
5 3/4 inches I,D. (inside diameter) and 2L inches in length. The
turbulence screens formed the forward boundary of the ehamber and a
removable nylon monofilament sereen formed the rear boundary. Several
stimuli were used to ensure maximal swimming performance from the fish,
Strips of black phatic with transverse white bars were attached to
the top and bottom surfaces of the chamber to provide visual orientation
points for the fish, A light gradient was established by brightly
illuminating the recovery area and the rear of the chamber. The
apparatus was located in a darkened room, and a half-gilvered mirror
in front of the test chamber allowed the operator to observe the fish
without being seen, At the rear of the tunnel, three charged graphite
rings produced an electric barrier, further indueing the fish to
perform maximally., It was initially suspected that the combination of
orientation points, light gradient and shocker would provide sufficient
stimlus to keep the fish in the test chamber., However at low velocities,
aggressive behavior and spontaneous activity often resulted in a fish
entering the electric barrier while swimming downstream, There it would
receive a shock and dart through into the recovery chamber, The rear
screen was added to the test chamber to prevent this.

Calibration,

A calibration curve was constructed relating water velocities
in the test chamber to propellor shaft R.P,M., Shaft revolutions were
measured by a photoelectric tachometer, Two 1n:£rumonts were used to
measure water velocity at the rear of the test chamber, The initial

calibration and the cross-sectional profile were determined with a
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direct-reading Pitot manocmeter, As the velocity profile (Fig. 5)
indicated that the centre line velocity was less than 2% abova the
mean velocity, the calibration curve was constructed using centre
line wvelocity., An "0tt" current meter was used for subsequent
calibrations, as this instrument was more accurate than the Pitot tube,

During the course of the experiments, detritus accumulated
on the turbulence sereens. This impediment to flow resulted in a
reduced velocity for a given propellor speed, The screens were
cleaned daily and the ealibration was checked each week after the
discovery of this fact, The regular ¢leaning was effective, as the
calibration checks showed no sicnificant deviations from the initial

calibration.

Test Procedure

Method of testing.

Several measures of swimming speed may be used to determine
the active capacity of fish, Cruising speeds, as defined by Fry and
Hart (1548b) and Brett et al, (1958) were not suitable for this study;
the method requires adjustments of the water velocity to be made which
are dependent upon the performance of the individual being tested,

Fixed velocity tests will accurately estimate maximum
sustainable speeds, but a series of time consuming tests is needed to
establish a fatigue time~velocity curve for each set of experimenial
conditions,

Critical swimming speeds, as defined by Brett (196l), were
chosen as the most suitable method of approximating maximum sustained
speeds, These tests could be performed in an 8 to 10 hour period,
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were suitable for group testing, and have been shown to appraximate the
results obtained from fixed velocity tests, Critical swimming speeds
are determined by a stepwise procedure:t the water wvelocity is
incrementally adjusted until the fish fatigue, It has been demonstrated
by Brett (196L, 1967) that if velocity increments about 1/8 the max-
imum sustainable speed are applied for periods of one hour, the fatigue
velocity will approximate the true sustainable velocity,

; Unless the fish fatigue exactly at the beginning or end of a
given velocity increment, the actual velocity causing fatigue must be
estimated, The method used (Brett, 196k, 1967) involves adding a
fraction of the last imposed velocity increment to the highest velocity
maintained for the full hour, The fraction is proportional to the time
the fish was able to continue swimming, For example, if a fish was
able to sustain a velocity of 35 cm/sec. but fatigued after 30 minutes
at LO em/sec., the critical swimming speed would be estimated at:

35 em/sec. + 30/60 x S om/sec. = 37.5 em/sec.

To determine the magnitude of velocity increments for a given
‘test, a prior estimate of the velocity attainable at each set of test
conditions is required, Care must be taken that this estimate does not
seriously overestimate the actual performance of the fish, If the
imposed veloeity increments are too large, the fatigue velocity will
overestimate the actual sustainable speed, Brett (196L) suggested that
a minimum period of about 5 hours swimming was required for sockeye to
reach true sustained swimming speeds, In the present study, the
velocity increments used in a given test were determined from pre-test
estimates of performance, For example; if the swimming speed under
certain test conditions was expected to be about L lengths/second,
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velocity increments of L4/8 = 0,5 lengths/second would be used, Fish
averaging 7 em long would be subjected to water velocities increasing
by 7 x 0.5 = 3,5 cm/second each hour and would reach fatigue velocities
after about 8 hours of swimming, '

Test strategy.

Much of the testing in this study was done under acute
temperature experience, that is, test and acclimation temperatures
were not equal, It was desirable to maintain acclimation temperatures
until the fish had actually entered the test chamber and to allow them
some time to recover from the activity and excitement caused by capture
from the acclimation tanks, An eniry device was constructed to meet
these requirements (Fig. 6). Basically it consisted of a large,
stoppered plastic funnel, Water from the acclimation tank was pumped
through the device to maintain acclimation temperatures, Variations
in ambient air temperatures and temperatures in the active capacity
tunnel prevented precise control of entry device temperatures, In
most cases, control was maintained within £0,5%,

Fiah were transferred from the acclimation tanks to the entry
device in semi-darkness to reduce excitement and then allowed one hour
to recover in the darkened entry device. The stopper was then removed
and the fish were allowed to swim down the connecting tube and into the
test chamber, Once the fish became quiet, the entry device was removed
and the nylon screen was placed at the rear of the test chamber,

While water velocities were low, during the first few hours of
a test, the fish often moved restlessly about the test chamber, A low
shocker voltage (about 2 volts) was sufficient during this time to




Figure 6
Details of the entry device.
1, test chamber

2, recovery chamber

3. flexible tube

hs stainless steel screen
Se stopper

6s funnel

7+ supporting bracket
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condition the fish to avoid the rear of the chamber, As water velocities
approached fatigue levels, the shocker device was adjusted upward to
6 volts,

Oxygen concentrations in the test water were determined
(Winkler method, Strickland and Parsons, 1965) at the beginning and end
of each upérinent., Attempts were made to maintain oxygen conecentrations
at saturation levels (35%), An air breaker in the recovery chamber
prevented oxygen levels from falling much below saturation, When tests
were conducted at high temperatures, it was necessary to allow adequate
time for excess oxygen to be removed from the heated water, This
period varied between 12 and 2l hours, depending upon the test tempera-
ture and ambient water temperature,

Fish were recovered individually as they fatigued and were
swept against the rear secreen, A fish was Judged fatigued when gentle
prodding would not remove it from the screen and restore it to swimming.
The screen was then lifted and the fish was recovered, anaesthetised in
MS 222, weighed and measured (total length), After the completion of
a test, the fish were placed in a mesh basket in the acclimation tank
for at least 12 hours, Any post-fatigue mortality was recorded, After
this period, they were transferred to the "used~fish" tank,

Factor Space .
The temperature tolerance range of 0. kisuteh spans about
25°C (0°C to 25°C). Three degree acclimstion and test temperature
increments were considered necessary in order to assess the effects of
temperature on swimming speed. The upper acclimation limit was set
at 23°C and the lower limit was set at 2°C, Test temperatures ranged
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from 2°C to 27.5°C.

Initial tests were conducted at points along the equal
acclimation temperature-test temperature diagonal (Table II), The coho
eruising speeds determined by Brett et al. (1958) were used as pre-test
performance estimates (for establishing velocity increments) in this
initial series of tests. Once the diagonal series was completed,
adequate information was available to make reasonable pre-test
estimates for subsequent experiments,

Two replicates of the factor space were determined, (Tables
IT and IIT)s These could not be considered as true replicates, as
sequential testing of each acclimation group was employed, Therefore,
the replicates were designated as test series 1 and 2, In the
analysis of the data, the experiments performed on the equal AT - IT
(acclimation temperature « test temperature) diagonal were added to
series 1, Some temperature combinations resulting in ntmin stress
were omitted in series 2, as the data from the first series indicated
that the fish were incapable of performing effectively under these
conditions,

; A third series of tests was performed to provide information
regarding the effect of size on swimming speed at different levels of
acelimation and test temperatures, The 3> factorial design (Table IV)
enploynd three levels of acclimation temperature, test temperature,
and size,

Time limitations made it necessary to perform experiments
at night as well as during the day in series 2 and 3, It was suspected
that some differences in swimming ability might result from daily
metabolic gycles, Therefore, a final series of tests was performed to
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estimate possible differences between day time and night time swimming
speeds, These experiments (Table V) also gave an estimate of the
variability to be expected from repeated tests under identical conditions
of acclimation temperature, test temperature and size.

Analysis of Data

Individual tests.

In this study it was decided that biological variability could
be best accommodated by measuring the response of a group, rather than
by measuring the response of one individual, Measurements on a series
of individual test fish ecould not be achieved in the time available.
Preliminary experiments with yearling ecoho (11 em in length) indicated
that up to 10 fish of this size ecould be tested without undue erowding
in the entry device or test chamber, Therefore, groups of 10 fish
were used for all experiments,

When the performance of groups of fish has been measured,
various estimates of the average response have been used, Davis et al,
(1963) used the velocity at which first and second failures occurred in
a sample of 5 fish, They suggested that the remaining fish appeared
to take advantage of eddies in the test chawber, so later failure
velocities were not valid indices of performance. Also, as fatigued
fish could not be readily removed from the downstream screen in the
apparatus these authors employed, water velocities through the chamber
would decrease as the fatigued fish would partially block the screen,

Brett (1965, 1967) tested groups of from 3 to 5 sockeye
underyearlings, Each individual was removed with forceps from the
respirometer when it was fatigued, Brett suggests-that this technique
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Table II, Tests on the acclimation-test temperature diagonal
and test series 1,

Diagonal:
Temperatures (AT=TT) Mean length = 1 standard deviation
(°c) length (em) s.d, (em)
11, 14, 8, 17, 5, 2 8435 0,L2
Test series 1.

Acelimation Test Mean length % 1 standard deviation
temperature (°C)  temperature (°C) length (em) s.d, (em)

23 S 8 1, 17 7.52 0,22
26: 53}1’260 5705'

20 2y 5’ 8’ 11, nl»’ 7490 0,28
17, 20, 23, 26

17 2, 5 8,11, 1, 8,49 0.28
20, 23, 26

)1 2, 5 8, 11, 1, 7478 0,17
17, 20, 23

11 2, 55 8, 11, 1, 767 0,17
17, 20, 23

8 2, 5 8, 11, 1y 7456 0.1k
17, 20, 23

s 2, 5 8, 11, 1), 7.47 0.20
17, 20, 23

2 2, 5, 8, 11, 1, 7453 0.33
17, 20

The tests in this table were carried out during the porigd September
19, 1968 to February 6, 1969, A mean length of 7,77 em = 0,13 was
observed for all fish in this series.
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Table III, Factor levels for test series 2,

Acclimation Test Mean length £ 1 standard deviation
temperature (°C) temperature (°C) length (em) 8.d, (em)

23 5.' 8. n. n&’ 17. 9elils 0417
20, 23, 26

20 * 5y 8y 11, 1k, 17, 9.13 0.17
20, 23, 26

17 2,'5’ 8. 11' lh, 9.66 0031
17, 20, 23, 26

b 1Y 2, 5 8, 11, 1, 9.26 0,22
17, 20, 23

11 2’ 5’ 8. n’ 1’4 9.21 0,28
17, 20, 23

8 2, 5 68, 11, Yy 8.91 0.17
17, 20, 23

5 2’ 5" 8’ n-’ 1!» 9029 0026
17, 20, 23

2 2, 5y 8, 11, 1, 9.39 C.22
17, 20

Experiments in this series were performed during the p,riod Janvary
30, 1969 to April 11, 1969, A mean length of 9,29 em = 0,31 was
observed for all fish in this replicate.

#The 20°C acclimation was repeated at the end of the series and the
results of the first acclimation discarded, The initial group
contracted a fungus disease and their performance was considered
atypical,
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Table IV, Factor levels for test series 3.

Acclimation Test Mean length £ 1 standard deviation
temperature (°C) temperature (°C)  length (em) s.d, (em)

5 1y 23 7406 Oubih
5 S5s 1y 23 8. 0.L7
5 Se 1y 23 10.73 0,28
1 5y 1y 23 7429 0,52
u Sy 1y 23 9403 0.28
1Y Ss Ly 23 10,97 0.3k
23 5s iy 23 7432 0,18
23 5y 1y 23 9.13 0,28
23 S5 1y 23 10,96 0.L0

These tests were performed during the peried April 1, 1969 to April
25, 1969, Mean lengths for each size group were

Small 7.21 % 0,50

Medium 8,96 £ 0,10

large 10,89 £ 0,36
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Table V, Factor levels for repeated tests

Acclimation Test Time Number of
temperature (°C) temperature (°C) tests
1 b1} Day L
1 b} Night L

This group of experiments was done during the period May 7, 1969
to May 13, 1969, °
Mean length for all fish in these experiments was 9.58 em = 0,30,
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occasionally caused excitement among the remaining fish, Fatigue
velocities of all the fish in each sample were averaged in his studies.

The velocity profile for the water tunnel used in this study
indicates that areas of reduced velocity in the test chamber were
extremely small, The rear sereen could be lifted easily and fatigued
fish removed without disturbing those remaining, Therefore, it was
considered that the failure velocities of all ten fish could be used
to estimate a median failure velocity for each experiment,

Brett (1967) has shown that the distribution of fatigue
times in fixed velocity experiments is similar to bicassay dosage~
response data, The time to 507 fatigue could therefore be determined
graphically by probit analysis (Bliss, 19373 Litehfield and Wileoxon,
19h9).

In the present study, the logarithms of the fatigue velocities
for a given group of fish appeared to have a normal distribution, Probit
analysis was used to estimate graphically the median failure velocity
for each sample, The systematic error inherent in graphical analysis
of small samples was corrected by computing the cumulative percentage
fatigue as the total number responding at all lower velocities plus
one~half of those responding at the velocity in question (Bliss, 1937;
ps 826)s

Two methods appeared possible for plot_ting the velocity«
probit data, The first method involved plotting the logarithm of
fatigue velocity (em/second) against the cumulative ¥ fatigued (probit
units) to provide an estimate of median failure velocity in eentimeters/
second,
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If it could be assumed, however, that size variations within
a given sample were large enough to affect the order of fatigue, plott-
ing logaritims of individual velocities in lengths/second (determined
according to each individual's length) against probits of fatigue
would provide a better fit to the rectilinear form,

In order to select the better method, "g" statistics (Bliss,
1937) were computed for a sample of 7 tests picked at random from all
the data, The g, statistic (measuring skewness) is a measure of the
symmetry of the distribution and the g, statistic (measuring kurtosis)
determines whether it is actually a normal distribution. In addition
to the g statisties, correlation coefficients (Ii, 196k) were computed
for each method to provide a measure of the secatter about the probit
lines, The results of these tests (Table VI) indicate that either
method would be satisfactory, However, the former method (one)
generally preduces better results as g and g, are generally smaller
indicating reduced skewness and kurtosis and » is generally larger,
indicating reduced scatter about the probit lines. Consequently, the
former method (plotting log. wvelocity in em/see. against probits of
fatigue) was used to estimate the median performances These results
were divided by the appropriate mean sample lengths to convert the
data to body lengths/second.

The probit transformation served to linearize mest of the
data, but was not entirely satisfactory in all cases, Approximately
127 of the test results showed evidence of truneated probability
distributions, The departures from linearity in these cases (Fig. 7)
appeared to be great enough to warrant the fitting of "split probit"
lines, Median performance was then estimated from this split plot,




Table VI, Suitability of two methods of estimating median performance,
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poe

Temperature Method 1 Method 2
(°c) (log. em/sec. vs. its of fatigue) (log. longt.h:/uc. vs, probits of fatigue)

AN SR /o § .7

4 2 0,263 0,303 0,978 0,586 0,657
1? 1’4 00&7 0-555 0-9711 W 0.550 0‘!798{*
2 20 39705 6,070 s 0,778 5¢830 3¢ 0,75k
23 8 1,077 1,006 0,907 ¢ 1.260 048883
5 17 0‘528 0.577 00961 3% 1077 0'957*%
S 1 0.371 0.591 04968 s 0.841 0e932:1¢
1 1 0,83k 0,050 0,981 % 1.510 069203

Significance levels:

the columns g/Sg are t-test fer g = O, A significant t-hat indicamms or kurtosis.

Degrees of freedom are infinite,

regression coefficient (r) has 8 degrees of freedoms

* P = 0,05
# P = 0,01
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Figure 7
Examples of truncated probability distributions in
swimming speeds, A normal distribution, observed
in most tests, is shown for comparison,
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While this method has obvious shortcomings, it appeared superior to the

fitting of single straight lines to data which was obviously nonelinear,

Calibration correction of test series 1.

A calibration check on the active capacity apparatus following
completion of the first test series indicated that water velocities
produced at a given propellor R,P,M, were 327 lower than when the
apparatus was first calibrated, This error was caused by an accumulation
of detritus on the turbulence screens and its re-occurrence was
prevented by regular cleaning of these screens., However, it was
nesessary to apply an objective correction to the data obtained before
discovery of the ecalibration error.

The calibration error was known to be O% at the time of the
first experiments and 327 at the time test series 1 was completed, No
direct information was available regarding the time at which a
significant error first occurred, or the rate at which it increased,

An indirect method of correction was employed, Two
estimates of swimming speed were available (Table II) for those points
in the factor space where acclimation and test temperatures were equal,
The results of the equal AT-TT diagonal series could be considered free
of calibration errors as these tests were completed shortly after the
initial calibration. The results of corresponding points from each
acclimation group in test series 1 would be subject to varying degrees
of error, according to the calibration error at the time of testing,
Comparison of these two sets of results provided a measure of the
calibration error at the time each acclimation group was tested, The
comparison was made not between pairs of observed results, but between
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points on a curve fitted to the resulis for the initial tests performed
on the temperature diagonal and corresponding points on curves fitted
to the results from each acclimation group. The errors for each
acclimation group were plotted with respect to the chronological order
of testing and a curve was fitted by eye to this data (Fig. 8), This
curve was used to determine a percentage correction for each acclimation
group in test series 1 and the corrected data was used for all
subsequent caleulations, The calibration error at the end of the
series was 317 as determined by this methed, and agrees well with the
actual error observed at this time,

Analysis of test series 1, 2 and 3.

The estimates of median swimming velocity were used to
develop response surfaces for the effect of acclimation and test
temperatures on swimming speed, The method of analysis was initially
deseribed by Bax (1956) and involves fitting a quadratic polynomial
to the data, Using a computer program (Lindsey, 1968), both linear
and non~linear respcnse surfaces were calculated,

The twoefactor surfaces (test series 1 and 2) were fitted
with a linear model:

Yo by ¢ By E thy X 4 by Hy” 4 by k) +byp 1y 3,
where x, ® acclimation temperature, °c.
x, ® test temperature, °C.
¥ = eritical swimming speed, lengths/second,

The nonelinear model involved transformations of the indepene
dent variables (’1 lml‘xz) and the dependent variable (Y) as deseribed
by Lindsey et al. (MS), The transformed polynomial wass
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Figure 8
The curve used to correct calibration errors in
Murhl;l.
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The power parameters ( o{ys of, and ¥') were determined. - Maximm
likelihood ratios were calculated to provide a measure of the precision
of the estimates., The precision of the centre points for both the linear
and non~linear models was similarly calculated,

The data of test series 3 was fitted with a three-factor
response -urfico, again using the program of Lindsey (1968), The
linear model wast

an 0h1310bzzz+ Obnxla0ba22’+b’3!32*bu!182

*hiy X Xyt DX Xy
where x, = acclimation temperature, %,

X, = 'alt tmpm‘hxro. Ce
Sy A
Y = eritical swimming speed, lengths/second.

As in the two factor case, a transformed polynomial was cale
culated to provide a non-linear model for the effects of acclimation
temperature, test temperature and size on swimming speed, The non-
linear model was:

The fitted nmrandnon-nmrnpenummummd
to determine the dimensions of the coho's active capacity domain and the
position of its performance optimum within this domain, in relation to
the variables, acclimation temperature, test temperature and size,
Contour plots were employed, showing isopleths of swimming speed in
relation to quantitative changes in these 3 variables,
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RESULTS

Test Series 1 (September 19, 1968 to February 6, 1969

Fitting a response surface by eye.

Lines of best fit were drawm by eye through the data from
each acclimation group in test seriesl(Figs. 9 and 10), These curves
represent transects taken at 3°C. intervals of acclimation temperature
across the response surface relating acclimation temperature and test
temperature to swimming speed (Figs 11), The transects in Figs, 9 and
mmqhmbythclom lines in Fig. 11, As illustrated by the
broken 1lines in Fige 11, a second series of transects was constructed
from the data, relating acclimation temperature to performance at
different levels of test Wutm. Diagonal transects of the
response surface were also plotted,

While the three~dimensional plot indicates the general nature
of the response surface, its actual shape in relation to the acclimation
and test temperature axes is difficult to visualize, A gontour plot
(Figs 12) of the response surface was constructed to aid interpretation,

From each transect, those combinations of acclimation and test
temperatures were estimated which produced a given level of response,
For example, at an acclimation temperature of 20° C, (Fig, 9) a swimming
speed of 5,0 lengths/second would be expected at test temperatures of
1U° C, and about 24,5°C, A pumber of loei in the factor space pro-
duging this level of response were determined by examination of all

the transects of the surface, These loci indicated the position of a
540 lengths/second response isopleth on the surface. Isopleths for
response levels of 6.0. 5;5’ 500’ ’JQS’ !-I-QO’ 3.5’ ’00’ 2.5 and 2,0
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Figure 9
Test series 1, The effects of test tcnporaturo on
swimming speeds of juvenile ecoho at various acclimation
temperatures, Lines of best fit are drawn by eye.
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Figure 10 |
Test series 1, The effects of test temperature on
swimming speeds of juvenile cocho at various acclimation
temperatures, Lines of best fit are drawn by eye.
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Figure 11
Test series 1. The response surface relating aeclimation
temperature and test temperature to swimming speeds The
curves in Figs., 9 and 10 are shown as solid lines, The
dcttqd lines represent transects constructed from the
data, relating the effect of acclimation temperature on
swimming speed at each test temperature.
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Figure 12
A contour plot of the response surface in Fig., 1l. Response
contours are isopleths of swimming speed (lengths/second).
The response surface is shown in relation to the coho temp-
erature tolerance polygon (Brett, 1952), Swimming performe
ance observed in the zones of resistance (outside the
tolerance polygon) are denoted by dotted lines. The
direction of the transects used to estimate the response
isopleths is indicated (see text for further explanation).
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lengths/second were determined from the transects,

The response isopleths were plotted on the acclimation
temperature-test temperature plane to produce a two-dimensional
contour plot of the response surface (Fig, 12), This procedure is
analagous to plotting elevations on a topographic map, The response
surface contours are shown in relation to the coho temperature
tolerance polygon defined by Brett (1952), Response isopleths
outside the tolerance poiygon are represented by dotted lines, as
any ability to perform in the zZone of resistance would be time-
dependent and cannot be considered as a true sustained swimming
speed,

The centre of the response surface (maximum swimming
speed) occurred at an acclimation temperature of 20° C and a test
temperature of 20° C, Elongation of the surface on the acclimation
temperature axis indicates that test temperature had the greatest
effect on performance, That is, there was a greater change in
performance per degree of temperature change for test temperature,
as compared with that for acclimation temperature., This elongation
is described as a rising ridge. The ridge may be followed by estimating
the test temperature producing maximal performance for a given
acclimation temperature, This appears to be about 16° C for 2° C
acclimated fish, and rises until test and acclimation temperatures
coincide at about 20° C.

The response surface indicates that coho were able to
perform quite well throughout most of the tolerance zone, When
compared with the maximum rate, swimming speeds at the low temperature
tolerance boundary were reduced by about 50 percent. The
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performance of warmeacclimated fish (20° C = 23° C) was very limited
at test temperatures below the low temperature tolerance bmrdarj.
The reduction in swimming speed at the high temperature tolerance
boundary was about 70 percent for 2° C acclimated fish, but only 30
percent for those acclimated to 23° C, Warmeacclimated coho (20° C
to 23° C) were able to maintain high swimming speeds for the test
period at temperatures a degree or more above the upper tolerance
boundary,

Calculated response surfaces,

Linear and nonelinear response surface models were fitted
to the data from test series 1 (Appendix I) to further evaluate the
effects of acclimation temperature (xl) and test temperature (x5) on
swimming speed (Y)s For the linear model, a second degree polynomial
was fitted, Hence: ’

Y = 1,825 + 0,0L0xy + Osli3lixy = 0,006x,® = 0,017x,% + 0,008xy3, .
Analysis of variance (Table VII) indicated that only the term for the
linear effect of acclimation temperature could be removed without
greatly affecting the adequacy of the model.

The response surface could be plotted by direct substitution
into the polynomial, but it was more convenient to transform the
polynomial to its canonical form (Bex, 1956). The transformation
involves a translocation from the centre of the design to the
calculated centre of the response surface, and a rotation of the axes
of measurement from those of the design to those of the response
surface, Hence, the polynomial was reduced to the form:

ToT, 0 Mt Am¥e
where Y. = swimming speed calculated at the centre of the response

surface,
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7\ ®» eipgenvalues, denoting the rate at which the response
changes in the direction of the X-axes (axes of the response
surface).
The polynomial fitted to the series 1 data was reduced to!
Y-S5 = <0,010%2 - 0,000 X,2
The signs of the eigenvalues indicated that the response reached a true
maximm within the factor space investigated (Box, 1956). The centre
of the response surface was calculated att
acclimation temperature (x,) = 13.62° ¢,
test temperature (x,) = 15.5L° C.
The calculated swimming speed at the centre (Y,) was 5.L7 lengths/
second,

The centre of the calculated linear response surface is
quite different from the centre showh on the surface drawn by eye.
Maximum relative likelihood plots (Fig. 13) indicate that the centre
point of the linear model was much more clearly defined with respect
to test temperature (xp) than to acclimation temperature (x,).
Significance levels are not tabulated for likelihood ratios, but
values having a relative likelihood of less than 0,1 may be considered
unlikely estimates of the parameters. Thus, while it is plausible that
centre of the linear model may occur at an acclimation temperature as
high as 20° C, it is unlikely that the centre occurs at a test
temperature above 16,5° C,

The linear response surface was plotted (Fig. 1L) by
substitution into the canonical equation, Elongation of this surface
on the Xl -axis indicates that test temperature had a much greater

effect on performance than acclimation temperature,
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Table VII, Analysis of variance of the untransformed

data from test series 1.

Source of Variation - 88 d.f. MSS F
Treatments 100,77 70 143 2,92 #»
Linear 1’3.56 2 7028 1!1082 3¢
!1 linear 0.2) 1 0,23 Oolﬂ

linear 14,32 1 14.32 29,1) =
;&dntic 19437 2 +68 50423

Quld. h.!ﬂ 1 h.28 8.71 3¢
3 Quads 15407 1 15,07 91,70
xl - 9.50 1 9050 190’3 i
lack of fit 31,9k 65 0449
Total 100,77 70

# P = 0,05

¥ P = O‘
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Figure 13
Test series 1. Maximum likelihood ratios of various estimates
of the centre coordinates for the linear response surface
model, The symbel X1g denotes the acclimation temperature
coordinate, Xog the test temperature coordinate,
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Figure 1k,
The linear response surface fitted to the data from
test series 1, shown in relation to the coho tolerance
polygon (Brett, 1952). The calculated axes of the
response surface are denoted by Xl and xz. The
contours are swimming speed isopleths in lengths/

second,
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Interaction between acclimation temperature and test tempera-
ture is shown by the rotation of the Xy~ and 12- axes in relation to
the axes of measurement,

Comparison of Figs. 12 and 1l indicates that the shape of
the linear model is quite different from that of the response surface
plotted by eyes The differences are most noticeable at combinations
of low test and acclimation temperatures, and at test temperatures
above the lethal limits,

On the basis of the differences in shape and position of the
centre point of the two surfaces, the linear model does not appear
adequate to deseribe the observed data, The significance of the
deviations from regression could not be determined in the analysis of
variance, as the model was calculated from a single replicate, A
comparison of the linear model with a nonelinear model fitted to the
same data was therefore used to determine the adequacy of the linear
model to deseribe the data,

The power parameters of the nonelinear model were estimated

0(1 - 1.16

oCy = 2.35

U =237
The maximum likelihood ratio plots (Figs. 15, 16, 17) show that all
three parameters were defined reasonably well, The effect of test
temperature again was more clearly defined, as the range of plausible
values for x2 was very small,



Figure 15
Test series 1, the non-linear model: maximum
likelihood ratios of various estimates of the

power parameter °(0
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Figure 16
Test series 1, the nonelinear model! maximm
likelihood ratios of various estimates of the

power parameter oczc
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Figure 17
Test series 1, the non-linear model: maximum
1ikelihood ratios of various estimates of the

power parameter Y.
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The polynomial,

1237 & 15,527 + 0.67131146 + 0,0632,2% . 0,029%,2*32 < 1,,0 x 0™

+ 1.2 x 10’3111'16:22‘”

was calculated from the data, The analysis of variance (Table VIII) is
unusualy, as true "F" ratios cannot be caleculated from the transformed
data (Lindsey et al., MS), Exact inferences can be drawn, however, by
maximm likelihood procedure. Therefore, maximum likelihood ratios
(range O to 1.0) were caleulated (MIR column, Table VIII), These ratios
indicate the likelihood of the value of the component or parameter
tested being replaced by sero, Hencey, the likelihood that treatment
effects (temperature experience and its effects on performance) do not
account for a significant proportion of the total variance is very
small (Table VITI)., Only the linear term for test temperature (22)
could be removed without greatly affeecting the adequacy of the none
linear model., Comparison of the likelihood ratios with the approximate
"F" patios in Table VIII is useful to familiarize oneself with the
analysis ~f variance for the transformed data.

The canconical form of the fitted equation was calculated:

Y - 65.532 = -0.029112 - o.oooo:xza.

The canonical equation again provides a useful means of -
plotting the non-linear response surface (Fig, 18), Comparison of the
non-linear plot with the response surface drawn by eye suggests that
the nonelinear model closely describes the observed data,

The relative likelihood of the computed linear model versus
the non-linear model was caleulated as 1,70 x 10'18. Clearly, the
non-linear model provides a better fit to the observed data,

"5 ho?O
2



Table VIII,

Analysis of variance of the transformed
data from test series 1.

Source of Variation SS d.f, MSS Approx, F MIR
Treatments 7.8 70 L2  n71 9.a3x w0
Linear 3.19 2 1,59 9.81 5,74 x 10 3
21 linear 107’ 1 107’ 10.65 3059 x 10%
kz linear 0.57 1 0057 3051 00”& 32
Quadratic 66429 2 33.1L 203,67 6,19 x 10%
Quad, 3.22 1 3022 190“ 50"‘7 x 10";1
B £ 1 68 B
Xq ® ™ . o X
T}ansgm 21,85 3 7.28 W86 1,70 x 20-18
Lack of fit 10,08 62 0.16
Total 87,83 70




Figure 18
The nonelinear response surface fitted to the
data from test series 1. The contours are
isopleths of swimming speed in lengths/second
and are dotted outside the tolerance polygon.

xiadxzummmoofuaummu.
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Figure 19
Test series 1, the non-linear model: maximum
likelihood ratios of various estimates of the
centre coordinates. Upper panel, the acclima-
tion temperature coordinate (xh). Lower panel,
the test temperature coordinate (x,,)s
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The centre of the non-linear model was calculated at:

Acclimation temperature (x,) = 22,03° C.

test temperature (x,) = 2.45° C.
The response at the centre was calculated as 5.8L lengths/second.
Maximum relative likelihood graphs (Fig, 19) indicate that the
acclimation temperature coordinate of the centre was not clearly
defined, but the test temperature coordinate was estimated with
high precision. The graphs suggest that an acclimation temperature
of 20° C and a test temperature of 20° C are plausible estimates
of the centre point coordinates,

Coho are able to perform well over most of their tolerance
zone (Figs 18), However, the range of test temperatures over which
the coho can maintain a moderate level of performance varies with
the acclimation temperature, Fish acclimated to 23° C were able to
maintain @ swimming speed of at least 3.5 lengths/second over a test
temperature range of 15 degrees (10° C - 25° ¢), Fish acclimated
to 8° C were able to maintain at least this level of performance over
a 21 degree (2° C - 23° C) range, while those acclimated to 2° C were
able to maintain 3.5 lengths/second over only a 17 degree (5° C - 22° ¢)
test temperature range.

The ability of coho to perform, for the test periods employed,
outside the tolerance zone, is shown by the dotted lines in Figure 18,
The surface suggests that the ability to perform in the lower zone of
resistance increases with decreasing acclimation temperatures, although
care should be taken not to extrapolate belaw 2° C, the lower test
temperature limit, Conversely, the ability to swim at temperatures
in the upper zone of resistance appears greatest for warm acclimated fish,
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The axes of the non-linear response surface are denoted by
11 and Xz. While these axes would be linear and orthogonal when cone
sidered in terms of the transformed data (x"[ coordinates), they are
neither linear naorthogonal when recalculated in the original units
of measurement (x coordinates) as shown in Fig, 18, The biological
significance of the X-axes is not entirely obvious, However, the x,‘,-
axis (Fig. 18) appears to define the axis of maximm performance with
respect to acclimation temperature for given test temperatures,

A knowledge of the test temperatures at which coho perform
best for a given acclimation temperature is important in evaluating the
shape of the response surface, An axis denoting the test temperature
of maximal response for each acclimation temperature was determined
by constructing vertical tangents to the response isopleths (Fig, 20).
This axis (a) defined the position of a ridge of maximal performance
in relation to test temperature for given acclimation temperatures.
Conditions of equal acclimation and test temperature are shown by the
diagonal construction line in the figure., Comparison of the diagonal
with the axis of the ridge indicates that maximal performance of ecoho
acclimated to 2° C occurred at a test temperature 16,6° C, The
discrepancy between the acclimation temperature and the temperature
which provides maximal performance decreases until the two temperatures
coincide near the centre of the surface, at about 20° C,

The second axis (b) of Fig. 20 defines the acclimation
temperature producing maximal performance at a given test temperature
and is apparently identical to the Xy-axis of Fig. 18, The curvature
of this axis suggests that the fish performing best at a given test
thpenturo may not be those acclimated to that temperature,
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Figure 20
Axes of maximal performance for test series l. Axis a defines
the test temperature producing maximal performance at each
acclimation temperature, Axis b defines the acclimation
temperature producing maximal performance at each test temp-
erature, The diagonal construction line indicates conditions
of equal acclimation and test temperatures,
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Test Series 2 (January 30, 1969 to April 11, 1969)
Data for the second test series (Appendix II) was used to

caleculate, on the basis of the linear model, the second degree polynomial
Y # 1,53L + 0,058xy + 0,L29x, = 0,006x,” = 0,016x,” + 0,007xyx,

Analysis of variance (Table IX) indicated that only the term for the
linear effect of acclimation temperature (xl) eonld be removed from the
polynomial without affecting the adequacy of the model,

Examination of the eanonical equation

Y -5518 = -007W0K,° o 0,0049K,
indicated that the surface contained a true maximum, The centre of the
response surface was calculated ats:

acclimation temperature (x,) = 14.77%C.

test temperature (x,) = 16,57°C.
Again, the x, coordinate of the centre point was estimated precisely,
but th§ x, coordinate was not clearly defined (Fig. 21), The calculated
swimming speed at the centre was 5,52 lengths/second,

The plot of the linear surface (Fig, 22) is very similar to
the linear surface fitted to the series 1 data, However, the centre
of the series 2 surface occurred at slightly higher acclimation and
test toﬁ:peraturn, suggesting a translogcation of the response surface

in the factor space. A change in the degree of rotation of the surface
with regard to the axes of measurement is not apparent., However, the
comparison indicates that differences in gapaeity do exist, as fish in
the second series were able to perform at highu-& velocities than those
in the first series,

The power parameters of the nonelinear model fitted to test



Table IX.
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Analysis of variance of the untransformed

data from test series 2,

Source of Variation SS d.f. MSS F
Treatments 84470 63 1.2& 2,98
Linear 2&021 2 12,19 26085 #e
2 Mar 2:08 1 2308 5109
x . . o0 e
Qfadratde 32,79 2 18,39 36,37
!1 Quad, 3072 1 3.72 8025 i
32 Quad, ’10% 1 310“ 680” W%
81 * 8; 6,02 1 02 13,35
lack of fit 26,1 58 OekiS

Total 8L.70 63

# P = 0,05
P = 0.01
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Figure 21 ,
Test series 2j the lineer model, Maximm likelihood ratios
for various estimates of the centre coordinates., The
acclimation temperature coordinate (xy.) is shown in the
upper panelj the test temperature coordinate (x,,) in the
lower,
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Figure 22
The linear response surface fitted to the data from test
series 2, The isopleths are swimming speeds in lengths/
second and are dotted outside the tolerance polygon.
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series 2 were:

oy = 0.6k

Lp = 2,177

Y = 2,476
The parameter o( o Was somewhat more precisely estimated than the others
(Figs. 23, 2h and 25), ' '

The non~linear polynomial was calculated as

ra&hs - 2.“5 + n'&IOO“ + o‘lmzaom

o ’01&10.56 xz2.).8 :
Analysis of variance (Table X) indicated that none of the terms could
be removed without appreciably affecting the adequacy of the model,

The relative likelihood of the linear model versus the none
linear model (2,99 x 20°2°) guggested that the non-linear model pro-
vided a superior fit for the observed data,

The canonical equation
2

Y - T5.370 ® «2,213X,° « 0,00013X,°

was used for plotting the response surface (Fig, 27)s The centre was
caleulated ats

acclimation temperature (x,) = 20,15° ¢

test temperature (x,) = 19.71° C.
The calculated swimming speed at the centre was 5.73 lengths/second,
the maximm 1ikelihood plots of the centre point (Figs 26) indicate
that the xpecoordinate of the centre was estimated with extremely high
precision, but the X,ecoordinate was poorly defined, The likelihoed
of both centre coordinates being 20°C was high,

.36

.12 -0.“)01&2

- 2:113,1
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Figure 23
Test series 2, Maxiwum likelihood ratios for

various estimates of the power parameter o(ye
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Figure 24
Test series 2, Maximum likelihood ratios for
various estimates of the power parameter olge
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Figure 25
Test series 2, Maximum likelihood ratios for
various estimates of the power perameter ¥ .
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Figure 26
Test serdes 2, Maximum likelihood ratios for the centre
coordinates of the non~linear model, The acclimation
temperature coordinate (x,,) is shown in the upper panelj
the test temperature coordinate (x,.) is below,
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Figure 27
The nonelinear response surface fitted to the data from
test series 2, Isopleths of swimming speed (lengths/
second) are dotted outside the tolerance polygon. The
axes of the response surface are denoted by 11 and x.‘,.
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Table X.

data from test series 2,

Analysis of wvariance of the transformed

Source of

defs

Variation S8 MSS Approx. F MIR
Treatments 76,65 63 1,21 5,07 2,10x m‘g"
Iinear 1,71 2 5.85 2L.LS 1.k x 107
linear 1.76 1 1.76 7.37 1,78 x 102
% linear 7447 1 7eh7 31,19 5.7l x 1077
tie 67 2 23.33 9742 9425 x 10:§2
x, Quad, 2,28 1 2,28 9e8h 5498 x 1073,
Quad, 15,58 1 15,58 190,30  1.66 x 10°?
g.:.k‘ 7+3L 1 Te3L 30,67 6,91 x 10“7
12,97 3 032 18,08 2,99 x 10710
lack of fit 13,17 58 0,23
Total 76465 €3
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The non-linear response surface fitted to the data of test
series 2 (Fig, 27) was basically similar to the non-linear surface
for the first series, The coho demonstrated a high capability to pere
form over most of the tolerance mone, However, the range of test
temperatures over which at least a moderate swimming speed could be
maintained varied with the acclimation temperature, A level of 3.5
lengths/second was maintained over a 16 degree range (9° C - 25° ¢)
by 23° C acclimated fish, Coho acclimated to 8° C maintained at
least this level of performance over a 19 degree temperature range
(4° ¢ - 23° ¢), while 2° C acclimated coho could maintain 3,5
lengths/second over only a 16 degres rane (6° C « 22° C),

Performance of coho in the second series at temperatures
near the boundaries of the tolerance domain differed slightly from
the performance of those in series 1. When acclimated to temperatures
between 5° C and 17° C, fish of the second series were able to maintain
higher swimming speeds in the upper portion of the resistance zone than
those in series 1, However, when these two groups were acclimated to
temperatures above 17° C., their performance in the upper resistance
gone was almost identical, At aselimation temperatures other than
above 20° C., the swimming speeds of the series 2 fish at test
temperatures near the lower lethel limits were slightly slower than
the speeds attained by the series 1 fish, The performance of 2° C,
acclimated fish was lower at all test temperatures in test series 2,

The axes of maximum response for a given acclimation or
test temperature (Fig. 28) were similar to those determined for
series 1, For given acclimation temperatures, the test temperatures
predueing maximum response defined a rising ridge (axis a) which
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Figure 28
Axes of maximum response for test series 2. The test
temperatures producing maximum response at each acclima-
tion temperature is defined by axis (a); the acclimation
temperature produeing maximum response at each test
temperature is defined by axis (b)., The diagonal con-
struction line indicates conditions of equal acelimation
and test temperatures.
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began at 16.5° ¢, for 2° C. acclimated fish and crossed the equal
acclimation temperature-test temperature diagonal at 19,6° C, The
curvilinearity of the ridge suggests that the interaction of test
and acclimation temperatures was not constant at all levels of
acclimation, The second axis (b) of the figure defined the acclimation
temperatures producing maximal performance at given test temperatures.
Agair'x, this axis mgéntod that the fish performing best at a given
temperature may not be those acclimated to that temperature, Come
parison with the first test ;criu suggests a translation of the
second series axis such that the acclimation temperatures producing
maximal performance at each test temperature were slightly lower in
series 2,

The nonelinear response surfaces fitted to test series 1
and 2 were generally similar, but not identical. Translation of the
surface (movement with respect to the axes of measurement) and a change
in capacity (swimming speed at the surface centre) were apparent from
comparison of the linear surfaces. The differences in the non-linear
surfaces appeared more ¢omplex, The changes in these surfaces could
not be explained by rotation or translation of the whole surface, and
capacity differences at the centres were quite small, A change in
the shape and spacing of the isopleths appeared to be involved rather
than in integral movement of the whole surface, This may be deseribed
as an inner rotation of the response surface (Alderdice, MS).

Differences occurring between the two non-linear response
surfaces of series 1 and 2 were examined from relative likelihood plots.

The plots of the centre coordinates (Fig. 29) indicated that an
acclimation temperature of 20° C, and a test temperature of 20° C, were
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Figure 29
Comparison of the centre coordinates of the non-linear
response surfaces for test series 1 and 2, The acclimaw
tion temperature coordinates (xh) are shown in the
upper panel; the test temperature coordinates (xz.) in
the lower.
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plausible estimates for the centres of both surfaces, Common
estimates could also be determined for the power parameters ( «, 1 0(2,
and 7Y 3 Figs. 30, 31 and 32) which would have a high relative like-
lihood for each test series, The maximum likelihood estimates of the
power parameters calculated for test series 1 were plausible, but
near borderline utimtoq for the corresponding parameters in test
gseries 2 R( oC1 = 1,16, 0(2 ® 2,35, ¥ = 2,37) » 0,12 , Conversely,
the maximum likelihood estimates of the power parameters for series 2
were unlikely estimates of the series 1 power parameters R( o(y = 0,56k,

ol p = 2,18, 7Y ® 2,48) = 0,04 . While there were basic similarities
in the non-linear response surfaces, the differences were great
enough that 1little would be gained by combining the data of the two
test series. It is interesting to note, however, that a best combined
estimate of the centre of the capacity surface may be gained by noting
the temperatures (Fig. 29) at which the maximm likelihood ratios are
highest (intersection) for both test series. On this basis the centre
of the non-linear surface is estimated at an acclimation temperature
of about 21,5° C and a test temperature of slightly greater than 20,0° c,

Test Serdes 3  (April 1h, 1969 to April 25, 1969).

Test series 3 was designed to determine the effects of
acclimation temperature (xl), test temperature (’2) and size (13) on
swimming speeds (Appendix III), For the linear model, the second
degree polynomial was?

Y = 2,160 + 0,091xy + 0,195x, + 1.3633 - 0.110:12 - 0.0lluzz

- 0.08”32 g 0001531‘2 + 0.0078113 + oowlﬂzl’o
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Figure 30
Comparison of the power narameter o[lfw
test series 1 and 2,
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Figure 31
Comparison of the power parameter O(Qfar
test series 1 and 2,
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Figure 32
Comparison of the power parameter
test series 1 and 2,

Y tor
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Analysis of variance (Table XI) indicated that the terms associated
with the linear and quadratic effects of size (x3), the interactions
of size with acclimation temperature (x, # 33) and test temperature
(xp * x3), and the linear effect of test temperature (x:_,) could all
be removed without greatly affeecting the adequacy of the model.

The linear model in this series of experiments does not
allow one to measure the relationship between size, temperature and
swimming speed. Hence, further analysis of the data with respect to
the linear model was set aside in favour of analysis employing the
non~linear model,

The power parameters of the non-linear model fitted to
the third series weret

oL q ® =1e89

L * 169

oy = 0,10

Y = 1.000
None of these parameters were precisely estimated (Figs. 33, 3L, 35
and 36), The likelihood plot of £ 3 indicated that the effeet of size
was poorly defined.

The non-linear polynomial

T2 « 293.8 + 3208, % ¢ sk x 207,197 4 Bs2x O
<3725402,"2+78 « 2,68 x 10°12,7+3 - 163.1%,0+% < 1,126 x 1075

11.89 he69 - 83, 9011-1.89 0,14
was calculated, Anmalysis of variance (mno XII) indicated that the
linear effect of test temperature (xz) and the interactions of size
with acclimation temperature (xl #* x,) and test temperature (xz * x3)



Table XI, Analysis of variance of the untransformed data

for test series 3.

Source of Variation S5 d.f. MSS F
Treatments 13,07 % 1.68 3021
Linear hosa 3 10“ 2.83
11 linear zoh? 4 2.’47 h.BO *
linear 00” 1 0.55 10“
tic 13.75 3 L.58 8,88
!1 Quad, 16 1 16 10,01 s
X9 Quad, 8401 1 8,01 15,53 =
X+ Quad, 0056 1 0056 1009
teraction 16,93 3 Se6l 1,00
xq * X, 16,40 1 L0 31,79
xj * 0,17 1 0,17 0,3k
x5 * 3 0,04 1 0,0 0,08
Iack of fit 8,77 17 0,51
Total 13,07 26
#P = 0,05
= P = 0,01



Flgure 33
Maximum likelihood ratios for various estimates
of the power parameter o, for test series 3.
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Figure 3
Maximum likelihood ratios for various estimates

of the power parameter o(ztwmtmiuj.



|

1.O
09

P
O

Q

O
OlLvd AGOOHIN3IANUIN

n

o

4

o

M

O
WAWIXYWN

2 g

O

0.0

20

VALUE OF PARAMETER ol

(MaX. aT !

4.690)

2



83

Figure 35
Maximum likelihood ratios for various estimates
of the power parameter o(,munmda- 3.
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Figure 36
Maximm likelihood ratios for varicus estimates

of the power parameter 7Y for test series 3.
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Table XII., Analysis of variance of the transformed
data from test series 3.
Source of
Variation sS d.f. Mss Approx, F MIR
Treatments 13,07 & 1,68 17,71 8,29 x m"'ﬁ
Linear 5+83 3 1,94 20,81 L.89 x 10™
x) lnear 5.63 1 .63 602k  7.30 x 10°11
linear 0,00 1 0400 0,0k 0.96
linear  O,hk 1 Okl h.79 1AL x m'g
tic 11,79 3 30” h2.05 1026 X 10’
31 Quad, 1089 1 1.89 20, 30”4 X 10‘23
22 Quad, 90’:19 1 90’49 101, 1075 X 10:2
Quad, 0.32 1 0.39 k.26 2,17 x 10 18
teraction 2L.4L47 3 8,15 1,00 1.30 x 10'18
Xl * xz 23076 1 23076 254,19 1.88 x 10
Xy * 0,07 1 0,07 0,83 0,43
;;.* gr. 0,12 1 0,12 1036 Q. 12
ns 7.55 h 1.88 20.” 2.58 X 10‘
lack of fit 1,21 13 0,09
Total h’om 26
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could be removed without greatly affecting the adequacy of the model. The

relative likelihood of the linear model providing an adequate fit to the

12

data, as opposed to the non-linear model, was 2.58 X 10° Hence, the non-

linear model provided a more powerful test than the linear model, as a
definite size effect could be discerned from the data. The canonical fomm

of the polynomial was

MR 9N898 == 1160, 5196 X o 2.68 x lO-lQX 5 3725.93X32.

il 2

The centre coordinates of the non-linear model were estimated at:

acclimation temperature (xl) = T T0°C
test temperature (x2) = 19.92°C
size (x3) = 8.39 cm

The swimming speed at the centre of the surface was calculated as 9.39
lengths/second. The Xq and X5 coordinates of the centre were very precisely

estimated (Fig. 37) but the x., coordinate was poorly defined (Fig. 38).

3
The three factor non-linear response surface was illustrated

by transects through the centre in the X)» X and Xq planes. The

0
swimming speed calculated at the centre of this surface appears somewhat
unrealistic when compared with the observed data (Appendix III) and the
more detailed surfaces developed for test series 1 and 2. Consequently,
the maximum response isopleth plotted was 5.5 lengths/second. Comparison
of the acclimation temperature-test temperature plot (Fig. 39) with the
pon—linear surfaces from series 1 and 2 suggests that the effects of these
two factors have been poorly defined by the small series 3 design.

Within the size range investigated (approximately 7 cm. to

11 cm.) the non-linear plots indicate that the effect of size on

performance was poorly defined (Figs. 40 and 41). The surface in
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Figure 37
Test series 3 the non-linear model, Maximum likelihood
ratios for various estimates of the centre coordinates.
The acclimation temperature coordinate (x.) is shown in
the upper panel, the test temperature coordinate ("z.)
in the lower.
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Figure 38
Test series 33 the non-linear model., Maximum
likelihood ratios for various estimates of the
centre cocrdinate x,, (size).
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Figure 39
A transect through the nonelinear model for test series 3,
illustrating the effect of acclimation and test temperatures
on swimming speeds for fish 8,39 em, long. The isopleths
indicate swimring speeds in lengths/second, The dotted
lines indicate the area of the factor space encompassed by
the experimental designe
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Figure LO
A transect through the nonelinear model for
test series 3, illustrating the effect of
acclimation temperature and size on swimaing
speeds for fish tested at 19,92° C. The
isopleths are swimming speeds in lengths/
second and the area of the experimental
design is denoted by the dotted lines.
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Figure Ll
A transect through the nonelinear model for series
3, illnstrating the effect of test temperature and
size on swimming speeds for fish acclimated to
7.70° C, The isopleths are swimming speeds in
lengths/second and the area of the experimental
design is denoted by the dotted lines,
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Fig, L1 indicates that maximal performance occurred at a length of
8ol em, and that the effect of size was not constant at all test
temperatures. However the response isopleths could not be accepted
without reservation, as they appear to overestimate the swimming
velocities actually observed in each of the three series,

Error Lstimate
A tetest (Ii, 196L) indicated that the results of day time
and night time tests were not significantly different (Table XIII),

The data from this series of repetitive tests was therefore combined
to provide an estimate of experimental error. From the standard
deviation of this test series, a variation of ¥ 77 could be expected
for repeated tests at a given points Assuming a constant variance
throughout the factor space, this value is indicative of the error
inveived in the ealculated response isopleths,

Post-Fatigue Mortality
Post-fatigue mortality occurred in 1l of the 170 swimming

speed tests conducted in this study (Table XIV), The degree of
mortality in these 1l tests averaged 25% and ranged from 10¢ (1 fish)
to 100%, With the exception of three cases of single mortalities,
postefatigue mortality occurred only when test temperatures were above
the upper temperature tolerance limits.
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Table XIII, Comparison of day time and night time tests.

Swimming Speeds (lengths/second)

Day time Night time
Lol Sells
5.06 L.62
501‘2 5.11
Mean L.92 5.03
4 - test
t = 0,32, NS

(eritical regionst ¢t < 2,455t  2.45)
Combined data: Mean (lengths/second) % 1 standard deviation.
L.98 £ 0,36




20

Table XIV, Post-fatigue mortality

Acclimation Test Percentage mortality
temperature temperature (10 fish/test)
(° ¢c) (°c)

23 27.5 100
20 26 10
20 2% 20
20 5 10
17 26 30
17 26 30
11 1 10
8 23 10
1 23 10
5 23 20
5 23 20
5 23 30
5 23 Lo
s 5 10
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DISCUSSION

Tactors Affootd_._:g 8vi-n155 Performance

Experimental conditions,

On the basis of the error estimate, the median swimming speeds
determined in this study appeared to be quite variable,

Cenetic differences could have contributed to the variability
observed, as the experimental fish were obtained from a wild population,
Cenetic variability might have been minimized by the use of offspring
from a single female, but wild fish were used to obtain a wider represen-
tation of a natural population.

A further source of potential variability could arise from
the handling of experimental fish during transfer from the acclimation
tanks to the entry device. Fatigued sockeye require about 3 hours to
recover sufficiently to perform at maximal levels, Following moderate
levels of activity, sockeye recover from oxygen debt in about 1 hour
(Brett, 196L). However, Black et al. (1962) demonstrated that normal
blood and liver levels of pyruvate and lactate were not restored in
rainbow trout unti] almost 12 hours after severe fatigue had occurred.
Thus, while fish recover their swimming ability quite rapidly after
fatigue, complete recovery requires considerable time, The fish in the
present study were allowed one hour for recovery in the entry device
prior to testing. Hence, recovery from the effects of handling ecould
only be assumed complete at the time of entry into the test chamber,

The effect of group testing on the variability of the
swimming speed response was not determined in this study. Brett (1965)



96
reported that group testing of sockeye reduced metabolic rate variability
through an averaging effect and a reduction in restless behavior and
excitement, However, this may not have been the case with the ecoho,
a more aggressive species, The level of aggressive behavior did not
appear to be constant for all tests in the present study, and may
have contributed to the variability between tests, Selection of fish
according to size apparently reduced aggression, but this behavior
appeared to be affected by other factors., For example, in test
series 1, no aggressive acts were cbserved at test temperatures below
6° C. In test series 2 and 3, aggressive behavior was coumonly observed
at test temperatures as low as 2° ¢ and may have caused some premature
failures,

The dependence of swimming speeds on dissolved oxygen
concentrations has been described by Davis et al., (1963). These authors
demonstrated that the performance of underyearling coho is reduced at
all oxygen levels below air saturation, but shows little or no improve-
ment at levels above air saturation. The reduction in swimming speed
is about L% at oxygen levels as low as 807 saturation. The oxygen
levels in the present study were generally maintained at air saturation
% §¢ and only cccasionally exceeded = 10%, Therefore, it may be
assumed that dissolved axygen levels had little effect on the variability
observed in this study., A more important effect of dissolved oxygen
on performance could reside in the differential solubility of oxygen
with respect to temperature., Thus, swimming ability at high tempera-
tures will depend on the efficiency of oxygen extraction from an
environment containing less dissolved cxygen (Brett, 196)) than
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is available at lower temperatures. However, this phenomenon would
influence the level of performance with respect to temperature,
rather than the variability associated with a given test,

Aneilliary variables,

In addition to the variations of experimental econditions, the
effects of ancilliary variables on temperature-~dependeni swimming speeds
should be considered,

The effect of size on swimming speeds of fish have been
investigated by only a few authors (Table XV) but two basic patterns
are apparent from the data, First, velocity may be directly proportional
to size, Relative performance (lengths/second) is therefore indepen-
dent of size, The dace and the roach are examples, Second, velocity
may be dependent upon some fractional exponent of size, Relative
performance thus decreases with increasing size, This relation is
exemplified by the trout, goldfish, sockeye and sturgeon,

There appear to be several classes of physiological parameters
influencing the relation between size and swimming performance, These
are associated with a) the rate at which the fish produces energy, and
b) the proportion of available energy that is required for swimming,

The former is influenced by the amount of body musculature and the
metabolic scope, the latter by those factors affecting hydrodynamic
drag.

For the sockeye, both the percentage of body musculature
and the metabolic scope increase with size (Brett, 1965), As the
performance decreases, Brett concluded that the increased hydrodynamic
drag accompanying larger size is only partially compensated for in
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Table XV, The relation of size to swimming speed for
various species of fish,

Effect of size on swimming
speeds Velocity proportional

Species tos Source
dace length 1,09 Bainbridge (1960)
(Leuciscus leuciscus)
trout length 0,58 Bainbridge (1960)
(Salmo irideus) .
goldfish length 0,71 Bainbridge (1960)
(Carassius auratus)
sockeye length 0,L9 Brett (1960)

(Oncorhynchus nerka)

Caspian roach
(Rutilus rutilus caspicus)

Russian sturgeon
(Acipenser guldenstadtii)

length 1,0(approx.)

length <1.,0

Pavlov et al, (1968)

Pavlov et al, (1968)
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this species,

Bainbridge (1960) discussed several factors possibly affecting
hydrodynamic drage These included the roughness of the body surface,
the fineness ratio (body form) and the Reynold's number (a lengthe
velocity dependent frictional coefficient), While Bainbridges data
sugpested that the Reynold's number may affect relative performance,
his results were not conclusive,

The relationship between size and swimming performance
developed by different authors may not be comparable, owing to
differences in the methods and apparatus employed., The data of Pavlov
et al, and Bainbridge (1960) were determined for burst speeds and were
thus independent of metabolic scope (Brett, MS), As Brett's (1965)
findings and those of the present study were determined for sustained
speeds, comparison with the data of the former authors is difficult.
Also; the factors affecting hydrodynamic drag may vary with the type
of flow in the test apparatus, Hence, the results obtained from
apparatus producing laminar flow (Bainbridge, 1960) may not be
comparable with those obtained from apparatus producing turbulent
flow (Brett, 19653 Pavlov et al., 1968; present study)., More
information, obtained under standardized conditions, is required before
generalized conclusions may be drawn regarding the relat onship of
size to swimming performance,

The results of the present study did not clearly define
the effect of size on the coho's performance at different test and
acclimation temperatures. While a size effect is apparent from the
non=linear model, quantification of this affect is difficult, as the

model suggests levels of performance which appear unreal when compared



100
with the observed data, This probably indicates that the size range
employed in the present study (7 em - 11 om) was not great enough to
detect real differences in temperature~dependent swimming speeds
related to size., Further examination of this point would require a
more extensive experimental design, replication of the design, or an
expansion of the size range of test fish employed. The latter
strategy would indicate, most economically, the presence or absence
of a real difference, All three tactics would be required to adequately
define the nature of the difference.

Seasonal changes in temperature-dependent responses have been
demonstrated by a number of investigators. Comparison of temperature
tolerance for winter and summer specimens of the red-bellied dace
(Chrosomos eos) (Tyler, 1966) indicated a winter reduction of 2° C to

4 C in the upper tolerance boundary, depending upon the acelimation
temperature, Hart (1952) demonstrated shifts in both upper and lower

temperature tolerance levels for the yellow perch (Perca flavescens).

The ultimate incipient upper lethal temperature (at the maximum
possible acclimation temperature) was 3° C lower during the winter
than during the summer, The lower lethal temperature at this
acclimation temperature decreased by 5° C for winter specimens, Thus,
it may be concluded that the dimensions of the tolerance domain are
not fixed, A seasonal displacement, and possibly a seasonal change
in the shape of the tolerance domain may occur,

Photoperiod appears to be a controlling factor in the seasonal
change of temperature dependent responses. Hutchinson and Kosh (1965;
quoted in Fry, 1967) indicated that a change in photoperiocd from 8 to
16 hours produced a rise in the critical thermal maximum of the
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painted turtle (Chrysemys picta) equivalent to a L° C inerease in

acclimation temperature, Goldfish exposed to a 16 hour photoperiod
exhibited greater resistance to high temperatures than those exposed
to an 8 hour photoperiod (Hoar and Robertson, 1959). The difference
was greatest during the spring and fall, Goldfish exposed to the 8
hour day-length were more cold-resistant than the 16 hour fish from
October to December, but the nature and magnitude of this response
varied at other periods of the year. The authors suggest that these
seasonal resistance changes would have survival value during the
spring and fall periods of rapid temperature change.

Seasonal changes in metabolic rate have also been observed.
When compared at equal temperatures, the standard metabolism of
Fundulus parvipinnis rose during the winter and decreased during the
summer (Wells, 1935). For a given temperature, the routine metabolism
of the pinfish (lagodon rhomboides) is higher in winter than in the

sumer (Wohlschlag et al., 1968)., However, Ekberg (1958) found that
gill tissue respiration of goldfish was higher in summer than in winter,
when compared at equal temperatures. No photoperiod effect was apparent
for gill tissue of the crucian carp (Carassius carassius), but the

whole fish had a higher metabolic rate at 20° C when photoperiod was
increased from 7 hours to 17 hours (Roberts, 1960). Investigation
of the seasonal rates of standard metabolism for the brook trout
(Salvelinus fontinalis) and the brown trout (Salmg trutta) (Beamish,
196L) indicated that the seasonal rise in metabolism coincided with

the reproductive periods of these species, Thus, seasonal changes in
metabolic rate may be only indirectly related to seasonal temperature

changes,
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Preferred temperatures in fish also show seasonal variation,
A sudden increase in the thermal preferendum of the brook trout was
observed in late winter (Sullivan and Fisher, 1953), Mantleman (1958)
described a decrease in the preferred temperature of the rainbow trout
(Salmo irideus) during the fall,

It has been suggested by Fry (196L, 1967) and Brett (1965, MS)
that the thermal preferendum appears to indicate the optimum temperature
for activity in those species for which activity and the temperature
preferendum have been measured in relation to acclimation temperature.
Thus, seasonal changes in temperature preferenda may be indicative of
seasonal changes in temperature-dependent swimming speeds.

As the fish in the present study were exposed to natural
variations in photoperiod, some evidence of seasonal changes in
swimming speed may be obtained from examination of the response
surfaces, The dynamic properties of biological response surfaces with
respect to season are clearly shown by Alderdice (1963a, MS), Response
surfaces relating survival times of juvenile coho salmon exposed to
3 mg./1 sodium pentachlorophenate at different levels of temperature
and salinity showed seasonal changes in the temperaturee-salinity
interaction (rotation of the surfaces), changes in the position of the
centre point (translation of the surfaces with respect to both temperature
and salinity) and changes in the absolute survival time (capacity
changes at the centre of the surfaces)., With respect to temperature,
the optimal temperature for survival was 14.2° C during August/September

(fry stage), 2,7° C during AprilMMay (smolt stage) and 4.9° during
July/September of the second summer (post-smolt stage).



103

The seasonal changes observed by Alderdice (1963a) and
the results of the present study may have been influenced by several
seasonally-related factors, including a) adaptations to seasonal
temperature changes, and b) physiological and morphological changes in
the developmental stages of the coho, in preparation for migration to
a marine environment, With this limitation in mind, the non-linear
response surfaces for the present study (test series 1, September/
January and test series 2, January/April) may be compared for evidence
of seasonal changes in swimming speed., Comparison of performance near
the temperature tolerance boundaries indicates (Figs. 18 and 27) that
fish in test series 2, when acclimated to temperatures from 5° C to
17° C, were better able to perform (than those in test series 1) at
temperatures near or above the upper temperature tolerance boundary.
The performance of the former group at temperatures near or below the
low temperature tolerance boundary (as low as 2° C) was reduced from
that of the test series 1 fish, These changes would appear to be
beneficial to organisms subject to the rising habitat temperatures
normally encountered at the time of the series 2 experiments,

The comparison further suggests that a translation of the
response surface centre to slightly lower coordinates of acclimation
the test temperature has occurred in test series 2, Thus, fish
acclimated to temperatures of 20° C, or below in test series 2 may
have been better able to swim than those in test series 1, However,
the maximum likelihood plots indicate that the centre coordinates
were not defined precisely enough to determine whether the observed
translation of the centre was real.
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The ridge of maximal performance in relation to acclimation
temperature (Figs. 20 and 28) also suggests seasonal differences
between the test series, While the position of the ridge is almost
identical in both series, the height of the ridge is greater in series
2, when considered over the acclimation temperature range of 5° C to
17° ¢, In relation to test temperature, the ridge is alsc broader in
series 2 for the 2° C to 17° C acclimation temperature range. These
differences may be interpreted as a greater ability of the series 2
fish to swim at moderately warm temperatures, Such a change during
periods of rising temperatures would appear to have survival value,

In summary, some of the differences in the non~linear response
surfaces fitted to test series 1 and 2 might be attributed to seascnal
changes in temperature dependent swimming speeds. The differences may
be deseribed as an inner rolztion or change in the shape of the
response surface, appearing to involve fish acclimated from 5° C to
17° . The data suggest an increased ability of the series 2 fish
to perform at temperatures near or above (for the test period) the
upper tolerance boundary, combined with an increased ability to perform
at moderately warm temperatures within the tolerance zone, This
facilitation of performance at warmer temperatures is apparently
accompanied by a decrease in performance at temperatures near or below
(for the test pericd) the low temperature tolerance boundary,

However, as the error estimate indicates that the response
isopleths may be subject te an error of about 7 percent, the small
seasonal effects suggested by the data have not been precisely defined.

There are a number of reasons why seasonal differences

discussed were not clearly defined, The magnitude of seasonal changes
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in temperature dependent responses may vary with both the response
and species in questions Fry (1967) stresses the fact that differences
in swimming speeds are relatively small, compared with other temperature-
dependent responses such as metabolic rate. Also, the difference in
size of test fish employed in series 1 and 2 may partially have masked
seasonal variations, However, the time periods required for the come
pletion of each test series, and the lack of a distinct time period
between these series were probably the most important factors preventing
a clear definition of seasonal changes in swimming performance.

A refined definition of seasonal changes would require a
comprehensive investigation involving several considerations., A detailed
study of the shape of the temperature-swimming speed surface (as
determined in the present study) would first be required., The relation
of size to swimming speed must also be clearly defined, in order to
remove the effects of this variable from seasonal data. A reduced
experimental deaign,‘upnbh of being completed in less than a month
might then be employed a number of times throughout the yecar to
determine seasonal changes in swimming speed. The size of this design
is eriticals For example, in test series 3, nine combinations of
acclimation and test temperatures were employeds The non-linear
surface fitted to the series 3 data indicates that a more extensive
design is required to adequately doaorﬂ;’o?:‘ihoh response domain of
0. kisutch, A design of 25 to 30 points may be required to adequately
define the temperature performance domain of this species, Nevertheless,
restricted regions of the domain, such as the ridge of maximal
performance or the areas near the tolerance boundaries may be investigated

with smaller designs,
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Temperature

The nonelinear response surfaces fitted to test series 1
and 2 of the present study (Figs. 18 and 27) clearly demonstrate
that swimming speeds of juvenile coho are affected by both acclimation
and test temperatures. Acclimation modifies the response to environe
mental (test) temperature in such a way that the coho is able to maintain
a greater constancy of swimming speed at all temperatures than would be
expected if acclimation were not present, Thus, the coho is able to
maintain a moderate level of performance over most of its tolerance
domain,

The most obvious features of the coho's temperature-swimming
speed response surface are a) the temperature optimum, which at 20° ¢
is surprisingly c¢lose to the upper temperature tolerance boundary, and
b) the presence of a rising ridge leading to this optimum, Interaction
of test and acclimation temperatures is such that the temperature
producing optimal performance occurs at about 16.5° C for 2° C acclimated
fish, and rises until acclimation and test temperatures coinecide at
about 20° C, The shape of this ridge indicates that the interaction of
test and acclimation temperatures is not constant. If it were constant,
the ridge would be symmetrical, However, curvature of the axis of this
ridge (test series 2) and displacement of the response isopleths toward
lower test temperatures indicate that nonelinear interactions of
acclimation and test temperatures occur,

Detailed response surfaces relating acclimation and test
temperatures to performance are not available for other species,
However, some of the data in the literature may be interpreted in

terms of response surfaces,
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The data of Benthe (195L; quoted in Precht, 1958) suggest
that the effect of acclimation and test temperatures on the excitability
of the foot of limnaea stagnelis may be described by a ridge systems
The maximum observed response occurred at about 17° C for 12° ¢

acclimated specimens, As the acclimation temperature increased to

21° ¢, the temperature producing maximum response rose to 2.° ¢, but

the magnitude of the maximum was smaller than that observed for 12° C
acclimated specimens, As only 3 transects of this surface are available,
a detailed description is not possible,

The heat resistance of stomach juice proteolytic activity from
Helix pomatea (Mews, 1957; quoted in Precht, 1958) is modified by
acclimation temperature,s Although the data are limited they suggest
the presence of a complex rising ridge system which may contain two
maxima at higher acclimation temperatures.

As these examples refer to responses of limited systems
within organisms, they may not be indicative of the integrated response
of the whole organism,

Response surfaces have been fitted by eye to two sets of data
relating acclimation and test temperatures to performance (Alderdice, MS),
The surface fitted to the data of Mecleese and Wilder (1958) indicates
that the walking rate of the lobster (Homarus americanus) is modified
by both acclimation and test temperatures,s The contours of this surface
clearly indicate that the interaction of test and acclimation temperatures
is not constant, A rising ridge is apparent in this surface. The
maximum walking rate of lobsters acclimated to low temperatures ococurs
at temperatures higher than those of acclimation when walking rate is

measured acutely, Thus, maximum walking rates occur when the lobster
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acclimated to 2° C is exposed to a temperature of 6° C. As acclimation
temperature is increased, the temperature at which maximum performance
occurs approaches the level of the acclimation temperature. Finally,
at temperatures above 20° C, the lobster performs maximally at its
acclimation temperature., Furthermore, there are two distinct regions
of optimum performance on this response surface, The first occurs at
an acclimation temperature of about 15° C and a test temperature of
about 17° C., The second occurs at acclimation and test terperatures
of about 25° Cy quite near the maximum upper lethal temperature
(32° ).

The second response surface, fitted by Alderdice (MS) to the
data of Fry and Hart (1948b) illustrates the known dependence of
cruising speed for the goldfish (Carassius auratus) upon both

acclimation and test temperatures, This surface also contains a rising
ridge, Maximm performance of 5° C acclimated fish occurs at about 17° ¢
and the axis of the ridge rises gradually with increasing acclimation
temperatures, At an acclimation temperature of 20° C, the test temperature
producing maximal performance is slightly higher than 20° C, At this
point, the axis turns and parallels the equal acclimation-test temperature
diagonal, The nature of this ridge clearly indicates that the interaction
of test temperature and acclimation temperature is none~linear, The
surface also indicates that two swimming speed optima may occur for the
goldfish, The first occurs at an acclimation temperature of about 25° C
and test temperature of about 27° C, The second occurs at an

acclimation temperature of about 35° ¢ and a test temperature of about

37° C, Again, this second centre is close to the maximum upper lethal
temperature,
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Data of Ferguson, (quoted in Fry, 196h) for the yellow perch

(Perca flavescens) suggests that the response surface for that species

contains a rising ridge, The axis of the ridge (waximum performance)
occurs at about 18° ¢ for pereh acclimated to 9.3° C and rises to about
26° ¢ for 20° C aeclimated specimens, The axis then rises sharply to
30° ¢ for 25° C acclimated fish, suggesting a nonelinear interaction
of test and acclimation temperatures,

The available data suggest that ridge systems may be common
in acclimation-test temperature response surfaces, Acclimation temperature-
test temperature interactions may frequently be nonelinear., In some
cases, surfaces may contain more than one response centre, However,
detailed response surfaces for a number of species will be required
before a detailed deseription may be made of the manner in which these
two variables affect performance.

It is interesting to evaluate the coho response surface in
terms of temperature adaptation types as described by Precht (1958).
Precht distinguishes a number of types according to the change in
response (ege oxygen consumption) which occurs when an organiem is
taken from 2 temperature to which it is acclimated (ty) and put at
another (higher or lower) temperature ("2)" After acclimation has
occurred at the new level, the response may diminish, increase, or
remain at the level reached immediately following the initial change
to the new temperature., Precht distinguishes between these patterns
of adjustment and assigns them characterisiic names,

For the coho in this study, transects were taken through the
non~linear surface calculated from the test series 1 data (Fig. L2).

The upper panel of this figure compares transects taken through the
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Figure L2
Transects through the non-linear response surface
fitted to data from test series 1. See text for
further explanation.
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response surface at acclimation temperatures of 8° C and 23° Ce The
transects indicate that if the coho is acclimated to 8° C (t,), its
swimning speed will remain nearly constant after transfer to 23° C (t,).
After the fish becomes acclimated to the new temperature its swimming
speed will rise to a rate above the 8° C acclimated rate., This acclima-
tion pattern differs from all of Precht's adaptation types, although
his type 5 (inverse compensation) is somewhat similar, However, if
the coho is first acclimated to 23° C (tz), the swimming speed will at
first drop after transfer to 8° C (t,) and then rise to an intermediate
level after acclimation to the new temperature is complete (partial
compensation, Precht's type 3).

Examination of the lower panel of Fig. L2 indicates that echo
acclimated to 2° C show a rise in performance after transfer to 8° ¢
and the swimming performance further increases as they become acclimated
to the new temperature (Precht's type 5), Furthermore, those fish
acclimated to 8° C exhibit a drop in swimming speed after transfer to
2° C and performance continues to drop as acclimation proceeds (Precht's
type 5).

In the terms outlined by Prosser (1958), the upper panel of
Fige L2 is indicative of a clockwise rotation of the swimming speed
curves. The lower panel, however, suggests a translation of the
swimming speed curves to the right, but without rotation,

This example clearly indicates the need for development of
detailed response surfaces to fully appreciate the action of acclimation
and acute temperature experience on terperature-dependent responses.
Precht's adaptation types and Prosser's acclimation patterns consider
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only pairs of transects across a response surface, However, adaptation
types or acclimation patterns are seen to be dependent upon both the
nature of the response surface in question and the particular tempera-
ture levels selected by the investigator.

The occurrence of two activity maxima in the response surfaces
constructed for the lobster and the goldfish (Alderdice, MS) presents
an intriguing problem, It is suggested by Alderdice that the maxima
occurring at lower temperatures may reflect physiologically optimal
temperatures for these species, provided that other objective measures
of functional capacity coincide with these maxima, The upper mimn
appear to provide the animals with a high capacity to move at near
lethal temperatures, presumably increasing their changes of encountering
lower, more favourable temperatures, Fisher and Sullivan (1958)
observed a bimodal temperature response in the locomotion of the
speckled trout (Salvelinus fontinalis), Removal of part of the

cerebellum resulted in a disappearance of the lower maximum, but not the
higher maximum, This suggests that the lower maximum may be a response
of the integrated organism, while the higher maximum may be associated
with the general irritability of nervous tissue,

Sufficient data are not yet available to determine whether
double maxima are common in temperature-activity relations. The swimming
speeds of O, kisutch determined in the present study showed no evidence
of two maxima, However, it is noted that the lower response maxima
observed for the speckled trout, the lobster and the goldfish all
occurred near the centres of their respective tolerance domains, As

the single maximum of the coho occurred near the upper limits of its



113
tolerance domain, the presence of a second, slightly higher maximum
(if one existed) would be difficult to detect,

Multiple Responses and Ecolog_l_cal Cone&r_a_tiog

Final temperature preferenda (selected temperature = acclimae
tion temperature) appear to be correlated with various activity optima
for a number of species. The final preferendum (25° C) for the guppy
(lebistes reticulatus) coincides with the temperature producing maximal
resistance to high lethal temperatures, as well as the growth rate
optimum, The maximum response of Atlantic salmon (Salmo salar) to
an electrical stirmlus occurs in the region of the preferred terperature
(Fisher and Elson, 15503 quoted from Brett 1956), The supgestion that
preferred temperatures may indicate conditions favourable to activity
has been further developed by consideration of the goldfish eruising
speed surface (Alderdice, MS), The position of a ridge of preferred
temperatures at acclimation temperatures below the final preferendum suge
gests that the rising ridge of performance in this surface may be
correlated with preferred temperatures. Cowparison of the preferred
temperatures of the yellow perch with the position of its performance
ridge (Fergusonj quoted from Fry, 196L) suggests that for the yellow
perch, these two responses may also coincide.

On the basis of these data, it would be reasonable to expect
the temperature prefersnce of the coho to coincide with the axis
defining temperatures producing maximal performance for each acclimation
temperature, that is, the major ridge of the coho response surface,

However, only one point on the coho's preferred temperature eurve has
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been defined (Brett, 1952), This single point indicated that the
preferred temperature of 10° C acclimated fish was only slightly
above the acclimation temperature, If optimal activity and preference
actually are related for this species, a preferred temperature near
18° C would be expected at this acelimation temperature, A more detailed
description of the preferred temperatures of O, kisuteh in relation to
acclimation is required before further conclusions can be drawn,

Fry (196L, 1967) indicated that at a given test temperature,
those fish acclimated to that temperature show the best possible
performance, This appears to be a reasonable statement when the data
examined (Carassius auratus, Perca flavescens, Sa]mo salar and

Notropis cornutus) are viewed as transects of a temperature surface

(Fry, 196L, 1967: his Figs. L and 8 respectively). Interpretation of
these surface transects is rather difficult as the response to a given
test temperature may be very similar, yet not identical, for a number of
acclimation temperatures., Interpretation is enhanced when these data
are plotted as response surfaces, For example,the response surface
plotted by eye for the goldfish data (Alderdice, MS) suggests that
conditions producing the ultimate maximum cruising speed may not be
those of equal acclimation and test temperature, The plotied surface
suggests that the ultimate maximum cruising speed appears to be
restricted to an area slightly above the temperature diagonal, Calecula=
tion of a non-linear response surface for the goldfish data (Lindsey

et al., MS) further suggests that the "eyed" response surface may be
correct, as the calculated centre and near-maximum swimming speeds

are displaced above the temperature diagonal., Nevertheless, maximum
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likelihood plots of plausible alternative temperature loci indicate
that the centre has not been estimated precisely enough to define a
real difference,

The response surfaces in the present study also supggest
that the acclimation temperature producing maximal response for a
given test temperature may be other than the test termperature, This
is most noticeable at very low test temperatures (2° C), Fish
acclimated to temperatures from 6° C to 8° C appear better able to
perform at the former temperature than 2° C acclimated fish, The
size of the error estimate in the present study indicates that this
difference may be real,

A possible explanation of this phenomenon is suggested from
field observations. During the winter, temperatures in couui streams
are often below 2° C, Coho in these streams appear to overwinter by
burrowing into the bottom debris, remaining there in a semi-dormant
state (Wickett, pers. comm.,). A low metabolic rate would be advantag-
eous during this period, as coho in their natural enviromment are not
actively swimming during periods of extreme cold. Thus, the drop in
performance at all temperatures observed for 2° C acclimated fish may
have been due to a decrease in metabolic rate associated with the
normal overwintering process. This sugpgests a fundamental change in the
nature of the acclimation process. The non-linear response surfaces
indicate that over the range of 23° C to 8° C for test series 1 and
23° ¢ to 6° C for test series 2, acclimation provides the coho with
maximum or relatively high performance capability. Thus this
poikilotherm is "relatively™ independent of temperature in this range
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with respect to its level of performance, and approaches a state which
might be called pseudohomeothermy, On the other hand, when the coho
is acclimated to temperatures below 6° ¢ to 8° C, its performance at
all test temperatures is decreased, The possible significance of this
6° ¢ to 8° C range of temperatures is again sugrested from field
observations, OSeaward migration of coho smolts in the spring usually
begins when temperatures rise above about 6° C (Wickett, pers. comm,),
and emergence from the bottom debris may occur slightly below this
temperature,

Interpretation of the acclimation surface as suggested above
remains somewhat speculative, Nevertheless, the concepts outlined
correspond with field observations. Detailed investigation of the
metabolism and performance of overwintering coho might determine
whether the apparent change in the acclimation process at low temperatures
is related to the overwintering behavior,

Alderdice (MS) has suggested that a number of important
physiological responses to a variable or group of variables may define
physiological optima for a species. For example, the final preferendum
and the ultimate maximm eruising speed of the goldfish coinecide at a
test temperature of 28 to 29° C when acclimated to 25° C (Fry, 19L7;
Fry and Hart, 1948b), Furthermore, maximum metabolic scope (Fry and
Hart, 1948a), as measured on the temperature diagonal (maximum 26° C
to 28° ¢) lies very close to the maximum for cruising speed and final
preferendum, Thus, temperatures from 25 to 29° C might be considered
a physioclogical optimum for Carassius auratus with respect to preference,

swimming performance and metabolic scope.
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The data available for the sockeye (0. nerka) may also be
considered, A complete acclimation temperature-test temperature
response surface for swimming speed is not available, However,
experimental points have been determined along the acclimation
temperature~test temperature diagonal (Brett, 196L) and on an acutely
determined transect for an acclimation terperature of 15° C (Brett, 1967).
These points indicate that maximum swimming speed occurs on the presumed
surface at about 15° 0, Metabolic scope of the sockeye (Brett, 196hL)
is maximal at 15° C, When the fish were provided with excess rations,
maximal growth of this species also occurred at 15° C (Brett et al.,
1969)s The data of Brett (1952) suggest that the final preferendum of
0. nerka issdightly below this temperature, Thus, in terms of swimming
capacity, metabolic scope, growth on excess rations and temperature
preference, 15° C may be a physiologically optimal temperature for the
sockeyes, On the other hand, maximum net food conversion efficiency for
this species occurs at appraximately 8 to 10° C, and is still quite
high at temperatures as low as 5° C (Brett et al.,, 1969), Maximum
growth on reduced rations also occurs at successively lower temperatures
(Brett et al., 1969).

Comparison of Brett's data with field observations indicates
that the sockeye fully exploits this temperature-~dependent physiological
potential, Young sockeye feed at the surface of Babine lake, B.C, at
dusk, in water temperatures near 15° C, and retreat to deep water, some
10 degrees colder, during the day (Narver, 1967)., Thus, capacity for
activity of Jjuvenile sockeye is greatest while they are feeding in the
surface waters, Digestion occurs in colder water, where reduced

metabolic requirements allow more efficient utilization of food,
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The present study has indicated that maximum performance of the
coho occurs at a relatively warm temperature (20° C), Performance of
this species at temperatures near the upper tolerance boundary remains
high. Considerable ability to perform at temperatures as much as a
degree above the upper tolerance boundary may be maintained for 8 to
10 hour periods of exposure, These attributes, combined with the
ability to modify performance thro:gh acclimation, suggest that the
cohe is welleequipped to occupy warm habitats. The lower performance
optimm of the sockeye (15° C) and the sockeye's presumed greater
ability to perform at low temperatures appear to be major differences
between the two species regarding temperature~dependent swimming
capacity. Also, post-fatigue mortalities of coho in this study were
generally limited to temperatures above the upper tolerance boundary,
Post-fatigue mortalities of sockeye were commonly observed by Brett
(19643 his Fig. 19) at temperatures slightly below the upper tolerance
boundary of this species, Thus, exposure to near-lethal high temperatures
may be less harmful to the coho than the sockeye.

Certain tentative assumptions might now be advanced on the
basis of the knowledge gained on the performance of coho in this
study, and by comparison with the data discussed regarding temperature-
dependent responses in the sockeye and the goldfish, Maximum metabolie
scope and growth maxima on excess diets for ecoho might be expected to
coincide with the performance maximum at 20° C, It is further suggested
that preferred temperatures of coho may coincide with the ridge defining
max imum porfomm;o for each acclimation temperature. However, with
the exception of swimming speed, the effects of temperature on these
other responses for coho have yet to be more fully defined. Thus,
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a better understanding of the ecological implications of the effects
of temperature on 0. kisutch appears to await a fuller development of
knowledge on temperature-dependent responses, as well as a better
understanding of the interrelations which may exist between these

responses,



120
SUMMARY
1. The effects of acclimation and acute temperature experience on the
sustained swimming performance of juvenile coho salmon were determined
in a tunnel«type swimming apparatus during the period from September of
the hatehing year until May of the following year.

2, Performance was evaluated by systematically increasing water velocity
until each fish in a sample of 10 had fatigued,

3. Critical swimming speeds were calculated as estimates of maximum
sustainable swimming speeds, Their measures were obtained graphically
from probit plots of median swimming performance, on the assumption
that the logarithm of fatigue velw ity followed a normal distribution,

L, Regression surfaces were calculated relating eritical swimming speeds
to acclimation and acute (test) temperature experience. Regression
surfaces were fitted by response surface analysis, using a non-linear
second degree polynomial as a model.

S5« The test fish were exposed to normal day-length, Repetition of
the experimental design indicated that performance of the ecoho changed
seasonally, The changes observed during the spring period appeared to
offer survival value to fish encountering rising temperatures,

6s A 33 factorial design was used to investigate the effect of size
on temperature-~dependent swimming performance., A nonelinear response
surface model fitted to the data indicated that size had a definite
effect on performance, although the quantitative relationship had been

estimated with low precision. The results suggested that a more precise



121
measure of the relation between size and acclimation and acute temperature
experience would require increased replication, a larger experimental
design, and an increased size range for the fish employed.

7« The acclimation, test-temperature surfaces indicated that the eoho

is able, through acclimation, to perform relatively independently of
temperature over a large part of its temperature tolerance zone, Optimal
performance (approximately 5.8 lengths/second) occurred near test and
acclimation temperatures of 20° C, Swimming performances for 7.7 cm. to
9+3 cm, coho are of the following order:

Acclimation Critical swimming speed (L/sec) at test temperatures
temp, (° C) 50¢ Max, perf. temp. 20°%

s 3.7 5e2 17.3"0; L.8

10 3.6 5.5 (18.2% 5e3

15 3.k 5.6 (19,0% 5.6

20 2.7 5.8 (20,0% 5.8

8+ The response surfaces suggested that the best performance at a
given temperature may not be obtained from fish acclimated to that
temperature, This appeared to be the result of a progressive change
in the interaction of acclimation temperatures and test temperatures

over the performance surface.

9+ A change in the nature of the acclimation process was apparent at
low temperatures. It was suggested that the decrease in performance
noted at low temperatures may be related to the overwintering process.
obaervad for stream-dwelling coho,
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10, Precht's adaptetion types and Prosser's acclimation patterns were
reviewed by considering them as examples of transects across response
surfaces, The classifications advanced by those authors were shown
to be dependent upon the nature of the surface investigated and the
temperature levels of the transects selected,

11, Comparison of temperature-dependent swimming performance for coheo
and sockeye juveniles suggests that the coho may be better able to
perform in warm habitats, The coho possessed a higher temperature
optimmm than the sockeye, and a greater ability to perform near or
slightly above the upper temperature tolerance boundary.

12, A ridge of maximal performance was observed for the coho response
surface, On the basis of data available for other species, it is
suggested that preferred temperatures for coho may be related to the

swimming performance ridge.

13, The hypothesis is advanced that a physiolozical temperature
optimm for the eoho, with respect to perforrance, metabolic scope,
growth on excess rations and temperature preference may occur at
acclimation and test temperatures near 20°C,
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Appendix I, Data for test series 1
Temperature (°C) Velocity Mean size
(em)
AT T 1./second em/second
2 2 2,71 19,40 7617
2 2 3.10 26,55 8457
2 5 3.75 28,10 7.L3
2 8 55 3L.70 T+62
2 11 .82 35.90 TeliS
2 I L.60 35.L0 7468
2 17 he72 35.75 757
2 20 L6k 35,70 770
5 2 3.33 2L 70 Telid
5 5 3.53 26,19 Tell
5 s 3467 32,25 8480
v 8 Lo19 31.59 7¢5h
5 1 LS50 33.01 Te51
5 U L.86 36,140 7448
5 17 5.00 37.62 7452
5 20 Lo86 36449 7450
5 23 1,73 10,67 Telib
8 2 2,94 22,18 7453
8 S 3.69 28,00 7459
8 8 Le32 32,58 753
8 8 h.17 33.70 8,08
8 1 L.71 35,40 T.52
8 1 L.68 35.35 7455
8 17 5.29 39.70 7e51
8 20 5,08 38,80 76l
8 23 Le53 34,58 7463
1n 2 2,88 21,19 7435
11 5 3.0h5 25,95 7452
11 8 Lo19 31,19 ;i
pa d n L.b6 33.35 TL8
11 1n L.69 37.25 75k
1n U S.15 38,75 Te52
11 17 L.87 36.20 Tell
1n 20 Sell 39.30 7464
1 23 S.L2 LO.LS 747
1 2 2,95 23,20 7.86
1 5 .82 29,25 767
1 8 he3Y 33.80 Te79
1 11 «Ol 39,08 Te72
1 U 5¢25 . Te97
) n 5,01 40,10 8406
1 17 5.58 42,55 7462
m m 5095 h60m 7086
b} 23 5e22 10,55 T77
17 2 2,67 21.90 8,21
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Appendix I (Cont'd.).

Temperature (°C) Velocity Mean size
(om)
AT 7 L/second om/second
17 5 36 28,02 8435
17 8 gom 36.35 65
17 1 he57 39.90 873
17 11 5.12 o75 8.36
17 17 5.30 «20 8.71
17 20 Sali 47.10 84,60
17 23 5.02 49,90 8459
17 26 1.39 1n.76 8416
20 2 0.87 7.09 8.12
20 5 2,89 23,00 7496
20 8 30!‘5 27.80 006
20 1 Le3lL 3L.50 8,05
20 1, 5.02 9410 784
20 17 538 75 776
20 20 6434 47400 Teh2
20 23 Se6l «20 8402
20 26 3.83 30,45 7496
23 S 1.2 9,20 Tel7
23 8 3. 25,40 7451
23 1 Lel7 31,20 TeU7
23 1 Le56 35.12 770
23 17 5.29 39.60 TeL9
23 20 5e58 41,50 7ok
23 23 ol 140,80 7450
23 26 L2 33.90 7467
23 27.5 0.72 . 747




Appendix IT,

120
Data for test series 2,

Temperature (°C) Velocity Mean size
(em)
AT T L/second cm/second
2 2 2,22 20,00 9,01
2 5 3.7k 35,20 9,12
2 8 . 10,60 9,16
2 11 La77 15,25 9.50
2 1k L.7h 115,20 9.53
2 17 L,85 L5,90 917
2 20 h,29 L0, 9,L1
5 2 1.93 17.40 9,02
5 5 3.49 32,k0 9.29
s 8 g.so 36, 9.28
g 1 +15 39,15 9,13
5 1, 5.0L L6, 9.29
5 17 5¢15 48,10 9.35
5 20 #40 50,30 9.32
5 23 1,28 12,00 9.36
8 2 3.23 28,50 8,82
8 g 3.01 26,60 8.83
8 8 L.52 40,40 8495
8 n bbb 143,80 8.95
8 n S.L5 L8.L0 8,88
8 17 5.53 !&20’0 8,92
8 20 5.21 {1 C 8098
8 23 5.01 L5415 9,02
1 2 3.18 29,50 9.29
11 5 i.ﬂ? g‘ 9.30
11 8 «50 « 70 9.0L
1 11 . 41,20 907
1 1 5e55 51,30 9.24
n 17 [ 3 %.w 9‘”
il 20 .02 56,10 9.33
11 23 5458 51,00 9.1l
1 2 3,00 28,00 9.3k
ik 5 3.L9 &75 9,09
b1 8 LeliS 30 9.27
1L 11 «96 15,80 9.23
b I 1L 5,28 18,80 9,25
1 17 5.29 119,20 929
1 20 51 52,00 SaLE
1 23 5425 48,40 922
17 2 2.0 23, 9.8l
17 5 3.12 30,60 9.82
17 8 3.68 i?.&) 9439
17 n he55 10 9492
17 1 Le22 40,10 9.50
17 17 5.09 118,20 L7
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Appendix II, (Cont'd).

Temperature (°C) Velocity Mean size
(em)
AT T L/second em/second
17 20 S.11 19,80 9¢7h
17 23 5455 She00 973
17 26 1, 18,50 9457
20 S 3.2 30,50 9431
20 8 3.16 29,20 9.23
20 1 L.LO 140,30 9,17
20 1 54208 48,25 9.1
20 17 L9.10 9.00
20 20 Se 51,80 9,10
20 23 640k 5ke20 8.98
20 26 3.88 3h,L5 9.13
23 s 1.L0 13,00 9.32
23 8 29 31,08 9ells
23 n 66 Lik.20 9.48
23 1 Ll98 47,10 946
23 17 529 9.h6
23 20 52 52,40 9.50
23 23 5.32 50430 9,45
2’ 26 ’O” 099 9-&1
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Appendix III, Data for test series 3,
Temperature (°C) Velocity Mean size
(em)
AT TT 1./second cm/second
5 23 1.1:8 10,10 7.01
5 23 1,Lk6 13,00 8490
5 3 1,38 14,70 10462
-1 Se «80 Tell
S 1 5.& 15,80 846l
5 1, e 118430 10,83
5 5 3.87 27400 «98
5 5 Ll 3510 8461
s 5 3.9 37455 10477
1, 23 5456 39490 Tel7
b 23 5‘5% 19690 9402
b 23 Sel 5570 10,75
1 U 50’3 39,80 Teli?
i b} S¢3 119410 9413
bt 1 Lie39 L8470 11,09
n 5 3,38 28,10 Te2h
I S 3.21 28,75 897
1 S 3.70 h1,00 11,08
23 23 Le77 3h.35 720
23 23 Se35 L2470 9410
23 3 Se12 5740 11.21
23 Liek8 32,60 7430
23 1 Le76 13430 9.10
23 11 ha33 4740 10,95
23 5 3.23 29,80 922
23 s 2.35 25.25 10,75
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