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ABSTRACT

. Lethal limits of high and low temperatures were determined for the young of five species of
Pacific salmon, the spring (Oncorhynchus tshawytscha), the pink (0. gorbuscha), the sockeye (O.

nerka), the chum (O. keta) and the coho (0. kisuich).

For acclimation temperatures ranging from 5° to 24°C. significant differences between species
in their resistance to high temperatures was obtained. The spring and coho were most resistant.
The pink and chum salmon were least resistant, and the sockeye was distinguishable from the
latter two by greater resistance for prolonged exposure to high temperatures. No species could
tolerate temperatures exceeding 25.1°C. when exposed for one week.

A fanning-out of the opercula was shown to be directly correlated with the onset of death from a
low temperature. By use of this criterion mixed lethal effects at low temperatures were demonstra-
ted and found to be influenced by the size of the fish and by the salinity of the water. None of the
species could withstand temperatures lower than 4°C. when acclimated to 20°C. and above. When
taken from holding troughs as low as 5°C., coho and sockeye’ could not tolerate long exposure .
(four days) to 0°C.

'Based upon portions of a thesis accepted by the Faculty of Graduate Studies, Univérsity of
Toronto, in partial fulfilment of the requirements for the degree of Doctor of Philosophy. k
265 ‘
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In a vertical gradient little difference in preferred temperature was observed, either between
species or for different acclimation temperatures. The 12° to 14°C. stratum was the region of
greatest concentration.

Specific differences in temperature responses are in keeping with taxonomic and ecological
distinctions. ’ -

INTRODUCTION

No aAcTIvITY of an animal escapes the effect of temperature. Distribution, develop-
ment, propagation and mere. existence, each .is influenced  strongly in some
manner by temperature. This influence must be met and surmounted either
through resistance or adaptation, external avoidance or internal control. It is
known that the upper and lower limits of temperature-tolerance in fish are
extended through both adaptation and resistance (Fry, 1947a), and the varying
degrees of these two attributes separately and collectively distinguish the species
in this respect. By conducting experiments on tolerance to high and to low
temperatures among the young of the five North American species of Pacific
salmon, the relative abilities of these species to cope with extremes of temperature
have been described in the following analysis.

Among earliér experiments, interest in the ability of fish to survive tempera-
tures in the region of the freezing point of water and slightly below was expressed
by Regnard (1895). In 1899, Maurel and Lagriffe while investigating both upper
and lower levels of temperature-tolerance, chiefly in fresh-water fish, concluded
that these species were better adapted for resisting low than high temperatures.
Later investigators, dealing mainly with mortality from high temperatures, ex-
pressed the resistance in terms of the temperature reached before death when
heated at a constant rate (Huntsman and Sparks, 1924), or averaged either the
times to death (Loeb and Wasteneys, 1912) or the number of fish dead following
a given exposure (Hathaway, 1927) at various constant temperatures. This
quantitative expression of temperature-tolerance has been developed to provide
a more inclusive treatment, borrowing from the methods of pharmacological
procedure concerning dosage-mortality (Fry et al., 1946).

" The phenomenon of thermal adaptation in relation to previous temperature
history provides the organism with greater scope for environmental experience.
The term “‘acclimation’” has been used to describe this effect, although “acclima-
tization” is apparently synonothous (Doudoroff, 1942; Heilbrunn, 1943; Brett,
1944). The importance of temperature-acclimation in nature and in experimental
work has been stressed with significant emphasis (Doudoroff, 1945; Fry, 1947a).
By working systematically with different temperature-acclimations the various
levels of both upper and lower thermal tolerance can be determined within suffi-
cient statistical limits to permit accurate prediction. The development of precise
methods of physiological measurement has set the stage for physiological
description. ' o - :

The close taxonomic relation of the Pacific salmons, genus Oncorhynchus,
(Milne, 1948) coupled with fairly distinct ecological habits, provides interest in
the affinities which might be revealed by a rigorous analysis of their temperature-
tolerances. Similar work on other salmonoids is mounting (Fry et al., 1946;
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Fry, 1947b; Graham, 1949). With the gradual recording of such physioiogical

attributes on a comparable basis within and between taxonomic groups of fishes,
the role of temperature in the ecology, and possibly in the evolution, of these‘
animals will become increasingly apparent.
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MATERIALS
SOURCE :

The five species of Pacific salmon common to the west coast- of North

~ America were obtained as eyed eggs from three hatcheries (Table I).

Each lot of approximately two thousand eggs was shipped in a fiberglass-
insulated -box, packed with ice and perforated to permit air exchange for the eggs:
Successful shipment by air was possible if not more than thirty-six to forty-eight

TaBLE I. The hatchery locations and dates of fertilizing, shipping and 50 per cent hatch for
the five species of Pacific salmon. '

Species Hatchery Fertilized Shipped 50% Hatch
1. Spring Dungeness, Wash. 30/8/49 20/10/49 ) 9/11/49
2. Pink. = " ” 28/9/49 '7/12/49 12/12/49
3. Sockeye Issaquah, " '10/10/49 25/11/49 6/1/50
4. Chum Nile Creek, B.C. 28/10/49 7/1/50 4/2/50
5. Coho o " ” 14/11/49 7/1/50 27/1/50
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hours elapsed between packing and receiving. An initial mortality not exceeding
2 per cent inevitably followed the handling necessitated by shipment. With this
exception, egg losses from other causes were exceptionally Iow in all cases where
subsequent experiments were performed

FEEDING AND CARE OF YOUNG

The transition stage from alevin to free-swimming, feeding fry is a precarious
one for young salmonids. The habit of feeding must be developed and encouraged,
usually by frequent presentation of small particles of food. By directing a jet of
water into a small aluminum screened basket containing finely ground beef or
hog liver, adequate dispersal of the food over periods of 15 to 20 minutes, four
times daily, was achieved. This routineé was maintained for the first month of
feeding, followed by reduction in feeding frequency and a change of diet, mainly
in accordance with fish-cultural procedures for salmon currently practised in
Washington State (Burrows, no date). The diet selected was a slight modification
of one reported by Ellis (1948) which had been. found to give best growth and
least mortality for young spring salmon when tested on a variety of diets. A
mixture of 50 per cent beef or hog liver together with 48 per cent ground ‘‘fish-
pack’” (haddock and cod fillet waste) and 2 per cent yeast was provided, up to
the second month, followed by a reduction in liver to 30 per cent for the balance
of the experimental period.

Mortality in the stock tanks with a constant temperature of 8.8° % 0.2°
was virtually negligible. No prophylactic treatments were introduced. At higher
temperatures, 20°C. and above, up to 5 per cent mortality was observed in all
species, and infrequent treatments (two to three times per month) with a 1 : 4,000
solution of Roccal were applied (Burrows). Two cases where disease became
significant were encountered ; one with five-month-old chum salmon, from a single
tank, which necessitated discarding the remaining fish as well as one series of
obviously discordant data; the other, with three-month-old sockeye, raised by
stages to 24°C. and apparently incapable of deriving adequate nutrition from
their diet at such an elevated temperature.

The pH of the well water supplying the laboratory was 7.3 w1th total
solids amounting to 254.3 parts per million (Table II).

RETAINING TROUGHS

The retaining troughs were each supplied with running water tapped from
hot- and cold-water sources of relatively constant temperature and pressure.
Adjustment of these with regular inspection permitted setting the temperature
of a trough (above 9°C.) to within & 0.1°C. of any desired temperature. Usually
two, sometimes three, species were cultured in a divided trough.

Below 9°C. a refrlgeratlon unit reduced the temperature in a smgle holding
tank in which the five species were retained separately in cages of fine aluminum
wire screening. Thus, different levels of temperature-acclimation were readlly
obtained with a high degree of accuracy and constancy.
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TaBLE II. ' Mineral constituents. of the water supply
used in these experiments, as reported by
the Chief Provincial Analyst, Sept. 24, 1947.

parts per million

Total solids 254.3
Alkalinity 202. 0*
Total hardness N 181.0%
Iron and Aluminum (oxides) 4.7
Iron 0.2
Calcium 89.5
Magnesium 14.1
Potassium and Sodium 36.8
Sulphates 45.1
Chlorides 13.0

*As carbonate of lime.

SizE AND AGE OF EXPERIMENTAL. FIsH

Uniformity of conditions in every feature of the history of the young fish
was maintained as far as possible. Keeping them in the same or similar troughs, -
at the same temperature, and presenting the same diet in sufficient quantity to
ensure abundance, were the first precautions. The variations in response to
subsequent high or low temperatures might then be considered as attributable
to specific differences only. .

The time for commencing expériments was set at three months after hatching
(about two months after feeding commenced), and then continued for an addi-
tional two to three months. The fish from higher temperatures were used first.
The knowledge that the young chum and pink salmon move to salt water early
in their first year motivated making comparison of the species in the very young
stages. .

TaBLE III. Mean fork-lengths, weights and ages of the salmon fry
‘ used in temperature-tolerance tests.

Species Length (cm.) Weight (g.) Age (months) .

Upper temperature tolerance

Spring 4.44 +0.40 1.03 £0.27

3.6
Pink 3.81 +0.29 0.30 +0.15 3.8
Sockeye 4.49 4- 0.84 0.87 :=0.45 4.7 ‘
Chum 5.44 +£0.89 1.62 &=1.03 4.9
Coho 4,78 4 0.60 1.37 = 0.62 5.2

Lower temperature tolerance

Spring 4.72 £ 0.41 7.7
Sockeye 4.50 4 0.53 5.8
Chum 5.09 = 0.51 5.2
Coho 4.83 +0.45 5.4
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In Table II1 mean fork-lengths and weights (with standard deviations) and.
the average age from hatching of all samples used in the temperature-tolerance
tests are compiled. No weights are included for the fish used in low-temperature
tests. These samples were not removed from the lethal tanks until some time
after death, and water absorption had affected their weight.

LETHAL BATHS

The lethal baths, six in number and measuring 22 inches square by 11 inches
deep (Figure 1) were each constructed of galvanized iron coated inside with
aluminum paint and adapted for use in either upper or lower thermal-tolerance
tests. The addition of complete insulation with fiberglass of one-inch thickness
was of value in reducing temperature variation to a minimum. Thermostatically
controlled, 120-watt heater-coils in pyrex tubing counterbalanced a steady loss
of heat, mainly from aeration and from a very slow exchange of water, equal to
the volume of the tank every twenty-four hours. In the low-temperature lethals
the heat loss was augmented by the addition of a layer of crushed ice, partitioned
off on three sides of the tank by a removable galvanized iron sheet. A standardized

Ficure 1. Apparatus for determining upper and lower lethal temperatures being assembled.
Two units, one with four, the other with two lethal baths are shown with connections for thermal
control, aeration and water exchange. (Photograph by Mr. W. P. Rice.)
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thermometer calibrated in intervals of 0.1°C. was used throughout all experi-
ments. Often no detectable change in the tank temperatures was apparent and,
in general, variation did not exceed a range of more than 0.1°C. from any set level.
Under maximum loads of fish per tank (40) oxygen concentrations were
never reduced below 93 per cent saturation (5.24 cc. Oy/1., 26.5°C.) in tests on
high lethals, and not below 81 per cent (6.91 cc. Oy/1., 6.0°C.) in low-lethal
experirﬁents. . :

PREFERRED-TEMPERATURE TANKS

Two preferred-temperature tanks were used in a limited series of experiments
concerning the region most frequented in a vertical temperature gradient by
variously acclimated salmon fry. These tanks, illustrated m Figure 2, stand
36 inches high, with length and width measurements of 36 and 20 inches respec-
tively. Plate glass facings held in angle iron edging and bolted to the main frame
complete the outer structure. Water, usually of low temperature, is introduced at
the bottom through a metal tube perforated uniformly over its length with small
holes, the displaced water being drained off at the top. A coiled copper tube

. Ficure 2. A preferendum tank divided into ten cells by white cord for recording of fish positions
" under low illumination. Thermometers are situated in the front right of each cell. A faint outline

of the coiled copper tube for carrying hot water is visible within the tank.
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forming a closed system conducts hot water in a downward spiral around the
inside periphery of the tank in contradirection to the rising “cold front”. By
adjusting the temperature and rate of flow of the introduced cold water as well
as that of the hot water within the copper coil, any desired temperature gradient
can be obtained. ' '

METHODS

The approach to the problem of describing the temperature-tolerance of
young Pacific salmon has been to hold samples of each species at different non-
lethal temperatures but otherwise similar conditions. These variously acclimated
samples were later tested for their tolerance to high and to low temperatures,
ranging from rapidly lethal to sublethal levels. The data were treated graphically
or mathematically to distinguish such differences as might occur.

The application of these methods are considered below.

ACCLIMATION

As early as 1895 Davenport and Castle reported on the ‘acclimatization of
organisms to high temperature’’, and threads of this principle have been variously
woven around the theme of temperature relations in fish by Loeb and Wasteneys
(1912), Hathaway (1927), Binet and Morin(1934), Sumner and Doudoroff (1938),
and more generally by Weigmann (1929, 1930, 1936), Ogle and Mills (1933),
Heilbrunn (1943), and others. Yet a great deal of experimental work has been
done without adequate regard for the conditioning effects of temperature in the
past-history of animals. A study of changes in heat-tolerance for the goldfish,
Carassius auratus, from both low (4°C.) and moderately high (20°C.) temperature-
acclimations (Brett, 1946) led to the general conclusion that rate of acclimation
was related to metabolic rate. Thus, at low temperatures, acclimation proceeded
at a slow rate but increased to a very rapid rate at high temperatures, probably
in geometric progression. Conversely the loss of acclimation to any level of tem-
perature was a comparatively slow process under most conditions.

The thermal history for the egg, alevin and early fry stage for each of the
salmon species was 8.8°C. with very little variation. When the fry were about
two months old the process of moving them through a series of temperature-
acclimations was initiated. The minimum standards set for acclimation from the
holding-trough temperature of 8.8°C. to any one of the following temperatures
were: :
To 5°C. 4 weeks at 5°C.

To 10°C. - 3 weeks at 10°C.
To 15°C. 3 weeks at 15°C.
To 20°C. 1 week at 15°C., 2 weeks at 20°C.

To 23°C.(or 24°C.) 1 week at 15°C., 1 week at 20°C.,
1 week at 23°C. '

Repetition of some of the upper lethal-temperature experiments after one
and even five months’ lapse of time without further change in acclimation gave
no significant change in heat-tolerance.
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The first species to be investigated was the spring salmon. Preliminary tests
indicated. that a maximum acclimation temperature without significant loss in
the holding troughs was close to 24°C. This was later substantiated by success-
fully culturing over 200 young spring salmon at 24°C., at which temperature
they proved to be very active and to be good feeders, but had reduced growth
rate when compared with groups from lower temperatures, particularly those
from 15°C. A level of 24°C. was introduced, therefore, as the highest standard
acclimation temperature for all species. By chance one of the most hardy of the
five species had been used to set the standard for the others. The pink salmon,
next in line by age for progressive acclimation to 24°C., fed poorly. Immediate
lethal-temperature experiments following minimum acclimation standards for
24°C. showed a breaking away from the usual temperature-time mortality curve
after prolonged exposure to a temperature of 24.5°C. Extrapolation of this
divergent trend indicated that 24°C. bordered on 50 per cent lethality for pro-

" longed exposure. Evidence of the unsatisfactory nature of such a high acclimation

temperature was convincing in the sockeye fry. The latter species, while apparently
more resistant than the pink salmon, showed a complete aversion to feeding in

" about 40 per cent of cases which later appeared as typical “pin heads’, often

obtained in hatcheries when young fish do not develop the feeding habit (al-
though at an equable temperature). The growth of the remainder was curtailed
almost completely and their activity was quite apparently reduced. Conse-
quently, the acclimation temperature was lowered to 23°C. for the sockeye, the
chum and the coho. Insufficient numbers of spring and pink salmon remamed to
provide comparison at the new acclimation level.

UPPER LETHAL TEMPERATURE

The method of lethal-temperature determination as conducted by Fry and
associates has remained basically consistent from its inception (Brett, 1941),
with the marked exception of the duration of exposure to given temperatures
which produce some but not complete mortality. The analysis and interpretation
of the data have changed and expanded considerably (see Fry et al, 1942; Brett,
1944; Doudoroff, 1945; Fry et al, 1946; Fry, 1947a; Hart, 1947, 1949). Without
tracing the history of these changes, a discussion of the present treatment of
temperature data and the current terminology used to describe the observations
is necessary.

Each lethal bath is regulated to a constant temperature almost exactly
0.5°C. different from the temperature of an adjacent bath and appropriately
chosen by preliminary tests to span the conditions from rapid to slow, partial, or
non-lethal temperature effects. Records of the times to death for all fish are kept
by close inspection. These latter have been called the resistance times which, if
plotted graphically on normal axes in order of occurrence, take on the appearance
of an asymmetrical S-curve. A series of such curves can be plotted, including the
various temperatures investigated, as has been done for a sample of spring salmon
fry from 10°C. acclimation in Figure 3a. It has been demonstrated (Bliss, 1935a,
1937) that many dosage-mortality curves can be resolved into straight-line
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relations if the proper derivative of time is applied and the variation of
response is normally distributed within the sample. By converting the axes into
probability units as one variable (order of death) and logarithm of time as the
other variable (time to death) a linear progression of points is frequently obtained
(Figure 3b). The application of this principle to lethal-temperature experiments
with fish was shown to be quite appropriate by Fry et al. (1946). The hundreds of
observations which have since been made on many species of fish (Hart, 1947,
1949; present paper) and found to adhere closely to the above interpretation
have added convincingly to the validity of the relation. The normality of the
distribution permits application of standard statistical treatments. In addition

_ the mean, median and mode, all coincide in a normal distribution, so the descrip-

tive value of the single figure (50 per cent point) is evident. ,

From each lethal-temperature experiment a series of median resistance times
may be plotted for the corresponding levels of temperature, in the manner of
Figure 4a. It is apparent that for every state of acclimation the possibility of a
series of such points exists. Thus, an overall picture of the effect of temperature
can be constructed. Conveniently enough these curves, in the case of high-
temperature tolerance, can be resolved into straight lines by using the logarithm
of time against temperature (Figure 4b). A distinct break in the semilogarithmic
plot, not otherwise evident, occurs at a progressively earlier point of time in the
lines for lower levels of acclimation (usually below 20° to 15°C. for Pacific salmon).
The discovery of this break (Fry et al., 1946) and its variable occurrence with
acclimation was most significant and has constituted the main difference in
experimental procedure {rom that of earlier investigations. The definition of
lethal temperature has been that temperature at which 50 per cent of the population
is dead after indefinite exposure. The stumbling block in the past has been the
duration of the experimental test. Doudoroff (1945) questioned the 14-hour period
used by Fry et al. (1942) and shortened to 12 hours by Brett (1944). The answer,
as indicated above, was provided when breaks in the resistance time-temperature
relations showed that mortality from temperature as a primary cause had ceased.
The duration, even as long as the seven-day period used for Pacific salmon
should be governed by this factor since it varies for different species and different
acclimations. As long as the resistance times continue to be finite the fish are
considered to be in a zome of resistance. Beyond this lies the zone of. tolerance
(Fry, 1947a). ;

At one acclimation there are any number of resistance times-but only one
lethal temperature. To distinguish indices derived from high- and low-tempera-
ture experiments the terms upper and lower lethal températures are applied
respectively.

Lower LETHAL TEMPERATURE

Temperatures distributed from 0°C. (0.1° & 0.1°C.) to 7°C. at one degree
intervals were used in lower lethal-temperature determinations. One or two in-
stances of experiments at fractional degrees are reported, but the use of 20 fish
per tank from a limited total sample precluded carrying the investigation to a
finer point.
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There seems to ‘be relatively little trouble in deciding when a fish has died
from high temperature, except in a few instances (Brett, 1944; Hart, 1949). A
cessation of respiratory movements and muscular contraction accompamed by
complete loss of response to stimuli have been regarded as quite decisive criteria.
Often no reference concerning such end points is included in reports on upper
lethal-temperature experiments. A check on 180 Pacific salmon, including all
species, by removing the fish to a lower temperature immediately after ‘‘death”
was recorded, resulted in no recoveries. On the other hand the depressing effects
of low temperatures, producing a type of “‘suspended animation”, have been the
source of considerable trouble in establishing satisfactory criteria of death from
this cause. Usually groups of fish at a single low temperature have been removed
from a large sample and tested for mortality by immersion in water of a more
equable temperature, the recoveries being noted over the first 24 hours. This
has been performed at intervals throughout the experiment, or, when only a small
sample of fish was available, at the end of a given exposure time (Fry et al.,
1942; Brett, 1944). The lack of a more direct criterion of death has restrlcted
operations in this field.

Close inspection of Pacific salmon revealed that with the approach of cold-
death the characteristically immobile and closely compressed opercula of the
chilled fish commence to fan out perceptibly. By systematically recording this -
symptom before removal of each sample to a testing tank (at 12°C.) for re-
coveries, a comparison of the “‘predicted” and “‘actual”’ mortalities was made. A
highly significant correlation between the two was obtained (coefficient of
correlation r = + .90, P.y = .37), the cases of non-agreement being scattered
almost entirely on the side of greater “‘actual” mortality. Unpredicted recovery
was virtually non-existent. Consequently, the resistance times could be tabluated
from direct observation of the fish in the lethal baths as in the upper lethal
experiments, and the median resistance times plotted for different degrees of low
temperature, a system hitherto not employed in low-temperaturée work. '

In practice, lots of ten fish were placed in small plastic cylinders (6 inches
long, 3 inches in diameter) capped at either end with plastic screening. Two such
samples for each species from a given acclimation were inspected-at each of the
test temperatures. When the number of predicted dead in the first cylinder-
regardless of the number dead in the second, had reached 50 per cent, the con,
tainer was removed to running water at 12°C. The treatment of the second
container varied in order to test the prediction value over a greater range of
mortalities, but usually contained estimated deaths of between 50 and 100 per
cent. The number of actual dead was recorded 24 hours later and excluded all
fish showing perceptible activity—rarely a gquestionable category. ‘

The median resistance times, determined by plotting the order of death
(similar to upper temperature resistance), when transposed to a graph follow a
pattern which has not been possible to convert into a more convenient form by

-any further resolution of the data. A solution for the problem of duration in the

experiments on effects of high temperature was presented. Following the same
line of reasoning, though not as apparent in this case, a flattening-out of the
curves to become asymptopic with the time axis, is indicative of continued, pro-
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longed survival of the sample under the corresponding temperature conditions.
This latter inflection occurs by at least 5,000 minutes (three and a half days) in
practically all cases, and considerably earlier for the higher acclimations. Conse-
quently, a limit of 5,500 minutes was set for the duration of all low-temperature
work. ~

A further use of the lethal temperature to delineate the biokinetic range of
fishes has been illustrated by the construction of a trapezium relating upper and
lower lethal temperatures to acclimation temperature (Fry et al., 1942, and later
references). For every stage of acclimation there is a corresponding lethal tem-
perature. In the upper temperature region the lethal and acclimation tempera-
tures approach each other, finally providing an uitimate upper lethal temperature
(Fry et al., 1946) beyond which no extension of temperature-tolerance is possible
for the species as we know it. Such relations for the Pacific salmon have been
illustrated in Figures 20 to 24.

PREFERRED TEMPERATURE

The specific aim of the investigation was to work out in some detail the
limits of tolerance; it was also possible to carry out- research on temperature
selection but of a preliminary nature and consequently presented as such.

Measurements of the aggregation of fish in horizontal temperature gradients
have been conducted effectively by Doudoroff (1938) and Sullivan (1949).
Emphasis must be placed on the horizontal nature of these gradients since
vertical gradients were employed for the Pacific salmon. One highly significant
difference is apparent, namely, that a gravity gradient is inextricably involved
in a vertical tank. It has been customary to reduce as far as possible all interfering
factors when recording the responses of an organism to a gradient of a given
identity. The methods employed in the present instance were to habituate ten
previously acclimated fry to feeding freely in the preferendum tank for one week
at the same acclimation temperature. No other control was instituted. Live
Daphnia regularly introduced with finely ground food, and slowly swept around
the tank by currents produced through aeration, served to scatter the fish in an
irregular manner throughout the tank. Lighting during the habituation period
was from overhead 150-watt bulbs and from sunlight through side windows
(Figure 2). ‘ :

On the day of an experiment, feeding was reduced (excessively fed fish tend
to sink to the bottom when inactive) and only between 10 p.m. and midnight
were observations on distribution in a temperature gradient recorded. At this
time lighting, sufficient only to record positions accurately, was produced by
two 3-candle-power sources, placed 35 to 40 inches on either side of a middle
point of the tank. Any defence of territory which had been exhibited under full
illumination was never displayed in the greatly reduced lighting of .an experi-
ment. The distribution in various thermal gradients was then noted by counting

the number in each cell of known temperature.
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STATISTICAL TREATMENT

The various sources of variability in response to extremes of temperature
and the statistical treatment of the data are presented in Appendix I. Most of
the calculations were made by the method of analysis of variance,!

RESULTS

The actual levels of tolerance to extremes of temperature and the differences
in response among the five species have constituted the main theme of study.
These are presented by dealing with one aspect of temperature and considering
the five species collectively under each heading.

UprPER LiMITS OF TEMPERATURE TOLERANCE

SPRING SALMON. Upper limits of temperature-tolerance include the resistance
times and lethal temperatures for each acclimation. A typical series of mortality
times at different test temperatures has been depicted in Figure 3a on normal
axes, and on probit and logarithmic axes in Figure 3b for young spring salmon
acclimated to 10°C. At 24.0°C. and below no deaths were recorded for that sample
during the 10,000-minute (one week) duration of the experiment (Table IV).
The lethal temperature therefore lies somewhere between 24.0° and 24.5°C.
(Table XI). In the latter graph the mean of the logarithms of the times to death
has been calculated. The very close approximation of the median and mean
mortality times is apparent and in agreement with the findings of Fry et al., 1946.

The median times to death have been plotted further in Figure 44, illustrating
the levelling-off of the median resistance times at lower temperatures to become
parallel with the time axis. In Figure 4b the resolution of these data into a linear
series of points has been achieved. The line A—B drawn almost at right angles to
that for the median resistance times for 5°, 10° and 15°C. acclimations denotes
the points of time at which continuation of the experiment provides no change in
results (up to 10,000 minutes). Although the resistance times of the higher
acclimated fish (20° and 24°C.) showed an increased tolerance at comparable
times for periods of 1,000 minutes (about 17 hours) and less, continued exposure
resulted in continued mortality to a level of death (line B—C) which finally
equalléd that of the lower acclimation of 15°C. This phenomenon has been ob-
served repeatedly over the higher levels of acclimation for every species studied .
by Fry et al., (1942, 1946) and Hart (1947, 1949). It is a characteristic, to a greater
or lesser extent, of all the species considered in the following presentation. -

PINK SALMON. The pink salmon were decidedly the most difficult of the five
species to handle in fresh water after the first month of feeding, and for their
length showed the least weight (Table III). The difficulties experienced in
acclimating this species to 24°C. were noted earlier. Their intolerance to a tem-
perature as high as 24.0°C. is also apparent in the distribution of their resistance

1Complete tables of data are included in a Ph.D. thesis, 1951, in the libraries of the Depart-

“ment of Zoology, University of Toronto, and the Pacific Biological Station, Nanaimo, B.C.

A
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times following a minimum period of acclimation to this level of temperature
(Table IV). After 2,000 minutes’ exposure to 25.5°%, 25.0° and 24.5°C., no increase
in their tolerance over that for 20°C. acclimated samples was obtained.

The results for lower acclimations (Figure 5) were in accordance with general
expectations except for the 5°C. group. Mortality was so rapid in lethal tanks
with temperatures of 22.5° and 23.0°C. that it was decided to test the majority
of the remainder of a limited sample at 21.0° and 19.0°C. Only four fish finally

Acclimation Temp.
24°

°c

26 |—

24 (—e

TEMPERATURE =~

22 |—

tr RN Lot T
10

100 1,000 10,000
TIME TO 50% MORTALITY - Minutes

FIGURE 5. Median resistance times to high temperatures among young pink salmon )
acclimated to temperatures indicated. The encircled point for 5°C. acclimated pinks
denotes the use of four fish instead of the normal ten in other points.

remained for an intermediate test at 22.0°C. The reliability of these data is
therefore not as great as that for the more orderly points of higher acclimations.

SOCKEYE SALMON. Sockeye salmon, although held at a maximum acclimation
of 23°C. (thus 1°C. lower than the highest for pink salmon), also showed an
inherent intolerance for such levels of temperature as 24.0°C. and 24.5°C. after
prolonged exposure (Table IV, Figure 6). However, of the five species, the sockeye
are probably the best adapted to fresh water, often spending two years in lakes
before migrating seaward. A completely fresh-water subspecies is also commonly
reported (Dymond, 1936). The responses of the young sockeye to high tempera-
tures were quite similar in pattern to those of a fresh-water species of Salmonidae,
Salvelinus fontinalis (Fry et al., 1946). The lines connecting median resistance
times for acclimations of 20°C. and below are fairly regularly spaced and are not
significantly different in slope to be distinguished as not parallel (Table X).
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The apparent variation in slope for the 15°C. acclimated group is not beyond
what might be expected from chance. This has been derived from a consideration
of the total data mustered in the tables of analysis of variance (Tables VI to X).
As a result, in this instance only, the line for the 15°C. acclimation has not been
drawn by inspection as the best straight line for the plotted points, but as the
most likely relation to be expected on the basis of the total data, that is, approxi-
mately parallel.

— Acclimation Temp.
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FicUure 6. Median resistance times to high temperatures among young sockeye salmon

acclimated to temperatures indicated. A somewhat lowered resistance among the 23°

and 20°C. acclimated groups for prolonged exposure to 24.5°C., below the expected level,
is indicated by the dotted line on the extreme right-hand side.

CHUM SALMON. The results of experiments with chum salmon are recorded
in Table VII and Figure 9. This species showed the greatest amount of variability
for experiments in which the mean resistance time approached or exceeded
1,000 minutes. Like the pink salmon, the chum normally move to sea quite early
in life although some have been maintained in fresh water up to two years by
Chin and Kuroda (1935). Acclimation to 23°C. was quite successful. However,
after 9,000 minutes’ (6 days’) exposure to 24°C. in a temperature-tolerance test,
half the sample had died, confirming the impossibility of acclimating this species
to 24°C. ‘ ‘

COHO SALMON. An accident in the early history of the coho salmon eliminated
the stock of eggs held in one of two troughs. This loss, while unselective, necessita-
ted some curtailment in the programme of study. At the time of experimentation
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with upper lethal temperatures, it was apparent that at higher acclimations the
coho were conforming very closely to the reaction times already determined for
the spring salmon. The remaining tests in this series were therefore bypassed to
permit more intensive investigation in the relatively unexplored low-lethal range.
In retrospect this was perhaps unfortunate as it now appears that a ‘difference
between coho and spring salmon, where such occurs, is present in their high-
temperature tolerance from low acclimations.

The results for the coho appear in Table IV and Figure 8.

PROLONGED EXPOSURE. An experiment concerning long-term exposure to
high temperatures was performed with sockeye and chum salmon acclimated to
5°C. These fish do not feed readily at critical high temperatures, so prolonged
exposure would inevitably cause death from malnutrition, if from no other cause.
In this respect the two species are alike. Since they differ in migratory habits, the
sockeye remaining in fresh water usually for at least one year longer than chum
salmon, it is quite possible that they differ in ability to tolerate fresh-water
conditions (cf. Hoar and Bell, 1950). So far, few experiments with high tempera-
tures have involved exposure times in excess of 10,000 minutes (approximately
one week), particularly for fish from acclimation temperatures below 15°C.
The results for 30,000 minutes’ exposure for these two species are recorded in
Figures 9 and 10. The sockeye typically showed no additional mortalities beyond
3,000 minutes. The pattern of mortality in the chum salmon was very similar to
that for the sockeye, with no further deaths recorded between the end of the
first day (1,440 minutes) and the end of a week (10,080 minutes). Beyond this
period a rather unexpected but orderly progress of mortality appeared in the
chum salmon samples. Speculation as to the cause of death might be made in the
direction of the relative intolerance of this species to fresh water; further ex-
perimentation 1s desirable.

Lower Limits oF TEMPERATURE TOLERANCE

SPRING SALMON. The method of determining the resistance times at low-
lethal levels of temperature usually involved two samples of ten fish of the same
species and acclimation for each test temperature. The removal of one sample
with 50 per cent predicted dead changed each test before completion from a
total of 20 to a total of 10 subjects, hence the plotting of the individual resistance
times at 5 per cent intervals changed to 10 per cent intervals following the time
of removing the first sample. The slight inconvenience involved was a result of
checking “‘predicted” against “actual’’ dead. In this manner all mortalities from
a single test temperature could be plotted in determining the time to 50 per cent
mortality.

No size effect in Pacific salmon of the same age was demonstrated from data
on heat-tolerance (Table X11II). Results of experiments on cold-tolerance, how-
ever, were strongly suggestive of a size influence. The method employed was not
such that the individual fish, once dead, could be later identified when the whole
sample was removed from a lethal bath. A group of fish, some living, some dead,

- was on hand. By considering only those cases in which at least three but not
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more than seven had succumbed, comparison of the sizes among all specimens
showed nearly twice as many living fish above the mean length for the total
sample as dead fish. Since the measurements were made some time after death,
weights were not taken. The mean lengths and standard errors of the two groups
were: living = 5.00 & 0.046 cm., dead = 4.75 + 0.043 cm. The data show a
statistically significant difference (Table XIV). _

Evidence was procured for two separate lethal effects of low temperature:
the first, occurring only at the lowest temperatures, was very rapid and decisive,
and was followed by a second series of deaths after considerable delay. Owing to
the methods employed, the first mortalities could not be sorted out from the
remainder. They constituted a relatively small fraction of the total dead. Un-
recorded observation at the time of an experiment revealed an apparently distinct
size factor in this primary phase of death, the smallest fish dying first. Con-
firmatory experiments will be required for adequate proof. The presence of these
comparatively smaller fish in the samples of dead fish recorded above may con-
stitute the main source of difference between the two major groups.

Preliminary tests with spring salmon, before the system of pre