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The growth and food consumption of juvenile coho salmon

[Oncorhynchus kisutch (Walbaum)1 exposed to natural and elevated

fluctuating temperatures were studied in the laboratory with wild fish

collected from a salmonid rearing stream, Control temperatures

were similar to the temperature regime of a natural stream and the

elevated temperatures were increased incrementally 3-4 C and 7-8 C.

Short-term, 30-day experiments were conducted during five different

seasonal periods in 1969 and 1970. Concurrent long-term studies

were carried out during the entire experimental period.

Relationships between rates of food consumption, growth and

food assimilation of the fish were determined for the different experi-

mental temperature conditions during the short- term experiments.

Relationships between maintenance ration and temperature were
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derived from curves relating rates of food consumption and growth,

The efficiency of food assimilation was determined from measure-

ments of the quantities of the food consumed and the amounts of fecal

wastes produced. Caloric measurements were obtained from oxygen

bomb calorimetry of the fish and food consumed, and from wet corn-

bus tion of the fecal wastes collected during short intervals within each

experiment, Bioenergetic measurements were used to estimate the

major fates of the energy of food consumed under the different

temperature conditions during a period of fluctuating high summer

temperatures.

Long-term studies were conducted over eight-month and four-

month periods under temperature conditions similar to those of the

short-term experiments. Growth rates of the juvenile coho salmon

were obtained from measurement of changes in their wet weight during

15-day intervals, The growth rates of salmon at equivalent ration

levels were compared between the short- and long-term experiments.

Growth rates of juvenile coho salmon kept as controls were

generally greater than those of fish exposed to elevated temperatures

for each of the five short-term experiments. Increases of ration size

generally ameliorated the effects of elevated temperatures on the

salmon growth rates. Comparisons of the caloric values of coho

salmon recorded for a natural rearing stream with those of experi-

mentally fed fish suggest that wild fish subsist on a restricted ration,



Results of the long-term studies showed that salmon exposed to

naturally fluctuating temperatures in the laboratory and fed restricted

rations reached sizes typical of downstream smolts in Oregon coastal

streams, whereas the fish exposed to incremental temperature

increases of 3-4 C and 7-8 C were respectively 25 and 47 percent

smaller than the control fish, Comparison of results of studies based

upon naturally fluctuating temperatures with those of other workers

based upon constant temperatures indicates that at average tempera-

tures above 20 C the fluctuation of temperature is favorable for coho

salmon growth.

The results of the study suggest that temperature criteria for

juvenile coho salmon derived from measurements based upon constant

temperatures may not be satisfactory for protecting the fish during the

extended period of their freshwater existence, Measurements of the

growth of the young salmon during long-term experiments indicated

that any substantial increases of temperature would result in a reduc -

tion in the size of smolts, Significant reductions of juvenile salmon

growth resulting from elevated stream temperatures could influence

the production of salmon populations through decreased marine survi-

val. Long-term studies of the fish as well as other components of

stream communities influenced by elevated temperatures are necessary

for establishing meaningful temperature criteria,
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GROWTH AND FOOD CONSUMPTION OF JUVENILE COHO
SALMON EXPOSED TO NATURAL AND ELEVATED

FLUCTUATING TEMPERATURES

INTRODUCTION

Changes in the temperature conditions of streams supporting

valuable salmonid populations may be related to logging, water

impoundment, irrigation and other practices that result in exposure of

water to solar radiation, An important effect of increased exposure to

the sun is the elevation of maximum temperatures during the summer,

The direct introduction of water used for industrial cooling and for

once-through cooling of thermal power condensers may not only aug-

ment natural heating but may result in substantial elevation of stream

temperature during seasons of normally low temperature. Existing

stream water temperature standards may be invoked to protect

salmonids from lethally high temperatures but knowledge is not yet

adequate for determining the increment of temperature change that can

be tolerated by salmonids and other organisms in stream communities

adapted to natural seasonal temperature regimes,

Information on the temperature requirements of Pacific salmon

and trout has been based largely upon studies of relationships between

metabolic rate and temperature and upon studies of lethal tempera-

tures; both kinds of studies being carried out at constant temperatures

(Fry, 1947, 1964; Brett, 1952), There is some information on the
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effects of temperature on upstream migration, spawning, egg incuba-

tion, fry development and hatchery production of fingerling salmon

(Combs and Burrows, 1957; Burrows, 1963). The relationship

between temperature and disease has received attention with regard to

columnaris disease (Chondrococcus columnaris) in the Columbia River

(Ordal and Pacha, 1963). The ability of juveniles to perform at

different temperatures has been studied for a few species (Davis et al,

1963; Brett, 1967), Recently, Brett et al, (1969) reported on the

relationship of growth rate and body composition of young sockeye

salmon to temperature and ration size, A bioenergetic approach was

taken by Averett (1969) in studies of energy and material utilization

by juvenile coho salmon, Oncorhynchus kisutch (Walbaum), at differ-

ent constant temperatures. Generally useful bibliographies on the

effects of temperature on aquatic life have been presented by

Mackenthun (1967) and Raney and Menzel (1969),

Knowledge of the temperature requirements of juvenile salmon

and trout under fluctuating temperature conditions is very limited,

Brown (1946) compared the growth rates of brown trout, Salmo trutta

Linnaeus, kept at constant temperatures with those of fish kept at

temperatures that were incrementally changed 0, 5 C per week from

18 C to 4 C and then from 4 C to 18 C, She found that growth rates

between the two temperatures were not significantly different,

Coutant and Dean (1967) reported on the lethal temperature tolerances
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of eggs and fingerlings of chinook salmon, Oncorhynchus tshawytscha

(Walbaum), at temperatures incrementally elevated above those of

ambient Columbia River water, Relationships of temperature to the

growth of these juvenile chinook salmon were reported by Olson and

Nakatani (1968). They found that the growth of the fish was enhanced

by increases of temperature above those of the river, Iverson (1972)

investigated the effects of elevated fluctuating temperatures on the

growth rate and production of juvenile coho salmon in large outdoor

model streams. He found that production rates of juvenile coho kept

at elevated temperatures were generally Lower than those of controls,

The studies reported herein of the effects of elevated fluctuating

temperatures on the growth and food consumption of juvenile coho

salmon were designed to complement those carried out by Iverson

with model streams, These studies were performed between August

1969 and August 1970 at the Pacific Cooperative Water Pollution

Laboratories, Oregon State University. Relationships were established

between rates of food consumption and growth of salmon kept at

naturally fluctuating stream temperatures and at temperatures

increased incrementally 3-4 C and 7-8 C. Results of short-term

experiments carried on for 30 days during each season were compared

with those of studies extended through several seasons to determine

if there were differences in the growth and food relations of fish with

short and long histories of exposure to elevated temperature,
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Bioenergetic measurements made during a period of high fluctuating

summer temperature permitted determination of the major fates of

the energy of food consumed under the different experimental conditions.

Relationships between temperature and food assimilation were

examined for each of the seasonal periods.



METHODS AND MATERIALS

Exoerimentat Aoaratus

The apparatus illustrated in Figures 1-3 consisted essentially

of the following: a series of headboxes equipped to supply, by gravity

flow, water at natural stream temperatures and at temperatures of

30 C and 40 C; a system for mixing control and heated water to obtain

fluctuating test temperatures elevated 3-4 C and 7-8 C above those of

controls; and a series of partitioned growth chambers in which fish

were kept under the different temperature regimes and separately fed

different food rations, Since the intermediate and high test tempera-

tures were incrementally increased above control temperatures, they

followed the daily and seasonal fluctuations of the control water supply,

The apparatus was housed in a constant temperature room at 15 C to

avoid the modifying effects of changing air temperatures on the

experimental temperature regimes.

The water supply was filtered creek water with the characteris -

tics that have been described by Doudoroff, Leduc and Schneider

(1966), The small spring-fed creek exhibited only moderate diurnal

changes in temperature; therefore, some modification was required in

order to more closely model the temperature fluctuations of a typical

stream. This was accomplished by retaining the creek water for a

short period of time in a wooden box (8Z liters) located outside the



Figure 1. Schematic diagram of the water supply and experimental apparatus.
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Figure 2, View of headboxes, flow control and temperature monitoring apparatus.
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Figure 3, Growth chambers used for short-term studies (upper shelf) and long-term
studies (lower shelf). Glass aquaria were used as stock tanks,



laboratory where it was exposed to solar radiation and to reduced

night time temperatures. The water was conducted to the laboratory

through plastic tubing and its flow was regulated with float valves in

the laboratory headboxes.

Water was heated in two porcelain-coated, steel headboxes

(46 liters) with thermostatically controlled 1, 000-watt, immersion

heaters. Water in one tank was elevated in temperature to 30 C and a

portion was mixed with control water to obtain intermediate test

temperatures. Another portion of the 30 C water was conducted to a

second headbox where the temperature was further elevated to 40 C.

The high test temperature was obtained by mixing the 40 C water with

water at control temperatures. Control water was supplied from a

25-liter wooden headbox.

The 3-4 C and 7-8 C temperature increments were maintained

by mixing quantities of water at temperatures of approximately 30 C

and 40 C, respectively, with quantities of control water at the ratio of

1:3. The flows of heated water were controlled with adjustable siphons

and control water flows were controlled with glass stopcocks and

measured with calibrated glass flowmeters, The heated water and

control water were mixed in small acrylic plastic chambers that were

fitted with adjustable siphons for control of water flow to the growth

chambers (Figure 2). Water was delivered to the chambers through

black plastic tubing at the rate of 200 milliliters per minute.



10

The addition of heated water to control water at constant rates

resulted in some differences in the diurnal increments of temperature

change, This, together with changes in the temperature gradient

between the experimental water temperatures and the fixed air

temperature, caused some damping of the elevated temperatures

during the period of daily maximum temperature.

The 18 chambers used in the study were styrofoam boxes with

inside dimensions of 38 cm x 38 cm x 18 cm. Each chamber was

divided with clear acrylic plastic sheets into four 4, 5-liter compart-

ments. Holes in the partitions permitted water to flow from an inlet

line successively through each compartment to an outlet line, The 12

chambers used during short-term seasonal studies were positioned

above the six used for the long-term studies (Figure 3). This per-

mitted the control and heated effluent water of six of the elevated

chambers to be delivered by gravity flow to the aquaria used in the

long-term experiments.

The temperatures were recorded with 7-day Partlow thermo-

graphs, The thermograph probes were located in the bottom of the

control and high temperature chambers. The recorders were cali-

brated and their accuracy was checked periodically with thermome-

ters accurate to within ± 0. 1 C. Water temperatures in chambers at

the intermediate test temperatures were measured frequently with a

standard thermometer for interpolation between the recorded values
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for the high and control temperatures. Thermograph records for the

control and high temperature treatments during one week in August,

1970 (Figure 4) show the typical daily pattern of summer temperature

fluctuation in the experimental apparatus.

The oxygen concentration of the control water was maintained at

the air saturation level with aeration in the control temperature head-

box. Determinations of oxygen concentration in the chambers, which

were made periodically using the Azide modification of the Winkler

method (American Public Health Association, 1965), indicated that

levels of dissolved oxygen always exceeded 8. 0 milligrams per liter.

Illumination of the apparatus was provided by four 40-watt

fluorescent lamps positioned 1, 3 meters above the chambers. A

timer controlled the lights so they would turn on at sunrise and off at

sunset. Adjustments of the photoperiod were made at monthly

intervals (Table 1).

Experimental Fish

The juvenile coho salmon (Oncorhynchus kisutch (Walbaurn),

used in the study were seined from Tobe Creek, a tributary of the

South Fork Alsea River in Benton County, Oregon, The fish were

kept in large glass aquaria (Figure 3) at the laboratory and trained to

feed on the Oregon moist pellet (Hublou, 1963) for periods ranging

from 20 to 30 days before they were used in experiments. The



Figure 4, Thermograph recordings for control and high temperature treatment
during one week in August, 1970 showing diurnal fluctuations of
temperature.
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Table 1. Experimental periods, hours of illumination, mean initial wet weights of experimental fish, mean percentage dry weight of
initial fish sample, caloric Content of initial fish sample, mean percentage dry weight of Oregon moist pellet and caloric
content of Oregon moist pellet.

Fish Oregon moist pellet
Illumination Mean Mean Mean Mean

CaloricExperimental periods period initial wet percentage caloric percentage
(hrs) weight dry weight content dry weight

content
'cal/ g(g) (%) (cal/g (Ii)
dry wt)drywt)

30-Day Experiments

Aug. 31-Sept. 30, 1969 13.0 1.705 17.8 4, 871 71.7 4, 976
Oct. 17-Nov. 16 11.5 1.808 19.4 5,355 72.3 4,976
Jan. 31-Mar. 2, 1970 10.0 3.520 21.0 5, 352 74.5 4,976
Apr. 30-May 30 14.0 0.680 17.0 4, 631 68.4 5, 008
July 12-Aug. 11 15.5 1.705 18.9 4,875 77.9 4,976

Long-term experiments
Aug. 31, 1969-Apr. 13, 1970 13.0-12.5 2. 129 17.8 4,871 73.6 4,976
Apr. 16-Aug. 29, 1970 12. 5-13.5 0. 836 17. 1 4, 631 73.0 4, 997

LiJ
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January-February experiment was exceptional in that high water pre-

vented seining and fish collected in October were used in this exoeri

ment, The fish used in experiments before April, 1970 were from th

1969 year-class, whereas those used after this date were from the

1970 year-class.

The fish used in the studies were selected for average size by

rejecting the small and large fish in the collection and were therefore

approximately representative of the median size of fish in the stream

from which they were taken. The fish were acclimated to the test

temperatures for two weeks in the experimental apparatus. The

salmon kept at the high test temperatures were acclimated for one

week at the intermediate temperature level before being transferred to

the chambers maintained at the high temperatures. During the accli-

mation period, the fish were further trained to feed individually. The

fish being acclimated to intermediate and high temperatures were fed

somewhat higher daily rations than were the control fish to prevent

weight loss resulting from increased metabolic costs, Fish that

could not be trained to feed satisfactorily were replaced and the experi-

ment began when all fish were feeding actively.

Experimental Procedure

The short-term growth experiments (30-day) were conducted

during August-September, October-November, 1969; January-February,
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April-May and July-August, 1970. The long-term studies were

carried on from August, 1969, to April, 1970, and from April to

August, 1970 (Table 1),

At the beginning of each experiment the fish were fasted for

24 hours, anesthetized with tricaine methanes ulfonate (MS 222),

blotted dry and weighed to the nearest 0. 01 grams with a Mettler top-

loading balance, Standard lengths were measured to the nearest

millimeter, Measurements were made of length and weight at 15-day

intervals during both the short- and long-term studies, At the end of

an experiment the fish were dried in an oven at 70-74 C for five days

for measurement of dry weight. Samples of fish were dried at the

beginning of an experiment. The mean percentage dry weight of these

fish was used to compute the initial dry weights of the fish used in the

experiment (Table 1), Comparison of the measured and computed dry

weights permitted estimation of changes of dry weight,

The feeding levels were calculated as a percentage of the wet

weights of the fish at the beginning of each 15-day interval, The

percentages were varied between different seasons in response to

changes in the appetite of the fish, The four rations provided during

the short-term studies generally ranged from less than was required

by a fish to maintain its body weight to all a fish would consume during

one feeding. Ration levels during the five seasonal experiments

ranged from 1. 7 to 11, 5 percent of the body weight of the fish per day,
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Four fish were kept at each of the four ration levels at each of the

three temperature treatments, During the August-September and

October-November experiments each of the four fish at each feeding

level was given an equal portion of a ration based upon a percentage

of the total weight of the group. For the remaining experiments, the

ration levels provided during each 15-day interval were calculated as

a percentage of the initial wet weight of each fish and this resulted in

more precise measurement of the relationship between feeding and

growth.

During the first long-term experiment rations at the low feeding

level ranged from ]. 8 to 7. 1 percent of the body weight of the fish per

day (Appendix IV). The range of rations at the high feeding level

during this experiment was from 3. 5 to 13, 3 percent per day. The

ranges of ration sizes given at the low feeding level during the second

long-term experiment were from 3. 0 to 9. 3 percent. Ration sizes at

the high feeding level were only slightly greater, ranging from 4, 0 to

10. 3 percent,

During the last seven days of each experiment, feces and water

samples were collected daily for analysis of chemical oxygen demand

(COD) (American Public Health Association, 1965). Values of COD in

the water samples were found to be extremely small and COD samp-

lirig of the water was discontinued after the August-September experi-

ment, The COD values for fecal wastes were converted into energy
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units with the oxycalorific coefficient of 3, 42 calories per milligram

of oxygen (Brody, 1945; Winberg, 1956) for comparing values of food

not assimilated with values of food consumed at the three different

temperature levels,

Values of dry weight obtained during the short-term study in

July-August, 1970, and the terminal dry weights of some of the fish

kept during long-term studies were converted into energy values, The

caloric content of the fish was determined with a Parr oxygen bomb

calorimeter (Parr Instrument Company, 1958). Calorimetry was

also used to determine the energy equivalents of food consumed by the

fish during the July-August experiment. The waste products of the

fish were analyzed for chemical oxygen demand and sub-samples of

the waste products were analyzed for total organic nitrogen (American

Public Health Association, 1965).

Evaluation of the effects of the different temperatures was based

upon changes in the rates of growth and food consumption of the fish

and in their efficiencies of growth and food conversion. The average

relative growth rate of the fish kept at the different temperatures was

computed from changes in their dry weight divided by the mean of their

initial and final dry weights and this quotient was then divided by the

number of days in the interval, The average relative food consump-

tion rate was calculated by dividing the quantities of food consumed in

dry weight by the values of mean weight and time used in computing



growth rates, This permitted rates of growth and food consumption

to be expressed as milligram per gram salmon per day (mg g

day 1) or, in energy terms, as calories per kilocalorie salmon per

day (cal kcal1 day'). Gross efficiencies of growth were corn-

puted by dividing growth rates of the fish by their food consumption

rates, and multiplying by 100 to express as percentages, Ass imila-

tion efficiency was computed as the difference between the amounts

of food consumed and of fish feces (COD), divided by the amount of

food consumed, and multiplied by 100 to express as percentages.

Temperature data were compiled from the thermograph

recordings and thermometer readings. For comparison of tempera-

ture values with values of growth rate during each 15-day interval,

the daily means of the minimum and maximum temperatures were

computed and then averaged for the 15-day period.
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RESULTS AND INTERPRETATION

Food Consumotion and Growth

The temperatures to which the fish were exposed are given as

mean values for each 15 -day period between September, 1 969 and

August, 1970 (Figure 5 and Appendix I), Means and ranges of

temperature for each of the short-term experiments (Table Z) indicate

the amount of seasonal temperature change that occurred during

these periods.

Relationships were established between rates of food consump-

tion and growth of salmon kept at different fluctuating temperatures

during the five 30-day seasonal experiments (Figures 6-10, Appendix

II). The curves for each temperature treatment were fitted by

inspection to points representing mean rates of food consumption

and growth of four fish separately fed similar rations,

The growth rates of fish kept as controls were generally greater

than those of fish maintained at elevated temperatures. Differences

in growth rate between temperature treatments tended to decrease

with increases of ration size to levels that approximated repletion

feeding (Figures 6-8). Reductions of ration size during experiments

in the spring and summer, 1970 (Figures 9 and 10) prevented further

comparisons of growth rate between the different temperature treat-

ments at repletion feeding levels,
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Table 2. Mean and minimum and maximum temperatures for each of
the 30-day experiments. Mean values based upon daily
minimum and maximum temperatures are given for the first
and second 15 days of each experimental period.

Mean
temperature (C) Minimum Maximum

Temperature First Second temperatures temperatures
treatment 15 15 (C) (C)

days days

ust-Septernber,l969
Control 15, 1 13, 9 11,0 19 6
Intermediate 19. 6 17. 7 15, 5 22. 6
High 21. 3 20, 8 18, 2 25, 8

October -November
Control 10. 9 11, 0 8, 5 12, 6

Intermediate 15, 9 15, 1 12, 9 17. 2
High 17, 9 17, 7 16, 1 23. 5

January-February 1970
Control 9, 1 9. 7 7. 4 14. 1
Intermediate 13, 0 13. 2 12, 0 15, 0
High 15. 3 15, 4 14, 6 19. 2

April-May
Control 11,0 11. 7 8.7 14, 1
Intermediate 14, 5 15, 2 13, 4 18, 3
High 16, 9 17, 4 14, 1 l9 5

July-August
Control 13. 6 17. 5 12. 1 20, 8
Intermediate 17, 6 20. 5 15, 5 23. 0
High 21.0 23,5 15, 6 26, 5
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Except for the spring, 1970, experiment, the growth rates of

fish kept at intermediate temperatures generally exceeded those of

fish at the highest temperatures. Growth rates of salmon at high

temperatures during the April-May experiment were unaccountably

higher than those of fish at the intermediate temperatures. The food

requirements of the very young fish were underestimated during this

season necessitating a substantial increase of ration size midway

through the experiment. Considering that factors other than tempera-

ture may have influenced the results, the relationships established

during this period are deemed less reliable than those defined for

other seasons, In any event, the intermediate position of the high

temperature curve is inconsistent with the results of Averett (1969)

which indicated that the growth rates of coho salmon of similar sizes

tested during the same season at constant temperatures generally

decreased at comparable rations with increases of temperature.

The position of a point on the food consumption rate axis at which

the curves intersect a line projected horizontally from the zero value

on the growth rate axis provides an estimate of the rate of food con-

sumption required by the fish to maintain a constant body weight, The

ration sizes required for maintenance of the fish at each temperature

treatment during the five experiments (Figures 6-10) were plotted

against mean values of temperature for the control, intermediate and

high temperature regimes (Figure 1 1).
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Although extrapolation of the growth rate-food consumption rate

curves to the zero growth line were required in some cases and

maintenance rations could not be precisely defined, the maintenance

ration curves (Figure 11) generally describe the increase of main-

tenance costs with increases of temperature. The overlap along the

curve of maintenance ration values determined during different seasons

for fish of the 1969 year class at similar temperatures indicates that

the maintenance requirements of the fish at similar temperatures

were not markedly different between the different seasonal periods

tested. Values for the small fish during the April-May experiment

were notably higher; whereas, fish of the same year class tested

during the summer, 1970 had lower values than those of the 1969

year class at comparable temperatures.

Food Assimilation

The efficiency of food assimilation by salmon kept at different

temperatures during different seasons was estimated from measure-

ment of the quantities of food consumed and the amounts of fecal waste

produced by the fish during the last seven days of each experiment, or

in the case of the July-August, 1971, experiment during the last 15

days of the experimental period. The percentages of consumed food

that were assimilated by the salmon were not strikingly different

either between temperature treatments or between seasons. The
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ranges of percentages across all temperature treatments during the

August-September, October-November, 1969, and January-February,

1970, periods for salmon of the 1969 year class were 79-85, 79-85,

and 77-8 1 respectively. The small fish of the 1970 year class tested

in April and May, 1970, had slightly reduced efficiencies ranging from

71 to8l percent. The salmon tested in July-August, 1970, had

efficiencies ranging from 73 to 85 percent, which were not greatly

different from the values for the fishi n the 1969 year class,

Although the proportion of food assimilated was not greatly

different over a broad range of ration sizes, the more definitive

measurements made of energy and nitrogen assimilation during the

July-August, 1970 experiment indicated some effects of ration size as

well as of temperature treatment on the efficiency of assimilation.

This will be considered in the following section (Bioenergetic Rela-

tionships).

Bioeneretic Relationshits

The relationship between rates of food consumption and growth

based upon dry weights of the salmon and their food (Figure 10) is

shown in energy units in Figure 12, Measurement of the caloric

equivalents of growth and food consumption permitted calculation of

the efficiencies with which the fish converted their food into fish

tissue under the different temperature conditions (Figure 12), Gross
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growth efficiencies, which were computed only for growth rate values

above zero, were highest for fish kept at control temperatures and

lowest for fish at the high temperatures. Efficiency values at all

temperatures tested increased with food consumption rates up to the

highest ration levels offered.

Assimilation efficiency values based upon energy values obtained

during the July-August experiment declined somewhat at the elevated

temperatures with increases of ration size (Figure 13), Measure-

ments during this experiment of the nitrogen content of waste products

of the fish and the nitrogen content of the food permitted comparisons

of nitrogen assimilation efficiency between temperature treatments and

over a range of food consumption rates (Figure 13). Nitrogen assimi-

lation efficiencies were high and not markedly different between

temperature treatments; values ranged from 87 to 94 percent. The

results showed, as did those based upon caloric measurement, that

assimilation efficiencies for fish at the intermediate and high tempera-

ture treatments decreased somewhat with increases of ration s ize,

There was a trend toward increased efficiency of both energy and

nitrogen assimilation with increases of food consumption by fish kept

as controls.

Partial energy budgets were calculated for salmon kept under

different temperature conditions during the July-August, 1970

experiment based upon the following bioenergetic model proposed by
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Warren and Davis (1967):

Q Q+Q +Q+Q+Q
c g w s d a

Where terms in energy are:

food consumption

Q = growth
g

= waste products in feces, urine and excretion through
gills and skin

Q standard metabolism
S

digestion assimilation and storage of materials consumed

Q = activity
a

Measured values were obtained for food consumed (Q), growth

(.Q ), and fecal wastes (Q ). Estimates of standard metabolism (Q
g w 5

were obtained from relationships established by Averett (1969) between

rates of standard metabolism and temperature for juvenile coho

salmon. Values for costs of digestion and activity were

estimated together as a difference term by subtracting other mea-

sured values from values of food consumption.

Relationships between temperature and the energy requirements

of food consumption and utilization at four restricted ration levels are

presented as histograms (Figure 14). Food consumption rates are

represented by the height of each histogram. Values given for the

various energy uses are relative to food consumption rate.

Growth rate values (Qg) show the expected increases with
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increases of ration size and decreases with increases of temperature

(Figures 6-10). Standard metabolism (Q ), which increases markedly
S

with temperature, was the single most important fate of food energy

except at the highest feeding level at control temperatures where a

greater proportion of food energy was utilized for growth. Since

costs of activity (Q) and costs associated with digestive processes

were estimated together by difference only tentative conclusions

can be made regarding changes in these costs with changes in

temperature and ration size. In general, values of Q +
d

for fish at

control temperatures comprised a greater proportion of the food

energy than did values for fish kept at intermediate and high tempera-

tures. This suggests that fish at elevated temperatures either were

able to utilize for other purposes a greater portion of the energy

associated with digestive processes 0d or more likely, that at the

elevated temperatures the energy expended for activity (Q) was lower

than for fish kept at control temperatures.

Table 3 provides a comparison of caloric values (calories per

gram dry weight) of fish kept at different temperature levels during

the five seasonal experiments. Values are given for fish fed different

rations at each temperature level during the July-August, 1970,

experiment and for fish fed rations that were comparable between

temperature treatments during other experiments. The caloric values

of fish increased with increases of ration size at each of the



Table 3. Average terminal caloric values of coho salmon kept under control, intermediate,
and high temperature conditions, during each 30-day experiment, Values for coho
from Tobe Creek are based upon initial samples. Each value is a mean of two
caloric measurements.

Temperature
t r e atm en t April-May,

1970
July-Aug.,

1970

Experiment
Aug. -Sept. ,

1969
Oct. -Nov. ,

1969
Jan. -Mar.,

1970

Control
0 4,334
1 5, 167 5, 347
2 5,494 5,578
3 5,046 5,552 5, 355
4 5,668

Inte rmediate
0 4,457
1 4, 948 4, 946
2 5,420 5,397
3 4,898 5,482 5,187
4 5,634

High
1 4, 986 4, 924
2 5,091 5, 357
3 4,891 5,213 5,003
4 5,589

Tobe Creek Fish 4,631 4,875 4,871 5, 355 5, 352



temperature levels during the July-August study but the caloric con-

tent of fish kept at comparable ration levels generally decreased with

increases of temperature during each of the seasonal experiments.

A comparison of values of the caloric content of the experimental

fish with those obtained for fish from Tobe Creek at the beginning of

each seasonal study suggests that the energy content of wild fish

would most closely correspond to values for experimental fish kept

at very low ration levels. Bioeriergetic costs for activity of wild fish

are not known but these comparisons suggest that fish in nature

probably exist at feeding levels not greatly above those required for

maintenance.

LongTerm Exposure to
Elevated Temperatures

The final lengths and weights of juvenile salmon kept as controls

during the two long-term experiments were markedly greater than

those of fish kept at elevated temperatures (Table 4 and Appendix III).

The dry weights of fish fed a low ration and exposed to the respective

intermediate and high temperature conditions (Figure 15) were 27 and

53 percent lower than those of controls during the September, 1969-

April, 1970 experiment. During this period the dry weights of fish

fed the high ration and kept at intermediate and high temperatures

were reduced 25 and 47 percent, respectively, from those control

fish. The dry weights of fish fed the low ration and kept at
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Table 4. Mean values of initial wet weight and final wet weight, dry weights, standard lengths and
caloric content for salmon fed at similar restricted rations from August 31, 1969 to April 13,
1970 and from. April 16 to August 29, 1970. Each value is based upon four fish.

Initial Wet Final wet Final dry Final caloric
Teripeature Final length

weight weight weight value
treatment (mm)

1c. (kcal/odrvwt

August 31, 1969-April 13, 1970

Control
2.01 6.62 1.39 -

2l 1.74 15.91 3.67 102 5.61
Intermediate

1 2.15 4.77 1.01 - -

2 2.24 11.93 2.76 92 5.53
High

1 2.14 3.09 0.65 - -

2 2.01 8.51 1.93 83 5.38

April 16-August 29, 1970

Control
1 0.85 4.14 0.96 64 5.77
2 0.85 5.06 1.18 69 5.75

Intermediate
1 0.87 3.27 0.74 57 5.70
2 0.84 4.32 1.04 63 5.87

High
1 0.88 2.91 0.67 54 5.89
2 0.82 3.31 0.77 57 5.80

a1
= low ration

b
2 = high ration
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intermediate and high temperatures during the April-August, 1969

experiment were lower by 25 and 30 percent, respectively, than

those of controls, The percentages of reduction from controls for

fish at the high feeding level and at the intermediate and high tempera-

tures were 12 and 35, respectively. The greater differences in

lengths and weights of fish between ration levels during the first

experiment than during the spring-summer, 1970, study can be

attributed largely to a reduction in the range of ration sizes employed

during the latter period (Appendix V). The results of the studies of

long-term exposure to elevated temperatures generally confirmed

those of the short-term studies in that the effects of elevated tempera-

tures were ameliorated by increases of ration size,

Similarly, the growth rates of salmon exposed to elevated

temperatures were generally lower than those of controls during both

of the long-term experiments (Figure 15). Differences were greatest

during the early part of the first experiment where fish under the high

temperature conditions were exposed to temperatures that approached

the lethal level (Appendix I). The progressive decrease of seasonal

temperature resulted in fish at elevated temperatures being exposed

to temperature conditions approximating those of control fish at the

beginning of the study, and this resulted in an acceleration of growth of

fish at both the intermediate and high temperature levels until late

fall at the high ration level and until early winter at the low ration
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level. The general reduction of growth rate of the treatment fish even

under temperature conditions very favorable for growth suggests that

other factors such as season or age may have had an important effect

on growth of the salmon,

Differences in the growth rates of the fish during the early part

of the second experiment were not as great between temperature

treatments as during the first experiment and the effects of tempera-

ture elevation on the final sizes of the fish were somewhat reduced.

The second experiment differed from the first in that the temperatures

were generally increasing rather than decreasing and the fish were

younger than those of the 1969 year-class studied during the fall-

winter experiment.

Figure 16 provides a comparison of relationships between

salmon growth rate and temperature for each temperature treatment

at both ration levels, Values of growth rate are plotted separately

for the two long-term experiments. Arrows connect values for

successive months beginning with the first month of each experiment.

During the first experiment at the high ration level, growth rates

of the salmon kept at control temperatures declined with decreases of

temperature; whereas, the growth rates of the fish at the intermediate

and high temperatures first increased markedly with a temperature

decrease before decreasing with further decreases of temperature.

Temperatures corresponding to the highest rates of growth at control,
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intermediate and high temperatures were approximately 15. 0, 16, 7

and 17. 8 C, respectively. At low ration level during thi.s experiment

growth rates of fish at all temperature treatments increased with

decreases of temperature to maximum values that correspond to

temperatures generally lower than those for fish at the high feeding

level. Slight downward adjustments of ration sizes during December

accounts for the general reduction of growth rates of fish at the lowest

test temperatures in each of the treatments,

During the second long-term experiment the growth rates of the

small 1970 year-class salmon increased successively each month

with increases of seasonal temperature at each temperature treatment.

Values of maximum growth rate occurred at or near the highest test

temperatures and only at the low feeding level was there any appreci-

able reduction in maximum growth rates at intermediate and high

temperatures from that of the controls. Since the differences between

the low and high feeding levels during the second experiment were

quite small, effects on salmon growth rates between ration size and

temperature were not well defined,

The effects on the salmon of long-term exposure to elevated

temperatures were also evaluated on the basis of comparisons of the

growth rates of these fish with those of salmon tested during the

short-term seasonal experiments. Comparisons were made for

periods corresponding to each short-term experiment and at ration
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sizes that were equivalent to the highest of the two feeding levels

employed during the long-term experiments. The relationship given

in Figure 17 indicates that the growth rates of fish having a history of

long-term exposure to elevated temperatures were not very different

from those of fish exposed for only 30 days. The short-term and long-

term studies during the early fall, 1969, and during the spring, 1970,

were initiated at the same time and any benefits of acclimation would

be equal between the two experiments. For this reason, comparisons

are most appropriate for experimental periods during the late fall,

1969, and winter and summer, 1970, The relatively small difference

in growth rates between the short-term and long-term studies suggests

that the period of exposure to elevated temperature played a minor role

in the adaptation of the fish to increased temperatures.
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DISCUSSION

The results which have been presented show that the growth

rates of juvenile coho salmon kept as controls were generally greater

at comparable ration levels than those of fish exposed to elevated

temperatures but the differences between the growth rates generally

decreased with increases of ration size to levels approximating

repletion feeding (Figures 6-10). Even though growth efficiencies of

the fish generally increased with increases of temperatures at ration

levels beyond those required for maintenance, the amounts of food

required by the fish to maintain a constant body weight increased

markedly with increases of temperature (Figure 11).

The strong dependency of growth on ration size at elevated

temperatures has important implications for natural salmon popula-

tioris. The elevation of stream temperatures without concomitant

increases in the quantities of benthic food organisms would result in a

larger portion of the available food being used for metabolic processes

leaving little for growth, Results of the long-term growth studies

showed that salmon kept at elevated temperatures and fed moderate

rations did not reach sizes typical of smolts at the time of downstream

migration; whereas, salmon kept at control temperatures reached

Lengths and weights very similar to those reported for smolts in an

Oregon coastal stream (Willis, l96Z).



There is little information on the food consumption rates of

wild juvenile coho salmon, Comparisons of relationships between

rates of growth and food consumption for juvenile cutthroat trout,

Salmo clarki (Brocksen, 1968), and juvenile coho salmon (Carline,

1968) kept in aquaria with trout and salmon kept in model streams

show that the differences are not great.

If it can be assumed that costs of activity for fish in natural

streams are not greatly different from those in the model streams,

then some judgement can be made of the ration levels required by wild

fish on the basis of their observed growth rates. Unpublished data of

H. A. Iverson reported by Averett (1969) showed that on the basis of

growth rates of juvenile coho salmon in Tobe Creek the fish typically

subsist on rations not far above the maintenance level,

Comparison of the caloric values of coho salmon recorded for

fobe Creek with those of fish fed in the laboratory further supports

the conclusion that food consumption rates of wild fish are restricted.

Average caloric values of the wild fish were generally comparable

only with those of fish kept in the laboratory at low ration levels during

the July-August, 1971 experiment (Table 3).

Considering the increased maintenance requirements of fish

exposed to elevated temperatures, it is unlikely that the salmon could

maintain satisfactory growth rates unless increased temperatures

resulted in increased production of invertebrate food organisms. The
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results of a study by Iverson (1972) indicated that elevation of stream

temperature had quite the opposite effect on the invertebrate fauna.

He compared annual production values of juvenile coho salmon and of

the important insect species in two large outdoor model streams.

Water temperatures in one stream were elevated 3. 5-5. 0 C from the

control stream which closely followed the temperatures of a small

natural stream nearby. Insect production in the heated stream was

only one-half and salmon production was only one-fifth as great as in

the control stream. He concluded that the lower rates of salmon

production in the heated system than in the control could be attributed

not only to the increased cost of metabolism and the consequent

reduction in the amount of food energy available for growth, but to the

effects of elevated temperature on the invertebrate fauna upon which

the salmon subsisted.

Considering that elevated temperatures may have both direct

physiological and indirect food-chain effects on the growth of juvenile

salmon, some caution should be exercised in applying the results of

laboratory studies in which fish are given rations greatly in excess of

the quantities of food that salmon can be expected to obtain under

natural conditions. Coutant (1969) concluded from the data of Olson

and Nakatani (1968) that elevated Columbia River temperatures would

be beneficial to the growth of juvenile chinook salmon and would

enhance survival. There is little doubt that the young salmon tested
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by Olson and Nakatani were fed unrestricted rations, Based upon the

results presented in this thesis it could be argued that f the salmon

had been fed restricted rations, quite different conclusions might have

been reached with regard to the effects of elevated temperature.

During all of the short-term studies reported in this thesis, salmon

growth rates at comparable moderate rations were greater at control

temperatures than at elevated temperatures.

Since information on the temperature requirements of juvenile

coho salmon have been largely based upon constant temperature

studies, it is of interest to compare the growth rates and growth

efficiencies of fish kept at fluctuating temperatures with those kept

by Averett (1969) at constant temperatures. Growth rates and

efficiencies are plotted in Figure 18 for fish kept during the same

season and at similar temperatures and ration levels under different

constant and fluctuating temperature conditions, Mean values of

fluctuating temperature are based upon maximum and minimum

temperatures during the July-August, 1970 experiment. Growth rate

values taken from Averett were interpolated between temperature

treatments to permit their comparison at temperatures comparable

with the means of the fluctuating temperatures. Growth rates and

gross efficiencies of food conversion of fish kept at moderate constant

temperatures (15. 5 C) were somewhat greater than those of fish

exposed to temperatures that fluctuated about a similar mean value
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(Averett, 1969), Fluctuating temperatures represent
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tures for the July-August, 1970 experiment.
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(15, 6 C); whereas, at higher average temperatures the fluctuation of

temperature markedly benefitted the growth and food conversion

efficiency of the fish. This suggests that temperature fluctuation as

well as mean temperature values should be considered when establish-

ing temperature criteria for juvenile salmonid rearing streams or

rLvers,

Averett (1969) proposed that ranges of temperature from 5 to 14

C in April-May, 11 to 14 C in June-July, 14 to 17 C in August-

September, 11 to 17 C in November-December and 5 to 11 C in

February-March were favorable for growth of juvenile coho salmon,

The temperatures encompassed within these ranges may not be

entirely satisfactory for maintaining good fish growth over long

intervals of time, The results presented in this thesis indicate that

any incremental increase of natural temperatures during any season

results in a general reduction of juvenile salmon growth if rations are

restricted. Long-term studies conducted under natural and elevated

fluctuating temperatures have indicated that exposure for long periods

to increases of 3 to 8 C above natural temperatures can result in

large reductions of salmon smolt size which, to the extent that ocean

survival of young fish is size dependent, could reduce the production

of salmon populations.

The amount of tissue elaborated by a salmon population is

proportional to the product of the growth rate and average biomass of
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the various age groups in the population. Growth rate is influenced

not only by the quantity of food consumed by the fish but by the amounts

of energy used in satisfying their metabolic requirements, Tempera-

ture elevation may not only increase the metabolic needs of the fish

but may also influence the metabolic requirements of the organisms

upon which the fish subsist, Although the results of this research

have demonstrated the importance of the food relations of the fish, in

evaluating the effects of elevated temperatures, broader knowledge of

the effects of temperature change on the entire stream community is

needed for establishing meaningful temperature criteria for juvenile

coho salmon,
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APPENDIX I

Temperature values for the control and elevated temperature treatments from August 31, 1969 through
August 29, 1970. Each mean value represents the mean of the daily minimum and maximum
temperatures averaged for the 15-day period.

Intermediate
Control temperatures (C) High temperatures (C)

Date temperatures (C)
Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum Mean

1969

Sept. 15 12.9 17.2 15.1 17.9 21.2 19,6 19.8 22.8 20.8
30 12.9 14.8 13.9 16.7 18.6 17.7 20.2 21.3 2fl.8

Oct. 15 10.6 12.0 11.3 14.9 16.3 15.6 17.1 18.3 17.7
30 10.4 11.3 10.9 14.5 15,4 15.0 17.3 18.4 17.9

Nov. 14 10.6 11.3 11.0 14.7 15.4 15.1 17.1 18.2 17.7
29 7,9 8.5 8.2 11.9 12,5 12.2 15,3 15.8 15.6

Dec. 14 6.8 7.6 7.2 10.8 11,6 11.2 13.9 14.8 14.3
29 8.6 9.0 8.8 12.3 12.7 12,5 15,2 15.6 15.4

1970

Jan. 13 6. 1 6.5 6.3 10.3 10.7 10.5 14. 1 14.5 14.3
28 9.1 9.7 9.4 12.2 12.8 12.5 15.2 15.4 15.3

Feb. 12 8.7 9.6 9.1 12.5 13.6 13.0 15.1 15.7 15.4
27 8.9 10.5 9.7 12.4 14.0 13.2 15.7 16.8 16.2

Mar. 14 8.6 10.0 9.3 12.5 13.9 13.2 16.6 17.5 17.0
29 8.3 10.7 9.5 11.7 14.1 12.9 15.0 16.9 15.9

Apr. 13 8.4 10.6 9.5 12.2 14.4 13.3 15.8 17.2 16.6
May 1 8.7 10.2 9.5 12.5 14.1 13.3 15.1 16.5 15.7

16 9.9 12.0 11.0 13.4 15.5 14.5 16.2 17.5 16.9
31 10.8 12.3 11.7 14.4 15.9 15.2 16.9 18.0 17.4

June 15 12.1 13.8 13.0 14.9 16.6 15.5 17.3 18.6 18,0
30 13.2 15.8 14.4 15.8 18.4 17.1 18.2 20.5 19.4

July 15 13.5 17.2 15.4 16.6 19.9 18.3 20.0 22.5 21.3
30 13.6 16.9 15.3 17.6 20.2 18.9 20.9 23.0 22.0

Aug. 14 14.5 18. 1 16.3 17.9 20.9 19.4 21.4 24.0 22. 7
29 13.6 18.0 15.8 17.7 20.9 19.3 20.7 22.4 21.6



APPENDIX II

Values used to compute mean rates of food consumption and growth of groups of fish kept at different
ration levels and under different temperature conditions during experiments from August, 1969 to
August, 1970. Rates of food consumption and growth are based upon dry weights of food and fish.

Initial Final Final Food Food
GrowthTemperature Fish wet wet dry consumption consumption

ratetreatment no. wt. wt, wt. in dry wt. rate
(el (el (el (mel (mc' c dav1l (mg. g' day)

Augpt - Septem 1969
Control
Ration level 1 1 1. 26 1.49 0. 31 341 42.9 10. 3

2 1.74 1.59 0,35 346 34.8 4.2
3 1.68 1.90 0. 38 348 34. 1 7. 8
4 2.05 2.12 0.41 341 29.2 3.9

Means----------------------------------------- - 35.3 6.6

Ration level 2 1 1.70 2.33 0.47 819 70. 7 14.3
2 1.68 2.78 0.58 936 70.7 21.4
3 1.65 2.92 0.64 995 70.7 25.0
4 2.50 3.25 0.69 946 55.4 14.4

Means------------------------------------------ 66.9 18.8

Ration level 3 1 1.43 2.73 0.59 1,325 104.4 26.4
2 0.81 1.84 0.37 1,212 156.0 29.6
3 3.45 5. 10 1. 14 1, 486 56.5 20.0
4 1.08 1.95 0.42 1, 166 126.6 25.0

Means------------------------------------------ 110.9 25.2

Ration level 4 1 1.44 2.75 0. 60 1, 438 112.5 26.6
2 1.22 2.40 0.50 1, 268 117. 1 26.5
3 1.62 2.77 0.61 1,327 106.0

Means ----------------------------------------- 111.9 26.2

Intermediate
Ration level 1 1 1.82 1.86 0.36 343 32.5 2.3

2 1.53 1.56 0.29 348 39.6 - 1.0
3 1.39 1.37 0.25 343 45.6 - 1.2

Means------------------------------------------ 39.2 0.0

Ration level 2 1 1. 84 2. 28 0.48 1, 025 93.6 20.6
2 1.47 1.88 0.41 1,018 109.1 20.5
3 1.64 2.09 0.46 1,025 101.4 23.9
4 2.33 2.71 0.62 1,022 70,4 19.4

Means ------------------------------------------ 93.6 21.1

Ration level 3 1 3.43 4.26 1. 00 1, 640 75. 7 25. 5
2 2.75 3.56 0. 82 1, 674 95.9 27.6

Means ------------------------------------------ 85.8 26.6

(Continued on next page)
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Initial Final Final Food Food
Growth

Temperature Fish wet wet dry consumption consumption
rat

treatment no. wt. wt. wt. in dry wt. rate
1(mgg day)jgL_Lg) (mg) i -1_Ligg

Ration level 4 1 3. 12 3.47 0. 83 1, 854 97.2 20. 8

2 2.32 3.50 0.80 2,035 125.9 32.8
3 3.09 3. 70 0. 88 1, 834 75.4 24.9
4 2.03 2.79 0.65 1,924 139.4 27.0

Means ----------------------------------------- 114.5 26.4

Ration level 1 1 1.51 1.35 0.25 341 44.1 - 2.6
2 1.15 1.06 0.20 343 56.0 -0.8

Means----------------------------------------- 50. 1 - 1.7

Ration level 2 1 1. 70 2.36 0.52 1, 027 82. 7 17. 8

2 1.33 1.90 0.41 883 91.7 17.7
3 1.82 2.37 0.49 960 78.2 13.9

Means----------------------------------------- 84.2 16.5

Ration level 3 1 1.32 2. 17 0.47 1, 472 138.2 22.4
2 1.66 2.26 0.51 1, 149 95.0 17.7
3 2.07 3.55 0.87 1,556 84.1 26.9

Means ----------------------------------------- 105.8 22.4

Ration level 4 1 1. 70 3.62 0.81 1, 996 119.9 30.2
2 2.65 4.03 0.95 2, 008 94. 1 22.3
3 2.34 3.61 0.85 2,021 106.6 22.6

Means ----------------------------------------- 106.9 25.0

October-November. 1969

Control
Ration level 1 1 1.79 2.35 0.45 436 36. 2 8.9

2 1.48 1.96 0.40 446 43.2 11.0
3 2.04 2.56 0.51 439 32.4 8.2

Means ----------------------------------------- 37.3 9.4

Ration level 2 1 1.58 2.53 0.54 796 62.4 18.7
2 1.64 2.81 0.58 799 59.3 19.5
3 2.24 3.27 0.69 803 47.5 15.3
4 2.23 3.15 0.68 772 46.3 14.9

Means ----------------------------------------- 53.9 17.1

Ration level 3 1 2.06 2,76 0.59 759 51.3 12.9
2 1.28 2.36 0.48 1, 040 95.0 21.4
3 1.64 2.60 0.59 984 72.6 19.8
4 1.69 2.76 0.59 1,012 73.3 19.2

Means ------------------------------------------ 73.0 18.3

(Continued on next page)
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Appendix II. (Continued)

Initial Final Final Food Food
Growth

Temperature Fish wet wet dry consumption consumption
treatment no. wt, wt. wt. in dry wt. rate

rate
i(mg.g day'

LL () (g) [pg) 1Jmg' g 'day'L

Ration level 4 1 2,23 3,89 0.83 1, 311 69.3 21.0
2 1.45 2.47 0. 52 1, 038 86, 1 20.0
3 1.59 3.67 0.82 1,429 80.2 25.6
4 1.95 3.48 0, 75 1, 269 75.0 15.5

Means ----------------------------------------- 77.7 20.5

Intermediate
Ration level 1 1 2. 22 2.47 0.49 447 32.4 4. 4

2 2.52 2,93 0.58 449 28,1 5.6
3 1.37 1.73 0.36 441 46.7 10,5
4 1,99 2.26 0,45 441 _1g,

Means---------------------------------------- 35.5 6.5

Ration level 2 1 1.70 2.21 0.46 724 61.3 10.9
2 2.10 2.57 0.61 767 50.1 13.6
3 1.60 2,46 0.52 764 61.4 17.1
4 1.67 2.53 0.54 802 61.6 16.9

Means - 58.6 14.6

Ration level 3 1 1.35 2.59 0.55 1, 045 85. 6 23. 8
2 1.36 2.48 0. 53 1, 040 87. 1 22. 8
3 1.57 3, 10 0.66 1, 111 77. 2 24.4
4 1.67 3.26 0.69 1, 155 75.9 24.1

Means ---------------------------------------- 81.4 23.8

Ration level 4 1 1.42 2.23 0.47 987 88. 0 17. 6

2 1.75 3. 19 0.65 1, 274 85.6 21.0
3 2.24 3.70 0.84 1,387 72.7 21.2
4 1.44 3.03 0.67 1, 376 96.6 27.4

Means ---------------------------------------- 85.7 21.8

Hizh
Ration level 1 1 1. 38 1.65 0, 34 442 48, 8 7, 5

2 1.59 1.80 0,34 435 44,5 3.7
3 2.04 2.21 0,46 447 35.1 4.9
4 1.35 1.63 0.31 447 51.9 5,8

Means ---------------------------------------- 45.1 5,5

Ration level 2 1 1.51 2.10 0.44 793 72.0 13.4
2 1.24 1.78 0.36 780 86.7 13.4
3 1. 81 2.73 0.57 803 57.8 16. 1

4 2. 83 3.47 0. 76 799 40.8 10.7
Means ---------------------------------------- 64.3 13.4

(Continued on next page)
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Appendix II. (Continued)

Initial Final Final Food Food
Growth

Temperature Fish wet wet dry consumption consumptIon
rate

treatment no. wt. wt. wt. in dry wt. rate -1(mg.g 'day_jg,)_JzL_ig) i -1(mgj _Jggday
Ration level 3 1 1.42 1,92 0.41 801 78,3 12. 8

2 2.20 3,40 0.75 1, 162 65. 8 18. 5

3 1.61 2.98 0.67 1, 165 79,3 24.2
4 1. 73 3. 20 0. 68 1, 156 25.9 22. 6

Means---------------------------------------- 74.8 19,5

Ration level 4 1 2.48 4. 16 0.93 1,412 66,8 21.3
2 2.48 4. 16 0.94 1,444 67. 8 21,6
3 3,14 4.74 1.08 1,484 58,8 18.5
4 1. 58 2. 78 0.62 1, 311 94,2

Means---------------------------------------- 71.9 21.1

January-March, 1970

Control
Ration level 1 1 3,31 3.61 0.76 377 17,3 2.8

2 4.69 5.18 1,10 542 17.3 3,6
3 4.88 5.25 1,13 561 17,4 3.2
4 3.55 3,81 0.80 407 17,5 2.5

Means ---------------------------------------- 17.4 3.0

Ration level 2 1 3.72 4,41 0.90 661 26,3 4.5
2 4,54 5. 22 1. 12 794 25.6 5.3
3 3.82 4.27 0.95 657 25,0 5.6
4 4.22 4.76 1.02 733 25.7 4.6

Means ---------------------------------------- 25.6 5.0

Ration level 3 1 3, 89 4.94 1.06 934 33.2 8. 7
2 4.47 5,53 1.23 1,071 32.8 9.1
3 3.31 4.06 0.86 755 33.7 6.9
4 3.11 3.84 0.80 732 33.6 6.7

Means ---------------------------------------- 33.3 7.9

Ration level 4 1 3. 77 4.92 1. 07 1, 135 40, 7 9.9
2 3.44 4.63 1.05 1,041 39.3 10.4
3 3.57 4.76 0.99 1,059 41.8 9.1
4 4,43 5066 1.25 1, 251 39.3

Means---------------------------------------- 40.3 9.8

Intermediate
Ration level 1 1 3. 00 2. 77 0.55 319 18. 0 - 4.4

2 3.23 3.22 0.67 354 17.5 .- 0.5
3 2.42 2.49 0.48 271 18.3 - 2.0
4 2.74 2.75 0.53 306

Means ---------------------------------------- 18.1 - 2.4

(Continued on next page)
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Appendix IL (Continued)

Initial Final Final Food Food
Growth

Temperature Fish wet wet wet consumption consumption
rate

treatment no. wt. wt. wt. in dry wt. rate (mg.g .day)
(g) kL (g)

Ration level 2 1 3. 64 4.09 0. 85 629 26. 1 3.4
2 3.65 4.03 0. 85 629 25.9 3.6
3 2.62 2.88 0.59 450 26. 3

Means----------------------------------------- 26.4 3. 1

Ration level 3 1 4. 83 6. 03 1.27 1, 139 33.3 7. 5

2 4.22 5.09 1.07 997 34.0 6.2
3 3.00 3.68 0, 72 708 35. 1 4.3
4 3.27 3.96 0.90 765 32.2 8.9

Means ----------------------------------------- 33.6 6.7

Ration level 4 1 3.40 4.39 0.93 1,013 41.2 8.7
2 4.36 5.60 1.20 1,314 41.4 8.9
3 2.95 3.65 0.78 870 41.5 7.5

Means----------------------------------------- 41.4 8.4

High
Ration level 1 1 3. 16 3. 13 0.64 354 18. 1 - 1. 2

2 2.93 2.75 0.52 324 19.2 - 5.6
3 3.42 3.43 0.69 386 18.3 - 1.6
4 2.31 2.15 0.40 255 _19 - 6.6

Means----------------------------------------- 18.7 - 3.8

Ration level 2 1 2.86 3. 10 0.60 502 27.9 0.0
2 2.91 2. 85 0. 58 505 28. 3 - 2. 0
3 2.84 3.16 0.67 487 25.7 3.7
4 3.80 3.67 0.72 375 16.5 -3.4

Means ----------------------------------------- 24.6 - 0.4

Ration level 3 1 3.22 3.80 0. 81 750 33.7 5.9
2 3.91 4.39 0.91 899 34.7 3.2
3 2.74 3. 18 0.66 635 34.2 4. 7

Means ----------------------------------------- 34.2 4.6

Ration level 4 1 3.58 4.52 0.93 1, 070 42.4 7. 1
2 3.36 4.51 0.96 1,040 41.5 10.3
3 3.81 4.79 1.05 1,132 40.7 9.2
4 3.59 4.78 1.06 1, 154 41.1 8.6

Means ----------------------------------------- 41.4 8.8

Avril-Mav. 1970
Control
Ration level 1 1 0.84 0.90 0. 154 169 38. 1 2.7

2 0.42 0.37 0.054 83 44.1 - 9.0
3 0. 84 0.91 0. 158 174 38.5 3.3

Means ----------------------------------------- 40.2 - 1.0

(Continued on next page)
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Appendix II. (Continued)

Initial Final Final Food Food
Growth

Temperature Fish wet wet dry consumption consumption
ratetrtment no. wt. wt. wt. in dry wt. rate 1 day

g) (g) (m (mg. ga
Ration level 2 1 0.60 0.69 0.114 160 49.4 3.7

2 0.94 1.04 0.178 249 49.2 3.8
3 0. 80 1.01 0. 188 215 44. 2 10. 7
4 0.68 0.84 0. 148 183 46.2 8.1

Means ---------------------------------------- 47.3 6.6

Ration level 3 1 0. 53 0.62 0. 100 168 59. 0 3. 5
2 0.65 0.89 0.154 216 54.3 10.8
3 0.99 1.30 0.240 325 52.9 11.6
4 0.72 0.91 0.156 230 55.2

Means ---------------------------------------- 55.3 8.5

Ration level 4 1 0.54 0.79 0. 132 252 75.2 12.2
2 0.60 0.90 0. 156 282 72.5 13.6
3 0.75 1. 10 0.204 349 70. 1 15.3
4 0. 86 1.23 0. 232 401 70.5 14.9

Means ---------------------------------------- 72. 1 14.0

Intermediate
Ration level 1 1 0.50 0.42 0.062 93 41.9 -10.4

2 0.72 0.52 0.068 121 42,0 -19.1
3 0.95 0. 83 0. 150 188 40.2 - 2.6
4 0.89 0.85 0. 146 174 39,0 -1,1

Means ---------------------------------------- 40.8 - 8.3

Ration level 2 1 0. 54 0. 46 0. 078 139 54.5 - 5. 5
2 0.69 0.68 0.112 168 48.8 - 1.5
3 0. 52 0.50 0. 080 127 50. 0 -3.5

Means ----------------------------------------- 51.1 - 3.5

Ration level 3 1 0. 56 0. 60 0. 10 170 59. 0 0. 0
2 0.66 0.78 0. 14 208 55.9 6.5
3 0.57 0.57 0.09 170 59.9 - 1.8
4 0.44 0.46 0.07 133 59.4 - 0.5

Means---------------------------------------- 58.5 1. 1

Ration level 4 1 0.68 0. 85 0. 15 298 75. 3 8. 1
2 0.58 0.65 0.11 235 75.6 2.3

Means---------------------------------------- 754 5.5

High
Ration level 1 1 1. 02 0. 88 0. 16 200 39. 8 - 2. 2

2 0.49 0.45 0.07 96 41.7 - 5.7
3 0.95 0.92 0. 16 187 38. 7 - 0.4

Means----------------------------------------- 40. 1 - 2.8

(Continued on next page)
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Temperature
treatment

Fish
no.

Initial
wet
wt.

igl

Final
wet
wt.
fg)

Final
dry
wt.
(g)

Food Food
consumption consumption

in dry wt. rate
(mg) ggT1.day)

Growth
r' t1e

(mg.g .day 1)

Ration level 2 1 0.64 0. 56 0, 09 116 55. 0 - 8. 1

2 0.74 0.59 0.09 169 52.2 -11.1
3 0.57 0.48 0.07 132 51.4

Means----------------------------------------- 52.8 - 9.4

Ration level 3 1 0.68 0.79 0. 14 211 55.4 5.8
2 0. 75 0.82 0. 14 242 57. 3 3.9
3 0,50 0.52 0.09 150 58.4 0.4
4 0.82 0.89 0. 16 237 52.1 5. 5

Means ----------------------------------------- 56. 3 3.9

Ration level 4 1 0.91 1.20 0, 23 389 67. 2 13. 5

2 0.64 0.71 0.12 210 85.7 6.1
3 0.73 0. 82 0. 14 220 78.9 6, 5

4 0.67 0.81 0.14 288 74.6 7.0
Means----------------------------------------- 76.6 8.3

uly-August, 1970

Control
Ration level 1 1 1.58 1.71 0.34 331 34.6 4.2

2 2.31 2.68 0.55 496 33.5 7.7
3 1.07 1. 19 0.22 230 36.3 3.0
4a 1.13 0.79 0.11 0 0.0 -24.1

Means ----------------------------------------- 34.8 5.0

Ration level 2 1a 1.98 1.45 0.24 0 0.0 -14.5
2 1,28 1.61 0.34 443 51.1 10.8
3a 1.77 1.28 0.21 0 0.0 -15.9
4 2. 38 3. 14 0. 71 843 48.4 15. 0

Means ----------------------------------------- 49.7 12.9

Ration level 3 1 1.43 2. 17 0.46 693 63. 5 17. 2
2 2.20 3.25 0. 74 1, 075 62. 1 18.6
3 1.39 1.97 0.43 670 64.0 16.3
4 1.77 2.58 0.57 853

Means ----------------------------------------- 63.0 17.4

Ration level 4 1 1.52 2.60 0.57 960 74. 8 21.8
2 2. 36 3.95 0.97 1, 502 70. 8 24. 6
3 2.11 3.21 0.76 1,254 71.8 20.8
4 1.72 2.80 0.62 1, 092 76. 8 20.9

Means ----------------------------------------- 73.6 22.0

Intermediate
Ration level 1 1 1. 39 1.43 0. 29 288 35.0 2. 8

2 1.62 1.60 0.30 333 36.4 - 0.2
3 1.59 1.64 0.31 327 35. 7

Means ----------------------------------------- 35.7 4.5

(Continued on next page)
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Appendix II. (Continued)

Initial Final Final Food Food
Growth

Temperature Fish wet wet dry consumption consumption
treatment no. wt. wt. wt. in dry wt. rate

1

rat
(mg.g 'day

JgI (zl (g) jipg) -1
)

Ration level 2 1 1. 17 1.38 0.28 392 52.5 7.4
2 2.57 3.05 0.69 872 49.3 11.8
a

1.24 078 0.11 0 0.0 -23.0
4 1.78 2.22 0.47 615 11.1

Means---------------------------------------- 50.8 10, 1

Ration level 3 1a 1,46 0.96 0.14 0 0,0 -19.0
2 1.38 1.81 0.38 645 66.8 12.8
3 1.71 2.50 0.56 827 61.8 17.9
4 1.70 2.36 0.52 806 63.8 _15.

Means----------------------------------------- 64. 1 15.5

Ration level 4 1 1.89 2.93 0.69 1, 180 74.8 21.4
2 1.01 1.58 0.35 625 77.4 19.5
3 2.01 3,35 0.90 1,281 66.6 74

Means----------------------------------------- 72.9 22.7

High
Ration level 1 1 2.47 2.41 0.49 510 35.4 1.7

2 1.49 1.43 0.27 300 45.3 - 1.7
3 1.95 1.96 0.39 401 35.2 2.1

Means----------------------------------------- 38.6 0.7

Ration level 2 1.92 1.42 0.23 0 0.0 -19.0
2 1.31 1.45 0.26 309 50.5 2.3
3 1.64 1. 82 0.36 439 54.3 6. 7
4 1.66 1.80 0.36 438 54.1 5.7

Means----------------------------------------- 53.0 4.9

Ration level
1a 2.66 2.25 0.40 0 0. 0 - 9. 1
2 1.91 2.35 0.52 871 65.5 12.3
3 1.33 1.70 0.37 612 658 8.8

Means ------------------------------------------- 65.6 10.5

Ration level 4 1 2.35 2.55 0.49 733 65. 1 4,5
2 1.65 2. 17 0.47 786 84,2 16.6
3 1.54 2.01 0.44 732 83.6 16.8
4 1. 82 2.70 0. 64 1, 126 76.3 20. 1

Means ----------------------------------------- 77.3 14.5

aFISh not used in computing mean rates of food consumption and growth but kept to measure weight loss
at the zero rate of food consumption under the different temperature conditions.



APPENDIX III

Average wet weights of fish and dry weights of food consumed at the end of each 15-day interval of tLe
1969-1970 long-term experiment for fish kept at the low (1) and high (2) ration levels and at the control,
intermediate, and high temperature treatments.

Fish wet weig)s (g) Food consurnedg1
Date Control Intermediate Hig_ Control Intermediate Jg.

1 2 1 2 1 2 1 2 1 2 1 2

1969

Aug. 31 2.01 1.74 2.15 2.21 2.14 1.96 - -

Sept. 15 2.11 2.29 2.13 2.58 2.01 2.09 220 597 220 627 220 465

Sept. 30 2.33 3.05 2.22 2.53 1.65 1.84 217 654 218 655 186 458

Oct. 15 2.58 3.91 2.27 2.98 1.74 2.27 219 652 219 511 218 569

Oct. 30 2. 86 4.77 2.45 3.68 1.88 2.95 221 665 219 647 220 630

Nov. 14 3.41 5.68 2.92 4.44 2.28 3.54 355 636 355 615 355 582

Nov. 29 3.76 6.50 3.35 5. 12 2.59 4. 13 359 718 355 659 360 636

Dec. 14 4.06 7.15 3.62 5.59 3.01 4.70 360 661 362 653 361 702

Dec. 29 4.20 8.52 3.69 6.49 2.94 5.33 224 1, 183 200 895 166 778

1970

Jan. 13 4.44 8.98 3.83 6.92 2.97 5.69 233 878 205 720 167 568

Jan. 28 4.48 9.53 3.79 7.58 2.93 6. 10 246 909 213 766 167 630

Feb. 12 4.88 10.41 4.05 8.16 2.98 6.51 374 1,039 316 843 245 678

Feb. 27 5.21 11.32 4.28 9.00 2.98 6.97 413 1,078 343 920 255 734

Mar. 15 5.51 12.48 4.37 9.65 2.95 7.35 442 1,275 364 1,018 259 788

Mar. 29 5.99 13.79 4.51 10.70 2.98 8.00 435 1, 196 322 1, 015 208 747

Apr. 13 6.62 15.91 4.77 11.93 3.09 8.51 510 1,565 385 1,216 256 909
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APPENDIX IV

Average wet weights of fish and dry weights of food consumed at the end of each 15-day interval of the
1970 long-term experiment for fish kept at the low (1) and high (2) ration levels and at the control,
intermediate and high temperature treatments.

Fish wet weights (g) Food consumed±pgJ
Date Control Intermediate High Control Intermediate High

1 2 1 2 1 2 1 2 1 2 12
1970

Apr. 16 0. 85 0.85 0. 87 0. 84 0. 88 0. 82 - - - - - -

May 1 0.88 0.92 0.86 0.85 0. 85 0.83 65 86 67 85 68 83

May 16 0.94 1.04 0.88 0.92 0.89 0.86

May 31 1.09 1.25 1.02 1.08 1.00 0.98

June 15 1.27 1.54 1. 14 1.31 1. 14 1. 15

June 30 1.59 1.91 1.39 1.69 1.41 1.46

July 15 1.95 2.23 1.68 2.08 1.72 1.71

July 30 2.55 2.94 2.16 2.79 2.16 2.19

Aug. 14 3.33 3.94 2.69 3.64 2.50 2.70

Aug. 29 4.14 5.06 3.27 4.32 2.91 3.31

112 142 110 131 109 127

169 214 158 189 160 176

198 259 185 225 181 204

296 386 272 344 270 304

401 464 338 434 362 363

512 652 442 608 444 485

671 860 570 804 520 599

769 1,022 621 871 576 701



APPENDIX V

Relative food consumption rates of salmon kept at low (1) and intermediate (2) ration levels
and at control, intermediate and high temperatures during the two long-term experiments.
Rations are presented as percentages of the body weight of the fish per day (dry weight).

Time
period

Control
1 2

Temperature treatment
Intermediate

1 2

High
1 2

August, l969-ApJ, 1970

1969
Aug. 31 4.4 13.3 4.0 10.1 3.6 7.3
Sept. 15 4.0 11.3 4.0 8.7 3.2 9.7
Oct. 1 3.4 7,8 3.4 9.0 5.2 10.8

15 3.0 6.0 3.4 8.6 4.8 9.7
Nov. 1 4.5 4.8 5. 2 6. 3 7. 1 6. 7

15 3.8 4.5 4.5 5.3 5.6 6.4
31 3.3 3.3 3.6 4.3 4.7 5.4

Dec. 14 1.8 5.5 1.8 5.5 1.8 5.5
29 1.8 3.7 1.8 3.7 1.8 3.7

1970
Jan. 13 1.8 3.7 1.8 3.7 1.8 3.7

28 2.6 3.5 2.6 3.5 2.6 3.5
Feb. 2 2.7 3.6 2.7 3.6 2.7 3.6

27 2.7 3.6 2.7 3.6 2.7 3.6
Mar. 15 2.7 3.6 2.7 3.6 2.7 3.6

30 2.7 3.6 2.7 3.6 2.7 3.6

Means 3.0 5.5 3.1 5.5 3.5 5.8

ADril. 1970-August. 1970

Apr. 12 3.0 4.0 3.0 4.0 3.0 4.0
May 1 5.0 6.0 5.0 6.0 5.0 6.0

16 7.0 8.0 7.0 8.0 7.0 8.0
31 6.9 7.9 6.9 7.9 6.9 7.9

June 15 8,8 9.8 8.8 9.8 8.8 9.8
31 9.2 10,3 9.2 10.3 9.2 10.3

July 16 9.3 10.3 9.3 10.3 9.3 10.3
31 9.3 10.3 9.3 10.3 9.3 10.3

Aug. 31 8.1 9.2 8.1 9.2 8.1 9.2

Means 7.4 8.4 7.4 8.4 7.4 8.4




