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Specific growth and mortality rates of juvenile rainbow trout (Salmo gairdneri) were deter-
mined for 50 days at seven constant temperatures between § and 22°C and six diel temperature
fluctuations (sine curve of amplitude 1 3.8 deg C about mean temperatures from 12 to 22°C), For
constant temperature treatments the maximum specific growth rate of trout fed excess rations
was 5.12%(day at 17.2°C. An average specific mortality rate of 0.35%/day was observed at the
optimum temperature and Jower. At temperatures in excess of the growth optimum, mortality
rates were significantly higher during the first 20 days of this experiment than the last 30 days. The
highest constant temperature at which specific growth and mortality rates became equal (initial
biomass remained constant over 40 days) was 23°C. The upper incipient lethal te mperature was
25.6°C for trout acclimated to 16°C. A yield model was developed to describe the effects of
temperature on the living biomass over time and to facilitate comparison of treatment responses,
When yield was plotted against mean temperature, the curve of response to fluctuating tempera-
tures was shifted horizontally an average 1.5deg Ctowards colder temperatures than the curve of
f€sponse to constant temperature treatments. This response pattern to ﬂucluating treatments
indicates that rainbow trout do not respond to mean temperature, but they acclimate to some
vilue between the mean and maximum daily temperatures. These data are discussed in relation to
establishment of criteria for summer maximum temperatures for fish.
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Nous avons déterminé les taux de croissance et de mortalité spécifiques de jeunes truites
arc-en-ciel (Salmo gairdneri) sur une période de 50jours a septtempératures constantes entre § et
22°C et avec six fluctuations nycthé mérales de températures (courbe de sinus d’amplitude de
*+3.8 deg C autour de températures moyennes de 12 3 22°C). A des traitements & température
constante, le taux de croissance spécifique maximal de trujtes arc-en-ciel pourvues d'un excédent
de nourriture est de 5. 12%/jour & 17.2°C. On observe un taux de mortalité spécifique moyen de
0.35%/jour & la température optimale et & des températures plus basses. A des températures
supérieures i la température optimale de croissance, les taux de mortalité sont nettement plus

supérieure du début des;mortalités est de 25.6°C pour des truites.acclimatées i 16°C. Un modele
de rendement a été €laboré pour décrire les effets de la température sur la biomasse vivante avec
le temps et pour faciliter la comparaison des réponses au traitement. Si ’on porte le rendement
contre la température moyenne, la courbe de réponse i des températures variables se déplace
horizontalement sur hnei moyenne de 1.5deg C vers des températures plus froides parrapport iila
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courbe de réponse i des traitements & températures constantes. Ce genre de réponse a des
traitements variables indique que les truites arc-en-ciel ne réagissent pas i ia température
moyenne mais s’acclimatent & une valeur quelconque entre les températures quotidiennes
moyenne et maximale. Nous analysons ces données en regard de I’etablissement de criteres
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touchant les températures maximales estivales pour les poissons.

Received November 8. 1976
Accepted February 3, 1977

VARrious thermal criteria have been proposed to
protect aquatic organisms (Ohio River Valley
Water Sanitation Commission 1956; U.S. Depart-

‘ gfﬁéf' ment of the Interior 1968). Generally these cri- Observed growth and mortality| rates are con-
3 teria take the form of a maximum temperature  verted into a yield model to facilitate comparison
Vo that shall not be exceeded in summer months,  of responscs to both test conditions. The observed
i

and provide a limitation on the rate of temper-
ature change or risc above ambient receiving
water temperature. More recently the NAS/NAE
(1972) recommended short-term maximum tem-
peratures that shall not be exceeded to prevent
heat death of aquatic organisms. A lower weekly
average temperature (one-third the range between
the optimum temperature and the ultimate upper
incipient lethal temperature) was recommended
to safeguard growth and activity of the desired
species.

These estimates of optimum temperatures for
growth, activity, and survival arc estimates de-
rived from constant temperature exposures. To
apply these criteria to natural surface waters, an
implicit assumption is made that the “average”
femperature in constant and fluctuating temper-
ature regimes gives the same response and com-
mon estimate of the optimum end point. The
validity of this assumption must be tested since
many fish experience large temperature changes
in their natural environment. Needham and Jones
(1959) reported diel fluctuations of 12 deg C in
a trout stream. Brett (1971) described the dicl
vertical  migrations  of underycarling  sockeye
salmon, Oncorhynchus nerka, in Babine Lake,
British Columbia. Young sockeye move into 17°C
surface waters to feed at dusk and retreat to 5ecC
hypolimnetic waters at daylight. Spigarelli (1975)
observed that Lake Michigan salmonids moved
into thermal plumes; they did not acclimate to, or
stay at, discharge temperatures for extended
periods of time. These observations illustrate the
prevalence of daily temperature changes in the
fish’s life history.

The study reported here was conducted at the
Environmental Research Laboratory-Duluth as
part of the continuing program to defermine ther-
mal requirements of important freshwater fishes.
The purpose was to test the assumption that the
average fluctuating temperature causes the same
biological response as an cqual constant temper-
aturc. The long-term effects of various constant
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temperatures and diel tempera}urc fluctuations on
specific growth and mortalitx rates of juvenile
rainbow trout, Salmo gairdneriy are described.

results are discussed in relati(;gn ;to establishment

of thermal criteria for fish. ;

Materials and Methods

i

EXPERIMENTAL TANKS

Twenty-six 19-¢ aquaria were used. A drain at the
downstream end maintained water depth at 12.5 ¢m
and 10 ¢ in each tank. Duplicate tanks were placed
in a circulating water bath (57 X:40.5 X 15 cm deep)
for each fluctuating temperature! treatment. Fluores-
cent lighting controlled by a timer switch, adjusted
weekly, followed the seasonal day-length cycle at
Duluth, Minn. Light intensity at the water’s surface
among all tanks averaged 3.6 Im (range 0.5-10.0 Im).

WATER SurpLY

Test water was obtained directly from Lake Su-
perior (Hokanson et al. 1973). The water flowed
through the folliowing plumbing materials: polyvinyl
chloride (PVC) pipes and valves into a stainless steel
headbox, rigid plastic manifold, and stainless steel
coils with Tygon® tubing connectors. Flow rate was
controlled by glass capillary tubing, and aerated water
was directed to the bottom of the aquarium by a
standpipe. Flow rates were maintained at 287 = 23
ml/min (mean =+ 1 SD, range 176-332 ml/min).
Dissolved oxygen concentrations were maintained at
91 = 6% (mean = 1 sp, range 68-107%) of air
saturation as determined from 275 grab samples. |
Duplicate tanks were sampled alternately 3 times
weekly., The pH varied from 7.2 to 7.7 in 55 sam- |
ples.

TEMPERATURE CONTROL

Two systems controlled temperatures. The tes
water flowed through stainless steel heat exchangers |
immersed in the water bath for fluctuating temper- §
ature adjustment. Temperature was regulated by a
controller that operated two solenoid valves and flow
of hot or cold water into the bath, Temperature in-
formation was contained in 2 dual cam programmer |
with cam speed set for a 24-h revolution. Plexiglass
cams were cut to achieve the desired diel temperature
cycle (24-h periodicity). Nominal treatments were
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programmed to follow a sine curve with amplitude of
s deg C about the daily mean temperature. The
minimum- temperature was set at 0400 CDT, and
the maximum temperature was set at 1600 CDT.
Constant temperature control was achieved by ther-
mostatic regulation of immersion heaters in a head-
box which dispersed test water through a manifold
system to experimental chambers.

Thermal treatments consisted of seven constant
temperatures between 8 and 22°C and six diel tem-
perature - fluctuations with daily means between 12
and 22°C (Fig. 1). Multipoint thermographs were
calibrated daily with a mercury thermometer to the
nearest 0.1 deg C. The reported grand average tem-
perature of each treatment was computed from daily
means derived from hourly values. The maximum
variation (= 2 sp, N = 50) of grand average constant
temperatures was + 0.6 deg C and for fluctuating
temperatures = 0.8 deg C. The maximum of fluctuat-
ing temperatures was controlled within =+ 0.9 deg C
and the minimum within = 1.8 deg C.

EXPERIMENTAL FISH

Approximately 4800 rainbow trout eggs were ob-
tained from two Lake Superior stock females. The
eggs, fertilized May 23, 1972, were reared in a Heath
incubator and held initially at 6-8°C. Eyed embryos
were held at 9-12°C until hatching on July 5, 1972.
Total hatch of eggs was 87%.
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. 1. Mean temperdture plotted against time of

ay in hourly intervals, for seven constant (C) and
3ix diel fluctuating (F) treatments. Average ampli-
itude of fluctuating treatments was =3.8 deg C. O.
daylight hours and @, hours of darkness for August
5. Arrows represent the|median time of five 3-h
eeding periods,

Alevins were transferred to two fiberglass tanks
(150 X 27 X 35 cm deep) partially covered with
black plastic. Each tank was provided with a water
flow of 2-4 ¢/min. Water temperature was increased
gradually to 16°C when alevins commenced feeding
on July 14. Trout were fed EWOS salmon and trout
starter twice a day. Total survival of alevins was
89%.

Rainbow trout, acclimated to 16°C, were randomly
distributed to each test tank between 1000 and 1315
CDT, August 1. Fifty trout were placed in each tank
for a total of 100 per treatment. A random sample
of an additional 50 trout averaged 30.2 mm (range
25.5-34.0 mm) total length and 245 mg (range 126—
365 mg):wet weight. This common estimate of initial
size applies to all treatment groups.

GROWTH

The trout were fed a varied diet consisting pri-
marily of Glencoe Mills and Oregon Moist trout
pellets. Fish were fed to satiation 5 times daily.
Median feeding times were 0645, 1025, 1415, 1600,
and 2000 CDT (Fig. 1).

Growth was followed for 50 days by placing a
nine-celled sampling grid in each experimental tank
every 10 days and selecting a random sample of
about one-fifth the number of survivors (i.e. 10 or
fewer fish). All sampled trout were preserved in 10%
buffered formalin, blotted damp-dry, and wet weights
were recorded to the nearest milligram.

Graphical inspection of the growth data showed
that growth rates were constant over the 50-day
period so that the weight at time ¢ could be expressed
as

e
We = W

where g; is the instantaneous growth rate for the jth
experimental treatment group. However, since each
treatment group started out with a common estimate
of initial weight (W.), treatments were not indepen-
dent of one another. It is more efficient to recast the
problem as one in multiple linear regression and force
the regression lines through a common origin so that
g; could be estimated in the linearized form.

InW,=InW,+ guxi + govs + + guxk

where x, = t if the observations come from the jth
treatment group and x; = 0 for all other treatment
groups. The parameters In W,, g1, g, . . . . ..¢x and
their standard errors were computed by using the
BMDO3R multiple linear regression program de-
scribed in Dixon (1970). Specific growth rates were
calculated as g; X 100. Differences between regression
coefficients were tested as suggested by Steel and
Torrie (1960).

MORTALITY

The upper incipient lethal temperature of rainbow
trout acclimated to 16°C was determined 10 days
before start of the growth study to set the maximum
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for thermal treatment. Subsamples of 10 trout were
transferred abruptly into each experimental tank set
at constant temperatures of 24.5, 25.4, and 26.3°C.
They were not fed for 24 h before transfer or during
this test. Percentage survival was recorded, and the
24- and 96-h median tolerance limits (TL50) were
derived for duplicate tests.

Deaths of rainbow trout were recorded daily during
the growth experiment. Daily instantaneous mortality
rates (i) were derived (Ricker 1958) at 5-10-day
intervals because mortality rates were not constant.
Mortality rates were assumed to be constant over
short time intervals so that / was estimated using the
linearized equation

(LN, — L.N.)/(t: — 1.,)

where N, is the number of survivors at time ¢t and
N, is the initial number of fish at time 7,. Specific
mortality rates were calculated as i X 100.

YIELD

Yield is defined as the living biomass at any given
instant equivalent to the concept of standing crop of
field investigations, or the change in stock size
(Ricker 1958). A yield model was developed because
we sampled fish without replacement, which does not
allow one to follow the living biomass as a function
of thermal treatments. A hypothetical test population
was created, which allowed the observance of changes
in living biomass over time and facilitated compar-
isons of both constant and fluctuating temperature
regimens by evaluating one response (yield) instead
of two (constant growth rate and variable mortality
rate). The yield (Y:) at time ¢ may be expressed as

Y =N W, =N, P,-W,e

where N,, N.,, W, and W, were previously defined,
and P, is the probability of surviving until time .
The value of P, is estimated by taking the product of
the observed proportion of survivors over each 5-10-
day sampling interval, The fate of a hypothetical test
population is described given an initial number (N, =
10,000) of rainbow trout and a common estimate of
average initial weight (W, = 227 mg). Yield (kilo-
grams) was estimated at 5-10-day intervals for each
treatment from corresponding estimates of growth
and mortality rates.

Thermal Requirements
GROWTH

The growth of rainbow trout from sample esti-
mates and fitted regression lines is illustrated in
Fig. 2 for two treatments. Mean sample weights
did not always fall below the fitted regression line
in the later sampling intervals, and deviation from
regression showed no consistent trend that could
be attributed to sampling error. Therefore, growth
rates were assumed to be constant for all treat-
ments irr the 50-day test period.
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Fic. 2. Semilogarithmic plot of mean wet weights
of rainbow trout (Salmo gairdneri) sampled at 10-day
intervals for two treatments (C-8, constant §°C; F-15,
fluctuating temperature, mean 15°C). Duplicate
samples from each treatment were: similar; therefore,
they were combined to provide a single estimate of
mean weight. Vertical lines are 95% confidence limits
of sample mean weights. Dashed lines are computed
regressions for overall growth at each treatment. The
common origin (W,) for all treatments was 5.4237
(antilog 227 mg).

The data and computed specific growth rates
for each treatment are presented in Table 1. The
specific growth rates and corresponding 95%
confidence limits are plotted against mean daily
temperature in Fig. 3. Growth rates increased
with increasing temperature, reaching a maximum
of 5.12%/day at C-17 and 5.24% /day at F-15.
The optimum range for growth for constant treat-
ments was 17.2-18.6°C and for mean fluctuating
treatments (amplitude =+ 3.8 deg C), 15.5-17.3°C.
Growth rates at higher temperatures declined with
increasing temperature. Growth at the highest
fluctuating treatment (F-22) was not significantly
different from zero (P < 0.10, t-test). Although

corresponding constant and fluctuating treatment ¥

means were not significantly different in the de-
sign of this study, the trends in treatment differ-
ences were consistent (Fig. 3). When the data

were plotted the growth curve at fluctuating tem- §

peratures was generally shifted to the left of the

growth curve at constant temperatures. Thus§

growth of rainbow trout appears to be accelerated

at fluctuating treatments when the mean temper- fi¢
ature is below the constant temperature optimum}

for growth and retarded by mean fluctuating tem
peratures above the constant tempcrature op-
timum.

H th

TE (% WEIGHT/DaY}

i

SPECIFIC GROWTH R
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TABLE 1, Specific

Lalrdneri) for each treatment and tests of significant
differences. The common initial size for all treatments

growth rates of rainbow  trout (Salmo

was 245 mg, and the origin of the multiple linear regres-
sion was 5.4237 (antilog 227 mg). :

“\k

Specific growth
Mean Growth rate (7 /day)
Nominal*  temp No.  period — "7 “°
treatment  (°C) fish (days)  Slope +sD
C-8 8.1 94 50 2.29 0.148
C-12 11.8 65° 50 3.66 ‘0,172
C-15 14.8 86 50 4.36 0.152
C-17 17.2 85 50 5.12¢ 0.153
C-19 18.6 94 50 4.83¢ 0.148
C-21 21.2 61 50 4.49 0.169
C-22 22.3 37 50 3.94 0.194
F-12 12.5 86 50 4.23 0.154
F-15 15.5 86 50 5.24¢ 0.155
F-17 17.3 79 50 4.86° 0.164
F-19 19.1 81 50 4.58 0.157
F-21 21.0 18 40 4.48 0.274
F-22 22:2 5 7 —-2.12¢ 2.642
*Constant (C) and fluctuating (F) treatments,

*One aquarium overflowed and 28 trout escaped on
August 15, 1972,

“Slope not sighiﬁcantly different from optimum at F-15
(P < 0.05, r-test),

“Slope not significantly different from zero (P < 0.10,
1-test),
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Fi6. 3. Effect of constant temperatures and diel

temperature fluctuations on specific growth rate of
rainbow trout fed excess rations. Vertical lines are
95% confidence limits of the regression coefficient.
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MoRrTALITY

The upper incipient lethal temperature (101 h)

of the sample of rainbow trout acclimated  to
16°C was 25.6°C. The mean 24-h TL50 was
25.7°C. All trout survived at 24.5°C for 10| h.
The upper incipient lethal temperature was ex-
ceeded for 3 h daily only in the highest fluctuat-
ing treatment (F-22).

The average specific mortality rate was 0,36% /
day (range 0-2.11 % /day) at temperatures within
the optimum range and lower (Table 2). Death
occurred primarily among smaller individuals and
apparently was related to stress from social inter-
actions. Only at treatments in excess of the physi-
ological optimum did we observe increased mor-
tality rates during the first 20 days of this ex-
periment. Mean lengths of dead fish at higher
temperatures were similar to those of surviving
fish. Mortality rates at temperatures above the
respective optima were not constant, but generally
reached a maximum in the first 10 days of the
study. Thereafter mortality rates declined reach-
ing an average for all treatments of 0.18% /day
(range 0-1.259% /day) after 20 days. In the
highest fluctuating treatment (F-22), mortality
rate was high, 42.8% /day, during the first 7 days;
consequently the fish did not survive to the end
of the first sampling interval. Mortality rates gen-
erally were higher among the fluctuating treat-
ment groups than among the corresponding con-
stant treatment groups for the same time period.
Apparently mortality rates of rainbow trout at
elevated temperatures were also influenced by the

thermal experience above the mean daily tem-
perature.

YiELD

Based on the yield model, yield of 10,000 rain-
bow trout (average initial wet weight 227 mg)
fed an excess daily ration was computed and
plotted against time for three treatments (Fig. 4).
The population maintenance level represents the
initial weight of 2.27 kg for this hypothetical pop-
ulation and is the cxpected yield whenever the
specific growth and mortality rates are equal over
a given time interval, The response to C-19 repre-
sents a fast growing population with good survival
Tates. After 40 days, 9429 fish survive with an
average wet weight of 1562 mg. The response to
C-8 represents a slow-growing population with
good survival rates. After 40 days, 9468 fish sur-
vive with an average wet weight of 567 mg. The
yield at F-21 declined to a low of 0.69 kg after
10 days becausc the specific mortality rate ex-
ceeds the growth rate during this time interval,
The yield increased to 1.96 kg after 40 days when
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TABLE 2. Specific mortality rate (percent per day) of rainbow trout for different thermal treatments and time
intervals.

Time interval (days)

Nominal®
treatment

]
w

5-10 10-15 15-20 20-30

f
=]

C-8

C-12
C-15
C-17
C-19
C-21
C-22
F-12
F-15 1.06
F-17 . . 0.66
F-19 . 0.84 1.57
F-21 . 11.49 21.29
F-22 . 46.05 34.66

“Constant (C) and fluctuating (F) treatments.
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higher temperatures because of reduced growth § rh
rates and increased mortality rates. When the

specific growth rate equals the specific; mortality
rate the population experiences néd cz:hange in
weight (zero net biomass gain). The maximum
temperature at which a population| of rainbow
trout can maintain its initial weight for 40 days is
a constant temperature of 23°C and a fluctuating
mean temperature (= 3.8 deg C amplitude) of
21°C. In graphic presentation the iyield in re-
sponse to fluctuating temperatures was | generally
shifted towards colder temperatures than the
curve of response to constant temperatures. A
graphical estimate of the average shift was 1.5
deg C which was constant for all time intervals.

S

YIELD (KG)
(&)

YIELD (KG)
[: ]

(o]

TIME (DAYS) Implications for Thermal Criteria

Fic. 4. Yield of 10,000 rainbow trout (initial wet

weight 227 mg) at 10-day intervals for three treat- Development of water quality criteria involves

ments. The population maintenance level represents
the initial weight of the test population and the ex-
pected yield when the specific growth and mortality
rates are equal.

the identification of graphical end points that have
particular physiological and ecological signifi-
cance (Brett 1971; NAS/NAE 1972). Criteria

are not designed to produce maximum growth of
fish, but to protect a balanced and indigenous
fauna of direct importance to man. The physio-
logical optimum and upper incipient lethal tem-
perature of a species is used directly in derivation
of summer-limiting temperatures for aquatic life.
Measures of physiological performance and ac-
tivity in constant temperature studies point to an
optimum of 16-18°C for rainbow trout (Lichten-
held 1966; Lavrovsky 1968; McCauley and Pond
1971; Dickson and Kramer 1971). The upper in-
cipient lethal temperature (25.6°C) of this stock

Fic. 5. I
and diel |
the 40-day
weight 227
of resistan
temperatur
for rainbo
Academy
average te
for surviva)

the mortality rate declined. This population con-
sisted of 1442 fish with an average wet weight
of 1360 mg.

The yield of this hypothetical rainbow trout
population at different time periods and thermal
treatments is shown in Table 3. To compare re-
sponses to constant and fluctuating treatments,
the 40-day yield is plotted against mean daily
temperature in Fig. 5. A maximum yield of 15.87
kg was produced at C-17, and 15.96 kg at F-15
after 40 days. Yields declined at lower temper-  of rainbow trout was almost identical to those
atures because of reduced growth rates and at reported for other stocks of this species (Bidgood

' |

and Berst
of rainboy
nificantly .
perature.
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TABLE 3. Yie?d (fdlograms) of 10,000 rainbow trout (initial wet weight 227 mg) for different thermal tre

and time periods.
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atments

i | Mean Time (days)

Nominal* | | temp

treatment °C) 5 10 15 20 30 40 50
C-8 8.1 2.52 2.79 3.13 3.51 4.27 5.37 6.42
C-12 i 11.8 2.72 3.4 3.89 4.57 6.59 9.51 12.10
C-15 i 14.8 2.82 3.47 4.24 5.28 8.16 12.62 19.50
C-17 17.2 2.83 3.58 4.49 5.71 9.62 15.87 26.48
C-19 18.6 2.80 3.56 4.49 5.71 9.09 14.73 23.87
C-21 21.2 2.51 2.49 2.94 3.68 5.46 8.56 13.41
C-22 22.3 2.31 1.42 1.62 1.90 2.83 4.19 5.87
F-12 12.5 2.80 3.42 4.11 4.94 7.39 10.94 16.70
F-15 15.5 2.95 3.63 4.52 5.87 9.73 15.96 26.94
F-17 17.3 2.80 3.45 3.96 4.97 8.08 13.13 20.01
F-19 19.1 2.73 3.18 3.88 4.87 7.55 11.58 18.30
F-21 21.0 1.60 0.69 0.69 0.86 1.25 1.96 —
F-22 22.2 0.20 0.10 — — —_ —

Constant (C) and fluctuating (F) treatments.
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Fic. 5. Effect of constant temperatures (solid line)
and diel temperature fluctuations (dashed line) on
the 40-day yield of 10,000 rainbow trout (initial mean
weight 227 mg). The shaded area represents the zone
of resistance in excess of the upper incipient lethal
temperature. Recommended water-temperature criteria
for rainbow trout are defined by arrows (National
Academy of Sciences 1972): (A) maximum weekly
average temperature and (B) short-term maximum
for survival.

and Berst 1969; Alabaster 1964). Mortality rates
of rainbow trout fed to satiation increased sig-
nificantly above the physiological optimum tem-
perature. Other authors have also reported in-

creased mortality rates in growth experiments at
apparently sublethal temperatures (Strawn 1961;
Allen and Strawn 1968; Brett et al. 1969). Mor-
tality rates of rainbow trout were higher than one
might expect as 100% survived temperatures
within 1 deg C of their upper incipient lethal
temperature in short-term tests where fish were not
fed 24 h before or during exposure to lethal tem-
peratures.

Temperature criteria recommended for rain-
bow trout waters by the NAS/NAE (1972) are
indicated by arrows in Fig. 5. The maximum
weekly average temperature (19°C, point A) is
set at one-third of the range between the optimum
temperature reported in earlier studies and the
ultimate upper incipient lethal temperature. The
maximum temperature (24°C, point B) for short-
term survival is based on a 24-h TL50 minus 2
deg C for fish acclimated to the mean temperature
(19°C). This 2 deg C “safety factor” was esti-
mated by Coutant (1973). Care should be exer-
cised in the application of a formula derived from
short-term entrainment studies to the long-term
effects of a modified temperature regime over a
wider area of the receiving water. The harvestable
yield depends on environmental effects on popula-
tion growth and mortality over time. The maxi-
mum temperature at which a rainbow trout pop-
ulation can be cxpected to maintain its weight
for 40 days was a constant temperature of 23°C
and a fluctuating mean temperature (= 3.8 deg
C) of 21°C. The temperature range from 21 to
23°C has also been reported by various authors
as representing the upper limits of rainbow trout
distribution (Burton and Odum 1945; Horak and
Tanner 1964; Pierce 1966; McCauley and Pond
1971). Apparently temperatures selected by rain-
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bow trout in their natural habitat are below the
upper zero net gain value whereby a sustained
yield will occur. The criteria of the National
Academy of Sciences applied to our test condi-
tions would allow a 13% reduction from maxi-
mum 40-day yicld for constant temperature ex-
posures and a 27% reduction from maximum
yield for fluctuating temperature regimes.

Numerous studies and observations give con-
flicting views on effects of fluctuating temper-
atures. The limitation on rate of temperature
change in thermal criteria is based, in part, on the
knowledge that death of aquatic organisms can
occur if they are transferred from one water tem-
perature to another too quickly without suitable
acclimation. Most fish species, however, can sur-
vive sudden temperature changes up to 15-18
deg C within their respective thermal tolerance
limits (Hart 1947, 1952). Sublethal temperature
changes have often been Ilabeled stressful by
physiologists who have observed changes in tissue
function (Hughes and Roberts 1970; Wedemeyer
1973; Heinicke and Houston 1965; Coutant
1973). It is not clear whether the measured
changes from short-term experiments were del-
eterious to fish or were merely adaptive changes
in the process of thermal acclimation. Brett (1971)
postulated that the diel vertical migrations of
salmon to colder waters after feeding in warm
surface waters may be an energy conservation
mechanism in food-limited environments. In the
present study, diel temperature fluctuations within
the range normally selected by rainbow trout (i.e.
physiological optimum and lower) were beneficial
to growth. Fluctuations at mean temperatures
above the physiological optimum, however, are
more harmful than currently estimated from con-
stant tempcrature exposures in most laboratory
studies.

The observed response to fluctuating temper-
atures can be attributed to the differential rates
of thermal acclimation to high and low temper-
atures. Body temperatures of alewives, Alosa
pseudoharengus, equilibrated faster to increasing
than decreasing temperature changes (Spigarellj
et al. 1974). Brett (1946) acclimated fish to in-
creasing and decreasing temperatures for various
time periods. By noting changes in their lower
and upper lethal temperatures, he found that they
acclimated faster to higher than to lower temper-
atures. Heath (1963) acclimated cutthroat trout,
Salmo clarki, to constant and cycled temperatures
(10-20°C). Maximum tolerance to high temper-
ature was observed on a 24-h acclimation cycle,
and the lethal temperature of cycled trout sug-
gests that they acclimate to the peak (20°C)
rather than to the mean temperature. Fish accli-
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“data). These data trends indicate that a shift in

mated to diel temperature fluctuations compen-
sate for both warm and cold temperatures simul-
taneously and have an increased range of thermal
tolerance (Feldmeth et al. 1974). Amargosa
pupfish, Cyprinodon nevadensis, acclimated to
a diel temperature cycle from 15 to 35°C had
critical thermal maxima equal to those acclimated
to constant 35°C and had critical thermal min-
ima equal to those acclimated to constant 25°C
(the mean of the cycle). The critical thermal
minimum was changed more slowly reaching its
lowest point after 22 days of acclimation com-
pared to the maximum which was reached in less
than 7 days.

The convention of plotting biological response
against mean temperature has not been justified
by this study. The observed shift (1.5 deg C) in
response between constant and fluctuating treat-
ments (3 3.8 deg C) is consistent between all
treatments and time intervals although this differ-
ence may not be statistically different in the de-
sign of this' study. The amount of shift in re-
sponse to fluctuating treatments is a direct func-
tion of the amplitude of the diel cycle (Environ-
mental Research Laboratory-Duluth, unpublished

response greater than 1 deg C may occur when
diel temperature variations exceed =+ 2 deg C.
A method to correct this difference in response is
desirable before we can validly apply results from
simplified laboratory experiments conducted at
constant temperatures to field conditions with
large diel temperature changes or habitat gradi-
ents. These results indicate that instantaneous re-
sponse may lag behind the instantancous temper-
ature experience and that temperatures above the
mean exert greater influence than below. As a
hypothesis we will assume that under a fluctuating
temperature regime an organism will acclimate to
some function of its temperature exposure over
time (i.e. between the median or 50th percentile
and the maximum or 100th percentile of the
fluctuating temperature duration). This hypoth-
esis should be tested for different species and tem-
perature cycle periodicities and amplitudes before
one can derive the specific mathematical function
to predict fish response to irregular temperature
cycles.

Derivation of temperature standards must take
into account the magnitude of temperature varia-
tion of the natural environment to which these
criteria apply. From the foregoing discussion, the
mean weekly temperature should be conserva-
tively retracted towards the optimum end point
derived from constant temperature studies (i.c.
17°C for rainbow trout) to achidve ! the desired
degree of protection recommended by the NAS/
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NAE (1972) where diel temperature variations
exceed = 2 deg C. The temperature at which the
specific growth and mortality rates become equal
in constant temperature experiments (i.e. upper
7ero net biomass gain for rainbow trout is 23°C)
should set the maximum thermal limit at any time
or place where a sustained yield is desired. These
end points were estimated from maximum ration
studies. These limits should be further retracted
towards colder temperatures to safeguard natural
populations receiving less than full rations (Brett
et al. 1969; Fry 1972). The specific mathematical
function that describes acclimation to fluctuating
treatments should be derived in future studies so
that results of constant temperature studies can
be universally applied in setting water temper-
ature standards. '

Acknowledgments

We thank Mr H. Johnson, Minnesota Department
of Game and Fish, for his assistance in obtaining
rainbow trout eggs. We are further indebted to Mr R.
F. Syrett, who asisted in construction of the experi-
mental apparatus, and Mr G. D. Kuehne, who pro-
vided technical assistance. Ms B. J. Halligan drafted
the final illustrations. We thank those who made help-
ful criticisms of the manuscript, especially Drs R. W.
McCauley, D. Alderdice, and B. Smith.

ALABASTER, J. S. 1964. The effect of heated effluents on
fish, p. 261-292. In International Conference on Water
Pollution Research, London, September, 1962. Per-
gamon Press, In¢., New York, N.Y.

ALLEN, K. O., AND K. STRAWN. 1968. Heat tolerance of
channel calﬁsh Ictalurus punctatus. Proc. 21st Annu.
Conf. Southeast Assoc. Game Fish Comm. p.
399-411. :

BipbGoop, B. F., AND A. H. BERsT. 1969. Lethal tempera-
tures for Great Lakes rainbow trout. J. Fish. Res.
Board Can. 26: 456-459.

BreTT, J. R. 1946, Rate of gain of heat tolerance in goldfish
(Carassius auratus) Univ. Toronto Stud., Biol. Ser.
No. 53, Publ. Ont Fish Res. Lab. No. 64: 9—28

1971. Energeti¢ responses of salmon to tempera-
ture. A study of some thermal relations in the physiol-
ogy and freshwater ecology of sockeye salmon (On-
corhynchus nerka) ‘Am. Zool. 11: 99-113.

BretT,J. R, J. E. SHELBOURN AND C. T. SHorp. 1969.
Growth rate and budy composition of fingerling sock-
eye salmon, Oncorhvnchus nerka, in relation to tem-
perature and ra}lon size. J. Fish, Res. Board Can. 26:
2363--2394. | |

BURTON, G. W., AND E P. OpuM. 1945. The distribution
of stream ﬁsh in tl‘ge vicinity of Mountain Lake, Vir-
ginia. Ecology 26: 182-194.

CouTaNT, C. C. 1973. Effect of thermal shock on vulnera-
bility of juvenile salmonids to predation. J. Fish. Res.
Board Can. 30: 965-973.

Dickson, I. W., aNp R. H. KraMER. 1971. Factors
influencing scope for activity and active and standard

HOKANSON ET AL.: EFFECTS OF TEMPERATURE ON RAINBOW TROUT

647

metabolism of rainbow trout (Salmo gairdneri). J.
Fish. Res. Board Can. 28: 587-596.

DixoN, W. J. 1970. BMD Biomedical computer programs.
Univ. Calif. Publ. Automatic Computation No. 2.
University of California Press, Berkeley, Calif. 600 p.

FeLpMETH, C. R., E. A. STONE, AND J. H. BROWN. 1974,
An increased scope for thermal tolerance upon
acclimating pupfish (Cyprinodon) to cycling tempera-
tures. J. Comp. Physiol. 89: 39—44.

Fry, F. E. I. 1972. Thermal facilitation and thermal stress,
p. 15-19. In Thermo-fluids Conference, Dec. 4-7,
1972. Inst. Eng. Sydney, Aust.

HART, J. S. 1947. Lethal temperature relations of certain
fish of the Toronto region. Trans. R. Soc. Can., Sect.
5,41: 57-71.

1952. Geographic variations of some physiologi-
caland morphological characters of certain freshwater
fish. Univ. Toronto Stud., Biol. Ser. No. 60, Publ.
Ont. Fish. Res. Lab. No. 72: 1-78.

HeaTH, W. G. 1963. Thermoperiodism in the sea-run
cutthroat (Salmo clarkii clarkii). Science 142:
486-488.

HEINICKE, E. A., AND A, H. HousTon. 1965. Effect of

thermal acclimation and sublethal heat shock upon
ionic regulation in the goldfish Carassius auratus L. J.
Fish. Res. Board Can. 22: 1455-1476.

Hokanson, K. E. F., J. H. McCormick, anDp B, R.
JoNEs. 1973, Temperature requirements for embryos
and larvae of the northern pike, Esox lucius (Lin-
naeus). Trans. Am. Fish. Soc. 102: 89-100.

Horak, D. L., AND H. A. TANNER. 1964. The use of
vertical gill nets in studying fish depth distribution,
Horsetooth Reservoir, Colorado. Trans. Am. Fish.
Soc. 93: 137-145.

HuGHES, G. M., AND J. L. ROBERTS. 1970. A study of the
effect of temperature changes on the respiratory
pumps of the rainbow trout. J. Exp. Biol. 52: 177-192.

LAVROVSKY, V. V. 1968. Raising of rainbow trout (Salmo
gairdneri) together with carp (Cyprinus carpio) and
other fishes. In T. V. R. Pillay {ed.] Proc. FAO World
Symp. on Warm-Water Pond Fish Culture. FAO
(F.A.O0.U.N.) Fish. Rep. 4. 5: 213-217.

LICHTENHELD, R. W. 1966. Effect of light, temperature,
and gamma radiation on the locomotor activity of
juvenile steelhead trout, (Salmo gairdneri). Ph.D.

Thesis. Univ. Washington, Seattle, Wash. 237 p.

MCcCAULEY,R. W., AND W. L. PonD. 1971. Temperature
selection of rainbow trout (Salmo gairdneri) finger-
lings in vertical and horizontal gradients. J. Fish. Res.
Board Can. 28: 1801-1804.

NATIONAL ACADEMY OF SCIENCES/NATIONAL ACADEMY
oF ENGINEERING. 1972. Water quality criteria. A re-
port of the Committee on Water Quality Criteria. Natl.
Acad. Sci./Natl. Acad. Eng. U.S. Government Print-
ing Office, Washington, D.C. 594 p.

NEeDHAM, P. R., AND A. C. JonEs. 1959. Flow, tempera-
ture, solar radiation, and ice in relation to activities of
fishes in Sagehen Creek, California. Ecology 40:
465-474.

OHIO RIVER VALLEY WATER SANITATION COMMISSION,
AquaTic LIFE ADVISORY COMMITTEE. 1956. Aquatic
life water quality criteria: second progress report.
Sewage Ind. Wastes 28: 678-690.

PIERCE, B. E. 1966, Distribution of fish in a small mountain




648

stream in relation to temperature. Proc. Mont. Acad.
Sci. 26: 22-32.

Ricker, W. E. 1958. Handbook of computations for
biological statistics of fish populations. Bull. Fish.
Res. Board Can. 119: 300 p.

SPIGARELLI, S. A. 1975. Behavioral responses of Lake
Michigan fishes to a nuclear power plant discharge, p.
479-498. In Environmental effects of cooling systems
at nuclear power plants. IAEA) Int. Atomic Energy
Agency. Vienna.

SPIGARELLI, S. A., G. P. ROMBERG, W. PREPEICHAL, AND
M. M. THomMEs. 1974. Body-temperature charac-
teristics of fish at a thermal discharge on Lake Michi-
gan, p. 119-132. In J. W. Gibbons and R. R. Sharitz
led.] Thermal ecology. AEC Symp. Ser. CONF-
730505.

J. FISH. RES. BOARD CAN., VOL. 34, 1977

SteeL, R. G. D., aAND J. H. TORRIE. 1960. Principles and
procedures of statistics. McGraw-Hill Inc., New
York,N.Y.481p. °'

Strawn, K. 1961. Growth of largemouth bass fry at vari-
oustemperatures. Trans. Am, Fish, Soc. 90: 334-335.

U.S. DEPARTMENT OF THE INTERIOR. 1968, Water quality
criteria: report of the National Technical Advisory
Committee to the Secretary of the Interior. Fed.
Water Pollut. Control Admin. U.S. Government Print-
ing Office, Washington, D.C. 234 p.

WEDEMEYER, G. 1973. Some physiological aspects of sub-
lethal heat stress in the juvenile steelhead trout (Salmo
gairdneri) and coho salmon (Oncorhynchus kisutch).
J. Fish. Res. Board Can. 30: 831-834.




