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10. Some Aspects of Thermal
Stress on Freshwater Teleosts
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Freshwater Biological Association, Far Sawrey, Nr. Ambleside,
Cumbria, England

Abstract. Thermal stress is defined as any temperature change that produces a
significant disturbance in the normal functions of a freshwater teleost and thus
decreases the probability of survival. As stress responses at the population and
community level are very complex and poorly understood, thermal stress is consi­
dered only at the level of the individual fish and emphasis is placed on ecological,
rather than physiological, effects.

The thermal limits, optimum temperature range and preferred temperatures of
freshwater teleosts are reviewed, and information on 27 European species is
summarized. The concepts of tolerance and resistance to thermal stress are discussed
and illustrated by original work on brown trout, Salmo trutta. Some comparisons are
made between fish species with examples of cold-water stenotherms, mesotherms,
and warm-water eurytherms. The temperature limits for spawning and cgg
development are shown to be much narrower than the normal thermal limits for
older fish. Some factors that may affect thermal tolerance are briefly discussed.

The subtle effects of thermal stress within the normal tolerance range are discussed
and illustrated by work on brown trout. Within the lethal limits, temperature can act
as a loading stress by affecting functions such as growth and metabolism, especially
when food intake is reduced. Temperature can also act as an inhibiting stress by
affecting functions such as feeding and spawning.

Changes in body temperature and thermoregulation are briefly discussed. As well
as combating thermal stress by tolerance, resistance and metabolic adjustments, fish
may be able to change their body temperature by physiological regulation in a few
species and by behavioural regulation in many species. The latter response is one of
the chief factors responsible for fish movements.

I INTRODUCTION

There is little uniformity in the use of the term "thermal stress" (see also
Pickering, 1981, this volume). In the present contribution, thermal stress



will be used to refer to any temperature change that produces a significant
disturba'iice in 'the normal functions ··Cif a freshwater teleost and thus

I

decreases the probability of survival. This definition is similar to that
proposed by Brett (1958) and assumes that the response is a stocha~tic
variable that can be measured quantitatively. It also assumes that thenbal

I

stress is harmful. Although this is a reasonable assumption for the individual
fish it is not always true for the population or community. For exam~le,
increased mortality in a crowded population may be beneficial to the fish
population as a whole if space and/or food resources are limited. 1\0
extreme example is the death of the entire population through. the sev~re

I

stress of a thermal discharge, but even !lps m1!1 be beneficial to other
members of the c~~munity. . .' . .: . ·1

,·It has been tradItionally assumed m ecology that mcreasmg complexIty or
. I

diversity in a community produces increasing stability (e.g. Elton, 1958), but
a more recent proposition is that complexity begets instability not stability,
and that ecological communities persist despite, :not because of, their
complexity (e.g. May, 1973, 1976; Pimm andLawt6a, 1980). It is, therefdre,
not surprising that stress responses at the population and community le~el
are very complex and that little is known about the response of a freshw~ter
ecosystem (for general reviews of stress and ecosystems see Odum, 19~7,
1974; Slobodkin and Sanders, 1969; Gibbons, 1976; Lugo, 1978; Leffler,
1978). Therefore the present paper considers thermal stress only at the lel~el
of the individual fish. .

The responses of a fish to stress can be broadly classed as either primary or
secondary. Primary responses include neuro-endocrine and endocrine
reactions which are reviewed in detail elsewhere in this volume (see conb­
butions by Donaldson, 1981; Mazeaud and Mazeaud, 1981). Example~ of
primary responses to thermal stress include work ori juvenile coho salmbn,
Oncorhynchus kisutch (Wedemeyer, 1973), goldfish, Carassius aurdtus

I

(Fryer, 1975), juvenile sockeye salmon, Oncorhynchus nerka (Mazeaud et
I

ai., 1977), and juvenile cutthroat trout, Sairno clarki (Strange et ai., 19V).
As the fish were subjected to rapid increases of 10-15°C in these experi­
ments, it is not surprising that the primary responses were so large. SJch
temperature increases rarely occur naturally in fresh water, and it wouldl be
of more ecological value to know the primary responses to smaller tempe~a­
ture changes at different acclimation temperatures and the level Iof
temperature change at which there is no significant primary response.

There are numerous secondary responses to thermal stress and these
include disturbances in osmotic and ionic regulation, metabolic proces~es,
growth, reproduction and behaviour. The ultimate response is deJth.
Metabolic and osmoregulatory disturbances during stress are effectedIby
neuro-humoral changes (see reviews' by Love, 1970; Maetz, 1974; Fontaine,
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1975; Mazeaud et at., 1977; Eddy, 1981, this volume; Mazeaud and
Mazeaud, 1981, this volume). The marked effects of thermal stress on the
cardiovascular and respiratory system of freshwater fish have been
described in detail by several workers (e.g. Hughes, 1964; Hughes and
Shelton, 1962; Hughes and Roberts, 1970; Shelton, 1970; Heath and
Hughes, 1973; Randall and Cameron, 1973; Burton, 1979), and the large
amount of information on the relationship between temperature and
metabolic rates of whole fish or their organs and tissues is summarized in
several reviews (e.g. Brett, 1956, 1970; Fry, 1957, 1967, 1971; Fry and
Hochachka, 1970; Hochachka and Somero, 1971). There is therefore an
enormous literature on the physiological responses of freshwater fish to
thermal stress, and there is a similar amount of information on thermal
discharges and their effects on fish (see recent reviews by Esch and
McFarlane, 1976, Coutant and Talmage, 1975, 1976, 1977; Talmage and
Coutant, 1978, 1979; Alabaster and Lloyd, 1980).

The present paper cannot deal with all these effects and emphasizes those
aspects of thermal stress that directly affect the ecology of freshwater
teleosts. These are: thermal limits and the optimum temperature range,
thermal toleran~e and resistance, subtle effects of thermal stress within the
normal tolerance range, body temperature changes and thermoregulation.
Extensive use has been made of the excellent work of F. E. J. Fry and J. R.
Brett. Although their approach to the problem has usually been through the
laboratory experiment, they have always asked questions that are relevant
to the ecology of the fish. Their influence on my own thinking is therefore
considerable and evident in this contribution.

II THERMAL LIMITS, OPTIMUM TEMPERATURE RANGE
AND PREFERRED TEMPERATURES

Fish are obligate poikilotherms (ectotherms) some of which can perceive
temperature changes of less than 0·5°C (Murray, 1971). Their gills are an
effective heat exchanger, but most heat transfer is by conduction directly
through the body wall and heat transfer at the gills accounts for only
10-30% of the total heat exchange between the fish and the surrounding
water (Stevens and Sutterlin, 1976; Beitinger et at., 1977; Erskine and
Spotila, 1977; Kubb et at., 1980). Although there is some thermoregulation
by local conservation of muscular heat in at least two groups, the tunas and
the lamnid sharks (Fry and Hochachka, 1970; Stevens and Neill, 1978),
most fish lack a mechanism to maintain an independent body temperature
and are therefore essentially thermal conformers. When the water
temperature changes, the rate of thermal equilibration is usually rapid. The



thermoregulatory mechanism in the central nervous system is similar to tnat
of other vertebrates but the interrelationship between thermal acclimatibn

I

and the thermoregulatory centres is somewhat ambiguous (see review jbY
Crawshaw, 1977).

Although fish occur in habitats with temperatures fr,om -2·5°C to 441C,
no species can survive over this entire range and each species has a
characteristic range with upper and lower lethal limits. At one extreme he
the polar species that live under ice and in ice tunnels, and have a narr6w
thermal range with limits of - 2·5°C and 6°C (Sholander et a/., 1957; Somdro
and de Vries, 1967; Crawshaw and Hammel, 1971). The NorthAmeric~n

"desert pupfish (Cyprinodon spp.) are at the other extreme and are the m~st
eurythermal of fish with limits of about 2°C and 44°C (Lowe and Heafh,
1969; Brown and Feldmuth; 1971; Otto and Gerking, 1973). Although
different species may live within different thermal ranges, their metabo~ic

rates may be similar. For example, the respiration rates of tissues from polar
species (Trernatornus spp.) are as high at 0-5°C as the rates of comparable
tissues from goldfish at 20-25°C (Somero and de Vries, 1967). Freshwaier
teleosts in temperate regions usually live within the range 0-30°C. MinimJm
temperatures may reach O°C in upland streams in winter, and maximJm
values may exceed 30°C in shallow ponds in summer or in waters that receire
a thermal discharge. Brown trout, Sa/rno trutta, and carp, Cyprinus carpfo,
are good examples of temperate stenotherms and eurytherms respectively,
and the marked contrast in their thermal requirements is illustrated in Fig.II.
Thermal stress, or even death, in each species occurs at temperatures that
are optimal for feeding in the other species, but bothspecies have a relativJly
narrow range for egg development. I

Information on the thermal limits of common European species that also
occur in Britain is summarized in Tables I and III. These tabulated values a're
my own interpretation of the data, and the number of references is a roukh
index of the amount of information on each species. Although the metho(Js
and objectives of studies on the same species often vary considerably, the~e

"is usually a remarkable similarity in the estimates of thermal limits. OtHer
useful compilations have been made by Coutant (1977) who summariz~s
information on the "preferred" temperatures and upper and lower "av6i­
dance" temperatures for 110 species from North America, and Alabast~r
and Lloyd (1980) who list the upper lethal and "disturbing" temperatutes
for 23 species, using data chiefly from Eastern Europe. I

The "optimum temperature range" in" Table I is the range over which
feeding occurs and there are no external signs of abnormal behaviour, iJe.
thermal stress is not obvious. This range is similar to the "normal phy­
siological range" of some workers and is usually slightly wider than the range
for growth and maturation. The optimum temperature range usually meets
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Fig. 1 Comparison of the thermal requirements of carp, Cyprinus carpio, and brown trout,
Sa/rna trutta.

or overlaps the upper and lower critical temperature ranges (defined in
Section III(a)) in Table I, but this does not occur for a few species because of
a lack of reliable information.

Many workers have also used the concept of a "selected" or "preferred"
temperature (see review of Richards et al., 1977). The preferred tempera­
ture is often defined as the temperature at which fish are most frequently
found when they are allowed to move freely in a temperature gradient.
Usually the value is the modal, median or mean selected temperature and
the fish generally occur over a temperature range rather than at one specific
temperature. This preferred range is usually similar to, or lies within, the
optimum temperature range. A second definition of preferred temperature
is the value at which acclimation and preference temperatures are equal.
The two definitions have led to different experimental designs. Methods for
determining the final preferendum include temperature-gradient tanks,
electronic shuttleboxes, body-core-temperature telemetry and calorimetry
(McCauley, 1977).

As there are two definitions, several methods and additional variability
due to differences in acclimation temperature, age, size and physiological
conditions of the fish, it is not surprising that estimates of a single preferred
temperature often vary considerably for the same species. For example,
values in different studies ranged from about 21°C to 29°C for carp (Fry and
Hochachka, 1970) and from 11·6°C to 19°C for rainbow trout (Spigarelli



TABLE I Summary of Optimum Temperature Range, Upper and Lower Critical Ranges for Different Freshwater Species
(All Values to Nearest 0e). .

Lower Upper
Optimum critical critical

range range range
Species Common name (0e) (0e) (0e) No. Reference

Coregonus lavaretus whitefish 8-15 20-25 2
Thymallus thymallus grayling 4-18 18-24 2+ Hellawell (1969, 1971)
Salmo salar Atlantic salmon 6-20 20-34 6+Jones (1959), Bishai (1960),

Spaas (1960), Garside (1973)
Salmo trutta brown trout 4-19 0-4 19-30 8+Spaas (1960), Frost and Brown

(1967), Elliott (Tables II, IV)
Salmo gairdneri rainbow trout 10-22 0-9 19-30 10+ Bidgood and Bers!'(1969),

McCauley and Huggins (1976),
Kaya (1978)

Salvelinus alpinus charr 5-16 C.O c.22-27 o+ McCauley (1958), Swift (1964),
Johnson (1980)

Salvelinus fontinalis American brook trout 8-20 0-7 20-29 14+Fryetal. (1946),
(speckled trout) McCormick et al. (1972),

Hokanson et al. (1973)



Esox lucius pike 9-25 30-34 5
Cyprinus carpio carp 15-32 .0-15 30-41 7 + Aston and Brown (1978)
Carassius carassius crucian carp c.27 35-38 2
Carassius auratus goldfish 16-30 0-17 27-42 6 + Fry et al. (1942)
Gobio gobio gudgeon 27-37 3
Tinca tinca tench 20-26 26-39 3+Weatherley (1959)
Abramis brama bream 8-28 28-36 3
Albumus albumus bleak ?-20 20-38 2
Phoxinus phoxinus minnow 13-25 c.O 23-31 1+ Frost (1943), Barrington and

Matty (1954), Fortune (1955)
Scardinius rudd 14-28 29-38 3

erythrophthalmus
Rutilus rutilus roach 8-25 0-12 25-38 2
Leuciscus cephalus chub 8-25 27-39 1
Anguilla anguilla eel 8-29 0-8 30-39 3 + Aston and Brown (1978),

Sadler (1979)
Gasterosteus aculeatus 3-spine stickleback 4-20 22-37 o+ Baggerman (1957), de Sylva (1969),

Jordan and Garside (1972),
Wootton (1976)

Perca fluviatilis perch 8-27 23-36 3 + Hokanson (1977)
Stizostedion lucioperca zander 12-30 32-37 3 + Hokanson (1977)
Cottus gobio bullhead c.10-15 O+Mann (1971)
Ctenopharyngodon idell.;; grass carp 20-30 0-2 34-39 1+ Stott (1977), Timmermans (1978)

The number of references is given for each species, and references are given if they are not in Reichenbach-Klinke (1976), Coutant (1977) or
Alabaster and Lloyd (1980).



III TOLERANCE AND RESISTANCE TO THERMAL STRESS

(a) Upper and Lower Critical Ranges

and Thommes, 1979). Therefore the concept of a single preferred tempera­
ture is difficult to apply to most species, and the preferred temperaiJre
range, which is usually similar to the optimum temperature range, Iis
probably a more realistic concept in studies on thermal stress. The role of
temperature preference in relation to thermoregulation is discussed in the
second part of Section V.

O·

J. M. ELLIOTI'

The "critical temperature ranges" in Table I are the ranges over which a
significant disturbance in the normal behaviour of a fish may occur, i.e. thdre
may be obvious signs of thermal stress. As most work on thermal stress ~as
been to predict the effects of thermal discharges on fish, information on tpe
upper critical range is more numerous than on the lower critical range. The
lowest value in the upper critical range is close to the "avoidance", "re~t­
lessness" or "disturbing" temperature of other workers (see references lin
Coutant, 1977; Alabaster and Lloyd, 1980), whilst the highest value is the
maximum temperature ("critical thermal maximum" of some workers) lat
which fish can survive for brief periods.

As temperature increases within the upper critical range, the stress
response of'the fish can be divided into three progressive phases. The fust
external indications of abnormal behaviour are a reluctance to feed, suddbn

I

bursts of activitY with frequent collisions with the side of a tank in the
laboratory, rolling and pitching, defaecation and rapid ventilatory mov11e­
ments. In the second phase, the fish becomes quiescent with short bursts of
weak swimming, often floats on its side or back, may rapidly change colollr
and increases its ventilatory movements. Movements are restricted in the
third phase to the opercula, pectoral fins and eyes, and cease with the de~th
of the fish. I have observed all three phases in brown trout and have fouhd
that when fish are transferred to cooler well-oxygenated water, they usually

Irecover from the first and second phases, but never from phase tht·ee.
Cocking (1959) has made similar observations on roach, Rutilus rutil~s,
subjected to thermal stress. I

The occurrence of thermal stress in the ~riticalranges is affected by several
variables, the most important being the period of exposure to the critifal
temperature and the acclimation temperature, i.e. the temperature at which
the fish are kept prior to the change in temperature. The different expdri-

. I

mental methods of investigating the upper limits of thermal tolerance can Ibe
divided into two broad categories. In the first group are the methods used to
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determine the "critical thermal maximum" by raising the temperature from
ambient acclimation level at a constant rate so that there is no significant
time lag between the water temperature and the internal temperature of the
fish. The critical thermal maximum is usually defined as the temperature at
which the fish loses its ability to escape from lethal conditions, and is quickly
followed by the lethal maximum when temperature continues to rise. In the
second group of methods, the fish are kept at an acclimation temperature
and then abruptly transferred to a higher constant temperature. This
method is frequently used to determine the "incipient lethal temperature"
which is the temperature beyond which the fish cannot live for an indefinite
period. Some workers also determine the temperatures at which the fish can
live for shorter periods of time, often 100 and 1000 min. Both groups of
methods have their supporters and critics (see Fry, 1947, 1967, 1971;
Hutchison, 1976; Becker and Genoway, 1979). Acclimation temperature is
a common variable to both groups, but the important effects of the exposure
period to the critical temperature are not included in the first group whilst
the effects of rate of change in temperature are not included in the second
group. Ingeneral, methods in the second group provide more information
on the overall thermal tolerance and resistance of a fish, but have the added
disadvantage that the final stress response may be due not only to thermal
stress but also to handling stress when the fish are transferred from the
acclimation temperature to the new temperature.

The complexity of thermal stress within the critical ranges can be illus­
trated by original work on brown trout. These experiments were performed
to provide background data for a detailed study on feeding, growth and
energetics (Elliott, 1972, 1975a, b, c, d, 1976a, b, c). The trout were in three
distinct size groups with mean lengths (to nearest cm) and live weights (range
to nearest g) of 10cm and 10-12g, 15cm and 37-40g, 25cm and 175­
185 g. The experimental tanks are described in detail by Swift (1961). Each
tank contained about 100 litres of water that was stirred and aerated by
compressed air (oxygen concentration >85% saturation) and maintained
within ±0·1-0·2°e of a constant temperature. The tanks were covered with
transparent polyethylene so that there was natural illumination with a light
intensity at the water surface of c. 100 lux during the day.

Trout of similar size were acclimated to the same constant temperature
(either 5,10,15,20 or n°e) for two weeks with one fish in each tank. Water
temperature was then raised at a rate of about l°e h-1 so that the final mean
temperature in each tank was either 18, 20, 22, 24, 26 or 28°C. For
acclimation temperatures of 20 and 22°e, there was an additional final
temperature of 30 0 e but no final temperatures of 18-20oe and 18-22°e
respectively. The rate of temperature increase was chosen because it is
similar to mean rates of change in upland trout streams in summer, but rates



as high as 2'2-2·5°C h- 1 occasionally occur (Macan, 1958;.Crisp and Le
Cren, 1970; J. M. Elliott, unpublished), Two fish were kept at the acclim'a­
tion temperature throughout the experiment and served as controls. Fres!ily
killed Gammarus pulex were fed to the fish at satiation levels which h~d
been determined from other experiments (Elliott, 1975a). Therefore the
trout were not subjected to the additional stresses of handling and fobd
deprivation. These stresses are ignored in most studies of thermal stress ~ut
are clearly important. When trout were handled during early experiments pn
feeding and growth, they refused to feed for periods between 1-6 days after

I

handling, even when the fish were simply transferred between tanks with the
same water temperature. .. I

The survival and feeding rate (see Elliott, 1975b for experimental detaiis)
of the trout were recorded every 10 min for the first 100 min, every 100 nlln

I

for the period 100-1000 min, and every 1000 min for the period 1000-
10 080 min (= 7 days). These observations were used to record the highbst

I

temperature for normal feeding and survival over 10 min, 100 min,
1000 min and 7 days. The normal rate of feeding was determined iIi a
separate series of experiments (Elliott, 1975b), and there was usually ho
problem in detecting a marked decrease in this rate because feeding becathe
spasmodic or ceased. The experiment was repeated five times with differJnt
fish to give five estimates for each size group of fish at each acclimatibn
temperature. As there were no significant differences (p >0·05) betwebn

I

the values for the three size groups at the same acclimation temperature, the
samples were combined to give 15 values which were used to calculAte
arithmetic means and standard errors (Table II). . I

Several fish that survived for 7 days were kept at the same temperature for
up to a month and it was therefore assumed that values for 7 days survi~al
are the "incipient lethal levels", i.e. the temperatures that defineI a
"tolerance zone" within which the fish can live for a considerable time (all
definitions follow the terminology of Fry, 1947, 1971). The upper, incipidnt
lethal temperature increased linearly with increasing acclimation tempeta­
ture until the latter was just above 15°C. Above this level, there was ho
increase with increasing acclimation temperature and an ultimate up~er
incipient lethal temperature of 24·7 ± O· 25°C was reached (Table II). Valrles
for survival at 10 min, 100 min and 1000 min followed a similar patternIat
slightly higher temperatures and were within the "zone of thermal resis­
tance" outside the tolerance zone and between the incipient lethal

. I
temperature and ultimate lethal temperature. The latter temperature was
estimated by the temperature for survival over 10 min. There was Ian
exponential relationship between the "resistance time" (or "effective tirJe"
of some workers) to death and the lethal temperature (Fig. 2). Tr6ut
acclimated at 15, 20 or 22°C were able to survive at temperatures close to
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TABLE II Salmo trutta: Highest and Lowest Temperatures (DC) for Survival over 10 min, 100 min, 1000 min and 7 days or
Longer, and for Normal Feeding; all Values are Arithmetic Means ±SE (n = 15),

Acclimation temperature
5°C lO°C 15°C 20°C 22°C

Highest temp. for:
Survival over 10 min 25·6±0·21 27·3±0·25 29·9±0·13 29·7±0·18

100 min 24·3±0·18 25·9±0·31 27·7±0·18 27·9±0·13 27·7±0·18
1000 min 22·7±0·37 24-4±0·21 25·6±0·35 26·5±0·31 26·7±0·25
7 days+ 21·5±0·36 22·9±0·38 24·4*0·45 24·7±O·25 24·7±0·25

Normal feeding 18·7 ± 0'25 19·5±0-41 19·1 ±0·27 None None
A and D, survival 100 min 23·9 WC) 27-4 28·2

1000 min 23·2 We) 26·0 26·4
B, survival 1000 min 24·3 WC) 25·9 26·7

7 days 22 23 23
F and B, survival 7 days 22·5 24·2 24·5 24·8 25·3 (23°C)
Lowest temp. for:
Survival over 100 min 0 0 0 0 0

1000 min 0 0 0 0 0·3±0·18
7 days+ 0 0 0 0·7±0·25 1·3±0·25

Normal feeding 0-4±0·21 2·9±0·27 3·6±0·29 4·3±0·18 None

Values of other workers are included for comparison: A and D = Alabaster and Downing (1966), B = Bishai (1960), F and B = Frost and Brown (1967) who
reproduced data from the Ph.D. thesis of E. S. Gibson (1951, University of Toronto).



Fig. 2 Relationship between the time (min) for 50% mortality of brown trout, Sa/rno trutta.
and the lethal temperature (0C) at different acclimation temperatures.
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28°C for 100 min and 30°C for 10 min. Therefore, trout can survive for short
periods at temperatures that would be eventually lethal. This resistance to
the lethal effects of thermal stress enables the fish to survive in waters whe~e
daily maximum values exceed the incipient lethal temperature.. I

The highest temperatures for survival were very similar to those obtained
in three other studies on brown trout (ct. values in Table II), in spite of tHe
different experimental methods and fish sizes. Methods and sizes are n6t
given for the data quoted by Frost and Brown (1967), but in both the oth6r
studies the fish were transferred abruptly from the acclimation temperatute
to the higher temperature, and the trout were newly-hatched alevins (Bish~,
1960) and either 7·4 cm or 10·1 cm long (Alabaster and Downing, 1966~.

These comparisons show that sudden or slower (l°C h- 1
) changes ib

temperature, some handling and size differences within the length range h.
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2-25 cm had no obvious effects on the temperatures for survival over
different periods.

The trout did not feed at acclimation temperatures of 20°C and 22°C, and
the normal rate of feeding decreased markedly at temperatures above c.
19°C in the other experiments (Table II). As a marked decrease or a
cessation of feeding will obviously have an important effect on the growth
and ultimately the survival of the fish, it must be considered a stress response
within the tolerance zone. Therefore, thermal stress can occur at tempera­
tures that are below the incipient lethal level.

Detailed information on the lower critical range is scarce, but there are
several records of "cold shock" during sudden decreases in temperature (see
references in Brett, 1956; Ash et al., 1974; Block, 1974). As the freezing
point of the body fluids of freshwater fish is close to -0,SoC, there is little
danger of death through freezing. In lakes that freeze to the bottom, some
species such as the Arctic black fish, Dallia pectoralis, and the crucian carp,
Carassius carassius, avoid freezing by burrowing into the warmer mud at the
bottom (de Vries, 1971). Thermal stress within the lower critical range
usually produces a cessation of feeding and sudden bursts of activity

.followed by a state of coma in which there is failure of the respiratory centre
and the ion-osmoregulatory mechanism (see references in Fry, 1971; see
also Eddy, 1981, this volume). It is often difficult to determine when death'
occurs in comatose fish and death in the following experiments was assessed
by the ability of the trout to recover when transferred to warmer water. It is
.worth noting that the gradual cooling of fish to less than 4°C (depending on
the species and its thermal history) is one of the oldest methods of
anaesthetizing fish (Randall and Hoar, 1971).

The experimental procedure used to determine lower temperature limits
for brown trout was very similar to that used to determine upper limits. The
same acclimation temperatures were used but the water temperature was
then lowered at about 1°C h -1 to final mean temperatures of 0,2,4, 6°C (not
6°C for acclimation temperature of SOC). This rate was close to the maximum
rate of decrease in upland trout streams (Crisp and Le Cren, 1970; J. M.
Elliott, unpublished). It was difficult to control the temperature at 2°C or less
and iced water had to be added to maintain a temperature near ODe. Records
were made of the lowest temperatures for normal feeding and survival over
100 min, 1000 min and 7 days. Once again, there were no significant
differences (p > 0·05) between the values for the three size groups of fish at
each acclimation temperature and therefore the data were combined for the
final estimates of means and standard errors.

Most fish survived for at least 7 days at temperatures close to O°C, but
some fish died at O°C after acclimation at 20°C and 22°C, and the lowest
temperatures for survival were therefore just above O°C (Table II). The
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ultimate lower incipient lethal temperature could not be determined
because it was obviously below the freezing point of freshwater. The lowest
temperature at which normal feeding occurred incre~sed with increasin~
acclimation temperature. Trout did not feed at acclimation temperatures of
200 e and 22°C, but those at 20°C started to feed at 4°C and 6°C. To check if
trout could survive sudden decreases in temperature, fish kept at about lO°<C
in the laboratory were transferred abruptly in winter to outdoor tank1s
containing water to which snow was frequently added. The trout survived fo~
7 days, but refused to feed, at temperatures in the range O'S-2°e, and wer~
then returned to the laboratory where they soon returned to their normdl
feeding behaviour. .

Fig. 3 Thermal tolerance diagram for brown trout, Salmo trutta, showing the tolerance zone,
feeding zone and growth zone which decreases with decreasing energy intake.

The results presented in the last section were used to construct a thermal
tolerance diagram for brown trout (Fig. 3). Thermal stress is lethal outsidb
the tolerance zone enclosed by the incipient lethal level and death is k
function of the exposure time to the thermal stress. The incipient lethallevJI
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Fig. 4 Thermal tolerance diagrams for four species: brown trout, speckled trout or American
brook trout (Fry et al., 1946), roach (Cocking, 1959), and goldfish (Fry et al., 1942).
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thermal tolerance of brown trout and American brook trout, Salvelinus
[ontinalis, is very similar and both species are typically cold-water steno­
therms. Roach have a much higher tolerance and the extremely high
tolerance of goldfish shows why they can survive in habitats varying from a
small lake to a jam-jar or polyethylene bag full of water! A 1DC increase in
the upper incipient lethal temperature below the ultimate lethal level
requires an increase in acclimation temperature of about rc for American

is therefore the boundary between tolerance and resistance. Within the
tolerance zone, temperature acts as a "loading" and "inhibiting" stress by
limiting functions such as feeding, spawning, growth and metabolism (see
Section IV).

Thermal tolerance diagrams provide a useful method for comparisons
between species, but the detailed information required to construct such a
diagram is lacking for most species. Notable exceptions (based on the work
of Fry et al., 1942, 1946; Cocking, 1959) are compared in Fig. 4. The
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Fig. 5 Thermal tolerance of different families, using data for different species in Tables I and
III: single line indicates upper and lower critical limits, solid bar indicates the optimum range,
and broken line indicates the limits for development of the eggs (carp, goldfish and grass-carp

constitute Cyprinidae B, ail others in Cyprinidae A). I

There is usually an inverse relationship between tolerance and resistance
to thermal stress. Cold-water stenotherms have fairly low tolerance but high
resistance (e.g. brown trout in Figs. 2, 3), whilst warm-water eurythenhs
usually have high tolerance but low resistance, i.e. the resistance time Ito
temperatures outside the tolerance zone is very short (e.g. goldfish).

224

brook trout, about 5°C for brown trout and about 3°e for roach and goldfish.
The area of the tolerance zone is a useful index of thermal tolerance andl is
usually expressed as °C squared. The value of 583°C2 for brown trout is
slightly lower than that of 625°C2 for American brook trout, but much lower
than 770°C2 and 1220°C2 for roach and goldfish respectively. Brett (195:6)
gives values for 23 species from North America, and these decrease fro,m
goldfish to five Oncorhynchus spp. with extremely low values between 450
and 529°C2

• There is a lack of detailed information on the temperatute
toler~ce of most species in Table I, but a simple comparison' betwe6n
familie~ (Fig. 5) shows the marked contrast between the cold-water stenb­
therms (Coregonidae, Thymallidae, Salmonidae), mesotherms (Esocid~e,
most Cyprinidae, Gasterosteidae, Percidae, Anguillidae), and the warrh­
water eurytherms (Cyprinidae: carp, goldfish, grass-carp).
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(c) Temperature Limits for Spawning and Egg Development

Information on the temperature range for spawning and the limits for egg
development is summarized in Table III, and the tolerance ranges for the
eggs of different families are compared in Fig. 5. It is obvious that the critical
limits for successful spawning and egg development are narrower than those
for older fish (see also Fig. 1). An extreme example is the desert pupfish with
critical thermal limits of 2-44°C but a reproductive tolerance range of only
24-30°C (Shrode and Gerking, 1977; Gerking et al., ] 979). Therefore, for
most species, the eggs are more stenothermal than the juvenile or older fish
and are the most vulnerable stage in the life cycle to the effects of thermal
stress. These effects will influence not only the survival of the individual fish
but also the ultimate survival of the population.

(d) Other Factors that may Affect Thermal Tolerance

Most workers agree that acclimation temperature and the period of
exposure to temperatures outside the tolerance zone are the two most
important factors that affect thermal tolerance and ultimately the lethal
temperature for fish. There is less agreement over other factors, some of
which are now considered. A full r~view is impossible because of lack of
space and therefore only a selection of relevant examples can be given.

It is generally agreed that the egg is the critical stage for thermal stress (see
previous section) but there is less agreement over a relationship between
thermal tolerance and the age or size of the fish. Lack of any influence of size
has been reported in the majority of studies, especially on upper tempera­
ture tolerance (see references in Brett, 1970). Smaller juvenile Pacific
salmon (Oncorhynchus spp.) were more susceptible than larger juvenile fish
to extremes of low temperature but not to high temperature (Brett, 1952). It
has already been shown that values for brown trout in the size range c.
2-25 cm were not significantly different, but Spaas (1960) did find that as age
and size increased, there was a corresponding increase in the upper lethal
temperatures for brown trout and salmon, Salrno salar, with respective
values close to 25°C and 28°C for alevins, 26°C and 29°C for yearlings and
29°C and 30°C for parr. These differences may be partially due to differences
in experimental technique.

There may be seasonal variations in thermal tolerance and these varia­
tions are often related to changing photoperiod. Fish maintained on a
long-day photoperiod may be more resistant to higher temperatures than
those on a short-day photoperiod, e.g. goldfish (Hoar, 1956, 1965), carp
(Roberts, 1961). Increased heat resistance under a long photoperiod and
increased cold resistance under a short photoperiod may be of adaptive



TABLE III Summary of Usual Temperatures and Months for Spawning and Lethal Temperatures for Eggs of each Species
(all Values to Nearest DC).

Lethal for eggs
Spawning Lower Upper

Species range (DC) months ("C) (DC) No. References

Coregonus lavaretus 0-4 October-January c.O >8 3 + Bagenal (1970)
Thymallus thymallus 6-10 March-May c.O >14 4+ Kokqrewicz et at. (1?,80)
Salmo salar 0-8 October-January c.O >16 3 + Peterson et al. (1977)
Salmo trutta 1-10 September-January c.O >13 4
Salmo gairdneri 4-19 October-March (May) c.O >20 4 + Kwain (1975), Kaya (1977)
Salvelinus alpinus 3-15 September-April c.O >8 O+Frost (1965), Swift (1965a)
Sawelinusfontinalis 2-16 October-March c. 0 >12 1+Embody (1934), Needham (1961),

Webster (1962), Hokanson et al.
(1973)

Esox lucius 4-17 February-May <2 >23 12 + Swift (1965b), Lillelund (1966)
Cyprinus carpio 12-30 May-July <16 >26 6 + Sigler (1958), SW6e and

McCrimmon (1966)
Carassius carassius 16-18+ May-June 2
Carassius auratus 17-24 May-July >28--2+YamazakT(1965)

.,oS>
:i



Barbus barbus 14-20 May-July <14? >20 3 + Hancock (1975)
Gobiogobio e.12 May-June 1
Tinea tinca 18-27 May-July <14 >31 6
Abramis brama 8-24 May-July <8 >28 11
Albumus a/bumus 14-28 April-June <14 >31 4
Phoxinus phoxinus e.17-20 April-August 0+ Papadopol and Weinberger

(1975)
Seardinius 14-28 April-June <14 >31 7

erythrophthalmus
Ruti/us rutilus 5-22 April-June <5 >27 14
Leueiseus eephalus e.18 April-June <16 >30 1
Leueiseus leuciseus 5-10+ March-May 3 + Kennedy (1969)
Gasterosteus aeu/eatus 12-18 April-June >27 o+ Craig-Bennett (1931), Baggerman

(1957), de Sylva (1969)
Perea fluviatilis 5-19 February-August <6 >16 9 + Swift (1965b), Guma'a (1978),

Hokanson (1977)
Stizostedion lueioperea 4-26 February-July <9 >24 9 + Hokanson (1977)
COltus gobio 7-14 February-June O+Fox (1978)
Ctenopharyngodon idella e.20-30 May?-July <20 >28 o+ Stott (1977), Timmermans (1978)

The number of references is given for each species, and references are given if they are not in Reichenbach-Klinke (1976) or Alabaster and Lloyd (1980).



value in temperate and polar regions (Hoar and Robinson, 1959; Tylyr,
1966), but there are no really detailed studies on the seasonal effect or the
extent to which changes in photoperiod can modify the lethal temperatu~e.
A clear demonstration of endocrine involvement is that the pituitary must pe
intact for a goldfish to acclimate to a higher temperature (Johansen, 1967).
There may be also diel changes in thermal tolerance, similar to those shoJrn
by reptiles and amphibians (Hutchison, 1976), but there is no compara~le

. !
evidence for fish, except that they may show diel changes in the "pre~erred"

temperature (see SectionV).. I
Thermal tolerance may be affected by diet and nutritional status, and

varies in relation to levels of fats, cholesterol and phospholipids in the diet bf
goldfish (Hoar and Dorchester, 1949; Hoar and Cottle, 1952; Irvine et all.,
1958). There is considerable evidence that thermal tolerance to hi~
temperature is related to the reduction of free, body water (Fry, 1958). iA
high fat content and a low water content is usually indicative of fish in g09d
condition. The "condition" of a fish (ratio of body mass t6 length3

) will
therefore affect its thermal tolerance because fish in poor conditi9n
exchanOge heat more rapidly than those in good condition (Kubb et al., 1980).

Although two different rates of change in temperature (abrupt transfbr
and a slow change of 1°C h-1) had no obvious effects on the thernial
tolerance of brown trout (d. values in Table 11), an increase from 1°C h-1 to
60°C h- 1 increased the upper lethal temperature by about 4°C for juvenile
coho salmon and young pumpkinseed fish, Lepomis gibbosus (Becker arid
Genoway, 1979), and an increase of 6°C h- 1 to 60°C h- 1 elevated the critidal
thermal maximum of bluegill, Lepomis macrochirus, by about 3°C (Co~,
1974). Most workers use constant acclimation temperatures in experiment1al
studies, but there is some evidence that thermal tolerance and resistante
increase if slightly fluctuating acclimation temperatures are used or there i~ a
brief exposure to sublethal high temperatures (see references in Heath,
1963; Hutchison,1976).1

There may be geographical or genetic differences in thermal tolerance
between populations of the same species, i.e. there may be physiologic~
races (see references in Hart, 1952; McCauley, 1958). An example of the
perils of assuming genetic differences is a study of a geothermal river whete
both brown and rainbow trout were apparently unaffected by daily m~i­
mum values of 28·8°C in summer (Kaya, 1977). The trout were therefore
found at temperatures which are normally regarded as lethal (Table II), arid

I

it would have been easy to conclude that these populations were genetically
different from other populations. However, it was later shown experimen!t­
ally that the rainbow trout had not developed a greater resistance to high
temperatures when they were compared with trout from two hatcheries
(Kaya, 1978). Some of the apparent geographical variation in the therm~

228 J. M. ELLIOTT
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tolerance of the same or closely related species, may be due to differences in
experimental technique and acclimation temperatures (Brett, 1956). There
may be also different interpretations of the same data. For example, Hall et
ai. (1978) concluded that the preference temperatures of three populations
of white perch, Marone americana, were significantly different and thus
provided an example of geographical variation in temperature response, but
Mathur and Silver (1980) later showed that these apparent differences were
not significant when the correct number of degrees of freedom was used in
the analysis.

IV THERMAL STRESS WITHIN THE TOLERANCE ZONE

To obtain a complete picture of the possible effects of thermal stress, it is
important to know how temperature affects the various functions of a fish.
The most complete information is for sockeye salmon and Brett (1971) has
collated information on 25 responses to temperature. A similar summary is
now possible for 19 responses of brown trout (Nos 1-19 in Table IV).
Tolerance and preference (Nos 1,2,3) were discussed in Sections II and III,
but it is worth noting that the upper lethal temperature is the only response
with an increase to an upper plateau. If the rather short response of lower
lethal temperature is excluded, there are four responses with a continuous
increase to a maximum, namely rate of gastric evacuation (No.7), energy
losses of fish deprived of food (No. 15), standard metabolic rate (No.9) and
maintenance energy intake (No. 13). The two latter aspects also determine
the lower limits of the "scope for activity" and "scope for growth" respec­
tively (Fig. 6c, d).

All the remaining responses show an increase with increasing temperature
to maximum values at optimum temperatures, and then a decrease as
temperature continues to increase. Feeding rate (No.6) has the widest
optimum range of 7-19°C, whilst both appetite, as measured by voluntary
food intake, and satiation time (Nos 4, 5) have narrower ranges of 13-18°C
(Figs 6a, b). The active metabolic rate, maximum energy intake and scopes
for activity and growth (Nos 10, 11, 12, 16) all have maximum values at
about 18°C (Figs 6c, d), but there is a lower optimum of about 15°C for the
optimum energy intake (No. 14), i.e. the value that produces the greatest
growth for the least energy intake at each temperature. Although the scope
for growth is greatest at c. 18°C, the energy losses in the faeces and excretory
products increase markedly with temperature and therefore the energy
available for growth is greatest in the narrow range 13-14°C. This is the
optimum temperature for growth of all sizes and ages of trout on maximum
rations (No. 17), but the growth rates at all temperatures decrease with
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TABLE IV Responses of Brown Trout to Temperature Increases (Information is from Table II for Aspects 1 and 2, from
Coutant (1977), Reynolds and Casterlin (1979) for Aspect 3, and from Elliott (1972, 1975a, b, 'c, d, 1976a, b, c, 1979) for

Other Aspects).

(a) (b) (c)
Continuous Increase to Increase to
increase to optimum, then upper plateau
maximum decrease (Plateau range

Function No. Fig. Aspect (range in °C) (optimum in 0c) in 0c)

Tolerance 1 3 Upper lethal temp. 25-30
2 3 Lower lethal temp. 0-c.2

Preference 3 Selected temp. 10-14
Appetite +feeding 4 6a Voluntary food intake 13-18

5 6b Satiation time 13-18
6 Feeding rate 7-19

Digestion 7 Gastric evacuation rate 4-19 ?
Metabolism +growth 8 % energy intake 14~4

Metabolism 9 6c Standard metabolic rate 4-20
10 6c Active metabolic rate c.18
11 6c Scope for activity c.18

Energetics+growth 12 6d Maximum energy intake c. 18
13 6d Maintenance energy intake 4-20
14 6d Optimum energy intake c. 15
15 Energy losses (starvation) 4-20 ?
16 6d Scope for growth c. 18

, 17 6e Growth rate (max. rations) 13-14
18 6e Growth rate (reduced rations) 14~4

19 6f Gross efficiency (all rations) 8-11
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increasing size and age (Elliott, 1979). When the energy intake (ration level)
is reduced progressively, there is a corresponding reduction in the optimum
temperature for the maximum growth rate (No. 18) and for the proportion
of the energy intake available for growth and metabolism (No.8). There is
also a reduction in the upper temperature at which growth occurs, e.g. range
for growth in 50 g trout is about 4-19°C on maximum rations but only about
4-8°C at a ration of 500 cal day-I (Fig. 6e). The lowest optimum tempera­
ture range is for gross efficiency (energy for growth as a percentage of energy

Fig.6 Examples of some of the responses of brown trout (live weight 50 g) to temperature: (a)
appetite (energy intake per meal); (b) satiation time (min); (c) daily energy requirements for
standard (std) and active (max) metabolic rates with scope for activity; (d) maintenance (main),
optimum (opt) and maximum (max) energy intake with scope for growth; (e) energy available
for growth (AB) for different levels of energy intake (C cal day-I); (f) gross efficiency isopleths

(%).



intake) at all ration levels (No. 19). For 50 g trout, gross efficiency exceeded
33% in the range 8-11oC and then decreased with both increasing, a~d
decreasing values for temperature; energy intake and energy available fbr
growth (Fig. 6f). I

Although this brief summary of temperature effects on brown trout is no
substitute for the detailed descriptions in the original publications, it dabs
show that the form of the response to temperature and the optimu~
temperatures are not always the same for different functions, and that t~e
optimum temperature for the response may change if there is a change in
another factor such as energy intake. Some of these responses can be used to
illustrate the subtle effects of stress within the tolerance zone, but sorrte
further concepts of stress must first be defined. I

Fry (1947, 1971) classified environmental effects into five groups of
factors: lethal, controlling, limiting, masking and directive. This approath
was followed by Brett (1958) who divided stresses on fish into four cat~­
gories: lethal (self-explanatory), limiting (restriction in the supply of esseh­
tial metabolites or interference with the chain of energy release), inhibitirtg
(reduction in the ability of the fish to carry out its normal functions, arid
hence a reduction in its probability of survival), and loading (an undrte
burden on the fish with a rapid or steady release of energy). Limiting,
inhibiting and loading stresses may also be lethal when they continue over'l a
long period.

The effects of temperature as a lethal stress outside the tolerance zone
have been discussed in detail in Section III. An example of temperature ~s

• • I

an inhibiting stress is cessation of feeding and this has also been discussed in
I

Section III. Temperature limits for feeding at the normal rate were used to
construct a feeding zone within the tolerance zone (Fig. 3). The ran~e
between the feeding limit and the incipient lethal level is the "zone 0f
resistance to starvation", using a concept similar to that for the zone 6f
thermal resistance, and the resistance time to death within this starvatidn
zone is also a function of temperature (see No. 15 in Table IV), and the site
and body composition of the fish (Elliott, 1975d, 1976a, b).Anoth~r
example of temperature as an inhibiting stress is the limited range f6r
spawning (Table III). Outside this range, temperature may be acting as ~n
inhibiting stress by affecting the normal endocrine balance necessary f6r
spawning (Brett, 1958). I

The best example of temperature as a loading stress is the limit for growth
and activity. In brown trout on maximum rations, growth occurs betwee~
4°C and 19°C, and the lack of energy for growth outside this range is due'tola
combination,of reduced energyintake, high energy losses in waste products,
high metabolic demands above 19°C and perhaps the inhibition of metabol­
ism below 4°C. These limits were used to construct a growth zone within tHe

232 J. M. ELLIOrr
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feeding zone (Fig. 3). Thermal stress can continue even within this growth
zone when there are also limiting stresses, e.g. reductions in oxygen concen­
tration, enzyme substrates, nutrients and essential ions (see review of Fry,
1971). It has already been ;;hown that when the food supply is reduced, both
the optimum temperature and temperature range for growth are reduced
(Fig. 6e). These changes are due to the combined effects of two stresses: the
limiting stress of reduced energy intake and the loading stress of tempera­
ture. As the energy intake is reduced, there is a marked decrease in the
upper limits of the growth zone (Fig. 3).

These examples have shown that thermal stress is not only lethal outside
the tolerance zone, but can also act subtly within the tolerance zone as an
inhibiting stress, a loading stress, or a loading stress in conjunction with
other limiting stresses. All these effects are within the definition of thermal
stress in the introduction and show that thermal stress can affect most
functions of a fish.

V BODY TEMPERATURE AND THERMOREGULATION

Body temperature is usually less than 0·6°C above water temperature but
the excess body temperature usually increases slightly as a function of fish
size and weight (Stevens and Fry, 1970, 1974; Spigarelli et al., 1974). For
example, body temperatures of brown trout were measured with a ther­
mistor (precision at least 0·05°C, see Mortimer and Moore, 1970) inserted
1-2 cm inside the anal aperture. The measurements were made within 30 s
of the removal of the fish from the water. Mean values (±SE) for samples of
10 trout kept at 15°C or 6°C were 15·07±0·02°C and 6·07±0·02°C for
trout with a mean length of 10 cm (live weight 10-12 g), 15 ·12 ± 0·02°C and
6·13±0·02°C for 15 cm trout (37-40 g), 15·28±0·C13°C and 6·25±0·03°C
for 25 cm trout (175-185 g). Other workers have measured body tempera­
tures by implanting thermistors or using miniature transmitters that are
small enough to be swallowed (see review by McCauley, 1977).

Rates of thermal equilibration in body temperature following a change in
water temperature are affected by many factors, including rates of gill
ventilation and blood flow, circulatory anatomy, water movement and the
shape, size and activity of the fish (see references in Crawshaw, 1977; Kubb
et al., 1980). Between 70 and 90% of the heat transfer occurs through the
body wall, rather than the gills, and body diameter, insulation thickness and
tissue thermal conductivity are the chief factors affecting heat transfer. It is
therefore not surprising that rates of heat exchange are generally related to
body size and weight.
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These changes are illustrated by original data for brown trout in three size
I

groups with mean lengths of 10 em, 15 em, 25 em (see above for weight
ranges). Ten fish in each size group were transferred abruptly from 15°C ~o
6°C or the reverse, and one fish was then removed every minute after the
transfer so that ten measurements of anal temperature were made withl a
thermistor. The temperature difference (AT°C) between body temperatute
and water temperature decreased exponentially with time for both cooliAg
(15 to 6°C) and warming (6 to 15°C), but the exponential rate was not the
same for the two processes nor for the different size groups (Fig. 7a; b). TIe
exponential relationship follows Newton's law of cooling and has been usJd
by other workers (e.g. Stevens and Fry, 1970, 1974). I

As the mean temperatures of the trout in each size group were already
known for water temperatures of 15°C and 6°C (see above), exponentiJu
rates of change in body temperature were estimated for each fish (R °C pJr
min per AToC, whereR == (loge ATt -loge ATo)/t andATo andATt were the
temperature differences at the beginning and end of a period of t min). Wheb
the values of R for the three size groups and a small number of trout 6f
intermediate weights were plotted against the live weight (Wg) of the fish
(Fig. 7c), the relationship between the two variables followed a power la~
with a negative exponent (R = aW- b where a and b are constants). The ratb
of cooling was clearly lower than the rate of warming for trout of simil~
weight, and both rates decreased as the weight of the trout increased (fcir
cooling: a=1'862, b±95%CL=0'390±0'033, ,2=0,95, n=32; fair
warming: a =2'290, b±95%CL=0'375±0'025, ,2=0'97, n =30).
These relationships can be used to estimate the time taken to reach thermdI
equilibrium for trout of different weights e.xposed to different changes i?
temperature. Sudden changes in water temperature rarely exceed 2°C but
may be as high as 5-JOC when a thermal discharge enters a river, or as high ak
10°C when a fish crosses the thermocline in a stratified lake. If trout ar~
exposed to these changes within the extremes of 2°C to 10°C, the time takeri
to attain thermal equilibrium is only 3-6 min for 10 g trout, but about
7-15 min for 100 g trout, and about 23-35 min for cooling and 18-27 miq
for warming in 1000 g trout. Other workers have also found that th~ internal
temperature of smaller fish « 100 g) changes rapidly, usually in less thart
10 min, to the ambient temperature whereas larger fish may require over art
hour (Spigarelli et ai., 1974; Kubb et ai., 1980). Several studies have alsd
shown that rates of heat exchange are usually higher for warming than fot
c.ooling, at least in larger fish (McCauley and Huggins, 1976; Reynolds!
1977; Beitinger et ai., 1977). Some physiological changes may be respon~
sible for this difference, e.g. circulatory rates may decrease with cooling and
thereby reduce the rate of heat exchange across the gills.
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Fig. 7c Relationship between the exponential rate of change in body temperature (R"C
per min per ilTOC) and the live weight of brown trout (Wg) subjected to warming (e) and

cooling (+).
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Rates of change in body temperature are important because they deter­
mine the time lag in thermal equilibration. This time lag increases as fish
weight increases and therefore the short-term fluctuations in the body
temperature of larger fish are less than temperature fluctuations in the
surrounding water. For example, gut temperatures of 200 g rainbow trout

~ 05f- '

<l

Fig. 7a, b Relationship between the temperature difference (il TOC = difference between
body and water temperatures) and time (min) for brown trout subjected to (a) cooling (15
to 6°C) and (b) warming (6 to 15°C); mean lengths of trout were 10 cm (e), 15 cm (+) and

25 cm (0),



VI GENERAL CONCLUSIONS

This account has shown that a fish is subjected to a hierarchy of thermal
stresses, ranging from lethal effects outside the tolerance zone to inhibiting
and loading effects within the tolerance zone. The fish can counteract these

remained within 16±O·SoC whilst water temperatures vaned continuously
within about 13·S-18·SoC (McCauley and Huggins, 1976). Thus, the body
temperatures of larger fish are independent of small and rapid fluctuations it]
water temperature. Freshwater teleosts do not show any physiological
thermoregulation by local conservation of muscular heat as seen in tuna~

I

and lamnid sharks (Fry and Hochachka, 1970; Stevens and Neill, 1978), bu~
there may be a limited control of heat exchange by a restriction of blood
circulation through the gills (Fry and Hochachka, 1970). I

The only other mechanism available to a freshwater fish is behavioural
thermoregulation. Fish can detect temperature changes of less than a·soq
(Murray, 1971) and are able to select a particular temperature or range o~

temperatures. The concept of "selected" or "preferred" temperatures ha~

already been discussed in Section II. A spectacular demonstration of
temperature preference is the work of Rozin and Mayer (1961) who trained
goldfish to press a lever and cause a fall in water temperature when it was t09
warm. Thus, the goldfish maintained their environmental temperature at
about 34°C and their precision was similar to that achieved by a rat in ~
similar experiment. Thermoregulatory behaviour has not been adequatel~
studied in many species and is not well understood (see reviews of Fry and,
Hochachka, 1970; Richards et al., 1977). It is remarkable that several
species show diel rhythms of preferred temperature, e.g. goldfish (Reynolds)
1977; Reynolds et al., 1978), brown trout (Reynolds and Casterlin, 1979),1
but other species do not, e.g. striped bass, Morone saxatilis (Coutant and
Carroll, 1980). These rhythms may be related to varying temperaturel

optima for different physiological functions (see Section IV). The diell
migration of sockeye salmon smolts into deep, cold water may be due to al
lower ration level and hence a lower optimum temperature for growthl
(Brett, 1971). Brown trout of 50 g live weight will not grow on a daily energy
intake of about 1000 cal at 14·5°C, but growth will be about 350 cal day-l
for the same energy intake at 8°C (Fig. 6e). Therefore trout may also move
into colder water, especially in lakes, when the food supply is reduced
(Elliott, 1979). Both these examples show that thermoregulatory behaviour
is one of the chief factors responsible for fish movements, but a discussion of
fish movements in relation to temperature is beyond the scope of this
contribution.

·,
~.
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effects by resistance, acclimation with metabolic adjustment, and thermo­
regulation chiefly by behaviour. There is clearly a need for more complete
studies on the effects of temperature on various functions connected with
feeding, metabolism and growth. It is also important to know more about the
thermal requirements of different species in the field and the critical limits
for all forms of thermal stress. Although they have not been discussed in the
present contribution, fish movements and the synergistic effects of
temperature in conjunction with other stresses are clearly important aspects
of thermal stress. Effects at the population and community levels are
probably the least understood aspects of thermal stress and are probably the
most important in relation to the impact of man's activities on the freshwater
ecosystem.

REFERENCES

Alabaster, J. S. and Downing, A. L. (1966). A field and laboratory investigation on
the effect of heated effluents on fish. Fishery Invest., Lond. Ser. I, 6, 1-42.

Alabaster, J. S. and Lloyd, R. (1980). Water Quality Criteria for Freshwater Fish.
London: Butterworths. pp. 297.

Ash, G. R., Chymko, N. R. and Gallup, D. N. (1974). Fish kill due to "cold shock" in
Lake Wabamum, Alberta. J. Fish. Res. Bd Can. 31, 1822-1824.

Aston, R. J. and Brown, D. J. A. (1978). Fish farming in heated effluents. In Proc.
Conference on fish farming and wastes (C. M. R. Pastakia, ed.), pp. 39-62.
London: Institute of Fisheries Management.

Bagenal, T. B. (J 970). Notes on the biology of the schelly Coregonus lavaretus (L.) in
Haweswater and Ullswater. J. Fish Bioi. 2, 137-154.

Baggerman, B. (1957). An experimental study of the timing of breeding and
migration in the three-spined stickleback, (Gasterosteus aculeatus L.) Archs Neerl.
Zool.7, 105-318.

Barrington, E. J. W. and Matty, A. J. (1954). Seasonal variation in the thyroid gland
of the minnow, Phoxinus phoxinus L.,- with some observations on the effect of
temperature. Proc. zool. Soc. Lond. 124, 89-95.

Becker, C. D. and Genoway, R. G. (1979). Evaluation of the critical thermal
maximum for determining thermal tolerance of freshwater fish. Environ. Bioi.
Fishes, 4, 245-256.

Beitinger, T. L., Thommes, M. M. and Spigarelli, S. A. (1977). Relative roles of
conduction and convection in the body temperature change of gizzard shad,
Dorosoma cepidianum. Compo Biochem. Physiol. 57A, 275-279.

Bidgood, B. F. and Berst, A. H. (1969). Lethal temperatures for Great Lakes
rainbow trout. 1. Fish. Res. Bd Can. 26, 456-459.

Bishai, H. M. (1960). Upper lethal temperatures for larval Salmon ids. .T. Cons. into
Explor. Mer. 25,129-133.

Block, R. M. (1974). Effects of acute cold shock on the channel catfish. In Thermal
Ecology (J. W. Gibbons and R. R. Sharitz, eds), pp. 109-118. NTIS Conference
Report CONF-730505.



Brett, J. R. (19?2). Temperature tolerance in young Pacific salmon, genus onco~l-

hynchus. J. Fish. Res. Bd Can. 9, 265-323. .
Brett, J. R. (1956). Some principles in the thermal requirements of fishes. Q. Rev.

Bioi. 31, 75-87. ", I
Brett, J. R. (1958). Implications and assessments of environmental stress. Ip.

Investigations of Fish-power Problems (P. A. Larkin, ed.), pp. 69....:83. H. R.
MacMillan Lectures in Fisheries, University of British Columbia. ,

Brett, J. R. (1970). Environmental factors, Part 1, Temperature. In Marine Ecology,
Vol. 1 (0. Kinne, ed.), pp. 513-560. London: Wiley. ,I

Brett, J. R. (1971). Energetic responses of salmon to temperature. A study of some
thermal relations in the physiology and freshwater ecology of sockeye salmo~
(Oncorhynchus nerka). Am. Zool. 11, 99-113. I

Brown, J. H. and Feldmuth, C. R. (1971). Evolution in constant and fluctuating
environments: thermal tolerances of desert pupfish (Cyprinodon). Evolution 25,
390-398. I

Burton, D. T. (1979). Ventilation frequency compensation responses of ,thre,e
eurythermal estuarine fish exposed to moderate temperature increases. J. Fish
Bioi. 15, 589-601. , I

Cocking, A. W. (1959). The effect of high temperatures on roach, (Rutilus rutilus). II.
The effects of temperature increasing at a known constant rate. J. expo Bioi. 36,
217-226. I

Coutant, C. C. (1977). Compilation of temperature preference data. J. Fish. Res. Bd
Can. 34, 739-745. ' I

Coutant, C. C. and Carroll, D. S. (1980). Temperatures occupied by ten ultrasonic­
tagged striped bass in freshwater lakes. Trans. Am. Fish. Soc. 1~9, 195-202. I

Coutant, C. C. and Talmage, S. S. (1975). Thermal effects. J. Wat. Pollut. Control
Fed. 47, 1656-1711. , I

Coutant, C. C. and Talmage, S. S. (1976). Thermal effects. J. Wat. Pollut. Control.
Fed. 48, 1486-1544. " \

Coutant, C. C. and Talmage, S. S. (1977). Thermal effects. J. Wat. Pollut. Control.
Fed. 49,1369-1425.. I

Cox, D. K. (1974). Effects of three heating rates on the critical thermal maximum of
bluegill. In Thermal Ecology, Vol. 1 (J. W. Gibbons and R. R. Sharitz, eds~,

pp. 158-163. CONF-730505, Nat. Tech. Inf. Serv., Springfield, Va. I
Craig-Bennett, A. (1931). The reproductive cycle of the three-spined stickleback,

Gasterosteus aculeatus (L.). Phil. Trans. R. Soc. Lond. B. 219, 197-279.1
Crawshaw, L. 1. (1977). Physiological and behavioral reactions of fishes totempera-

ture change. J. Fish. Res. Bd Can. 34, 730-734. I
Crawshaw, L. 1. and Hammel,' H. T. (1971). Behavioral thermoregulation in twlo

species of antarctic fish. Life Sci. 10, 1009-1020. .
Crisp, D. T. and Le Cren, E. D. (1970). The temperature of three different small

streams in northwest England. Hydrobiologia 35, 305-323. I
de Sylva, D. P. (1969). Theoretical considerations on the effects of heated effluents

on marine fishes. In Biological Aspects of Thermal Pollution (P. A. Krenkel and F.
L. Parker, eds), pp. 229-293. Nashville: Vanderbilt University Press. ' I

de Vries, A. L. (1971). Freezing resistance in fishes. In Fish Physiology, Vol. VI. (W.
S. Hoar and D. J.Randall, eds), pp. 157-190. London and New York: Academic

._ Press. ., '. ... . I
Donaldson, E. M. (1981).· The pituitary-interrenal axis as an indicator of stress in

fish. In Stress and Fish (A. D. Pickering, ed.), pp. 11-47. London and N:ew York:
Academic Press.

238 J. M. ELLIOTT



10. THERMAL STRESS ON FRESHWATER TELEOSTS 239

Eddy, F. B. (1981). Effects of stress on osmotic and ionic regulation in fish. In Stress
and Fish (A. D. Pickering, ed.), pp. 77-102. London and New York: Academic
Press.

Elton, C. S. (1958). The ecology of invasions by animals and plants. London:
Methuen. 181 pp. .

Elliott, J. M. (1972). Rates of gastric evacuation in brown trout, Salmo trut/a L.
Freshwat. Bioi. 2,1-18.

Elliott, J. M. (1975a). Weight of food and time required to satiate brown trout, Salmo
trutla L. Freshwat. Bioi. 5, 51-64.

Elliott, J. M. (1975b). Number of meals in a day, maximum weight of food consumed
in a day· and maximum rate of feeding for brown trout, Salmo trutta L. Freshwat.
Bioi. 5, 287-303.

Elliott, J. M. (1975c). The growth rate of brown trout (Salmo trut/a L.) fed on
maximum rations. J. Anim. Ecol. 44, 805-821.

Elliott, J. M. (1975d). The growth rate of brown trout (Salmo trutta L.) fed on
reduced rations. J. Anim. Ecol. 44, 823-842.

Elliott, J. M. (1976a). Body composition of brown trout (Salmo tmtla L.) in relation
to temperature and ration size. J. Anim. Ecol. 45, 273-289.

Elliott, J. M. (1976b). Energy losses in the waste products of brown trout (Salmo
trutta L.). J. Anim. Ecol. 45, 561-580.

Elliott, J. M. (1976c). The energetics of feeding, metabolism and growth of brown
trout (Salmo trut/a L.) in relation to body weight, water temperature and ration
size. 1. Anim. Ecol. 45, 923-948.

Elliott, J. M. (1979). Energetics of freshwater teleosts. Symp. zool. Soc., Land. 44,
29-61.

Embody, G. C. (1934). Relation of temperature to the incubation periods of eggs of
four species of trout. Trans. Am. Fish. Soc. 64, 281-292.

Erskine, D. J. and Spotila, J. R. (1977). Heat-energy-budget analysis and heat
transfer in the largemouth blackbass (Micropterus salmoides). Physiol. Zool. 50,
157-169.

Esch, G. W. and McFarlane, R. W. (Eds) (1976). Thermal Ecology, Vol. II. ERDA
Symp. Ser. CONF-750425. Natl. Inf. Serv., Springfield, Va.

Fontaine, Y. A. (1975). Hormones in fishes. In Biochemical and Biophysical
Perspectives in Marine Biology, Vol. 2 (D. C. Malins and J. R. Sargent, eds),
pp. 139-212. London and New York: Academic Press.

Fortune, P: Y(1955). Comp-arative studies of the thyroid function in the teleosts of
tropical and temperate habitats. J. expo Bioi. 32, 504-513.

Fox, P. J. (1978). Preliminary observations on different reproduction strategies in the
bullhead (Cot/us gobio L.) in northern and southern England. J. Fish Bioi. 12,
5-11.

Frost, W. E. (1943). The natural history of the minnow, Phoxinus phoxinus. J.Anim.
Eco/. 12, 139-162.

Frost, W. E. (1965). Breeding habits of Windermere chaff, Salvelinus willughbii
(Gunther), and their bearing on speciation of these fish. Proc. R. Soc. Land. B, 163,
232-284.

Frost, W. E. and Brown, M. E. (1967). The Trout. London: Collins. 286 pp.
Fry, F. E. J. (1947). Effects of the environment on animal activity. Univ. Toronto

Stud. BioI. Ser. 55, PubIs. Ont. Fish. Res. Lab. 68, 5-62.
Fry, F. E. J. (1957). The aquatic respiration of fish. In The Physiology of

Fishes, Vol. ] (M. E. Brown, ed.), pp. 1-63. London and New York: Academic
Press.



Fry, F. E. J. (1958). Laboratory and aquarium research. II. The experimental study
of behaviour in fish. Proc. Indo-Padf· Fish. Coun. 37-42. I

Fry, F. E. J. (1967). Responses of vertebrate poikilotherms to temperature. In
Thermobiology (AH. Rose, ed.), pp. 375-409. London and New York: Academic
Press. ' . . I

Fry, F. E. J. (1971). The effect of environmental factors on the physiology of fish. In
Fish Physiology, Vol. VI (W. S. Hoar and D. J. Randall, eds), pp. l--:98. London
and New York: Academic Press. . I

Fry, F. E. J. and Hochachka, P. W. (1970). Fish. In Comparative Physiology of
Thermoregulation, Vol. 1. Invertebrates and Non-mammalian Vertebrates (G.
Causey Whitton, ed.), pp. 79-134. London and New York: Academic Press. I

Fry, F. E. J., Brett, J. R. and Clawson, G. H. (1942). Lethal limits of temperature for
young goldfish. Rev. Can. BioI. 1, 50-56. I

Fry, F. E. J., Hart, J. S. and Walker, K. F. (1946). Lethal temperature relations for a
sample of young speckled trout, SalveIinus fontinalis. Univ. Toronto Stud. BioI, Ser.
54, PubIs. Onto Fish. Res. Lab. 66, 9-35. I

Fryer, J. N. (1975). Stress and adrenocorticosteroid dynamics in the goldfish,
Carassius auratus. Can. J. Zool. 53, 1012-1020. . I

Garside, E. T..(1973). Ultimate upper lethal temperature of Atlantic salmon Salmo
salar L. Can. J. Zool. 51, 898-900. I

Gerking, S. D., Lee, R. and Shrode, J. B. (1979). Effects of generation 10,ng
temperature acclimation on reproductive performance of the desert pupfish
Cyprinodon n. nevadensis. Physiol. Zool. 52,113-121. I

Gibbons, J. W. (1976). Thermal alteration and the enhancement of species pOIlu­
lations. In Thermal ecology, Vol, II, ERDA Symposium Series, 1975. (G. W. E~ch
and R. M. McFarlane, eds), pp. 27-31. CONF-750425, NTIS. I

Guma'a, S. A (1978). The effects of temperature on the development and mortality
of eggs of perch, Perca fluviatilis. Freshwat. BioI. 8, 221-227. I

Hall, L. W. Jr, Hocutt, C. H. and Stauffer, J. R. Jr (1978). Implication of geographic
location on temperature preference of white perch, Marone americana. J. Fi1h.
Res. Bd Can. 35, 1464-1468. . I

Hancock, R. S. (1975). The spawning behaviour of barbel, Barbus barbus. Proc. 7th
Br. coarse Fish Conf. 54-58. I

Hart, J. S. (1952). Geographic variations of some physiological and morphological
characters in certain freshwater fish. Univ. Toronto BioI. Ser. 60, PubIs Onto Fi1h.
Res. Lab. 72,1-79. . I

Heath, A G. and Hughes, G. M. (1973). Cardiovascular and respiratory changes
during heat stress in rainbow trout (Salmo gairdneri). J. expo BioI. 59, 323-338.

Heath, W. G. (1963). Thermoperiodism in sea-run cutthroat trout (Salmo cla~ki
clarki). Science, N. Y. 142, 486-488. I

Hellawell, J. M. (1969). Age determination and growth of the grayling Thymallus
thymallus (L.) of the River Lugg, Herefordshire. J. Fish BioI. 1, 373-382.. I

Hellawell, J. M. (1971). The food of the grayling, Thymallus thymallus (L.) of the
River Lugg, Herefordshire. J. Fish BioI. 3, 187-197. I

Hoar, W. S. (1956). The behaviour of migrating pink and chum salmon fry. J. Fish.
Res. Bd Can. 13, 309-325. [

Hoar, W. S. (1965). The endocrine system as a chemical link between the organism
and its environment. Trans. R. Soc. Can. 3, 175-200.

Hoar, W. S. and Cottle, M. K. (1952). Dietary fat and temperature tolerance of
goldfish. Can J. Res., Zool. 30, 41-48.

240 J. M. ELLIOTT

..)~



10. THERMAL STRESS ON FRESHWATER TELEOSTS 241

Hoar, W. S. and Dorchester, J. E. C. (1949). The effect of dietary fat on the heat
tolerance of goldfish (Carassius auratus). Can. J. Res., D. 27, 85-91.

Hoar, W. S. and Robinson, G. B. (1959). Temperature resistance of goldfish
maintained under controlled photoperiods. Can. J. Zool. 37, 419-428.

Hochachka, P. W. and Somero, G. N. (1971). Biochemical adaptation to the
environment. In Fish Physiology, Vol. VI (W. S. Hoar and D. J. Randall, eds),
pp. 99-156. London and New York: Academic Press.

Hokanson, K. E. F. (1977). Temperature requirements of some percids and adap­
tations to the seasonal temperature cycle. J. Fish Res. Bd Can. 34, 1524-1550.

Hokanson, K. E. F., McCormick, J. H., Jones, B. R. and Tucker, J. H. (1973).
Thermal requirements for maturation, spawning and embryo survival of the brook
trout, Salvelinus fontinalis. J. Fish. Res. Bd Can. 30, 975-984.

Hughes, G. M. (1964). Fish respiratory homeostasis. In Homeostasis and Feedback
Mechanisms, pp. 81-107. Symp. Soc. Exp. Bioi, No. 18. Cambridge: Cambridge
University Press.

Hughes, G. M. and Roberts, J. L. (1970). A study of the effect of temperature
changes on the respiratory pumps of the rainbow trout. J. expo Bioi. 52, 177-192.

Hughes, G. M. and Shelton, G. (1962). Respiratory mechanisms and their nervous
control in fish. In Advances in Comparative Physiology and Biochemistry,
Vol. 1 (0. Lowenstein, ed.), pp. 275-365. London and New York: Academic
Press.

Hutchison, V. H. (1976). Factors influencing thermal tolerances of individual
organisms. In Thermal Ecology, Vol. II (G. W. Esch and R. M. McFarlane, eds),
pp. 10-26. ERDA Symp. Ser. CONF-750425 Natl. Inf. Serv., Springfield,
Va.

Irvine, D. G., Newman, K. and Hoar, W. S. (1958). Effects of dietary phospholipid
and cholesterol on temperature resistance of goldfish. Can. J. Zool. 35, 691-709.

Johansen, P. H. (1967). The role of the pituitary in the resistance of the goldfish
(Carassius auratus L.) to a high temperature. Can. J. Zool. 45, 329-345.

Johnson, L. (1980). The arctic charr, Salvelinus alpinus. In Charrs. Salmonid Fishes
of the Genus Salvelinus (E. K. Balon, ed.), pp. 15-98. The Hague: Junk.

Jones, J. W. (1959). The Salmon. London: Collins. 192pp.
Jordan, C. M. and Garside, E. T. (1972). Upper lethal temperatures of three-spine

stickleback, Gasterosteus aculeatus (L.), in relation to thermal and osmotic
acclimation, ambient salinity and size. Can. J. Zool. '50, 1405-1411.

Kaya, C. M. (1977). Reproductive biology of rainbow and brown trout in a
geothermally heated stream: the Firehole River of Yellowstone National Park.
Trans. Am. Fish. Soc. 106, 354-361.

Kaya, C. M. (1978). Thermal resistance of rainbow trout from a permanently heated
stream, and of two hatchery strains. Progve Fish Cult. 40, 138-142.

Kennedy, M. (1969). Spawning and early development of the dace, Leuciscus
leuciscus (L.). J. Fish Bioi. 1, 249-259.

Kokurewicz, B., Kowelewski, M. and Witkowski, A. (1980). Influence of constant
and variable temperatures on the embryonic development of European grayling,
Thymallus thymallus (L.). Zoologica Pol. 27, 335-362.

Kubb, R. N., Spotila, J. R. and Pendergast, D. R. (1980). Mechanisms of heat
transfer and time-dependent modeling of body temperatures in the largemouth
bass (Micropterus salmoides). Physiol. Zool. 53, 222-239.

Kwain~ W.-H. (1975). Effects of temperature on development and survival of
rainbow trout, Salmo gairdneri, in acid waters. J. Fish. Res. Bd Can. 32, 493-497.



Leffler, J. W. (1978). Ecosystem responses to stress in aquatic microcosms. In Energy
and Environmental Stress in Aquatic Ecosystems (J. H. Thorp and J. W. Gibbdns,
eds), pp. 102-119 Technical Inform'ation Center U.S. Department of Eneigy.
CONF-771114.' '. I

Lillelund, K. (1966). Investigations into the hatching of pike (Esox lucius L.) eggs in
relation to temperature and light. Arch. FischWiss. 17, 95-t13. ';' , '" I

Love, R. M. (1970). The Chemical Biology of Fishes. London and New York:
Academic Press. 547pp. " I

Lowe, C. H. and Heath, W. G. (1969). Behavioral and physiological responses to
temperature in the desert pupfish (Cyprinodon macularius). Physiol. ZOO1.1142,
53-59.

Lugo, A. E. (1978). Stress and ecosystems. In Energy and Environmental Stres~ in
Aquatic Ecosystems (J. H. Thorp and J. W. Gibbons, eds), pp. 62-101. Technical
Information Center U.S. Department of Energy. CONF-771114. '

Macan, T. T. (1958). The temperature of a small stony stream. Hydrobiologia 12,
89-106.

Maetz, J. (1974). Aspects of adaptation to hypo-osmotic and hyperosmotic
environments. In Biochemical and Biophysical Perspectives in,Marine Biol9gy ,
Vol. 1 (D. C. Malins and J. R. Sargent, eds), pp. 1-167. London and New York:
Academic Press. ' , I

Mann, R. H. K. (1971). The populations, growth and production of fish in four small
streams in southern England. J. Ahim. Ecol. 40,155-190. I

Mathur, D. and Silver, C. A. (1980). Statistical problems in studies of temperature
preference of fishes. Can. J. Fish. Aquat. Sci. 37, 733-737. I

May, R. M. (1973). Stability and Complexity in Model Ecosystems. Monograpqs in
Population Biology 6. Princetori, New Jersey: Princeton University Press. 265pp.

May, R. M. (Ed.). (1976). Theoretical Ecology: Principles and Applications. Oxf6rd:
Blackwell. 317pp. I

Mazeaud, M. M. and Mazeaud, F. (1981). Adrenergic responses to stress in fish. In
Stress and Fish (A. D. Pickering, ed.), pp. 49-75. London and New Y6rk:
Academic Press. ' , "I

Mazeaud, M. M., Mazeaud, F. and Donaldson, E. M. (1977). Primary and secondary
effects of stress in fish: Some new data with a general review. Trans. Am. Fish. 'soc.
106,201-212. I

McCauley, R. W. (1958). Thermal relations of geographic races of Salvelirius. Can. J.
Zool. 36, 655-662. I

McCauley, R. W. (1977). Laboratory methods for determining temperature pref-
erence. J. Fish. Res. Bd Can. 34, 749-752. I

McCauley, R. W. and Huggins, N. (1976). Behavioral thermoregulation by rain,bow
trout in a temperature gradient. In ThermalEcology, Vol. II (G. W. EsthandR. W.
MacFarlane, eds), pp. 171-175. Proc. Symp. held at Augusta. Va., April :2-5,
1975. ERDA Symp. Ser. CONF-750425. Natl. Tech. Inf. Serv., Springfield! Va.

McCormick, J. H., Hokanson, K. E. F. and Jones, B. R. (1972). Effects of temBera­
ture on growth and survival of young brook trout, Salvelinus fontinalis. J. Fish.
Res. Bd Can. 29, 1107-1112.' I

Mortimer, C. H. and Moore, W. H. (1970). The use of thermistors for the measure­
ment of lake temperatures. Mitt. into Verein. theor. angew, Limnol. No.2, ]-42.
(revised). I

Murray, R. W. (1971). Temperature receptors. In Fish Physiology, Vol. V (W. S.
Hoar, and D. J. Randall, eds), pp. 121-133. London and New York: Acadbmic
Press.

242 J. M. ELLIOTT
, ,~ "



10. THERMAL STRESS ON FRESHWATER TELEOSTS 243

Needham, P. R. (1961). Observations on the natural spawning of eastern brook
trout. Calif. Fish Game 47,27-40.

Odum, H. T. (1967). Work circuits and systems stress. In Symposium on Primary
Productivity and Mineral Cycling in Natural Ecosystems. (H. E. Young, ed.),
pp. 81-138. Orano: University of Maine Press.

Odum, H. T. (1974). Energy cost-benefit models for evaluating thermal plumes. In
Thermal Ecology (J. W. Gibbons and R. R. Sharitz, eds), pp. 628-649. ABC
Symposium Series, 1973. CONF-730505, NTIS.

Otto, R. G. and Gerking, S. D. (1973). Heat tolerance of the Death Valley pupfish
(Genus Cyprinodon). Physiol. Zool. 46, 43-49.

Papadopol, M. and Weinberger, M. (1975). On the reproduction of Phoxinus
phoxinus (Linnaeus, 1758) (Pisces: Cyprinidae) with notes on other aspects of its
life history. Vest. csl. zool. Spol. 39, 39-52.

Peterson, R. H., Spinney, H. C. E. and Sreedharan, A. (1977). Development of
Atlantic salmon (Salmo salar) eggs and alevins under varied temperature regimes.
J. Fish. Res. Bd Can. 34, 31-43.

Pickering, A. D. (1981). Introduction. In Stress and Fish (A. D. Pickering, ed.),
pp. 1-9. London and New York: Academic Press.

Pirnm, S. L. and Lawton, J. H. (1980). Are food webs divided into compartments?
J. Anim. Eeal. 49, 879-898.

Randall, D. J. and Cameron, J. N. (1973). Respiratory control of arterial pH as
temperature changes in rainbow trout Salmo gairdneri. Am. J. Physiol. 225,
997-1002.

Randall, D. J. and Hoar, W. S. (1971). Special techniques. In Fish Physiology, Vol.
VI (W. S. Hoar and D. J. Randall, eds), pp. 511-528. London and New York:
Academic Press.

Reichenbach-Klinke, H. H. (Ed.). (1976). Die Gewasseraufheizung und ihre
Auswirkung auf den Lebensraum Wasser. In Fisch und Umwelt, Vol 2. Seminar
1975, pp. 153-161. Stuttgart: Gustav Fischer Verlag.

Reynolds, W. W. (1977). Temperature as a proximate factor in orientation behavior.
J. Fish. Res. Ed Can. 34, 734-739.

Reynolds, W. W. and Casterlin, M. E. (1979). Thermoregulatory behavior of brown
trout, Salmo trutta. Hydrobiologia, 62, 79-80.

Reynolds, W. W., Casterlin, M. E., Matthey, J. K., Millington, S. T. and Ostrowski,
A. C. (1978). Diel patterns of preferred temperature and locomotor activity in the
goldfish Carassius auratus. Compo Biochem. Physiol. 59A, 225-227.

Richards, F. P., Reynolds, W. W. and McCauley, R. W. (1977). Temperature
preference studies in environmental impact assessments: an overview with pro­
cedural recommendations. J. Fish. Res. Bd Can. 34, 728-761.

Roberts, J. L. (1961). The influence of photoperiod upon thermal acclimation by the
crucian carp Carassius carassius. Zool. Anz. (Supp!.) 24, 73-78.

Rozin, P. and Mayer, J. (1961). Thermal reinforcement and thermo-regulatory
behavior in the goldfish, Carassius auratus. Science, N. Y. 134, 942-943.

Sadler, K. (1979). Effects of temperature on the growth and survival of the European
eel, Anguilla anguilla L. J. Fish Biol. 15,499-507.

Scholander, P. F., van Dam, L., Kanwisher, J. W., Hammel, H. T. and Gordon, M. S.
(1957). Supercooling and osmoregulation in Arctic fish. J. cell. compo Physiol. 49,
5-24.

Shelton, G. (1970). The regulation of breathing. In Fish Physiology, Vol. IV. The
nervous system, circulation and respiration (W. S. Hoar and D. J. Randall, eds),
pp. 293-359. London and New York: Academic Press.



I, ... '''',,::'1: .~

244 J M ELLIOIT ·~t~'.
Shrode, J. B. and Gerking, S. D. (1977). Effect of constant and fluctuating temper,a­

tures on re~roductiveperformance of a desert pupfish, Cyprinodon n. nevadensis.
Physiol. Zool. 50,1-10. ' . . .... . I

Sigler, W. F. (1958). The ecology and use of carp in Utah. Uta~Agric.Exp. StnBull.
405,63pp.. . I

Slobodkin, L. B. and Sanders, H. L. (1969). On the contribution of environmental
predictability to species diversity. In Diversity in Ecological Systems (G. M.
Woodwell and H. H. Smith, eds), pp. 82-95. Brookhaven Symposia in Biology,
No. 22, 1969. USAEC Report BNL-50175. I

Someto, G. N. and de Vries, A L. (1967). Temperature tolerance of some Antarctic
fishes. Science. N. Y. 156, 257-258. . I

Spaas, J. T. (1960). Contribution to the comparative physiology and genetics of the
European salmonidae. In. Temperature resistance at different ages. Hydrb-
biologia 15, 78-88. I

Spigarelli, S. A and Thommes, M. M. (1979). Temperature selection and estimated
thermal acclimation by rainbow trout (Salmo gairdneri) in a thermal plume.
J. Fish. Res. Bd Can. 36, 366-376. I

Spigarelli, S. A, Romberg, G. P., Prepejchal, W. and Thommes, M. M. (1974). Boc;ly
temperature characteristics of fish at a thermal discharge on Lake Michigan. In
Thermal Ecology, Vol. 1 (J. W. Gibbons and R. R. Sharitz, eds), pp. 119:-13:2.
AEC(CONF 730505) Nat! Tech. Inf. Serv., Springfield, Va. I

Stevens, E. D. and Fry, F. E. G. (1970). The rate of thermal exchange in a teleost,
Tilapia mossambica. Can. J. Zool. 48, 221-226. I

Stevens, E. D. and Fry, F. E. G. (1974). Heat transfer and body temperatures in
non-thermoregulatory teleosts. Can. J. Zool. 52, 1137-1143. I

Stevens, E. D. and Neill, W. H. (1978). Body temperature relations of tun¥,
especially skipjack. In Fish physiology, Vol. VII (W. S. Hoar and D. J. Randall,
eds), pp. 316-359. London and New York: Academic Press. . I

Stevens, E. D. and Sutterlin, A. M. (1976). Heat transfer between fish and ambient
. water. J. expo BioI. 65, 131-1~5. .. I
Stott, B. (1977). On the questIOn of the mtroductIon of the grass carp (Cteno-

.pharyngodon idella Val.) into the United Kingdom. Fish. Mgmt 8, 63-71. I
Strange, R. J., Schreck, C. B. and Golden, J. T. (1977). Corticoid stress responses to

handling and temperature in salmonids. Trans. Am. Fish~ Soc. 106,213-218. [
Swee, U. B. and McCrimmon, H. R. (1966). Reproductive biology of the carp,

Cyprinus carpio L., in Lake S1. Lawrence, Ontario. Trans. Am. Fish. Soc. 95,
372-380. . [

Swift, D. R. (1961). The annual growth-rate cycle in brown trout (Salmo trutta Linn.)
and its cause. J. expo BioI. 38, 595-604. I

Swift, D. R. (1964). The effect of temperature and oxygen on the growtlirate of the
Windermere char (Sa/velinus a/pinus willughbii). Compo Biochem. Physio/. 1:2,
179-183. . I

Swift, D. R. (1965a). Effect of temperature on mortality and rate of development pf
the eggs of the Windermere char (Sa/velinus a/pinus). J. Fish. Res. Bd Can. 22,
913-917. . • I

Swift, D. R. (1965b). Effect of temperature on mortality and rate of development of
the eggs of the pike (Essox lucius L.) and the perch (Perea fluviati/is L.) Natu;e,
Lond. 206, No. 4983, 528. . I

Talmage, S. S. and Coutant, C. C. (1978). Thermal effects. J. Wat. Pollijt. Control
Fed. 50, 1514-1553.



10. THERMAL STRESS ON FRESHWATER TELEOSTS 245

Talmage, S. S. and Coutant, C. C. (1979). Thermal effects. J. Wat. Pollut. Control
Fed. 51, 1517-1554.

Timmermans, J. A. (1978). De Graskarper (Ctenopharyngodon idella) Eerste
ervaringen in Belgie. Trav. Sin Rech. Groenendaal, Ser. D, No. 47, 24pp.

Tyler, A. V. (1966). Some temperature relations of two minnows of the genus
. Chrosomus. Can. 1. Zool. 44, 349-364.

Weatherley, A. H. (1959). Some features of the biology of the tench, Tinca tinea
(Linnaeus) in Tasmania. 1. Anim. Eeal. 28, 73-87.

Webster, D. A. (1962). Artificial spawning facilities for brook trout, Salvelinus
fontinalis. Trans. Am. Fish. Soc. 91,168-174.

Wedemeyer, G. (1973). Some physiological aspects of sublethal heat stress in the
juvenile steelhead trout (Salmo gairdneri) and coho salmon (Oncorhynchus
kisutch).1. Fish. Res. Bd Can. 30, 831-834.

Wootton, R. J. (1976). The biology of the Sticklebacks. London and New York:
Academic Press. 387pp.

Yamazaki, F. (1965). Endocrinological studies on the reproduction of the female
goldfish, Carassius auratus L., with special reference to the function of the
pituitary gland. Mem. Fac. Fish. Hokkaido Univ. 13, 1-64.


