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PRELIMINARY ERRATA

. v, last figure acknowledgement

From: ...J. J. Grahm.
To: veedJ. J. Graham.

. vii, fourth acknowledgement

From: ...Fisheries Society,...
To: ...American Fisheries Society,...

. 2, 3, 4, 5, single line at bottom of table
. 6, double line at bottom of table

. 8, 4th line from bottom of page

From: ...1965; Parish, 1967;...
To: ...1965; Parrish, 1967,...

. 14, 1st full paragraph

From: ...respones to...
To: ...responses to...

30, 4th citation
From: ...Parish, L. P.

To: ...Parrish, L. P,
31, .8th citation

From: ...steam biota,...
To: ...stream biota,...

. 47, footnotes should be placed at end of table on p. 48

. 48, replace 2nd printing of p. 46 with p. 48 (attached)

123, 2nd paragraph
From: ...(Table NA-1) Temperatures...
To: ...(Table NA-1l). Temperatures...

124, 244, 308, 311, 322, single line at bottom of table

. 156, 2nd citation

From: ...Cyprinum carpio...
To: ...Cyprinus carpio...

. 188, 2nd full paragraph

From: ...(Campbell and MacCrimmon (1970...
To:  ...{(Campbell and MacCrimmon, 1970...
308, 3rd line from bottom

From: ...(15.6) ) Could be below 60
To: ...(below 15.6) below 60



Po

391, 2nd full paragraph
From: ...in 2-4 bluegills...
To: ...in 2-4 in. bluegills...

392, figure heading
From: ...for 2.4 in. bluegills...
To: ...for 2-4 in. bluegills...

394, 1st full paragraph
From: ...see also p. for...
To: ...see also p. 18-19 for...

405, table heading
From: . ,..various temperatures.
To: ...various temperatures.®

412, table heading
From: - ...acclimation temperatures
To: ...acclimation temperatures.¥®

424, 1st entry in table
From: ...up to 23
To: «..(up to 23)...

429, lst citation
From: ...Javard, M.Y.,...
To: ...Javaid, M.Y.,...

Changes in case or journal abbreviations have not been

August 1975

made
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INTRODUCTION

Purpose & Scope

The American Electric Power Service Corporation provides
technical support for the construction and operation of power plants
in the American Electric Power System. Responsibilities include
initiation and management of numerous ecological studies undertaken
to evaluate possible impact of power plant operation on aquatic and
terrestrial biota. This effort has also included reviews of the
scientific literature. Information obtained has aided in interpreting
data collected in the field, and is helping to project possible impact
of future power generating facilities. This Handbook includes findings
to date on many of the fish species reviewed (Table I-1).

This is an evolving document. Release at this time does not
imply completeness, only a decision to make these findings available

to others at a time of intense activity under section[3l6(a) of the

-

Water Pollution Control Act Amendments of 1972 (Publicw£;§v92—500)f
(Act) . Iﬁs printing by AEP represents the most rapid means of‘ffg:
viding this wider public access, though this same speed has precluded
critical review of the final manuscript by others. Thus the Handbook
represents my unedited appraisal of the literature, with all errors
remaining my responsibility alone. Suggestions for improvement will
be greatly appreciated.

The Handbook is intended to be a guide to the literature, providing
complete referencing for each statement made. Such referencing
hopefully will aid the reader in locéting original articles. Readers
are urged to do this because the large number of fish treated has

precluded giving details regarding the studies cited. As a partial



Table I-1. Taxonomic list of fish species reviewed including scientific and common names, and the
abbreviations used for figure and table titles in each species section.

Classification

Common Name

Figure and
Table Abbreviation

Family Clupeidae
Alosa pseudoharengus (Wilson)
Family Salmonidae
Coregonus clupeaformis (Mitchill)
Coregonus hoyi (Gill)
Oncorhynchus kisutch (Walbaum)
Salmo gairdneri Richardson
Salmo salar Linnaeus
Salmo trutta Linnaeus
Salvelinus namaycush (Walbaum)
Family Osmeridae
Osmerus mordax (Mitchill)
Family Cyprinidae
Campostoma anomalum (Rafinesque)

Clinostomus funduloides Girard

Alewife

Lake whitefish
Bloater

Coho salmon
Rainbow trout
Atlantic salmon
Brown trout

Lake trout

Ranbow smelt

Stoneroller minnow

Rosy dace

PS

CL
HO
KI
GA
SA
TR

NA

MO



Table I-1 (Continued)

Classification

Common Name

Figure and
Table Abbreviation

Cyprinus carpio Linnaeus
Exoglossum laurae (Hubbs)
Exoglossum maxillingua (Lesueur)
Nocomis leptocephalus (Girard)
Nocomis micropogon (Cope)

Nocomis platyrhynchus Lachner and Jenkins
Notemigonus crysoleucas (Mitchill)
Notropis albeolus Jordan

Notropis analostanus (Girard)
Notropis ardens (Cope)

Notropis ariommus (Cope)

Notropis atherinoides Rafinesque
Notropis cerasinus (Cope)

Notropis chrysocephalus Rafinesque
Notropis galacturus (Cope)

Notropis hudsonius (Clinton)

Carp

Tonguetied minnow

Cutlips minnow
Bluehead chub
River chub
Bigmouth cﬁub
Golden Shiner
White shiner
Satinfin shiner
Rosefin shiner
Popeye shiner
Emerald shiner
Crescent shiner

Striped shiner

Whitetail shiner

Spottail shiner

CA

LA

MA

LE

MI

PL

CR

&

Al

AT

CE

CH

GL

HU



Table I-1 (Continued)

” — Figure and
Classification : : ) S o Common Namé ‘ Table Abbreviation

'thrOPis photogenis  (Cope) Silver éhiner o PH
Notropis procne (Cope) Swallowtail shiner PR
Notropis rubellus (Agassiz) : Kosyféce shiner RU
Notropid scabriceps (Cope) New River shiner sC
Notropis spilopterus (Copé) Spotfin shimer SP
Notropis telescopus (Cope) felescope shiner TE

Notrépis volueellus (Cope) Minic shiner VO
Piméphales notatus (Rafinesque) Bliintnose minnow NO
Rhinichthys atratulus (Hermatin) - Blacknose dace AU
Rhini-éhtiiys‘ cataractae (Valenciennes) Longhose dace CT
Semotilus atromaculatus (Mitchilil) Creek chub A0

Family Catostomidae
Catostomus catostomus (Forster) Longnose sucker M
Catostomus commersoni (Lacepede) white sucker co

Hypentelium nigricans (Lesueur) | ‘Hog sucker . NI



Table I-1 (Continued)

Classification

Common Name

Figure and
Table Abbreviation

Family Ictaluridae

Ictalurus nebulosus (Lesueur)
Ictalurus punctatus (Rafinesque)
Noturus insignis (Richardson)

Pylodictis olivaris (Rafinesque)

Family Centrarchidae

Ambloplites rupestris (Rafinesque)
Lepomis auritus (Linnaeus)

Lepomis cyanellus Rafinesque
Lepomis gibbosus (Linnaeus)

Lepomis megalotis (Rafinesque)
Micropterus dolomieui Lacepede
Micropterus punctulatus (Rafinesque)
Micropterus salmoides (Lacepede)
Pomoxis annularis Rafinesque

Poxomis nigromaculatus (Lesueur)

Brown bullhead
Channel catfish
Margined madtom

Flathead catfish

Rockbass
Redbreast sunfish
Green sunfish
Pumpkinseed
Longear sunfish
Smallmouth bass
Spotted bass
Largemouth bass
White crappie

Black crappie

PU

IN

OL

AS

CY

GI

DO

PN

SL

AF

NG



Table I-1 (Continued)

Figure and
Classification ‘ Common: ‘Name - Table Abbreviation

Family Percidae

Etheostoma blennioides Rafinesque ~Greenside darter BL
Etheostoma flabellare Rafinesque Fantail darter FL
Etheostoma lepidum (Baird and Girard) Greenthroat darter 1P
Etheostoma osburni (Hubbs and‘Trautman) Finescale saddled darter 08
Etheostoma spectabile (Agassiz) Orangethroat darter SE
Percina caprodes (Rafinesque) Logperch CP
Perca flavescens (Mitchill) Yellow perch FA
Percina maculata (Girard) Blackside darter MU
Percina crassa (Jordan and Brayton) Piedmont darter CS
Percina oxyrhyncha (Hubbs and Raney) Sharpnose darter 0X
Percina scilera (Swain) Dusky darter ST

Family Cottidae
Cottus bairdi Girard Mottled sculpin BA

Cottus carolinae (Gill) Banded sculpin CI



solution brief discussion is often provided and numerous tables and
figures from the original articles have been included, thus enabling
the reader to extract additional pertinent information and providing
an opportunity to make independent ésséssment of data presented.
However these inclusions by no means fully compensate for the con-
densed treatment given.

The Handbook is an attempt to provide coverage of temperature
related life history data for a number of North American fishes.

The choice of species reviewed has been dictated by multiple con-
siderations, but includes cold{ cool and warmwater fishes variously
categorized as sport, commercial or forage species, and several also
considered threatened in certain states. Because of past regulatory
agency emphasis on effects of high temperatures, it is these effects
which are stressed here. For more detailed treatment of effects of
cold water and/or rapid temperature drops, the reader is directed to
the references cited below.

Many associations between temperature and fish life history are
cited in the material which follows, though it should be understood
that the reported associations may not always be causally related.
Establishment of causality involves sophisticated multivariate
laboratory analyses. These have seldom been performed for even a single
life history stage. While the idea of environmental variables inter-
acting in various ways to modify the influence of each other is
simple, the testing facilities required and the analytical procedures
used in data analysis are not. Alderdice (1971) has discussed the

merits of multivariate analysis and has reviewed procedures and results.
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No attempt has been made here to review how exotic chemicals

influence temperature responses, or how temperature might modify
chemical toxicity, and only brief mention is made of studies where

chemical composition of natural waters has been found to modify a
fishes response to temperature. Cairns et al. (1973) have reviewed

recent literature on effects of temperature on chemical toxicity.

Available Literature

Thermal effects studies are becominga major research area
(Morgan and Franzreb, 1970). This activity has led to the publication
of several bibliographies which consider effects of heated water on
fish, including those by Trembley (1960, 1965), Committee on Thermal
Pollution (1967), Mackenthun (1967), Kennedy and Mihursky (1967), gnd
several revisions of a bibliography by Raney and co~workers (Raney and
Menzel, 1967, 1969), with their most recent effort (Raney et al., 1973)
providing the most complete coverage available through 1972. 1In
addition a series of annotated bibliographies of thermal effects
literature have been published (Morgan and Franzreb, 1970; Morgan
and Coutant, 1972; Morgan, 1973), and a series of annual literature
reviews prepared (Coutant, 1968, 1969, 1970a, 1971; Coutant and
Goodyear, 1972; Coutant and Pfuderer, 1973a, 1973b, 1974). A number
of significant reviews of the effects of temperature on fish are also
available (e.g., Brett, 1956, 1970a; Gunter, 1957; Mason, 1962; Fry,
1947, 1964, 1967, 1971; Kinne, 1963; Naylor, 1965; Wurtz and Renn,
1965; Parish, 1967; Thomas, 1967; Rainwater, 1968; DeSylva, 1969;
EPA, 1973b; National Academy of Science-National Academy of Engineering
(NAS), 1973; see also references to effects of temperature on fish

physiology in sections below).



Several data sources organized by species are available which
consider temperature effects including compilations of fish life
history information by Carlander (1969), and Scott and Crossman
(1973). Modes of reproduction in fishes, including temperature
considerations, were evaluated by Breder and Rosen (1966), and
tabulated data on spawning requirements of some fishes compiled by
Wojtalik (unpublished; cited in NAS, 1973). Tabulations by species
are also available of temperature preference (Ferguson, 1958;
Coutant, 1974), and tolerance (e.g., Altman and Dittmer, 1966;
DeSylva, 1969; Brett, 1970a:524~527; EPA, 1973b; NAS, 1973).

In spite of the comnsiderable literature which has accumulated,
there has been no attempt to develop a handbook devoted to in-depth
treatment by species of various aspects of temperature effects.
Perhaps the nearest approach has been the preparation of succinct
fish temperature data sheets on life history stages of various
species by the National Water Quality Laboratory at Duluth, Minne-
sota (EPA, 1974), for apparent inclusion in a revision of EPA's
(1973a) proposed Water Quality Criteria. Unfortunately the data
sheets presently cover a limited number of species, their breadth
of coverage is necessa¥ily restricted, and there is no discussion
given of methods or results, etc., and there is no visual presentation
of data. Therefore, these data sheets also fall short of providing
comprehensive information on the effects of temperature on even the
treated species. It was in light of such limitations that the present

Handbook was developed.
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-General Concepts and Definitions

Prior to reviewing the effects of temperature on individual species
a number of relevant concepts and definitions are presented. Following
brief initial remarks, more detailed consideration is given to those
concepts of particular importance to an understanding of material pre-
sented in the review.

The prominancé of temperature as an environmental variable of
ecological importance to fish has been long recognized. Despite this
recognition there are few instances where the distribution of a species
has been indisputedly linked with temperature as the governing factor
(Brett, 1970a:558). It does appear however that temperature tolerance
of juvenile and older fish may correlate with, but rarely define,
limits of distribution, particularly for upper lethal temperatures which
may occur 4 to 7 C (7.2 to 12.6 F) above ambient levels (Brett, 1969, |

1970a:530). Greater sensitivity occurs in the embryonic stage,

affecting hatching and larval survival. Furthermore, the dispersal
of adults and the nature of spawning migrations is undoubtedly in-
fluenced by the relatively stenothermal characteristics of early

developmental stages (Brett, 1969).

3{ Fish are typically poikilothermic animals, unable to regulate their
body temperatures. In aquatic environment where fish are exposed to
various and changing temperatures, their internal E;dy temperatures
reflect those external changes, though with some time delay (Fry,
1967:381). Because of the all-pervading nature of environmental tem-
perature, the fundamental thermal requirement of fishes is an external
environmental temperature most suitable to their internal tissue (Brett,

1956), and other organizational levels. That this temperature may not be

limited to a few degrees is said to attest to the extent to which the poikilo-
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therm has been able to evolve body functions which can maintain
adequate roles despite variations in body temperature (Brett, 1956).

With respect to accommodations made.by fish to changing environ-
mental temperatures, three levels of adjustment are described. First
is acclimation, the artificial stabilization of some aspect of the
immediate environmental history by controlled laboratory conditions
(Fry, 1967:376), e.g., temperature,and the achievement by the animal
of a physiological steady state response. If on the other hand the
fish has lived under natural conditions in the environment, the

animal is said to be acclimatized, again physiologically adjusted, but

this time to the myriad of interacting environmental variables which
influence fish. According to Fry (1971:15) the most significant
aspect of acclimatization as opposed to acclimation is that acclima-
tization allows the organism to acquire an adjustment, say to higher
temperature, in advance of the event if that event is appropriate to
the seasonal cycle. This acclimatization provides for anticipatory
adjustment as well as reactive adjustment.

To the ecologist acciimatization may also have a phylogenetic
implication at the subspecific level. In each locality, with its
unique environment, a species is subject to different selective
pressures as well as to any different ontogenetic influence which
bears on the successful individuals (Fry, 1971:15). Mayr (1970:111)
has also commented upon the extraordinary sensitivity of the selective
response of animals to slight changes in the environment. The extreme
sensitivity of the genotype to environmental conditions is said not to
be doubted, even in cases where the variability differences are not

expressed in the genotype. Phylogenetic adjustments occurring over long



12
;ériods are considered adagtatidﬁs bj'Fry (1967:376).
i The precise role which temperatufe accommodations play in in- '
fluencing fish éuccess in thé environment ié'illuminatéd‘by exaﬁining
several classifications of fish-environmental interrelations. In
1947, Fry tenfativéiy'propdsed six categories of efféét which thé
environmént'may have on the individual: léthal factofs; masking
féctors, directive factors, controlling factors, limiting factors, and
éccessory factors. In a more recent treatment (Fry, 1§7i) this number
was reduced to five by‘eiimination of the last’efféct cafegory. Tem-
pérature as an environmental factor interacting with the whéle.organiém
has been considered in detail by Fry (1967) under the first tiréé
effect categories and it is these categories which are examined here.

Briefly, temperature may act as a lethal factor when it destroys the

ihtegrity of the ofganism'and restricts the range of the environment
in which the organism can exist. Temperature may also act as a

controlling factor when it acts upon the activity of an organiém, an

effect which is mediated through the influence of temperafure on the
rate of biochemical reactions and thus metabolic rate. Lastly,

temperature may also act as a directive factor when it influences the

spontaneous movements of the organism. These factors are examined in
greater detail in the next section.
Another classification is used by Hoar (1966:314-321) who

considers three mechanism for thermal responses to temperature:

biochemical, neuroenddcrine, and behavioral. The biochemical
méchanisms underlying acclimation, more fully discussed by Hochachka
and Somero (1971) and Somero and Hochachka (1971) are described in

stmmary form in Table I-2. It can be seen that acclimation may involve



Table I-2. Biochemical changes associated with temperature acclimation in poikilothermic organisms¥*.

Constituent

Change

Enzymes
Lipids

Metabolic pathways

Protein synthesis
Nucleic acid synthesis
Blood ions

Tissue ions

Ribosomes

Hemoglobins

Different variants in winter and summer rainbow trout

Changes in saturation, chain length and quantity of lipid
Increases in activities of pathways associated with biosynthesis
in cold-acclimated fish, e.g., increase in hexose monophosphate
shunt

Change in rate

Change in rate

Changes in relative concentrations

Same as above

Differences in ribosome melting temperatures between summer and
winter trout

Changes in 0y affinity likely due to changes in modulator con-
centrations

*From Somero and Hochachka (1971). See Hochachka and Somero (1971) and Precht (1968) for literature dealing

with these topics.

€T
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“profound restructuring of the organism at the molecular level. While
bmechanism of thermal acclimation at the molecular level are multiple,
they are not clearly understood (Prosser, 1973:386). The way in which
biochemical changes are initiated in the acclimation‘process, whether by
direct action of temperature at the cellular level, or by nervous or
hormonal stimulation is also unclear (Prosser, 1973:386). Evidence
for hormonal control of temperature acclimation in fish is said by
Prosser (1973:386) to be either contradictory or lacking, though the
nervous system is said to play a key role in behavio%al and locomoter
adaptations, including géneral activity, kineses; maximum swimming
speed, and temperature selection.

Precht (1958, 1967) utilizes a classification based upon homeo-
static mechanism, emphasizing that the responses to temperature can be
of a different nature for temperatures within the normal ramnge of

organism exposure (capacity adaptations), as opposed to respones to

temperature extremes (resistance adaptations).

Application of Concepts -

Regulations designed to protect fish consider whether the fish
can survive and prosper, they are not as concerned with how this is
accomplished. Emphasis in thé review is therefore given to whole
organism responses to temperature, not to the processes which underly
them. This being the case, the classification of Pry is most useful,
though it should be clear that the classification scheme used by Hoar
(1966) underlies organism response to thése factors, and that responses
temperature extremes can be of a different nature from those to

temperatures within the normal range of experience (Precht, 1958,

1967).
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Lethal Temperatures and Resistance

Two methods are commonly used in lethal temperature studies. In

one (slow heating) method the temperature in the test bath is slowly

raised from the acclimation temperature at a constant rate until death

occurs, while in the other (rapid transfer) method fish are transferred

directly from the acclimation temperature bath into baths at tempera-
tures felt to be lethal and the times to death noted. Various authors
have discussed the merits of these two methods (e.g., Fry, 1947, 1967;
Hoar, 1966:297-298; Nickum, 1966:5-7; Coutant, 1970b). While a
number of authors have used the slow heating method for at least some
of their lethal temperature determinations, it appears that the rapid
transfer method provides a firmer basis for physiological analysis

in the more detailed pattern of response it yields (e.g., Fry, 1967),
and resultant improved predictive utility (Coutant, 1970b). The
majority of lethal temperature studies cited in the Handbook used the
rapid transfer method and use of this method can be assumed unless
special note is made.

According to Hart (1952) investigafors have determined resistance
times for samples of fish by calculating the temperature at which a
given percentage survive a given length of time (e.g., Hathaway, 1927),
the average survival time at a given constant temperature (e.g., Loeb
and Wasteneys, 1912), or the geometric mean survival time at a given
constant temperature (e.g., Fry et al., 1946). The method of Fry
et al. is most commonly followed.

Fry et al. (1946) also provide what are considered standard

definitions for use in temperature studies:
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"The range of any envirommental factor in which life of

an organism is possible at all may be divided into two
zones. Within certain limits the animal can live indefi-
nitely. We proposed to call this zone the zone of
tolerance, and levels demarcating this zone the upper

and lower incipient lethal levels respectively. At levels
beyond the zone of tolerance the organism will be able to
exist for a period of time that will depend on the level of
the lethal factor. The length of time that an organism

can resist the effects of a level of an environmental factor
which is beyond its zone of tolerance we propose to call the
resistance time. Applying these general definitions to tem-
perature in particular we propose to speak of a zone of
thermal tolerance bound by upper and lower incipient lethal
temperatures and a zone of thermal resistance beyond these
temperatures.'" (p.9)

The zone of thermal tolerance is often visually presented as a lethal

temperature polygon which bounds the zone of tolerance for (usually)
50% of the experimental population.

A number of variables can influence the lethal temperature of a
species, inclu&ing abiotic and biotic influences, as well as procedural
details. Considering the first two sources of variation, studies in
general suffer from inattention to at least one of the following
influences: chemical composition of the water, genetic background
of the fish, its age, size, sex, reproductive condition, nutritional
state, or the season or photoperiod under which the testing occurred.
It is now known that these details can influence lethal temperature
(Coutant, 1970b; Prosser, 1973:373). The predictive utility of con-
clusions drawn from such incomplete accounts are correspondingly
reduced.

The procedural details influencing lethal temperatures have been
most thoroughly discussed by Brett (1952) and Fry (1971). These papers
should be consulted for methods of testing and data analysis. Pro-

cedural variables include the acclimation temperature of the fish.

Typically, a change in acclimation temperature of 3 C increases the
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lethal temperature by 1 C (Fry, 1971:28), though a point is eventually
reached when an increase in acclimation temperature no longer increases
the lethal temperature and a tolerance plateau results. This lethal

temperature is designated the ultimate upper incipient lethal tempera-

ture. However, as pointed out by Fry (1971:27), it is typical for
thermal resistance to continue to increase with acclimation temperature
beyond the point where there is no further change in thermal tolerance.

The time allowed for acclimation to be achieved prior to lethal

temperature determination also influences the final result. Brett
(1970a:532) states that the rate of acclimation in terms of increased
heat tolerance is apparently set by the level of the new temperature
and is exponentially related to time, being most rapid at the start.
Acclimation rates for several fish have been tabulated by Brett
(1970a:531). Should testing begin prior to completing the necessary
acclimation period, results incorrectly portray tolerance or resistance
at the stated acclimation temperature.

Test duration is another consideration which influences the lethal

temperature. Prosser (1973:368) states that after about 48-hours no
further death occurs, and Fry (1971:23) states that this test dura-
tion is most often used, but that a 96-hour test period is more widely
approved. However, several workers have noted mortality well beyond

a 96-hour test duration. Recognizing that there is no finality to the
inéipient lethal temperature short of maintaining the test throughout
the whole life of the organism, Fry (1971:20) suggests the incipient
lethal temperature should be looked on as the boundary of the immediate
direct lethal effects, "immediate" being taken as a matter of days or

weeks, and "direct" as the operation of temperature directly on a site
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of metabolism so as to destroy it more rapidly than the organism can
keep it in repair.

As an aid in comparing results of lethal temperature tests using
differing exposure durations of less than 72 hours, Brett (1970a:523)
has provided a table for adjusting lethal temperatures to a commeon
72-hour exposure time. Adjustments have not been made in data pre-

sented here.

Sublethal Indicators of Thermal Stress

In an effort to provide protection for fish, more restrictive
constraints on water temperatures are needed than those protecting
half of the experimental population from mortality within a few days.
Several approaches have been advanced which attempt to arrive at sub-
lethal temperature stress responses which signal impending temperature
induced alterations in either immediate potential for survival or
longterm changes in population dynamics. One such avenue of research
has involved use of equilibrium loss as an indicator of stress. With
this as the endpoint, results of several methods of investigation are

available. One, determination of the critical thermal maximum (CTM),

involves slow heating of the experimental animal until equilibrium loss.
While results reflect two variables, time and temperature, only tem-—

perature is used as an endpoint. In contrast, the equilibrium loss

dose (ELD) is derived using methods outlined by Fry et al. (1946) for
calculation of resistance times, and involves reporting of both tempera-
ture and time to loss of equilibrium. Cbutant and Dean (1972) have
reviewed the relative merits of the two methods, and éonsider the ELD

the better measure of response because both the experimental method and
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the system of reporting such doses are well established dn fisheries
literature and have their basis in the statistical analyses of pharma-
cology (Bliss, 1937; cited in Coutant and Dean, 1972).

Coutant (1973) has also examined another sublethal effect,

vulnerability of thermally stressed fish to predation by unstressed

predators. A stress still further removed from lethal temperature,

altered feeding behavior of competing species exposed to temperature

increases has also received preliminary attention (Bowen and Coutant,
1973). Growth, also related to temperature, is discussed separately below.

Each of the three sublethal stresses, equilibrium loss, vul-
nerability to prédation, and altered feeding behavior, has been examined
in only a few species and should receive further attention if regula-
tions derived from these stress responses are to reflect real needs

of species inhabiting widely different aquatic environments.
Activity and its Relationship to Metabolism

In studies of fish responses to temperature change, Fry (1971:2)
makes the careful distinction between metabolism and activity. Fry
considers metabolism to be the sum of the reactions yielding energy
which the organism utilizes, while activities are a general category
of response by which energy derived from metabolism is utilized. By
these definitions, activities include such processes as swimming,
fighting, or other manifestations of energy released by metabolism.
These manifestations are not all moﬁements, for example, growth is
activity, and so is excretion. From this it follows that oxygen
consumption during a performance test such as swimming does not

represent energy expended for that activity alone, because other
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activities such as maintenance continually take their tell of available
energy reserves. - Nevertheless, it has been found: possible to arrive
indirectly at energy expenditure for-performance by considering

several levels of energy use. A measure of standard metabolism

represents oxygen consumption requirements necessary to maintain all
life processes at zero exertion. If the test animal is:thenm required
to exert itself at a maximum sustained level, a measure of active
metabolism.is obtained. The energy available for external work (e.g.,
swimming) can be derived by deducting standard metabolism from active

metabolism. This provides a measure of metabolic¢ scope for activity.

When exposed to rapid temperature changes, most poikilotherms
acclimated to a specific temperature show a similar series of
metabolic responses. Grainger (1958) described these changes, and -
Prosser (1973:374-376) has retained this scheme. Accordingly, three
responses, often measured by oxygen consumption, occur over time.
Following an abrupt temperature rise there is an initial overshoot
or shock reaction lasting seconds or minutes. After the initial
reéction to temperature change, a stabilized state is achieved at a
somewhat lower level. This state may last for "many hours" and it is

usually during this time that (routine metabolism) rate determinations

are made (Prosser, 1973:374). Finally, if the animal is left at the
same altered temperature for many days, its rate functions show
further reductions and the animal is said to be acclimated (Prosser,
1973:375).

Not all animals acclimate according to the pattern described above.
Precht (1958) presented ‘a scheme for comparing rate function patterns

at two acclimation temperatures, and Prosser (1958, 1973; Prosser and
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Brown, 1961) added the dimension of'QlO by depicting rate functions
during the stabilized state over the entire temperature range (Prosser
and Brown, 1961:245).

Other vafiables influence metabolic rate in addition to tem~
perature. A list of seventeen such variables is provided by Brett
(1970b) along with a statement of the extent of possible influénce.

In the past, temperatures preferred (selected) by fish were not
seen to have a consistent relationship to activity. Sullivan (1954)
then stated that the rate at which temperature changed appeared to be
very important in evaluating the relationship between activity and

temperature selection, rapid temperature changes producing a mipnimum.

of activity at the selected temperature, while slow rates of change
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produced a maximum activity at the selected temperature. Fry (1971:82)

iﬁ&iEZEEE“EHEE“Eﬁ1§”EEQ£inction made by Sullivanwas important because

it differentiated the influence of temperature acting as a directive
factor in a rapidly changing environment, while acting as a controlling ’
factor at various constant ér slowly changing temperatures. These
remarks are interpreted here to mean that a fish in a thermal gradient
will show least difectional movement in the area of the thefgal pre-
ference (selection), thus retaining position in the desired temperature
interval. For a fish exposed to either separate constant temperatures
or to slowly changing temperatures, in which the fish is permitted to
come into equilibrium with the ambient temperatures, spontaneous move—
ment is greatest at the preferred tempergture, where the animal reacté
most vigorously to any stray stimuli (Fry, 1971:83). Variables reported

to influence preferred temperature include season (Sullivan and Fisher,

1953), nutritional state (Javaid and Anderson, 1967), and age of fish
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(Ferguson, 1958). Acclimation temperature also influences the

preferred temperature, most often increasing with acclimation tempera-

ture until the final preferendﬁm, that temperature at which the‘pre-
ferred temperature is equal to the acclimation temperafure (Fry,
1947). According to Fry it is at this preférendum that fish of a
species will ultimétely congregate, regardless of their prior thermal
experience. | | |
The general effect of the increase in activity aséociaied Qith
temperature acting as a controlling factor is to pro&ucé a‘céntral
horizonfal section or even a.dip in tﬁe curve relating'ﬁoutine'metabo;
lism to temperature, or at leaét to make that curve deci&edly convé%'
on a semilogarithmic plot (Fry, i97l:82). This is due to.tﬁe
overlapping influence of incréasiﬁg ﬁetabolic rate as é function of
temperature and increased activity associated with the'region of
preferred (selected) temperature. Fry (1971:83) states that the
activity inbtéase has often been mistaken to provide evidence for a
broad homeostaéic,response in the-metabolic-rate. In a.mpre detailed
discussion of this sﬁbject, Fry and Hochachka (1970:84;90) state that
an impression may be gained from the literature céncerﬁing metabolism
of the whole organism that temperature compensation may greatly reduce
the Q;q below 2, but when standard metabolism.has been meaéured in fish
acclimated to each temperature, such is not the case (Fry and Héchachka
1970:90). While there have certainly been compensations in metabolic
rate, it is said (Fry and Hochachka, 1970:88) compensations in
spontaneous activity probabiy overshadow physiological compensations

underlying them.
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Growth

Brown (1957) discussed a number of variables which influence fish
growth, including temperature. in a more recent review evaluating
effects of temperature on fish, Brett (1970a:546) has stated that
in the absence of limiting factors, growth is a multiplicative process
which under ideal conditions follows an exponential curve, thoggh in
actuality the overall configuration is said to generally follow the
sigmoid shape of a logistic curve. With the exception of cases where
food rations have not been provided above the maintenance level, in-
creasing temperature enhances growth up to an optimum level beyond
which moderate growth occurs, with reductions above this level re-
sulting from increased energy requirements for food conversion
(Brett, 1970a:545).

Beamish and Dickie (1967) have discussed fish growth in relation
to metabolism, and Warren and Davis (1967) have made the further
attempt to quantify bioenergetics of growth. The concept of scope
for growth is introduced in the latter paper, and is more extensively
discussed by Warren (1971:145-150). As defined by Warren (1971:148)

scope for growth is the difference between the energy value of all the

food an animal can consume and the energy value of all uses and losses
of food.other than growth under a particular set of environmental
conditions. The concept emphasizes that growth is just one manifesta-
tion of activity (as defined by Fry, 1947), and while not equivalent
to scope for activity, use of the concept enables consideration not

only how temperature might influence metabolism, but also how it might
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interact with food availability in determining the bioenergetics and
growth of the organism (Warren, 1971: 148) Unfortunately, because of
its recent development few studies have benefited from application
of this concept. .

In an approach advocated by NAS (1973),net biomass galn or net
growth is used as a measure of growth rate. Accordlng to McCormick

et al. (1972) net biomass gain is derived by subtracting Welght lost

through mortalities withln a test lot from weight gained by members

'of the test lot.

-Format for Species Coverage

The distribution of eacﬁ species is given first. Either alone
or in conjunction with temperature related life history informationmn,
distributional data provide a clue to a species temperatute relations
(Brett, 1969, 1970a:530; see also previous discussion).

Fish are then evaluated accordingvto life history stage in the
following sequence: Spawning (adults), Eggs, Larvae, Juveniles, aud
(non-spawning) Adults. 1In those instances when a paper did not make
clear the life ﬁistory stage being considered, or when discussion was
of the species in general, infotmation has been placed in a separate
General and Unspecified section. An exception has been in‘discussing
growth studies. While most fishes have the‘capacity for sustained
though diminishing growth throughout their lives (Lagler et al.,
1962:172), growth studies using fish of unspecified age ﬁave been
iucluded in the Juvenile section.

When a papet provided the age/size/and/or weight of the fish under

discussion, but made no statement whether it was a juvenile or adult,
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an attempt has been made to place the discussion under the correct life
history category. The criteria used in this judgement is frequently
included, thereby enabling independent assessment of the choice made.

During early efforts to review the literature all temperatures
reported in degrees Centigrade were converted to degrees Fahrenheit.
That decision was a poor one not only because Centigrade is the prober
scientific notation, but also because each conversion results in an
increased rounding error. By the time several authors have converted
and reconverted data, the temperature may be one or two degrees
Centigrade away from that reported in the original paper. When
possible, each paper has been reexamined and the original temperature
notation given. A temperature conversion is then provided in paren-
theses, being obtained from a table in Dunathan and Ingle (1968);
In that table, when a tenth of a particular degree Centigrade appeared
in two Fahrenheit columns (e.g., 10.1 C = 50.1 F and 50.2 F), the
higher Fahrenheit temperature has been used. In those instances when
a paper could not be reexamined a single temperature appears in degrees

Fahrenheit.
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ALEWIFE

Distribution

Thé alewife is an anadromous species of eastern North America, a
marine fish that uses freshwater streams for spawning, and hence is
indigenous to the lakes and streams of the Atlantic coastal drainage from
Newfoundland to North Carolina. It is now also landlocked in many inland

lakes (Scott and Crossman, 1973:14).

Spawnin

Spawning may occur between April (e.g. Graham,.1956) and late
August (Odell, 1934; cited in Carlander, 1969:74) in water temperatures
ranging from 13 C (55.4 F) (Roﬁnsefell and Stringer, 1943; Threinen,
1958; both cited in Carlander, 1969:74) to just below 82 F'(27.8'C)
(Edsall, 1970).

The spawning timé for various locations cited in the literature is
given in Table PS-1, aﬁd the spawning temperatures are given separately

in Table PS-2.

Eggs

According to studies cited iﬁ Carlander (1969:74) and Edsall (1970),
incubation times for alewives decrease with increasing temperature,
though the data, gathered under diverse conditions, certainly do not
present a consistent progression (Table PS-3).

In his study using a variety of incubation temperatures, Edsall
(1970) found that the incubation time varied from 15 days (360 hours)
at 45 F (7.2 C) to 3.7 days (89 hours) at 70 F (21.1 C), and 2.1 days

(50 hours) at 84 F (28.9 C), These data are presented in Figure PS-1.



Table PS-1. Alewife spawning times at various locations.

Date

Location Comment

Author

March - June

Early - Mid April
April and June
April through August
Late May - June

Late May - Early August

Early June

Early June-Late August

June and July
June or July

Late June

Late June -
Early July

Bride Lake, Conn. Spawning run

Lake Mattamuskeet, N.C. Spawning run
Lake Ontario

New Jersey

Lake Ontario

Pond in New York

Finger Lakes, New York

Lake Michigan

Ohio

Lake Erie Hatching

Lake Cayuga, New York

Kissil, 1974
Tyus, 1974
Wyman, 1856%
Graham, 1956
Gross, 1959%%
Pritchard, 1929

Flick and Webster,
1968*%*

Odell, 1934%%
Edsall, 1964, 1970
Trautman, 1957

Commercial Fisheries
Review, 1961

Galligan, 1962

*Cited in Breder and Rosen (1966:86).

**Cited in Carlander (1969:74).

€e



Table PS-2., Alewife spawning temperatures. 34

Temperature Comment Author
C F ‘
(6.7) 44 Spawning migrations Cooper, 1961 ***
begin
(10-15.6) 50 - 60 Data cited in
- Breder and Rosen,
1966:86
10 ' ( 50.0) Saila et al., 1972
(12.8-15.6) 55 - 60 Bigelow and
Shroeder, 1953%
12.9-13.1 (55.3 - 55.6) Spawning run peak Tyus, 1974
13 - 16 (55.4 - 60.8) Threinen, 1958%%
13 - 21 (55.4 - 69.8) Rounsefell and
' Stringer, 1943%%
15.6 - 26.7 60.0 - 81.0 Edsall, 1970
17 - 19 (62.6 - 66.2) Gross, 1959%%
(20.6 - 21.1) 69 - 70 Spawning migrations Cooper, 1961#%%%*
ceased
(22.2) 72 Hatching Commercial
Fisheries Review,
1961
(22.8) 73.0 Greeley, 1938%#%%

*#Cited in Breder and Rosen (1966:86,87)
**%Cited in Carlander (1969:74)

**%Cited in Edsall (1970)
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Table PS-3. Incubation times of alewife eggs held at various temperatures.
Incubation
Temperature Time
F (hours) Author
13 (55.4) 132 0dell, 1934%
15.5 (59.9) 48-72 Mansueti, 1956%*
15.5 (59.9) 144 Rounsefell and
Stringer, 1943%*
(15.6) 60 144 Bigelow and
. Welsh, 1925%%
(20) 68 72-120 Mansueti and
Hardy, 1967%%*
22 (71.6) 48-96 Rounsefell and
Stringer, 1943%
(22.2) 72 48-96 Belding, 1921%*%*
23 (73.4) 81 Odell, 1934%*

*Cited in Carlander (1969:74).

**Cited in Edsall (1970)
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For eggs incubated at temperatures from 42.1 to 87.0 F (5.1 to
30.6 C), Edsall (1970) found that hatching occurred between 44.4 and
84.9 F (6.9 and 29.4 C) and was optimal (387 hatched) at about 64 F
(17.8 C). A considerable percentage survived only at incﬁbation tem-
peratures betweeﬁ 50 and 80 F (10 and 26.7 C). Edsall's (1970) data on

egg survival are graphed in Figure PS-2.

Larvae

In laboratory tests (Edsall, 1970), survival of unfed larvae held
at the above mentioned incubation temperatures increased from 3.8 days
at 51 F (10.6 C) to 7.6 days at 58 to 59 F (14.4 to 15 C) and then
decreased to 2.4 days at 80 to 82 F (26.7 to 27.8 C). At temperatures
below 50 F (10 C) alewife larvae did not develop functional jaws, even
though eggs hatched and larvae could live for a time at temperatures as
low as 44.4 F (7.4 C) (Edsall, 1970).

Marcy (1971) examined survival of post yolk-sac larvae (97.5%) and
early juveniles (2.5%) in the discharge canal of a nuclear plant in

Connecticut. Two species of Alosa (A. aestivalis and A. pseudoharengus)

composed 97.67% of the total catch. When taken into the plant at water
temperatures of up to 22.2 C (72 F), survival was greatest for these two
species, some of which were ablé to resist discharge temperatures of
28.2 C (82.8 F) for the 50-100 minute duration within the canal. From
a similar intake temperature some fish were also able to resist 33.5 C
(92.3 F) temperatures for about a fourth of the distance of down the
canal (12.5-25 minutes?). However, when exposed to condenser tempera-
tures of 35.5 C (95.9 F) and above, no speciments from intake
temperatures of from 23.9 C to 30 C (75 to 86 F) survived even to the
beginning of the discharge canal. The majority of dead specimens were

v

mangled.
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Juveniles

Dorfman and Westman (1970; cited in Coutant, 1971) report that
in laboratory experiments some juveniles survived and fed at 94 to
95 F (34.4 to 35 C) and Commercial Fisheries Review (CFR) (1961)
reports that in Lake Erie growth of young-of-the-year alewives terminates
near the beginning of October when water temperatures are reduced to
65 F (18.3 C).

Young-of-year acclimated to 16 C (60.1 F) were exposed to stepwise
temperature elevations of about 2.5 C (4.5 F)/day by Stanley and Colby
(1971). The authors stated that within 24 hours alewives died in
significant numbers regardless of the salinity of the water, when
exposed to temperatures elevated to 31 C (87.8 F), though their data
indicate some survival in one test lot at higher temperatures (31.2 C,
88.2 F). Test procedure precludes determination of temperatures
producing various percent mortalities, and therefore the results cited
here can only be used to approximate lethal temperatures as determined
by conventional analyses.

Graham (1956) found that when under-yearling alewives were
acclimated to 5 C (41 F), they had a resistance time of over three
hours at 17 C (62.6 F) and a resistance time of 80 hours at 15 C
(59 F); when acclimated to 9 C (48.2 F), they resisted 26 C (78.8 F)
water for an hour and 22.5 C (72.5 F) water for 40 hours. Although not
calculated exactly, the upper LT at acclimation temperatures of 5 and 9
(41 and 48.2 F) was felt to be about 15 C and 22.6 C (59 and 72.7F)
respectively. Graham's (1956) data on under-yearlings are plotted in

Figure PS-3.
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Marcy (1971) examined survival of juveniles from higher ambient
(acclimation?) temperatures. Because he failed to differentiate
survival rates for the different life history'stéges; the discussion

of this work given above (see Larvae section) must suffice.

Adult

Internal temperatures (mean of 20.8 to 21.8 C, 69.5 to 71.3 F) of
(409) alewives collected in the discharge plume of Point Beach Nuclear
Plant were found by Spigarelli et al. (1973) to be sligh;1y 1ower
(mean difference -0.3 to -1.1 C) than discharge water temperatures,
indicating equilibrium had not occurred, and that the fish»were at
temperatures slightly above preferred levelst

Graham (1956) subjected adult alewives to le;hal ;empérqtgres‘from
acclimation temperatures of 10, 15 and 20 C (50, 59 and 68 Fi. At the
lowest écclimationytemperature the alewives resisted 24 C.(7S.2 F) water
for about 3 hours, and at a 20 C (68 F) acclimation temperatgrg,
resistance was possible for over 5 hours at 28 C (82.4 E) and'for'about
80 hours at 24 C (75.2 F). His time-mortality curves for the adult
alewives are given in Figure PS-4.

Graham (1956) also estimated that the alewives acclimated to 10,
15 and 20 C (50, 59 and 68 F) approached their uppervincipient lethal
temperatures at just above 20 C (68 F), just below 22.8 C (73 F), and

about 22.8 C (about 73 F) respectively.

General and Unspecified

In Lake Cayuga, New York,.Galligan (1962) found that alewives were
most frequently collected at water temperatures between 42 and 65 F

(5.6 and 18.3 C), while Wells (1968) found they were most aBundant in
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Lake Michigan water at temperatures from 8 to 22 C (46.4 to
71.6 F). Also in Lake Michigan, during summer, Reigle (1969:12) felt
alewife distribution to be controlled by temperature, abundance
decreasing with lowered temperatures. Few alewives were collected in
areas where bottom temperatures were below 50 F (10 C).

Raney (1971), apparently elaborating on the findings of Meldrim
and Gift (1971), has reported experiments testing preferred temperatures
of alewives. In August, six specimens were acclimated at 77 F (25 C)
for 48 hours. They were introduced into an experimental tank where the
temperature was 74 F (23.3 C), and they were offered two alternatives,
74 or 82 F (23.3 or 27.8 C). They proceeded to the area and occupied
water of 82 F (27.8 C). After a short period, these same six specimens
were introduced into a similar experimental tank where the water
temperature was 80 F (26.7 C), but where the alternative temperature of
86 F (30 C) was available. The latter temperature was avoided.

In another experiment (Raney, 1971), the results were similar. The
fish were acclimated at 77 F (25 C), introduced into water éf 75 F
(23.9 C), and were attracted to water 83 F (28.3 C). A short time later
the same fish were placed in water of 80 F (26.7 C). They avoided the
alternative temperature which was 86 F (30 C).

Graham (1956) observed mortalities in Lake Ontario during spring
when alewives moved from cool offshore waters onto shoals with surface
temperatures between 17 and 19.6 C (62.6 and 67.3 F).
| In May, Trembley (1960:IX-6) observed a school of alewives in 80 F
(26.7 C) water in a heated water discharge on the Delaware River. When
frightened into adjacent 83 F (28.3 C) water they proceeded to die of

heat shock. Later in May the lagoon had a gradient of 83 to 92 F
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(28.3 to 33.3 C) and alewives were in the coolest part of the lagoon
(83 F, 28.3 C). They were tolérating (resisting?) the same tempera-
ture that had apparently bfought heat death the previous wéek. This
exemplified to Trembley the effect of sudden changes in temperature upon
fish as opposed to gradual changes. When the alewives mentioned -above
were frightened into the hotter (92 F, 33.3 C) water, five of the 30
died, while others survived and regrouped in the 83 F (28.3 C) water
(Trembley, 1960:1IX-6).

In Canada's Maritime Provinces, Huntsman (1946) documented a fish
kill, including alewives, when summer temperatures reached a daily maxi-

mum of 88.5 F (31.4 C).
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LAKE WHITEFISH

Distribution

The lake whitefish is widely distributed in North American fresh
waters from Atlantic coastal watersheds in New England westward across
Canada and the northern United States to British Columbia, the Yukon

territory and Alaska (Scott and Crossman, 1973:270).

Spawning
Lake whitefish spawn between mid September and December (Table CL-1)
at temperatures between 0.5 and 9.4 C (32.9 and 49.0 F) (Table CL-2).
Based upon Lawler's (1965) study, the AEC (1972:A-47) concluded that
spawning is in general delayed until water temperatures drop to approxi-
mately 46 F (7.8 C), with peak spawning at a somewhat lower temperature,
though the U.S. Fish and Wildlife Service (USFWS) (1970:61; citing
unpublished observations) stated that whitefish in the Great Lakes
require a drop in temperature to 42 F (5.6 C) to initiate spawning.
According to Lawler (1965) spawning at temperatures above 43 F
(6.1 C) is probably unsuccessful because of the slight chance for
successful incubation as indicated by the observations of Wickliff

(1933) and Price (1940) (both cited in Lawler, 1965).

Eggs

Wickliff (1933; cited in Carlander, 1969:122) found egg fertility
(viability?) dropped significantly during mid spawning season when water
temperatures rose from 5.5 to 8 C (41.9 to 46.4 F), and Price (1940)
found that for eggs incubated at various constant incubation temperatures
between 0 and 12 C (32 and 53.6 F), 6 C (42.8 F) was the maximum

temperature at which normal development (107 abnormal embryos at



+able CL-1. Lake whitefish spawning times at wvar.ous locations.

Date

Location

‘Comment

Author

September - Octobér

Mid September - Mid
October

Beginning Early October

October

Late October - December

Late October - December

Lake October - December

Early November

Early - Late November

Early November - Early
December

Mid November - Late
December

Late November

Canadian "far north"

Great Slave Lake

Great Slave Lake

Bay of Quinte, Ontario
Montana

New York

Lake Erie

Bay of Quinte, Ontario
Lake Erie

Lake Erie

Lake Michigan

Lake Erie

Northern section

Southern section

Spawning migration

Spawning

Range

Van Qosten, 1956%

Rawson, 1947%

Rawson, 1947%

Hart, 1930%
Bjorklund, 1953*
Everhart, 1958%
Bean, 1903%

Hart, 1930%

Faber, 1970

Lawler, 1965; and
Wickliff,1933; cited

in Lawler, 1965.

Koelz, 1929

Price, 1940

(continued)

*#Cited in Carlander, 1969:121,122.

*%Cited in Breder and Rosen, 1966:118.

LY



Table CL-1. (Continued)

Date Location . Comment Author

November — Early December  Lake Erie Fish, 1929a%%,
1929b%*, 1932; Van
Oosten and Hile, 1947

November - December Yukon Territory -~ : Lindsey, 1963

8%



Table CL~-2. Lake ﬁhitefish spawning temperatures.

Temperature

C F Comment Author

0.5 - 1.7 (32.9 - 35.1) Eddy and Surber, 1947%,
: Katz, 1954%

0.5 - 4.5 (32.9 - 41.1) Slastenenko, 1958%

(2.2 - 9.5) 36 - 49 Range Wickliff, 1933; cited

in Lawler, 1965
(3.9 - 9.4) 39 - 49 Range Lawler, 1965

4.3 - 8.7 (39.8 - 46.7)
4.5 (40.1)
4.5 - 10 (40.1 - 50)

5.5 (41.9)

Faber, 1970
Bean, 1903%
Hart, 1930%*

Qadri, 1955%

*Cited in Carlander, 1969:122.

6%
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hatching) characteristically occurs, with optimum being extremely close
to freezing (Table CL-3). This finding has been repeat;d by Lawler
(1965) and the AEC (1972:A-48).

According to Colby and Brooke (1970) the laboratory study by Price
(1940) showed greatest egg mortality to occur during ﬁhe early étages
of egg incubation, and one study in Lake Erie (Lawler, 1965) found
early and steady cooling followed by late and steady warming of waters
to 40 F (4.4 C) enhanced year class success, though during one winter a
possibly successful year class (of 1938) was produced when low November
températures were followed by an average April water temperature of about
45.5 F (7.5 C). 1In addition, Faber (1970) found hatching to occur in
Lake Erie between late April and early May at temperatures of 4.6 to
6.9 C (40.3 to 44.5 F).

It therefore appears that if spawning and early egg incubation
températures are kept below 43 F (6.1 C), embryos in later stages of
deveiopment might survive at slightly higher temperatures prior to
hatching.

Price (1940) also found that temperature influenced the fry size at
hatch, the lower the incubation temperature, the greater the fry length
(Table CL-3). This was also observed of whitefish by Hall (1925; cited
in Lawler, 1965), and was suggested by Colby and Brooke (1973) to

increase feeding success.

Larvae
In Lake Erie, Faber (1970) found a surface temperature of 4 C
(39.2 F) was present during all periods of larval abundance, and cites

similar observations by Hart (1930) in Bay of Quinte.



Table CL-3. Mortality, hatching, duration of hatching, and length of lake whitefish embryos incubated
at constant temperatures. From Lawler (1965) after Price (1940).

Incubation temperature

F: 32.9 35.6 39.2 42.8 46.4 50.0
C: 0.5 2.0 4.0 6.0 8.0 10.0
Mortality, %

'(a) Prior to hatching stage 26 38 40 28 34 63
(b) During hatching stage _ 1 4 1 14 47 36
(c) Total 27 42 41 42 81 99

Eggs hatched alive, % 73 ‘58 59 58 19 1
Percentage of abnormal embryos which hatched alive 0 0 1 10 25 50
Number of days to hatching 140 120 80 60 40 30
Length (mm) of newly-hatched whitefish incubated

at constant temperature 12-14 11-13 - 11-12 - 8-9.5

TS
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For slightly older fish, Hart (1930; cited in Reckahn, 1970) notes

growth of young (postlarval?) whitefish increased markedly in late May

as water temperatures increased from iO to 13 C (50 to 55.4 F).
Post-larvae were oBserved by Reckahn (1970) in the shallowest

waters of South Bay, Lake Huron in late June and early July in close

proximity to 17 C (62.6 F) water.

Juveniles
- In early July Reckahn (1970) found young 1ake whitefish left the

shallows for deeper water, though retaining their association with 17 C
(62.6 F) water. For reasons not associated with the 17 C (62.6 F)
isotherm, in mid August the fish descended into the upper hypolimnion.

Edsall and Yocom (1972:48) state 62.6 F (17 C) to be the preferred
temperature of young-of-year whitefish, though Tompkins and Fraser
(1950; cited in Ferguson, 1958) determined the final temperature pre-
ferendum of two-year-old lake whitefish to be 12.7 C (54.9 F).

Unpublished data of the Great Lakes Fishery Laboratory (cited in
Edsall and Yocom, 1972:47-48) showed susceptibility to predation
increased significantly when young-of-year whitefish acclimated to

64.4 F (18 C) were given a one-minute exposure at 84.2 F (29 C).

General and Unspecified

Cooper and Fuller (1945; cited in Ferguson, 1958) found lake
whitefish to be associated with the 11.4 to 11.9 C (52.6 to 53.5 F)
temperature interval in Moosehead Lake, Maine.

While Koelz (1929) described the generél movements of whitefish
in Lake Michigan, he stated that '"nothing is known about [coregonid]
reactions to the various physical and chemical factors of their

environment " (p.333), and provided no temperature data himself.
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Koelz data showed that fish moved off shoals into deeper water in mid
June off Michigan City, and the first week of August off Grand Haven.
Other observations on depth distributions of lake whitefish in southern

Lake Michigan include those reported by Reigle (1969).
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BLOATER

Distribution

The bloater has generally been considered endemic in the Great
Lakes basin where it occurs in all lakes, except Lake Erie (Scott and

Crossman, 1973:247).

Spawnin
Bloaters spawn between November (Progressive Fish Culturist, 1960)

and into March (Wells, 1966) (Table HO-1).

Larvae
About 96% of the larval bloater collected by Wells (1966) in
southeastern Lake Michigan were from strata in which maximum water

temperatures were below 4.8 C (40.7 F).

Juveniles

Edsall et al. (1970) determined upper lethal temperatures for
age-1 bloaters by both rapid temperature rise and slow heating methods.
In the former, Edsall et al. found the 7 day ultimate upper incipient
lethal temperature to be 26.75 C (80.2 F). When exposed to gradually
increasing temperatures at the rate of 0.5 € (0.9 F)/day until 22 C
(71.6 F) and 1 C/day (1.8 F) thereafter, Edsall et al. found death
occurred between 27 and 29 C (80.6 and 84.2 F) for fish acclimated
to 8, 20 and 25 C (46.4, 68 and 77 F). When compared with the
resistance data for constant exposure temperatures, it appears that
for the lower acclimation temperature (8 C, 46.4 F), slow heating

increased resistance to high temperatures.



Table HO-1. Bloater spawning times at various locations.

Date

Location

Author

November - January

January - into March

February - March

March

Lake Ontario

Lake Michigan
Lakes Huron and Michigan

Lake Michigan

Progressive Fish Culturist,
1960%*

Wells, 1966

Jobes, 1949%; Koelz, 1929%

Koelz, 1929

*#Cited in Carlander, 1969:128.

8¢
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Adults
Edsall et al. (1970) also determined upper lethal temperatures for
agg—III bloaters by the sléw heatiné method cited above, and acclimated
to 8 C (46.4 F). The lethal temperature was found to be between 26 and
27 C (78.8 and 80.6 F). While the authors felt upper lethal temperatures
of adults to be slightly lower than for the juveniles tested, it is not

felt that adequate data were presented to substantiate such a statement.

General and Unspecified

Bloaters have been found to generally inhabit 4 to 11 C (39.2 to
51.8 F) water in summer in southern Lake Michigan, though greatest
concentrations often were between temperatures of 6 and 10 C (42.8 and
50 F) (Wells, 1968). In another study in southern Lake Michigan
(Reigle, 1969), a comparsion of chub (primarily C. hoyi) catch rates
and bottom temperatures was made during July. Although some chubs were
taken at temperatures between 39 and 63 F (3.9 and 17.2 C), most were
collected between 41 and 59 F (5.0 and 10.0 C). Jobes (1949; cited
in Reigle, 1969) collected bloaters in Lake Michigan at between 34.7 and
52.5 F (1.5 and 11.4 C) though greatest éoncentrations were in waters

between 38.8 and 44.6 F (3.8 and 7.0 C).
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COHO SALMON

Effects of temperature on coho and other Pacific salmon have been
recently reviewed by Schuytema (1969). In the following discussion
when this review is used as the source of a reference an asterisk is
placed following the publication date of the original article, e.g.,
(1953%).

Distribution

Coho occur naturally only in fhe Pacific Ocean and its tributary
drainage. In natural systems it is known from Monterey Bay, California
to Point Hope, Alaska (Scott and Crossman, 1973:159), though they have

now been widely introduced in the Great Lakes, Alberta and elsewhere.

Spawnin

bAccording to Schuytema (1969:A-32) the majority of adult coho
studies are reports of naturélly occurring migration and spawning
temperatures. Peak periods of upstream coho migration in Sand Creek,
Oregon, occurred at temperatures from 40 to 52 F (4.4 to 11.1 C)
(Sumner, 1952*) and Allen (1959%), in studies of influence of environ-
mental factors on behavior, reported that coho runs did not occur until
the water temperature dropped below 50 F (10 C).

Coho salmon spawned in various Columbia River Basin waterways at
temperatures from 40 to 45 F (4.4 to 7.7 C) (Snyder et al., 19663
cited in Pacific Northwest Laboratories, 1967*). Russian studies
revealed that the water temperatures at certain coho spawning grounds
ranged from 0.8 to 7.7 C (33.4 to 45.3 F) throughout the year
(Gribanov, 1962*). On the Pacific coast, spawning occurs between
September (Schuytema, 1969:A-29) and January (Briggs, 1953) and‘has been

observed at water temperatures of between 40.0 and 58 F (4.4 and
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14.4 C) (Table KI-1).

Eggs

According Eo Shapovalov and Taft (1954%) coho eggs incubated at
51.3 F (10.7 C) hatched in 38 days, while eggs incubated at 48 F
(8.9 C) hatched in 48 days. The temperature of advanced near-hatching
eggs in some Russian coho nests in January ranged from 2.1 to 5.3 C

(35.8 to 41.5 F) (Gribanov, 1962%).

Larvae |
Hatchery epizootics of the myxobacteriﬁm Cytophaga psychrophilia
in coho fry (and fingerlings) were influenced greatly by water
temperature data cited in Rucker et al., (1953%). The disease usually
occurred at temperatures from 40 to 50 F (4.4 to 10 C) although the

disease sometimes persisted in 60 F (15.6 C) water.

Juveniles

VOver a three year period peak downstream migration of coho finger-
lings in Sand Creek, Oregon, occurred at between 45 and 61 F (7.7 to
15.6 C) (Summer, 1952%). In the Columbia River Basin, juveniles
migrated at between 40 and 61 F (4.4 to 16.1 C) (Snyder et al., 1966;
cited in Pacific Northwest Laboratory, 1967%).

Davis et al. (1963%) found sustained fingerling swim speeds were
higher at 20 C (68 F) than at 10 C (50 F) at all levels of dissolved
oxygen tested; and Brett (1957) stated that 20 C (68 F) was the optimum
cruising speed for young coho, though they maintained a high level of
performance even when approaching upper lethal temperatures, Brett

felt that as a measure of metabolic performance, cruising speed provided



Table KI-1. Coho salmon spawning times and temperatures at various locations.
Temperature
Date C F Location Comment Author
0.8-7.7 (33.4-45.3) Russia Gribanov, 1962%
September - Pacific Coast Schuytema, 1969:A-29
December
October - (7.8-13.3) 46 - 56 Prairie Creek, Mid-day water Briggs, 1953
January California temperatures
(5.6-14-4) 42 - 58 Toutle River, Burner, 1951: cited
California in Briggs, 1953.
(4.4-7.7) 40 - 45 Columbia River Snyder et al., 1966;
Basin, cited in Pacific
Washington Northwest Labora-
tories, 1967%
(7.8) 46 Alaska Chamberlain, 1907 ;

~ cited in Briggs,

1953.

*Cited in Schuytema, 1969:A-33.

£9
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an index to the temperature at which fish are most likely to prosper.
Brett et al. (1958) further indicated that this peak performance
temperature (20 C, 68 F) related to both underyearlings and yeérlings.
Maximum sustained (1 hour) speeds were 1 fps for underyearlings and 1.5
fps for yearlings. In more elaborate studies,‘Griffiths and Alderdice
(1972) expanded upon the results of Brett et al. t1958), finding én
optimum (ultimate maximum) performance of 5.8 lengths/second for
juveniles (7.5-9.5 cm TL) occurred at a combination of acclimation and
test temperatures near 20 C (68 F). They noted an apparent shift in
location of the acclimation temperature of maximum performance, in-
dicative of seasonal performance compensation and improved capacity to
perform at low acclimation temperatures in winter. The 20 C (68 F)
temperature was also found by Brett (1952) to be the final temperature
preferendum, though in the field shoal water temperatures of higher than
75 F (23.9 C) apparently had no ihhibitory effect on coho in Granby
Reservoir, Colorado (Klein and Finnell, 1969).

A growth study (Averett, 1969; cited in Coutant, 1970a) found
optional efficiency of food utilization within consumption ranges
believed to occur im nature to be at 14-17 C (57.2-62.6 F) in late
summer, though maximum growth on excess rations occurred at a somewhat
higher temperature range (17-20 C, 62.6-68 F) (Averett, 1969; cited in
Griffiths and Alderdice, 1972). Another study (unpublished data
cited in USFWS, 1970:56) found optimum growth on excess rations at
59 F (15 C) and efficient conversion ( )»80% of maximum) up to 62 F
(l6.7 C). Edsall (cited in USFWS, 1970:58) suggested restriction of

diet to within natural levels would reduce these optimal growth and

conversion temperatures.
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While data led Griffiths and Alderdice (1972) to presume a
temperature of near 20 C (68 F) to represent the physiological optima
for coho salmon, the study by Averétt (1969; cited in Coutant, 1970a)
and unpublished data cited in USFWS (1970:55-58) suggest a slightly
lower maximum limit (17 C, 62.6 F) for efficient growth and conversion
for fish fed rations similar to levels in nature.

Iwanage and Hall (1973; cited in Coutant and Pfuderer, 1974) found
that in unlogged streams with (summer?) temperatures of between 10.8 and
14.5 C (51.5 and 58.2 F) growth of coho was poorer than in clear cut
streams where warmer conditions prevailed (13.6 to 17.3 C, 56.5 to
63.2 F). However, in the laboratqry, fish showed poorest growth at these
latter temperatures. These findings appérently conflict with those
cited above.

Sylvester (1972) found the yearling coho predation rates on sockeye
salmon fry increased with acclimation temperatures of 7, 12 and 17 C
(44.6, 53.6 and 62.6 F) though he was not able to determine whether
this was due to increase in predator forage activity, decrease in prey
swimming ability, or both.A Based on other material presented iﬁ this
review, increased predator forage activity would seem the likely cause.

Brett (1952) determined 7 day upper (4 day lower) lethal temperatures
for young (4.8 cm FL, 1.4 g, 5.2 mo.) coho salmon at various acclimation
temperatures. Brett found upper lethal temperatures rose with
acclimation temperature to the ultimate upper incipient lethal
femperature of 25 C (77 F) (Figure KI-1). The 24 hour ultimate upper
incipient LTg5y was 26 to 26.5 C (78.8 to 79.7 F). Below upper incipient
lethal temperatures, Dean (1969) found a difference of 5 C (9 F) in
acclimation temperature resulted in a 1 C (1.8 F) shift in incipient

lethal temperature. Resistance times given for exposures of fish to



TEMPERATURE

Figure KI-1.

ecl| -
_ st e
: 0/.
s o e—
=l -
ézo-
po)
EIS
: I:
10 ¢
s '/
. 5 / ./
_: / ./
:° // o/
. {/_wm .kﬁfifjl U SO B S

o 5 e 15 20 25 °cC

ACCLIMATION TEMPERATURE

Lethal temperature polygon for young coho salmon.
The preferred temperature is represented by a
central point for the mean, with limits for 1 S.D.
dotted above and below. The degree C in which the
mode occurred is represented by a solid vertical
line. TFrom Brett (1952).

66



67
sublethal doses at potentially lethal temperatures were calculated by
Brett (1952) and are presented in Figure KI-2.

Dean (1969) determined times to equilibrium loss as well as time
to death in his experiments with juvenile coho, but no data were
presented. However, Dean (1969) found that while fish experienced loss
of equilibrium prior to death, there was no significant difference
between time to equilibrium loss and death, because of the wide range
over which the two responses occurred.

Dean (1969) also found that for juvenile fish acclimated to 15 C
(59 F), and cycled between 15 C (59 F) and 27 C (80.6 F), cumulative
lethal effects of exposure to 27 C (80.6 F) were essentially eliminated
during the recovery period.

"Cold-water disease' in young coho salmon is found generally in
spring when water temperatures are low (Ordal and Pacha, 1963%). The

infectious organism, Cytophaga psychrophila may cause heavy fish losses.

The disease is self limiting, however, and disappears as the water
temperature increases. An incidence of the disease persisted in young
cohos held at 43 F (6.1 C). After two days no additional mortality
occurred in a group of fish placed and held at 55 F (12.8 C).

McCoy (1973; cited in Coutant and Pfuderer, 1974) injected

juvenile coho salmon with Aeromonas salmonicida and A. hydrophila.

He found that water temperatures above 15 C (59 F) produced high

mortality and moderate mortality at 15 C (59 F) in the former and high
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mortality at 18 C (64.4 F) in the lattef.

Templeton and Coutant (1971) state that laboratory and field studies
have shown that the infection of fish with columnaris becomes evident
when water temperatures rise above 10 C (50 F), and declines when tem-
peratures decrease. Becker (1973) states the appearance of the
organism normally coincides with a temperature rise of approximately
12 to 15 C (53.6 to 59 F) in spring. Nakatani (1969) notes that in a
hatchery the disease is well established when water temperatures reach
63 to 64 F (17 to 18 C) in early July. Fingerlings were reported to
suffer mortalities for a few weeks, but losses then tapered off
sharply, and few deaths oécurred, despite the continual rise in rive?-

water temperatures to about 70 F (21 C) in late August.1

Adult |

According to Borgeson (1970; cited in USFWS, 1970:58) optimum
temperatures for feeding of adult coho in Lake Michigan are between
50 and 55 F (10 and 12.8 C).

While thermal resistance of juvenile salmon have been extensively
studied, resistance of large salmon has not. In one of the few studies,
Coutant (1969) held adult coho at between 16.1 and 18.2 C (61 and

64.8 F) and found them to have siénificantly shorter resistance times
at 28 C (82.4 F) (corrected to 28.5 C, 83.3 F in Cdutant, 1970b) and
below than did juveniles held at 15 C (59 F) and tested previously by

Dean (unpublished).

1A.ccording to Fujihara et al. (1971) many complex factors other than
temperature are involved in mortality of fish from columnaris. Some
of these factors are crowding, probable immunity of previously exposed
fish, differences in resistance to columnaris according to species, age
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Insufficient data are available from Columbia River studies to
estimate incipient lethal temperatures for adult coho salmon

(Templeton and Coutant, 1971; Becker, 1973).

and condition of fish, differences in strain virulence of columnaris,
and interrelations with other fish diseases.
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RAINBOW TROUT

Distribution

The native range of the rainbow trout (including all varieties) was
the eastern Pacific Ocean and the fresh water, mainly west of the Rocky
Mountains, from northwest Mexico (including extreme northern Baja
California), to the Kuskokwim River, Alaska. It is probably native in
the drainages of the Peace and Athabasca rivers east of the Rocky
Mountains. This species, under all its names, has been so widely
introduced in North America outside its natural range as to suggest it
occurs throughout the United States in all suitable localities (Scott

and Crossman, 1973:186).

Spawnin

Spawning in rainbow trout has been observed between November and
July (Agersborg, 1934; cited in Carlander, 1969:191) at temperatures
ranging from 0.3 C (32.5F) (Dodge and MacCrimmon, 1971) to 15.5 C(60 F)

(Scott and Crossman, 1973:187) (Table GA-1).

Eggs

Embody (1934) determined the incubation period for réinbow trout
eggs at temperatures between 3.2 and 15.5 C (37.8 and 59.9 F). Incuba-
tion periods ranged from 101 to 18 days respectively (Table GA-2).
Others (Knight, 1963; cited in Carlander, 1969:192; Garside, 1966; and
Lagler, 1956:31) have cited similar incubation times within this tem-
perature range. Embody (1934) found egg loss at the highest temperature
(15.5 ¢, 59.9 F) was 10%.

Timoshina (1972; cited in Coutant and Pfuderer, 1974) found

optimum egg development at 5 to 7 C (41 to 44.6 F), and from a review



Table GA-1.

Rainbow trout spawning times and temperatures at various locations.

Date

Temperature
C F

Location

Comment

Author

November into
February

Nov. - Early Mar.

Nov. - April

Late Nov. - Mid June

Dec. - Apr.

Late Dec. Late

Apr.

Late Mar. - Early
Apr.

January

January - February

January - March

Early Winter -
Beginning of Summer

Wytheville, Virginia
Neosho, Missouri

McConaughy Reservoir,
Nebraska

Pittsford, Vermont

Sacramento River,
California

0.3-10 32.5-50.0)Bothwells Creek, Ont.

6-8,(42.8-46.4)

Little Manistee
River, Michigan

Mexico

Cowichan River,
British Columbia

Dec. and Jan. best

Dec.-peak, fall run
Mar.-peak, spring run

Range

Maximum spawning

During mild winter began

spawning early

S.g. nelson

Range due to climate,
elevation and
genetic strain

Agersborg, 1934
Agersborg, 1934

Van Velson, 1974

Agersborg, 1934

Hallock et al.,
1961 %%

Dodge MacCrimmon,
1971

Greeley, 1932

Needham, 1937%

Carl & Clemens,
1948%*

Agersborg, 1934

SL



Table GA-1. (Continued)
v Temperature
Date C F Location Comment Author
Feb. - Apr. McCloud R., Cal. Agersborg, 1934
Feb. — Late May Finger Lakes, N.Y. Range Rayner, 1941%*
April 5.5-13 (41.9-55.4) Peak month and
temperatures
Feb. - June Maine Bond, 1958%
Late Feb. - (7.8-8.3) 46-47 Prairie Creek, Cal. Mid-day March Briggs, 1953
Late Apr. temperatures
Late Winter - Frazier River, Larkin, 1950%
Early Spring British Columbia
March Chilliwack River, Peak Maher & Larkin,
British Columbia 1954%
Mar. - Apr. Coastal Watersheds, Peak Bali, 1959%
Oregon
Mar. - Jul. (2.8-7.8) 37-46 According to review date Dunham, 1968:36
depends upon water
temperature patterns;
desirable temperature
range
Spring On rising temperature Breder & Rosen,

1966:108

9L



Table GA-1. (Continued)
Temperature
Date C F Location Comment Author
Mid April Little Manistee Greeley, 1932

Mid Apr. - Early
June

Throughout May (3.3-3.9) 38-39

Early May - July

0-15.5) 50-60

(12.8) 55

6-10 (42.8-50)

River, Michigan

Montana

Central Alaska

Colorado

Europe

Usual spawning range

Maximum temperature
compatible with
spawning

Agersborg, 1934
Evermann &
Goldsborough, 1907%%

Agersborg, 1934

Scott & Crossman,
1973:187

NTAC, 1968:33, 43

Privol *nev and
Brizinova, 1964%%%*

*Cited in Carlander, 1969:191.

**%Cited in Briggs, -1953.

*%%Cited in European Inland Fisheries Advisory Commission, 1969.
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Table GA-2. 1Incubation times of rainbow trout eggs held at various

temperatures¥®

Temperature Days
C F

3.23 37.8 101
4.80 40.7 ‘ 75
6.1 43.0 61
8.0 46.4 41
10.35 50.7 28
12.45 54.4 . 24
15.5 59.5 18

*Adapted from Embody, 1934
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of the literature Dunham (1968) indicates 42 to 54 F (5.6 to 12.2 C)

as desirable, with extremes of 35 and 61 F (1.7 and 16.1 C). Markus
(1962) states that at 55 F (12.8 C) rainbow trout eggs develop
normally, the NTAC (1968:33, 43) recommended 55 F (12.8 C) as a pro—
visional maximum temperature compatible with rainbow trout egg
development, and Moore (1940; cited in Altman and Dittmer, 1966:78)
found 13 C (55.4 F) to be the upper tolerance limit of rainbow trout
embryos. However, Embody (1934) notes that at certain federal
hatcheries eggs were incubated at temperatures above 60 F (15.6 C)

with "highly satisfactory results," and Garside (1966) makes no mention

of mortality at incubation temperatures of up to 17.5 C (63.5 F).

Larvae

Morfon (1962) found fry reared in a heated pond 56 F (13.3 C) were
easier to start on dry food, had lower mortality, and were more uniform
in size than those reared as controls in 50 F (10 C) water. Russian
laboratory and fish culturing activities, summarized in Table GA-3
(from Mantelman, 1958), indicate 12 to 20 C (53.6 to 68 F) to be most
favorable for young rainbow trout, and Dunham (1968) indicates 55 to
66 F (12.8 to 18.9 C) as desirable for development of young.

Olson et al. (1973) held steelhead fry (and as the experiments
continued, juveniles as well) for 18 months at increments of 2, 4 and
4.7 F (1.7, 2.2 and 2.6 C) above normal Columbia River temperatures.
Mortalities were well within hatchery standards despite temperatures in
the warmest lot reaching 21.1 C (70 F). Calderon (1967; cited in
Coutant, 1970a) successfully cultured rainbow trout (larvae?) at

temperatures above 22 C (71.6 F).



Table GA-3. Russian studies of temperatures favorable for young rainbow trout®.
Temperature
C F Comment Author
12-14 (53.6-57.2) Most favorable Data cited by Buschkiel,
1931

12-20 (53.6-68.0) Most favorable Buschkiel, 1931 (?)

15 (59) Maximum food consumption

13-18 (55.4-64.4) Most rapid growth, greatest Mekhanik, 1956
food intake

14-18 (57.2-64.4) Most favorable during first Gracheva, 1955
independent feeding

15-18 (59.0-64.4) Most intensive feeding and Kornilova, 1949 (?)
development

~20 (~68.0) Most favorable Sukhoverkhov, 1953 (?)

20 (68.0) Grew well and readily Gracheva, 1955

consumed food

*Adapted from data cited in Mantelman (1958:21,22)

08



81

Mantelman (1958) found that prior to adopting an active mode,
alevins (up to 13 days old) did not respond in a horizontal gradient to
temperatures of even 24 C (72.5 F). However, following changeover to
an active mode (15 to 18 days old) alevins were extremely sensitive to
temperature, responding rapidly to changes in the positioning of the
selected temperature. For these fish, previously held at between 12 and
16 C (53.6 and 60.8 F) and raised several days before initiation of
experiments to between 14 and 18 C (57.2 and 64.4 F), the selected
temperature interval was 13 to 20 C (55.4 to 68 F). Schmeing-Engberding
(1953; cited in Mantelman, 1958) found that for 35 day old (and 4 month
old) fish kept at 10 to 12 C (50 to 53.6 F) between experiments, ﬁhe
selected temperature was 10.4 C (50.8 F). Mantelman (1958) felt
differences in holding temperatures might account for the selection
differences.

Northcote (1962) observed that fry emerging from gravel were
found to show a net downstream movement if water temperatures were
below 13 C (55.4 F), though at higher temperatures (Y14 C, » 57.2 F)
fish showed upstream movement. Similarly, from a review of the
literature, Dunham (1968) found temperatures between 40 and 50 F
(4.4 and 10 C) and long day length induced downstream migrationm,
while temperatures greater than 59 F (15 C) inhibited migration,

especially if accompanied by a decrease in flow.

Juveniles

Lawrence (1940) exposed fasting rainbow trout fingerlings to
differing temperature regimes (46, 52 and 57 F) and, as might be
expected, he found increasing temperatures increased the rate of weight

loss. In natural populations in different sections of the W. Gallatin
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River, Montana, Purkett (1950) found greatest growth occurred in the
warmer sections. Purkett (1950) found that in all river sections
studied, temperatures were within or exceeded the 55 to 60 F
(12.8 to 15.6 C) range said by Davis (1946; cited in Purkett, 1950) to
be optimal for trout, though the time these temperatures existed during
the day and during the year was much less at higher elevatioms.

In laboratory studies, Morton (1962) found fingerlings grew more
rapidly and had lower mortality in ponds heated to 56 F (13.3 C) than
when kept at 50 F (10 C), and Markus (1962) reported fingerlings grew
best at 55 F (12.8 C). 1In Britain, Aiken (1971) found for fish (age
unspecified) fed on low fat diets, growth was maximum at between 12 and
16 C (53.6 and 60.8 F), but on a high fat diet the maximum growth rate
probably lay between 16 and 20 C (60.8 and 68 F). According to un-
published data from Hokanson and Kleiner (cited in EPA, 1974)
optimal temperatures for rainbow trout growth are between 17 and 19 C
(62.6 and 66.2 F).

Jones (1971; cited in Coutant and Goodyear, 1972) found no signifi-
cant difference between maximum cruising speeds for fish acclimated
to test témperatures of 8 to 10 C (46.4 to 50 F) and 21 to 23 C
(68.8 to 73.4 F), though Fry (1948) reported that yearling cruising
speed (and metabolic scope) increased with acclimation temperatures of
up to about 23 C (73.4 F) (Figure GA-1).

Mantelman (1958) conducted temperature selection experiments with
fingerling rainbow trout. For one series of experiments he used fish
from poﬂds in which water temperatures rose as high as 23 to 24 C
(73.4 to 75.2 F), and where diurnal water temperature fluctuations

were as high as 8 C (14.4 F). Combining results of various experiments,
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fish selected temperatures between 13 and 19 C (55.4 and 66.2 F), and
temperatures of 21 and 22 C (69.8 and 71.6 F) were avoided. Based upon
tests during summer, Mantelman concluded that the temperature selected
by fingerlings during summer was independent of length of fish, size

of sample, range of temperatures in the gradient, or rearing temperature.
Mantelman noted a reduction of temperature selected in autumm to between
9 and 17 C (48.2 and 62.2 F), though this did not persist in specimens
tested in winter. 1In further experiments, Mantelman examined influence
of acclimation temperature on temperature selection in young rainbow
trout. He concluded that while changes in selected temperature occurred
rapidly when fish were exposed to temperatures above or below acclimation,
the effect was transitory and within 80 days the fish re-established
themselves in the 12 to 19 C (53.6 to 66.2 F) temperature range.

While the temperature selection experiments on rainbow trout con-
ducted by Mantelman (1958) are the most extensive, other authors have
studied selection temperatures as well. Fry (1971:Figure 37 ) plotted
selected temperatures found by the various authors and stated (Fry,
1971:80) that while rainbow trout might not be genetically homogeneous,
particularly with respect to various domestic stocks in different parts
of the world, this fact could not completely explain how four of the
groups of workers, experimenting within a few huﬁdred miles of each
other, reported differences in behavior. The data of these workers are
presented in Figure GA-2. Except possibly for fish tested by Christie
(cited in Fry, 1971:80), all data cited in Figure GA-2 were for young-
of-year. Fry suggests the disparity in selection temperatures might be
due at least in part to differences in experimental method or season.

Javaid and Anderson (1967b) also found that starvation reduced temperature
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preference, but that it returned to previous levels following
resumption of normal feeding.

Field studies by Spigarelli et al. (1973) around a Lake Michigan
power plant indicated few small trout in the near field thermal plume;
the two found (mean 75 gm) had mean body temperature of 19.3 C (66.8 F),
a temperature 0.3 C (0.5 F) above the average water temperature.
Similarly, one year old trout stocks in Hemlock Lake, Michigan, generally
inhabited waters in summer of between 7 and 21 C (44.6 and 69.8 F) in
1969, and between 10 and 17 C (50 and 61.1 F) in 1970 (Fast, 1973). 1In
both years trout avoided water warmer than 21 C (69.8 F).

Olson et al. (1973) held steelhead juveniles (also fry, see Larvae
section) at increments of 2, 4 and 4.7 F (1.7, 2.2 and 2.6 C) above
normal C;lumbia River temperatures. Though temperatures reached
21.9 C (71.5 F), mortalities were said to be well within hatchery
standards.

Early experiments on effects of acute temperature shock upon
equilibrium loss and susceptibility of juvenile rainbow trout to pre-
dation were conducted by Coutant (1969a). These and later experiments
have been periodically reviewed (Coutant, 1969b; Templeton and Coutant,
1971; Becker, 1973) and only more recent results are reviewed here.

Coutant and Dean (1972) have found that for juvenile steelheads
acclimated to 15 C (59 F), time to equilibrium loss and time of death
appeared distinét at the 95% confidence levels at temperatures slightly
above 29 C (84.2 F) (though for adult steelhead no statistical dis-
tinction was evident at this or other test temperatures; see Coutant,
1970b).

Coutant (1973) determined that thermally shocked juvenile rainbow
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trout were selectively preyed upon by larger unshocked trout in the
laboratory when expesure time of juveniles exceeded 207% of the duration
that caused body inversion of half a test population at that temperature.
Selective predation occurred at an average exposure which was about
10.9% of the median death time for that temperature, or at a temperature
of about 2.5 C (4. 5 F) lower than death for that same temperature
(Figure GA-3).

At an acclimation temperature of 11 C (51.8 F), Black (1953) foundy

a 24-hour LT50 of 24 C (75.2 F) for kamloops trout (Salmo gairdmeri

kamloops; 26.1 g average, 14 to 54 g range). Similarly, Angelovic et al.
(1961) found that young rainbow trout (8-13 cm, 15-25 g) just reached .
the ULT at 75 F (23.9 C), the lethal limit normally falling, according
to Angelovic et al., between 74 and 78 F (23.3 and 25.6 C). The latter
authors also stated that rainbow trout which have been acclimated and
then have their temperature raised at the rate of 1 F (0.6 C) per hour
did not reach the ULT until about 80 F (26.7 C). Bidgood and Berst
(1969) found no difference in tolerance to upper lethal temperature
among juvenile (205 to 212 days old) progeny of wild rainbow trout
homing to four widely separated watersheds in the Great Lakes (Lakes
Erie, Huron, Ontario and Superior). All eggs ﬁad been incubated.and
juveniles reared under similar conditions and acclimated to 15 C (59 F).
The upper incipient lethal temperature kexposure time unspecified) for
the samples fell between 25 and 26 C (77 and 78.8 F). Size of fish
(range 37 to 92 mm TL) did not affect resistance times. For slightly
larger fish acclimated to the same 15 C (59 F) temperature in Great
Britain, Alabaster and Downing (1966) determined a 100 minute ULT of

27.3 C (81.2 F), and a 1000 minute ULT of 25.3 C (77.6 F). When
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acclimated to 20 C (68 F), fish had a 100 minute ULT of 28.2 C (82.8 F),
and a 1000 minute ULT of 26.6 C (79.9 F).

Craigie (1963) determined that hardness of water during embryonic
development and early growth did not significantly influence thermal
resistance of yearling trout to high temperatures, though hardness of
water experienced immediately preceding exposure to lethal temperatures
did, and Halsband (1953; cited in Angelovic et al., 1961) was able to
increase the lethal temperature of rainbow trout at least 2 C (3.6 F)
by increasing the calcium and magnesium content of water. McCauley
(1968) observed that fingerlings exposed to thermal stress in the
laboratory apparently altered the composition of the water such that
survival of fish subsequently exposed to lethal temperatures in the
same water was measurably iﬁcreased.

Fujihara et al. (1971) found that survival of juvenile rainbow

trout exposed to Chondrococcus columnaris disease was higher when held

2.2 C (4 F) below seasonal river temperatures of 17.7 to 21.7 C (63.9
to 71.1 F) than when held at 2.2 C (4 F) above seasonal river tempera-
tures. However, many complex factors other than increased temperatures
are involved in mortality of fish from this disease. Fujihara et al.
(1971) 1list these factors as crowding, probable immunity of previously
exposed fish, differences in resistance to C. colummaris according to
age and condition of fish, differences in strain virulence of C.

columnaris, and interrelations with other fish diseases.

Adults
At the end of a thermal discharge outfall into Lake Michigan 77
large trout (mean 2284 gm) were collected with a mean body temperature

of 14.5 C (58.1 F), 4.4 C (7.9 F) below the mean water temperature.
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In the near field, two large trout (mean 3000 gm) were collected with
a mean body temperature of 17.2 C (63.0 F), 0.3 C (0.5 F) below the
mean water temperature. This latter temperature is closer to the 18.9
to 21.1 C (66.1 to 70.0 F) temperature said to be preferred by adult
trout in Horsetooth Reservoir, Colorado (Horak and Tanner, 1964; cited
in Coutant, 1974).

Estimates of resistance times of adult rainbow trout to lethal
temperatures were determined by Coutant (1970b). Incipient lethal
temperatures for fish held at between 16 and 19 C (60.8 and 66.2 F)
were 21 to 22 C (69.8 to 71.6 F). Relative resistances of large and
juvenile fish varied with test temperatures; juveniles being more re-
sistant at lethal temperatures up to about 28.5 C (83.3 F), while

adults were more resistant above that temperature.

General and Unspecified

In a Colorado reservoir, rainbow trout Wefe found most abundantly
at 19 to 21 C (66.2 to 69.8 F), (Horak and Tanner, 1964; cited in
Carlander, 1969:194), and hatchery reared trout showed a similar
temperature range (18.5 to 21 C, 65.3 to 69.8 F) for maximum stamina
(Horak, 1966; cited in Carlander, 1969:194).

Two papers examined effects of temperature on planting success of
rainbow trout. Threinen (1958) found complete mortality at 73 F
(22.8 C) for planted trout acclimated to 54 F (12.2 C). Threinen
found that the trout could not withstand a temperature shock of 20 F
(11.1 C) above an acclimation temperature of 54 F (12.2 C), but could
tolerate a shock of 15 F (8.3 C) from an acclimation temperaﬁure of
51 F (10.6 C). Raising the acclimation temperature through a 24 hour

period to 65 F enabled the'trout to withstand a temperature of 74 F
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(23.3 C) (the highest temperature tested) with only minor short term
stress. Sharpe (1961) noted that after tempering,when 6-8 inch trout
from 61 F (16.1 C) water were placed in 83 F (28.3 C) surfage waters
of Stone Lake, Tennessee, the fish exhibited severe stress symptoms
and some died.

There are numerous discussions of limiting temperatures for
rainbow trout. From a review of the literature, Dunham (1968) con-
siders a good trout stream should have summer temperatures in the range
of 55 to 60 F (12.8 to 15.6 C), with an upper limit of 68 F (20 C).

It was also felt temperatures above 66 F (18.9 C) for an appreciable
period might limit distribution. However, Burton and Odum (1945)
stated that the variety of rainbow trout introduced into streams
tributary to Mountain Lake, Virginia, occur largely in waters warmer
than 19VC (66.2 F). Needham (1938; cited in Burton and Odum, 1945)
stated that rainbow trout can do equally well in warm or cool waters,
but varieties apparently differ in requirements. In their native XQ
range they are said (by Needham) to be most abundant in warm but swift
water having a temperature between 24 and 27 C (75.2 and 80.6 F),

with 28 C (82.4 F) as the limiting high temperature. Scott and Cross-
man (1973:189) state that rainbow trout are most successful in habitats
with a temperature of 70 F (21 C) or slightly lower, but so long as
there is cooler, well-oxygenated water into which they can retreat they
can thrive in lakes in which surface waters reach temperatures well
over 70 F (21 C) for long periods in summer. Van Velson (1974) stated
that water temperatures exceeding 24 C (75.2 F) for a short duration

in summer are common in many spawning streams tributary to the upper

North Platte River, Nebraska. Eipper (1960; cited in Fast, 1973)
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indicates that rainbow trout can withstand temperatures as high as
26.7 C (80.1 F) for a few days, but that prolonged exposure to temp-
eratures above 24 C (75.2 F) lead to high mortality. ‘Wurtz (in Wurtz
and Renn, 1965:39) observed sea run rainbow trout in July in 72 F
(22.2 C) water and Tarzwell (1957) has observed them in a Michigan
river in 83 F (28.3 C) water. However, the first author states that
salmonids cannot be expected to maintain populations in waters which
are commonly above 75 F (23.9 C), while the latter believes that for
good trout production, water should not exceed 68 F (20 C). According
to Embody (1934) limiting summer temperatures for habitation by appar-
antly thriving populations of rainbow trout in Tompkins County, New
York, are 85 F (29.4 C). When exposed to naturally cycling stream
temperature variations in the laboratory during summer, Embody found
that steelhead became distressed only when maximum daily temperatures
reached 84.2 F (29 C), and that 207% mortality occurred the folléwing
day at 85.5 F (29.7 C), and total mortality occurred one day later at
87 F (30.6 C). From Embody's account, it is not possible to determine
whether fish suffered death due to accumulation of sublethal exposures
to lethal temperatures or simply from exposure to maximum temperatures
in the final days of the observationms.

Three strains of rainbow trout were raised in experimental New
Jersey farm ponds by Soldwedel and Pyle (1968; cited in Coutant, 1971)
to test survival and growth under conditions of high natural tempera-
tures. All three strains (Donaldson, New Jersey and Donaldson X New
Jersey) survived maximum temperatures of 84.5 F (29.1 C) if other fish

species were absent. Trout failed to survive less critical conditions
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when alewife and fathead minnows were competing species. The New

Jersey strain seemed best adapted for survival in the test environment.
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ATLANTIC SALMON

Distribution

The Atlantic salmon is native to the basin of the North Atlantic
Ocean, from the Ungava Bay region of northern Quebec south to the

Connecticut River (Scott and Crossman, 1973:193).

Spawnin

Sea run Atlantic salmon are said to usually spawn in October, but
spawning may occur as late as December (Cutting, 1958; Elson, 1962;
Jones, 1959; Newell, 1960; all cited in Carlander, 1969:205). Land-
locked forms are said to spawn mostly from mid October to late November
(Warner, 1958; cited in Carlander, 1969:212). In Canada, Atlantic
salmon spawn in October and November (Scott and Crossman, 1973:194).

Jones (1959:111) stated that in observation tanks on a river bank
in the British Isles, Atlantic salmon were seen to spawn to completion
only at water temperatures of between 2 and 6 C (35.6 and 42.8 F), though
spawning was observed in the river at temperatures up to 10 ¢ (50 F).
Atlantic salmon are said by Vernidub (1963, personal communicationj both
cited in European Inland Fisheries Advisory Commission, 1969) to spawn

at temperatures between 6 and 8 C (42.8 and 46.4 F).

Eggs

Dumas (1966) incubated landlocked salmon eggs at constant tempera-
tures of 47 and 53 F (8.3 and 11.7 C). Hatching occurred in 65 and 65
days respectively. At temperatures naturally fluctuating and rising
between 33 and 48 F (0.6 and 8.9 C), Dumas found eggs hatched in 104
days. For eggs incubated at a constant 3.9 C (39.1 F), Power (1969;
cited in Scott and Crossman, 1973:194) found hatching occurred in 110

days.
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Spaas and Heuts (1958§ cited in Spéas, 1960) found two optima for
embryonic development rate, survival, and growth; one at 4.5 C
(40.1 F) and the other at 10.5 C (50.9 F). Markus (1962) stated that
Atlantic salmon eggs develop normally in water temperatures up to
50 F (10 C). At 54 F (12.2 C) Markus found about half the embryos died,
and many that hatched were weak and deformed.

In addition, Vernidub (1963; cited in European Inland Fisheries
Advisory Commission,1969) indicated that while development at 10 to 12 C

(50 to 53.6 F) was normal, newly hatched larvae were smaller in size

than those incubated at lower temperatures.

Larvae

Fisher and Elson (1950) determined that when acclimated to 4 C
(39.2 F), fry with yolk sacs mostly absorbed selected 14 C (57.2 F)
water.

While Dumas (1966) found fry raised in warm water (47 or 53 F,

8.3 or 11.7 C) had constricted yolk sacs which removed some yolk, it
was felt the constriction served only to pinch off food in excess of
that needed to carry the fry to the feeding stage. According to Markus
(1962), growth of fry seemed best at between 60 and 65 F (15.6 and
18.3 C).

Bishai (1960) brought newly hatched larvae from an initial tem-
perature of 6 C (42.8 F) to lethal temperatures over a six hour period.
A temperature of 22 C (71.6 F) was resisted by 50% of the experimental
population for almost 8 days, while 24 C (75.2 F) was resisted for over
2.5 days. Bishai (1960) also transferred 30 day old alevins from various
acclimation temperatures directly into lethal temperature baths. At the

highest acclimation temperature (20 C, 68 F), the 7-day ULT5n was 23 C
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(73.4 F). Interpolating from the data presented, the 24-hour ULT,,

was about 24.7 C (76.5 F). Spaas (1960) also determined upper lethal

temperatures for Atlantic salmon alevins, initially held at 7 C (44.6 F)
and raised at the rate of 1 C (1.8 F)/ day until death of all fish. The
mean lethal temperature of 27.6 C (81.7 F) was felt to be nearly equiva-

lent to the ultimate upper incipient lethal temperature.

Juveniles

Blair (1938; cited in Carlander, 1969:204) found growth of well fed
fingerlings was more rapid at 12.2 C (54.0 F) than at 8.9 C (48.1 F),
although when poorly fed there was little difference in growth rates at
these temperatures. Nikiforov (1953; cited in European Inland Fisheries
Advisory Commission, 1969) found Atlantic salmon feeding and growth were
best at between 13 and 15 C (55.4 and 59 F), and Markus (1962) stated
that water at temperatures between 60 and 65 F (15.6 and 18.3 C) seemed
best for fingerling growth.

Maximum response to electrical stimulus by parr acclimated to 4 C
(39.2 F) occurred at approximately 15 C (59 F) (Fisher and Elson, 1950),
and Mantelman (1958; cited in European Inland Fisheries Advisory
Commission, 1969) found the zone of preferred temperature for young
Atlantic salmon was between 9 and 17 C (48.2 and 62.6 F). Javaid and
Anderson (1967a) found that the temperature selected by fingerling
Atlantic salmon increased with temperature over an acclimation range of
5 to 20 C (41 to 68 F), the final preferendum being about 17 C (62.6 F).
In a companion paper, Javaid and Anderson (1967b) found that within
24 to 48 hours after cessation of feeding the selected temperature
shifted upward 2 C (3.6 F). However within 24 hours after resumption

of feeding, the selected temperature returned to the prestarvation level.
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Peterson and Anderson (1969) found that underyearling activity peaks
measured after one to six hours stabilization occurred at temperatures
(12 to 15 C, 53.6 to 59 F) which were near, though slightly below, the
selected temperature as determined by Javaid and Anderson (1967a). A
second activity maximum occurred as temperatures approached lethal limits,
a finding similar to that of Fisher and Sullivan (1958) for brook trout.
Fry (1971:83-84) further discussed these findings stating that initial
activity shown during a temperature change represented a response to
temperature acting as a directive factor, while less pronounced changes
observed after allowing stabilization at test temperatures approximated
a response to temperature acting as a controlling factor.

Spaas (1960) determined that the ULT5y for Atlantic salmon year-
lings was about 28.5 C (83.3 F) when exposed to temperature incfeases
of 1 C (1.8 F)/ day until death. This temperature was felt to approxi-
mate the ultimate upper incipient lethal temperature. Parr exposed to
a similar temperature rise had a ULTgy of 29.2 C (84.6 F); Huntsman
(1942), working with parr of the same age and older, acclimated fish to
25 C (77 F) and raised the test temperature at the rate of 1 C (1.8 F)/

5 minutes. Huntsman found that fish died at between 32.9 and 33.8 C
(91.3 and 93.9 F), with larger parr dying first. Using fish of similar
length, Alabaster (1967) determined that from an estimated acclimation
temperature of 10.9 C (51.7 F), the lOOO—minute‘ULTSO was 24.9 C (76.9 F)

and the 100-minute ULT5qg was 24.7 C (76.5 F).

General and Unspecified

Cooper and Fuller (1945; cited in Ferguson, 1958) found that land-
locked salmon selected the 13.6 to 16.2 C (56.5 to 61.2 F) temperature

range in Moosehead Lake, Maine. Similarly, Leggett and Power (1969;
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cited in Coutant, 1974) found Atlantic salmon to prefer 14 C (57.2 F)
water in Newfoundland lakes. |

Huntsman (1942) found fish newly arrived from an adjacent estuary
died in the Moser River at about 29.5 C (85.1 F), whiie_those long in
the river died at about 30.5 C (86.9 F), exemplifying to Huntsman the
influence of acclimation. Larger salmon died before grilse, but no

parr died.

Discussion of Lethal Temperatures

Lethal temperatures of Atlantic salmon found by the various researchers
for larvae and juveniles"vary by over 10 C. A brief discussion is needed
to place these differences in context. While other variables also
influence lethal temperatures, recognized variation occurred in age/size
of fish, acclimation temperature, rate of temperature change, and test
duration. However, the cited authors all used differing variable com-
binations, thereby making direct comparisons difficult.

Huntsman (1942) testing fish from the highest estimated acclimation
temperature and using shortest exposure time, found the highest lethal
temperatures. Bishai (1960) using the lowest acclimation temperature
and longest exposure time, found the lowest lethal temperature. Lethal
temperatures determined by Alabaster (1967) and Spaas (1960) fell in be-
tween.

While test methods differed it seems possible to assign relative
temperature tolerances to the various life history stages which have
been studied. 1t appears that tolerance increases with age from
alevins to parr (Spaas, 1960), parr tolerance decreases with age

(Huntsman, 1942), and smolt tolerance is below that of parr (Alabaster,

1967).
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BROWN TROUT

Distribution

A native of Europe and western Asia, brown trout has been widely
introduced into other parts of the world, In North America brown trout
is now found in almost all Canadian Provinces (Scott and Crossman,

1973:199), and in many eastern and western states.

Spawnin

Brown trout have been observed to spawn between October (0O'Donnell
and Churchill, 1954; cited in Carlander, 1969:232) and January (Carl,
1938; cited in Scott and Crossman, 1973:199) (Table TR-1), and the NTAC
(1968:33, 43) has provisionally recommended 55 F (12.8 C) as being the
maximum temperature compatible with trout spawning. Several references
to brown trout spawning temperatures are cited in European Inland
Fisheries Commission (1969). S. trutta is said to spawn at between 1
and 2 C (33.8 and 35.6 F) (Vernidub, 1963), s.t. lucustris at between
0.5 and 9 C (32.9 and 48.2 F) (Sakowicz, 1961), and s.t. caspius at

between 10 and 12 C (50 and 53.6 F) (Vernidub, 1963).

Eggs

Embody (1934) determined incubation periods for brown trout eggs
held at various temperatures. Incubation times ranged from 148 days at
1.9 C (35.5 F) to 34 days at 11.2 C (52.2 F) (Table TR-2). Embody made
no mention of mortality at the highest incubation temperature. Kowalska
(1959; cited in European Inland Fisheries Adviéory Commission, 1969)
found that while eggs incubated in excess of about 7.5 C (45.5 F)
yielded normal hatch, the resultant larvae were smaller in size than

for eggs incubated at lower temperatures. According to Spaas and Heuts



Table TR-1. Brown trout spawning times and temperatures at various locations.

Temperature

Date C

F

Location Comment

Author

October

October
October-February

Mid October -~
Early November (6.7-8.9)

November

(12.8)

Into January

44-48

55

Brule River, Wisconsin

Montana

Maine

Southeastern Ontario
Sanborn Creek, Michigan
Provisional maximum
compatible with

spawning

British Columbia

0'Donnell and
Churchill, 1954%

Posewitz, 1962%

Fenderson, 1958%*

Mansell, 1966%%*
Greeley, 1932

NTAC, 1968:33, 43

Carl, 1938#*%

*Cited in Carlander, 1969:232

**Cited in Scott and Crossman, 1973:199

60T



Table TR-2. Incubation times of brown trout eggs held at various temperatures*

Temperature Days
c F

1.9 35.5 148
2.7 36.9 143
3.7 38.7 116
4.6 40.3 97.5
5.5 41.9 87
7.0 44.6 66
9.2 48.6 46
10.7 51.3 38.5
11.2 52.2 34

*Adapted from Embody, 1934

OTT
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(1958; cited in Spaas, 1960), the embryonic development rate, survival,
and growth in relation to temperature are characterized by two optima,
below 4 C (below 39.2 F), and between 9 and 10 C (48.2 and 50 F), and
Markus (1962) stated that observations indicated brown trout to develop
normally in water temperatures up to 50 F (15 C). Optimum development
of trout eggs is said by Frost and Brown (1967:73, 142) to occur
between 45 and 53 F (7.2 and 11.7 C), though successful hatching is

said to occur between temperatures of 5 and 13 C (41 and 55.4 F). The
NTAC (1968:33, 43) also recommended 55 F (12.8 C) as being the maximum
temperature compatible with trout egg development. Gray (1928; cited in
Cocking, 1959) observed high mortality when brown trout were reared from
eggs incubated at 15 C (59 F). However, Andersen (1929; cited in Altman
and Dittmer, 1966:78) indicates 27 C (80 F) as the upper tolerance limit

of brown trout embryos.

Larvae

Markus (1962) stated that once brown trout began to feed, growth
seemed best at water temperatures of 55 F (12.8 C).

Two papers (Bishai, 1960; Spaas, 1960) have determined upper lethal

temperatures for larval stages of brown trout (Salmo trutta fario) and

sea trout (S. trutta trutta). For newly hatch larvae raised from 6 C

(42.8 F) to the final test temperature over a 6 hour period, the 7-day
ULT at the final test temperature was interpolated to be about 22.8 C
(73.1 F) for brown trout, and was 22 C (71.6 F) for sea trout (Bishai,
1960). The interpolated 24-hour ULT was 24.7 C (76.5 F) for brown
trout, and 23.9 C (75.1 F) for sea trout.

Spaas (1960) determined upper lethal temperatures for brown trout
alevins by the slow temperature rise method at the rate of 1 C (L.8 )/

day until death, and Bishai (1960) determined alevin upper lethal
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temperature by the rapid transfer method. Spaas found a ULT50 of
25.5 C (77.9 F) which he considered nearly equivalent to the ultimate
upper incipient lethal temperature. Bishai found that at the highest
-acclimation used (20 C, 68 F), the 7-day ULTSO was 23‘C (73.4 F) for
both brown trout and sea trout, though brown trout showed a 24-hour
ULTSO of 26 C (78.8 F), and sea trout an interpolated 24-hour UL&5O
of 24.8 C (76.7 F). Rushton (1926; cited in Huntsman, 1942) found
807 fry mortality in waters with temperature no higher than 25 C

(77 F).

Juveniles

In the area of a thermal discharge into Lake Michigan, small brown
trout (mean 44 g) had a mean internal temperature of 19.9 C (67.9 F),

a near correspondence with plume water temperatures. (Spigarelli et. al.,
1973).

Contrary to results with some other species, Fry (1948) reports
metabolic scope and cruising speed for yearling trout increased with
temperature to the upper limit of their biokinetic range (according
to Fry this limit is 25 C, 77 F) (Figure TR-1).

Based on their review of the literature (Table TR-3), Frost and
Brown (1967:139) concluded 7 to 19 C (44.6 to 66.2 F) to be the range
in which maximum growth occurs in brown trout. Studies evaluated used
test fish ranging from age -O to at least age IV. Several other investi-
gators have also found best growth within this range (Eipper, 1963;
cited in Carlander, 1969:230; Poston et al., 1969; cited in Coutant,
1970). Tarzwell (i957) and NTAC (1968:33,43) felt 68 F (20 C) to be
the maximum temperature compatible with brown trout growth. However,
Brynildson et al. (1963; cited in Scott and Crossman, 1973:199)

state 65 to 75 F (18.3 to 23.9 C) to be the optimum temperature range
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Table TR-3. Optimum temperature ranges for growth and feeding of brown trout*
Growth Optima Feeding Optima
Age (years) C F C F Author
0-1/2 12 10 53.6 50 Brown, 1951
0-1 7 - 15 (44.6 - 59)  Myers, 1946
1/2 -1 1/2 10 - 15 (50 - 59) 10 (50) Pentelow, 1939
1/2 -1 1/2 10 - 15 (50 - 59) Wingfield, 1940
1-2 12 (53.6) Swift, 1961
2 -3 7 -9 and (44.6 - 48.2) and 10 - 19 (50 - 66.2) Brown, 1946
16 - 19 (60.8 ~ 66.2)
3-4 8 - 12 and (46.4 - 58.6) and Swift, 1955
15 - 16 59 - 60.8
All Ages (?) 5 - 13 and (41 - 55.4) Gerrish, 1935
16 - 19 and (60.8 -
66.2)
A1l Ages (?) 15 - 19 (59 - 66.2) Hewitt, 1943
*Adapted from Frost and Brown, 1967:139.
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Spaas (1960) determined the ULT for brown trout and sea trout

yearlings by the slow temperature rise method described above (Larvae

section).

The ULT of 25.9 C (78.7 F) for brown trout, and 26.4 C

(79.6 F) for sea trout were considered to be nearly equivalent to the

ultimate upper incipient lethal temperature.

For brown trout of simi-

lar length, Alabaster and Downing (1966) determined a 1000-minute

ULTs

of 26.4 C (79.6F) for fish acclimated to 20 C (68 F).

While

the age of fish was not given, Alabaster and Downing (1966) cite

Anonymous (1951) as finding a 26.6 C
with similar acclimation temperature

Alabaster (1967) determined the
trout parr and smolt held in ambient

upon his earlier findings (Alabaster

(79.9 F) ULT., for fish tested

50
and exposure time.

upper lethal temperature of sea
river water prior to testing. Based

and Downing, 1966) that small and

regular temperature fluctuations did not influence acclimation tempera-
ture in trout, Alabaster used the mean river temperature for the month
preceding tests as the acclimation temperature (10.9 C, 51.7 F for May
tests). AlaBaster found a 100-minute ULT50 of 24.9 C (76.9 F) for parr
tested in May.

For smolts tested in May the 100-minute ULTg was

24.8 ¢ (76.7 F), and the 1000-minute ULT.. was 24 C (75.2 F). Smolts

50
tested in April at a lower acclimation temperature were found to have
slightly lower temperature tolerance.

According to Sullivan (1954) and Fry (1971:82), activity maxima,
observed when fish are held at various constant temperatures, reflect
temperature acting as a controlling factor, the increased random move-

ment presumably representing the temperature preferendum--the area

where the animal is reacting most vigorously to any stray stimuli
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(Fry, 1971:83). Preliminary laboratory studies on trout 2 years and
older (Tait, 1958; cited in Fefguson, 1958) indicate preferred tem-
peratures within the range of 12.4 and 17.6 C (54.4 and 63.7 F); and
field observations by Jammes (1931; cited in Sullivan, 1954) indicate
trout stay within the 12 C (53.6 F) isotherm. However, field observa-
tions by Spigarelli et al. (1973) in the area of the Point Beach
Nuclear Power Plant thermal plume indicated higher preferred tempera-
tures as determined by the near correspondence of internal temperatures
with plume water temperatures, large trout (mean 3000 g) having a

mean internal temperature of 16.9 C (62.5 F).

General and Unspecified

Tarzwell (1957) cited an example where brown trout were able to
tolerate (resist?) a peak temperature of 83 F (28.3 C) in a Michigan
river, and Embody (1921) considered limiting temperatures for bfown
trout in New York to be 83 F (28.3 C). Embody also observed that when
he placed brown trout into wooden races supplied with ambient creek
waters, distress and loss of appetite occurred when temperatures reached
84.3 F (29.1 C). Fish seemed to recover during the mext two days when
maximum and minimum temperatures were 70.7 to 82.4 F (21.5 to 28 C) and
71.6 to 83.2 F (22 C to 28.4 C) respectively. However, the third day,
50% of brown trout died at 85.5 F (29.7 C), and despite a night decrease
of 75. 2 F (24 C), all fish died the following day at 87 F (30.6 C).
From Embody's account, it is not possible to determine whether fish
suffered death due to accumulation of sublethal exposures to lethal tem-—
peratures, or simply from exposure to maximum temperatures on the final
days of the observations. Frost and Brown (1967:136) state exposure

to high temperature has a cumulative effect unless the fish can spend
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periods of several hours at temperatures below about 21 C (70 F).

Data cited in Frost and Brown (1967:136) indicate temperatures
lethal to brown trout over several acclimation temperatures and exposure
times. These data are given in Table TR-4. The 7 day upper lethal
temperature for fish acclimated to 23 C (73.5 F) was 25.3 C (77.5 F),
while 26.8 C (80 F) was resisted for 24 hours, and 27.8 C (82 F) was
resisted for 12 hours. Working in Poland, Grudniewski (1961; cited in
European Inland Fisherigs Advisory Commission, 1969) determined upper
lethal temperatures for s.t. lacustris at various acclimation tempera-—
tures during the year and using a 4 C/hour temperature rise. Lethal
temperatures ranged from 25 C (77 F) to 30 C (86 F), fish in the latter
tests being acclimated to 22 or 23 C (71.6 or 73.4 F).

Schlieper et al. (1952; cited in McCauley, 1958) demonstrated that
the ionic composition of the water affected the thermal resistance of
brown trout, and Eipper (1963; cited in Carlander, 1969:230) found that
retarded fish (reared at below optimum temperatures) had softer fat,
and had lower survival rates when shocked, particularly at higher tem-

peratures.



Table TR-4. The maximum temperatures at which half the brown trout survived for different periods.*

DURATION OF TEST

Acclimatization

Temperature 12 hours 24 hours 48 hours 7 days

C F C F c F c F C F
5 41 22.5 72.5 22.5 72.5 22.5 72.5 22.5 72.5
10 50 24.5 76 24.2 75.5 24.2 75.5 24.2 75.5
15 59 26.2 79 25.6 78 25.1 77 24.5 76
20 68 26.5 80 26.3 79.5 25.8 78.5 24.8 76.5
23 73.5 27.8 82 26.8 80 26.4 79.5 25.3 77.5

*From data cited in Frost and Brown, 1967:136.

8TT
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LAKE TROUT

Distribution

The lake trout occurs in the Great Lakes and in colder lakes of
the St. Lawrence, Hudson River and the Great Lakes drainages northwest-
ward to northern British Columbia, Alaska and the Canadian northern

provinces (Eddy, 1969:53; Scott and Crossman, 1973:221).

Spawnin

There exists a large variation in spawning times: reported for lake
trout, ranging from between mid August (Rawson, 1961; cited in Car-
lander, 1969:291) and December (Eschmeyer, 1957b; cited in Carlander,
1969:290) (Table NA-1) Temperatures observed during spawning are less

often reported but range from 37 to 58 F (Royce, 1951) (Table NA-1).

Eggs

Embody (1934) and Garside (1959) have determined incubation
periods for lake trout eggs held at various temperatures between 1.5
and 10 C (34.7 and 50 F). In general their findings are similar
(Table NA-2). The data of Garside in Table NA-2 are for eggs held in
water saturated with oxygen. For those eggs held at oxygen levels
permitting development but below saturation, incubation times were
longer. While neither Embody or Garside report mortalities for eggs
incubated under favorable conditions within the temperature range
utilized, the Great Lakes Fishery Laboratory (1972, 1973) has reported
many survivors for eggs incubated at 43 to 47 F (6.1 to 8.3 C), and
437% hatch at 50 F (10 C). Royce (1951) reported high mortalities for

eggs incubated above 50 F.



Table NA-1. Lake trout spawning times and temperatures at various locations.

Temperature
Date C F Location Comment Author
Mid August Great Bear Lake, 66° N. Lat. Rawson, 1961%
Saskatchewan
Mid September Great Slave Lake, 62° N. Lat.
Sasketchewan
Lake LaRonge, 55° N. Lat.

Early October

September-November

October - November

October - November

October - November

Late Fall

11-14 (51.8-57.2)

37 - 58

Sasketchewan

Lake Simcoe,
Ontario

Great Lakes

New Hampshire

Southern portion
of range

New York

Southern Great Lakes

Lake Erie

McCrimmon, 1958%
Eschmeyer, 1957a%*
Newell, 1960%
Lagler, 1956:32

Royce, 1951
AEC, 1972:A-65, 67

Trautman, 1957

44!



Table NA-1 (Continued)

Temperature
Date C F Location Comment Author
Mid October - Early (10) 50 Maine DeRoche, 1969
November
Mid October - Mid Maine DeRoche, 1958%

November

Late October - Mid

November

Early - Mid

November
Late October 13 (55.4)
Late November 7 (44.6)

Into December

(8.9) 48

Watertown Lakes
Alberta

Southeastern Lake
Michigan

Green Lake,
Wisconsin

New York

Currier and Schultz,
1957

Great Lakes Fishery
Laboratory, 1972,
1973

Peak, under age Hacker, 1962%
10

Peak, older fish
Eschmeyer, 1957b%*

Maximum compatible NTAC, 1968:33, 43
with spawning

*Cited in Carlander, 1969:290, 291

T4l



Table NA-2. 1Incubation times of lake trout eggs held at various temperatures%

Temperature Days

C F Garside Embody
1.8 35. 162
2.5 36. 141

4.5 40. 106
5.0 41. (91)**

5.1 41, 86.3
5.7 42. 92
6.7 44, 80.5
7.5 45. 67

8.5 47. 59
10.0 50. 50 49

*From data in Embody
**Accidently lost on

(1934) and Garside (1959)

day 91

9¢1
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Juveniles
Eschmeyer (1956) noted that in Lake Superior, young-of-year lake

trout were found most often at temperatures between 42 and 63 F

(5.6 and 17.2 C) while those in age groups I and II were found in
somewhat cooler water (39 to 53 F; 3.9 to 11.7 C). However, off

Isle Royale, Eschmeyer (1956) felt it possible the water temperatures
in the depths at which most sﬁall lake trout were caught did not
exceed 43 F (6.1 C). Martin (1951) found small lake trout had a
deeper distribution than did larger fish in two Algonquin Park,
Ontario, lakes during mid summer. The 8 C (46.4 F) isotherm separated
those above and below 12 inches in length. The Great Lakes Fishery
Laboratory (1972) also reported that some size-depth relation was
evident in southeastern Lake Michigan in June, with average length of
"fish decreasing with depth. Overall best catches were reported for
the 44.8 to 53.8 F (7.1 to 12.1 C) temperature range. The size-depth
relation was not as conspicuous during other samplings. Galligan |
(1962) could find no distinct differences in depth distribution of
different age groups in Cayuga Lake, New York, trout being captured
more frequently in the 45 to 55 F (7.2 to 12.8 C) isothermal range.

In laboratory studies of preferred temperature of yearling lake

trout in a vertical gradient, McCauley and Tait (1970) found that the
acclimation temperature had virtually no effect on the preferred tem-
perature, and that the final preferendum was 11.7 C (53.1 F), a
temperature which they considered to be about 2 C (3.6 F) warmer than
the temperature at which lake trout are most often caught in thermally
stratified lakes. Similarly, laboratory studies by Goddard et al.

(1974; cited in Coutant, 1974) found young lake trout to prefer 11.5 C
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(52.7 F) water and found 14 C (57.2 F) to be the upper avoidance
temperature.

The temperature preferences cited above are lower than the 17 to
18 C (62.6 to 64.4 F) reported by Fry (1948) as being the optimum for
peak cruising speed and metabolic scope in yearling (?) lake trout.
In a later paper, Gibson and Fry (1954) found maximum swimming speed
for one and two year old trout in the region of 16 C (60.8 F), and
estimated (apparently) the 7-day ultimate upper lethal temperature to

be 23.5 C (74.3 F).

General and Unspecified

Additional field data (cited in Ferguson, 1958) indicated a lake
trout preference for water between 8 and 15.5 C (46.4 and 59.9 F).
These and other field data are presented in Table NA-3, more recent

data tending to reaffirm earlier findings.



Table NA-3. Fileld observations of lake trout and associated temperatures.

Temperature
C F Location Comment Author
13.9-15.0 57 - 59 Redrock Lake, Ontario Moved into deeper water Martin, 1951
up to 64 Redrock Lake, Ontario frequently penetrated
14 (57.2) White Lake, Ontario Peak migration from this Kennedy, 1940;
to a deeper lake cited in Ferguson,
1958
(7.2-12.8) 45 - 55 Lake Cayuga, New York More frequently during Galligan, 1962
(18.3) up to 65 alewife inshore movement
Lake Ontario Noted same inshore move- Dymond, 1928; cited
ment as did Galligan, 1962 in Galligan, 1962
5.0 - 10.0 41 - 50 Several lakes in Preferred rather than Rawson, 1960
Saskatchewan warmer surface water (55-59)
10 - 13 (50 - 55.4) Moosehead Lake, Maine Especially abundant Cooper and Fuller,
1945; cited in
McCauley and Tait,
1970
5-13 (41.0 - 55.4) Lac LaRonge, Saskatchewan Range Rawson, 1961; cited
in McCauley and
Tait, 1970
8 - 10.9 (46.4 - 51.7) Largest concentrations
10.0 G0) Algonquin Park Lakes, Found in shallow water Fry, 1940; cited in

Ontario Carlander, 1969:291

6¢CT



Table NA-3 (Continued)

Temperature
C F Location

Comment

Author

(7.8-12.2) 46 - 54

(7.1-12.1) 44.8 - 53.8 Southeast Lake Michigan

Most abundant from previous
experience, all but very
young

Largest catches reported,
summer

Great Lakes Fishery
Laboratory, 1972,
1973

Great Lakes Fishery
Laboratory, 1972

0¢T
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RAINBOW SMELT

Distribution

The original range of the (Atlantic) rainbow smelt appears to have
been restricted to the Atlantic coastal drainage from about New Jersey to
Labrador and indigenous landlocked populations in many parts of north-
eastern North America; introductions have greatly extended inland

populations (Scott and Crossman, 1973:313).

Spawnin

Spawning season for rainbow smelt varies With location, and is
reported from early spring (AEC, 1972:A-71) to 1late July (McKenzie,
1958, 1964; both cited in Carlander, 1969:315) (Table MO-1). Spawning
runs have been observed at temperatures ranging from 37 to 59 F
(Greene, 1930), and spawning observed at between 2.2 and 14.5C (36 and

58.1 F) (Hale, 1960; cited in Carlander, 1969:315) (Table MO-1).

Eggs
Incubation of smelt eggs has been observed to take between 19 and
20 days at 5 to 8 C (41 to 46.4 F), and 10 days at 15 C (59 F)

(studies cited in Carlander, 1969:314).

Juveniles
In Lake Erie, young were common in shallow water and in the epilim-

nion at temperatures over 21 C (69.8 F) in summer (Ferguson, 1965; cited

in Carlander, 1969:314).
Growth in Lake Erie ends in early to mid October when temperatures

drop to 65 F (18.3 C) (Commercial Fisheries Review, 1961).



Table MO-1. Rainbow smelt spawning times and temperatures at various locations.
Temperature
Date C F Location Comment Author
Early Lagler, 1956:25
spring
Early (3.9-5.6) 39 - 42 Spawvning run AEC, 1972:A-71
spring (10) 50 Spawning
Spring 40.0 - 42.0 Maine Sea-run forms Bigelow &
enter streams Shroeder, 1953,
cited in Breder
& Rosen, 1966:127
37.0 - 59.0 Canadaiqua and Range, spawning run Gréene, 1930
37.0 - 54.0 Oswego Lakes, Frequent,
New York spawning run
April-May New Hampshire Newell, 1960;
cited in Car-
lander, 1969:
315
Mid-Late 2.2-14.5 (36.0 - 58.1) Lake Superior Hale, 1960; cited
April in Carlander,
1969:315
April - New Brunswick McKenzie, 1958,
late July 1964; both
cited in
Carlander,

1969:315

GET
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Adults

In Lake Erie, adults were restricted in summer to water cooler than
15.5 C (59.9 F) and were more abundant at temperatures below 7 C
(44.6 F) (Ferguson, 1965; cited in Carlander, 1969:314).

Huntsman and Sparks (1924) found that in 19 specimens (15 to 21
cm, length measure unspecified) held within the range of 10.2 and 15 C
(50.4 and 59.0 F), the range of lethal temperatures was 21.5 to 28.5 C
(70.7 to 83.3 F) when water was elevated from ambient at the rate of
about 1 C (1.8 F)/5 minutes. While the authors felt laboratory
conditions produced death before those to be expected in nature, it
must also be noted that time to death at any exposure temperature was
within 5 minutes, and therefore these temperatures were within the area
commonly designated the zone of resistance. These data suggest that for
fish exposed to high temperatures for any prolonged period (e.g., 24

hours) the lethal temperatures would have been lower.

General and Unspecified

According to Galligan (1962) smelt occur chiefly below the 55 F
(12.8 C) isotherm in Lake Cayuga, New York, and Greene (1930) found that
in Lake Champlain they preferred 55.4 F water and avoided water at
temperatures greater than 59 F. Wells (1968) found that during summer,
smelt in southeastern Lake Michigan were most abundant in waters between
6 and 14 C (42.8 and 57.2 F).

Hart and Ferguson (1966; cited in Scott and Crossman, 1973:315)
suggested most of the smelt population in Lake Erie occupied water of
about 45 F (7.2 C) although they would enter 60 F (15.6 C) water for

brief periods.
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