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FOREWORD - -

Our nation's fresh waters are vital for all animals and plants, yet our
diverse uses of water — for recreation, food, energy, transportation, and
industry — phy51cally and chemically alter lakes, rivers, and streams. Such
alterations threaten terrestrial organisms, as well as those living in water.
The Environmental Research Laboratory in Duluth, Minnesota, develops ‘methods,
‘conducts laboratory and field studies, and extrapolates research findings

C

-—to determine how physical and chemical pollution affects
aquatic life;

--to assess the effects of ecosystems on pollutants;

——to predict effects of pollutants on large lakes through
use of models; and

--to measure biocaccumulation of pollutants in aquatic

organisms that are consumed by other animals, including
man.

This report discusses the history, procedures, and derivation of
temperature criteria to protect freshwater fishes and presents numerical
criteria for 34 species. It follows the general philosophical approach .
of the National Academy of Sciences and National Academy of Engineering in

their Water Quality Criteria 1972 and is intended to make that phllosophy
practically useful.

Donald I. Mount, Ph.D.
Director

Environmental Research Laboratory
Duluth, Minnesota
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ABSTRACT

Temperature criteria for freshwater fish are expressed as mean and
maximum temperatures; means control functions such as embryogenesis, growth,
maturation, and reproductivity, and maxima provide protection for all life
stages-against lethal conditions. These criteria for 34 fish species are
based on numerous field and laboratory studies, and yet for some important
species the data are still insufficient to develop all the necessary
criteria. Fishery managers, power-plant designers, and regulatory agencies
will find these criteria useful .in their efforts to protect fishery resources.
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SECTION 1
SUMMARY AND CONCLUSIONS

The evolution of freshwater temperature criteria has advanced from the
search for a single "magic number" to the generally accepted protocol for
determining mean and maximum numerical criteria based on the protection of -
appropriate desirable or important fish species, or both. The philosophy and
protocol of the National Academy of Sciences and Natiomal Academy of
Engineering (1973) were used to determine criteria for survival, spawning,

embryo development, growth, and gamete maturation for species of freshwater
fish, both warmwater and coldwater species.

The influence that management objectives and selection of species have
on the application of temperature criteria is extremely 1mportant, especially
if an inappropriate, but very temperature-sensitive, species is included. 1In
such a case, unnecessarily restrictive criteria will be derived.

if the most sensitive important species is not considered,
criteria will not be protective.

Conversely,
the resultant




SECTION 2
" INTRODUCTION

This report is intended to be a guide for derivation of temperature
criteria for freshwater fish based on the philosophy and protocol presented
by the National Academy of Sciences and National Academy of Engineering (1973).
It is not an attempt to gather and summarize the literature on thermal effects.

Methods for determination of temperature criteria have evolved and
developed rapidly during the past 20 years, making possible a vast increase
in basic data on the relationship of temperature to various life stages.

One of the earliest published temperature criteria for freshwater life
was prepared by the Aquatic Life Advisory Committee of the Ohio River Valley
Water Sanmitation Commission (ORSANCO) in 1956. These criteria were based on
conditions necessary to maintain a well-rounded fish population and to sustain
production of a harvestable crop in the Ohio River watershed. The committee
recommended that the temperature of the receiving water:

1) Should not be raised above 34° C (93°F) at any place
or at any time;

2) should not be raised above 23° C (73° F) at any place

or at any time during the months of December through
Aprils and

3) should not be raised in streams suitable for trout
" propagation.

McKee and Wolf (1963) in their discussion of temperature criteria for the
propagation of fish and other aquatic and marine life refer only to the
progress report of ORSANCO's Aquatic Life Advisory Committee (1956).

In 1967 the Aquatic Life Advisory Committee of ORSANCO evaluated and
further modified their recommendations for temperature in the Ohio River
watershed. At this time the committee expanded their recommendation of a
93° F (33.9° C) instantaneous temperature at any time or any place to include
a daily mean of 90° F (32.2° C). This, we believe, was one of the first
efforts to recognize the importance of both mean and maximum temperatures ’

to describe temperature requirements of fishes. The 1967 recommedations also
included: ' ‘

1) Maximum temperature during December, January, and February
should be 55° F (12.8° C);
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2) during the transition months of March, April, October and

November the temperature can be changed gradually by not
more than 7° F (3.9° C);

exceed 55° F (12.8° C) during the months of October through

May, or exceed 68° F (20.0° C) during the months of June
through September and

; : 3) to maintain trout habitats, stream temperatures should not
4) insofar as possible the temperature should not be raised
- in streams used for natural propagation of trout.
The National Technical Advisory Committee of the Federal Water Pollution

Control Administration presented a report on water quality criteria in 1968

: that was to become known as the "Green Book." This large committee included.

j many of the members of ORSANCO's Aquatic Life Advisory Committee. 'The committee
members recognized that aquatic organisms might be able to endure a high
temperature for a few hours that could not be endured for a period of days.

They also acknowledged that no single temperature requirement could -be applied
to the United States as a whole, or even to one state, and that the requirements
mst be closely related to each body of water and its fish populations. Other
important conditions for temperature requirements were that (1) a seasonal cycle
must be retained, (2) the changes in temperature must be gradual, and (3) the

. temperature reached must not be so high or so low as to damage or alter the
composition of the desired population. These conditions led to an approach to
criteria development different from earlier ones. A temperature increment
based on the natural water temperature was believed to be more appropriate
than an unvarying number. The use of an increment requires a knowledge of

.the natural temperature conditions of the water in question, and the size of
the increment that can be tolerated by the desirable species.

e T ek iriare
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i The National Technical Advisory Committee (1968, p. 42) recommended:

; -~ "To maintain a well-rounded population of warmwater fishes .... heat
’E should not be added to a stream in excess of the amount that will

raise the temperature of the water (at the expected minimum daily
flow for that month) more than 5° F."

A casual reading of this requirement resulted in the unintended generalization
1. that the acceptable temperature rise in warmwater fish streams was 5° F (2.8°
] C). This generalization was incorrect! Upon more careful reading the key
word "amount" of heat and the key phrase "minimum daily flow for that month"
clarify the erroneousness of the generalization. In fact, a 5° F (2.8° C)
rise in temperature could only be acceptable under low flow conditions for a

- particular month and any increase in flow would result in a reduced increment
of temperature rise since the amount of heat added could not be increased.

For lakes and reservoirs the temperature rise limitation was 3° F (1.7° C)
based "on the monthly average of the maximum daily temperature."

In trout and salmon waters the recommendations were that "inland trout
; © streams, headwaters of salmon streams, trout and salmon lakes, and reservoirs
containing salmonids should not be warmed," that '"nmo heated effluents should

o]
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be discharged in the vicinity of spawning areas,'" and that "in lakes and
reservoirs, the temperature of the hypolimnion should not be raised more
than 3° F (1.7° C)." TFor other locations the recommended incremental rise
was 5° F (2.8° C) again based on the minimum expected flow for that month.

An important additional recommendation is summarized in the following

table in which provisional maximum temperatures were recommended for various

fish ‘species and their associated biota (from FWPCA National Technical Advisory
Committee, 1968).

PROVISIONAL MAXIMUM TEMPERATURES RECOMMENDED AS
COMPATIBLE WITH THE WELL-BEING OF VARIOUS SPECIES

OF FISH AND THEIR ASSOCIATED BIOTA

93 F: Growth of catfish, gar, white or yellow bass, spotted

bass, buffalo, carpsucker, threadfin shad, and gizzard
shad.

90 F: Growth of largemouth bass, drum, bluegill, and crappie.

84 F:  Growth of pike, perch, walleye, smallmouth bass, and
sauger. .

80 F: Spawning and egg development of catfish, buffalo, thread-
fin shad, and gizzard shad.

75 F: Spawning and egg development of largemouth bass, white,
yellow, and spotted bass. ‘

68 F: Growth or migration routes of salmonids and for egg
- development of perch and smallmouth bass.

55 F: Spawning and egg developmeht of salmon and trout (other
than lake trout),

48 F: Spawning and egg development of lake trout, walleye,
northern pike, sauger, and Atlantic salmon.

NOTE: Recommended temperatures for other species, not listed
above, may be established_if and when necessary
information becomes available. ’

These recommendations represent one of the significant early efforts to base
teuwperature criteria on the realistic approach of species and community
requirements and take into account the significant biological factors of
spawning, embryo development, growth, and survival.
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The Federal Water Pollution Control Administration (1969a) recommended
revisions in water quality criteria for aquatic life relative to the Main
Stem of the Ohio River. These recommendations were presented to ORSANCO'
Engineering Committee and were based on the temperature requirements of
important Ohio River fishes including largemouth bass, smallmouth bass, white
bass, sauger, channel catfish, emerald shiner, freshwater drum, golden
redhorse, white sucker, and buffalo (species was not indicated). Temperature
requirements for survival, activity, final preferred temperature, reproduction,
and growth were considered. The recommended criteria were:

1. "The water temperatures shall not exceed 90° F
(32.2° C) at any time or any place, and a
maximum hourly average value of 86° F (30° C)
shall not be exceeded." -

2. "The temperature shall not exceed the

temperature values expressed on the following
table:"

'AQUATIC LIFE TABLE®

Dail& mean Houfly maximum
¢ F) (* F)
December~February | 48 | 55
Early March : 50 56
Late March 52 : . 58
Early April | 55 _ 60
Late April | 58 62
Early May = . 62 _ 64
Late May o 68 | 72
Early June 75 79
Late June ' 78 _ 82
July-September | 82 . 86
October : _ 75 82
November 65 _ . 72

®From: Federal Water Pollution Control Administration
(1969a).
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The principal limiting fish species considered in developing these criteria
was the sauger, the most temperature sensitive of the important Ohio River
fishes. A second set of criteria (Federal Water Pollution Control
Administration, 1969b) considered less temperature-sensitive species, and. the
criteria for mean temperatures were higher. The daily mean in July and
September was 84° F (28.9° C). 1In addition, a third set of criteria was
developed that was not designed to protect the smallmouth bass, emerald
shiner, golden redhorse, or the white sucker. The July-to-September daily
mean temperature criterion was 86° F (30° C).

The significance of the 1969 Ohio River criteria was that they were
species dependent and that subsequently the criteria would probably be based
upon a single species or a related group of species. Therefore, it is
extremely important to select properly the species that are important otherwise
the criteria will be unnecessarily restrictive. For example, if yellow perch
is an extremely rare species in a water body and is the most temperature-
sensitive species, it probably would be unreasonable to establish temperature
criteria for this species as part of the regulatory mechanism.

In 1970 ORSANCO established new temperature standards that incorporated
the recommendations for temperature criteria of the Federal Water Pollution

" Control Administration (1969a, 1969b) and the concept of limiting the amount

of heat that would be added (National Technical Advisory Committee, 1968).
The following is the complete text of that standard:

" All cooling water from municipalities or political
- subdivisions, public or private institutions, or
installations, or corporations discharged or
permitted to flow into the Ohio River from the point
of confluence of the Allegheny and Monongahela Rivers
at Pittsburgh, Pennsylvania, designated as Ohio River
mile point 0.0 to Cairo Point, Illinois, located at
A the confluence of the Ohio and Mississippi Rivers, and
- being 981.0 miles downstream from Pittsburgh, Pennsylvania,
shall be so regulated or controlled as to provide for
. reduction of heat content to such degree that the aggregate
heat-discharge rate from the municipality, subdivision,
institution, installation or corporation, as calculated on )
the basis of discharge volume and temperature differential
(temperature of discharge minus upstream river temperature)
does not exceed the amount calculated by the following
formula, provided, however, that in no case shall the
aggregate heat-discharge rate be of such magnitude as will
result in a calculated increase in river temperature of
more than 5 degrees F: '

Allowable heat-discharge rate (Btu/sec) = 62.4 X
river flow (CFS) X (Ta - Tr) X 90% '
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Where:

T_ = Allowable maximum temperature (deg. F.)
a . - s . .
in the river as specified in the following

table:
Ta Ta
January 50 July 89
February 50 August 89
March 60 - September 87
April 70 October 78
' May 8Q " November 70
June 87 December 57

T_ = River temperature (daily average in deg. F.)

upstream from the discharge

River flow = measured flow but not less than
critical flow values specified in
the following table:

‘River reach

- From

To

Critical
‘flow
in cfs

hPittsburgh, Penn. (mi. 0.0)

Willow Is. Dam (161.7)

Gallipolis Dam (279.2)

Meldahl Dam (436.2)

McAlpine Dam (605.8)
Uniontown Dam (846.0)

Smithland Dam (918.5)

Willow Is. Dam (161.7)
. Gallipolis Dam (279,2)
Meldahl Dam (436.2}
McAlpine Dam (605.8)
Uniontown Dam’(84630)
Smithland Dam (918.5)

Cairo Point (981.0)

6,500
7,400
9,700
11,900
14,200
19,500

48,100

aMinimum daily flow once in ten years.
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Although the numerical criteria for January through December are higher
than those recommended by the Federal Water Pollution Control Administration,
they are only used to calculate the amount of heat that can be added at the
"minimum daily flow once in ten years." Additional flow would result in
lower maxima since no additional heat could be added. There was also the

increase of 5° F (2.8° C) limit that could be more stringent than the maximum
temperature limit.

'The next important step in the evolution of thought on temperature
criteria was Water Quality Criteria 1972 (NAS/NAE, 1973), which is becoming
‘known as. the "Blue Book," because of its comparability to the Green Book (FWPCA
National Technical Advisory Committee, -1968). The Blue Book is the report of
the Committee on Water Quality Criteria of the National Academy of Sciences at
the request of and funded by the U.S. Environmental Protection Agency (EPA).
The heat and temperature section, with its recommendations and appendix data,
was authored by Dr. Charles Coutant of the Oak Ridge Natiomal Laboratory. These
materials are reproduced in full in Appendix A and Appendix B in this report.

A discussion and description of the Blue Book temperature crlterla will be
found later in this report.

The Federal Water Pollution Control Act Amendments of 1972 (Public
Law 92-500) contain a section [304 (a) (1)] that requires that the
administrator of the EPA "after consultation with appropriate Federal and
State agencies and other interested persons, shall develop and publish,
within one year after enactment of this title (and from time to time
thereafter revise) criteria for water quality accurately reflecting the
latest scientific knowledge (A) on the kind and extent of all identifiable
effects on health and welfare including, but not limited to, plankton,
~fish, shellfish, wildlife, plant life, shorelines, beaches, esthetics, and
recreation which may be expected from the presence of pollutants in any
body of water, including ground water; (B) on the concentration and dispersal
of pollutants or their byproducts, through biological, physical, and
chemical processes; and (C) on the effects of pollutants on biological
community diversity, productivity, -and stability, including information on
the factors affecting rates of eutrophication and rates of organlc and
inorganic sedimentation for varying types of receiving waters."

The U.S. Environmental Protection Agency (1976) has published Quality
Criteria for Water as a response to the Section 304(a)(l) requirements of
PL 92-500. ' That approach to-the determination of temperature criteria for
freshwater fish is essentially the same as the approach recommended in the
Blue Book (NAS/NAE, 1973). The EPA criteria report on temperature included
numerical criteria for freshwater fish species and a nomograph for winter
temperature criteria. These detailed criteria were developed according
to the protocol in the Blue Book, and the procedures used to develop those
criteria will be discussed in detail in this report.

The Great Lakes Water Quality Agreement (1972) between the United States
of America- and Canada was signed in 1972 and contained a specific water
quality objective for temperature. It states that "There should be no change
that would adversely affect any local or general use of these waters." The

[¢ o]




International Joint Commission was designated to assist in the implementation
of this agreement and to give advice and recommendations to both countries

on specific water quality objectives. The International Joint Commission
committees assigned the responsibility of developing these objectives have

- recommended temperature objectives for the Great Lakes based on the "Blue

Book' approach and are in the process of refining and completing those

objectives for consideration. by the commission before submission to the two
countries for implementation.
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SECTION 3
THE PROTOCOL FOR TEMPERATURE CRITERIA

This section is a synthesis of concepts and definitions from Fry et al.
(1942, 1946), Brett (1952, 1956), and the NAS/NAE (1973).

The lethal threshold temperatures are those temperatures at which 50
percent of a sample of individuals would survive indefinitely after acclimation
at some other temperature. The majority of the published literature (Appendix
B) is calculated on the basis of 50 percent survival. These lethal thresholds
dre commonly referred to as incipient lethal temperatures. Since organisms
can be lethally stressed by both rising and falling temperatures, there are
upper incipient lethal temperatures and lower incipient lethal temperatures.
These are determined by removing the organisms from a temperature to which
they .are acclimated and instantly placing them in a series of other temperatures
that will typically result in a range in survival from 100 to O percent. -
Acclimation can require up to 4 weeks; depending upon the magnitude of the
difference between the temperature when the fish were obtained and the desired
acclimation temperature. In general, experiments to determine incipient
. lethal temperatures should extend until all the organisms in any test chamber

are dead or sufficient time has elapsed for death to have occurred, ' The
ultimate upper incipient lethal temperature is that beyond which no increase
.in lethal temperature is accomplished by further increase in acclimation
temperature, For most freshwater fish species in temperate latitudes the
lower incipient lethal temperatures will usually end at 0° C, being limited
by the ffeezing point of water. However, for some important species, such as
threadfish shad in freshwater and menhaden in seawater, the lower incipient
lethal temperature is higher than 0° C,

As indicated earlier, the heat and temperature section of the Blue Book
and its associated appendix data and references have been reproduced in this
report as Appendix A and Appendix B. The following discussion will briefly
summarize the various types of criteria and provide some additional insight
into the development of numerical criteria. The Blue Book (Appendix A)

also describes in detail the use of the criteria in relation to entrainment.

MAXTMUM WEEKLY AVERAGE TEMPERATURE

o PRSI T A B TNIONATE b E ey2e

‘For practical reasons the ueximum weeklx,ayerage temperature (MWAx; ist

the mathematical,mean of’ multiple, equally spaced,. daily temperatures over<a
7hday consecutive period’

L RNt ES Rt Lo S &8
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The constants "a" and "b" are for intercept and slope and will be discussed

later. Since this equation is based on 50 percent survival, a 3.6° F (2.0° C)

reduction in the upper incipient lethal temperature will provide the safety
factor to assure no deaths. . '

For those interested in more detail or the rationale for these general
criteria, Appendices A and B should be read thoroughly. 1In addition, Appendix
A contains a fine discussion of a procedure to evaluate the potential thermal

impact of aquatic organisms entrained in cooling water or the discharge

plume, or both.
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SECTION &
THE PROCEDURES FOR CALCULATING NUMERICAL

TEMPERATURE CRITERIA FOR FRESHWATER FISH

MAXIMUM WEEKLY AVERAGE TEMPERATURE

The necessary minimum data for the determination of this criterion are
the physiological optimum temperature and the ultimate upper incipient lethal
temperature. The latter temperature represents the "breaking point" between
the highest temperatures to which an animal can be acclimated and the lowest
of the extreme upper temperatures that will kill the warm—-acclimated organism.
Physiological optima can be based on performance, metabolic rate, temperature
preference, growth, natural distribution, or tolerance. However, the most
sensitive function seems to be growth rate, which appears to be an integrator
of all physiological responses of an organism. In the absence of data on
optimum growth, the use of an optimum for a more specific function related to

activity and metabolism may be more desirable than not developing any growth’
criterion at all. : -

The MWAT's for growth were calculated for fish species for which appropriate
data were available (Table 1). These data were obtained from the fish temperature
data in Appendix C. These data sheets contain the majority of thermal effects
data for about 34 species of freshwater fish and the sources of the data. Some
subjectivity is inevitable and necessary because of variability in published

~data resulting from differences in age, day length, feeding regime, or methodology.

For example, the data sheet for channel catfish (Appendix C) includes four
temperature ranges for optimum growth based on three published papers. It would
be. more appropriate to use data for growth of juveniles and adults rather than
larvae. The middle of each range for juvenile channel catfish growth is 29°. and
30° C. In this instance 29° C is judged the best estimate of the optimum. The
highest incipient lethal temperature (that would approximate the ultimate
incipient lethal temperature) appearing in Appendix C is 38° C, By using the
previous formula for the MWAT for growth, we obtain

y ]
29° c+-@"—?——cl= 32° C.

The temperaﬁureicriterion for the MWAT for growth of chanmel catfish would be

32° C (as appears in Table 1).

H
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TABLE 1. TEMPERATURE CRITERI

(2_4' HR) OF JUVENILE AND

A FOR GROWTH AND SURVIVAL OF SHORT EXPOSURES

ADULT FISH DURING THE SUMMER (° ¢ (° F))

Maxi weekly g Maxi p ture for
Species temperature for gx'cm:h‘l ‘survival of short u-po-uub

Alewife -— -—
Atlantic salmon 20 (68) . | 23 (73)
Bigmouth buffaloe —_ -
Black crappie 27 (81) -
Bluegill 32 (s0) 35 (95)
Brook trout 19 (66) ' 24 (75)
Brown bullhead -~ -
Brown croue 17 (63) T w8
Carp - -—
Channel catfish 32 (90) 35 (95)
oho- salmon % 18 (6a) * ' w8y -
.Bnuld shiner 30 (86) -
Fathead minnow - . -
Freshvater drunm -— -—

Lake herring (cisco) 17 (63)° 35 (7
Lake whitefish ] - -

lake trout - -
Largemouth bass 2 (o0 34 (93)
Northarn pike 28 (82) 30 (as)
Mkin;ncd -— -
Rainbow smelt - -
Ratobow trout 197-(68) - 28 (78R
Sauger 25 N . ~
Snallmouth vblll 29 (84) -
Smallmouth buffalo - -

B Sackeys salmon 18 (64) 22 (72)
Stripad bass -— —
Threadfin shad -— -—
Walleye 25 (1 -—
¥hite bass -— -
Wite crappie 28 (82) -
White parch -— -
hite sucker 28 (8)° -
Yellow parch 29 (B4) -—
'quculnnd according to equation:

veakly ge p ..
+ (1/3) (ultimate incipient lechal . -

for h= 1 for

P

P for Y

hBllld on:  temperature (* C) = (log tine (ain) ~ a)/b - 2° C, acclimation
at ths maxisum veskly average temperature for summasr growth, and data in

Appandix B.

“Based on data for larvas.
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SHORT-TERM MAXIMUM DURING GROWTH SEASON

In addition to the MWAT, maximum temperature for short exposure will
protect against potential lethal effects. We have to assume that the incipient
lethal temperature data reflecting 50 percent survival necessary for this
calculation would be based on an acclimation temperature near the MWAT for
growth. Therefore, using the data in Appendix B for the channel catfish, we
find four possible data choices near the MWAT of 32° C (again it is preferable
to use data on juveniles or adults):

Acclimation temperature (° C) a _E
30 32.1736  -0.7811
34 26,4204  -0.6149
30 17.7125' ~0.4058
35 | 28.3031 ~0.6554

The formula for calculating the maximum for short exposure is:
temperature (°C) = (log time (min) - a)/b

To solve the equation we must select a maximum time limitation on this
maximm for short exposure, Since the MWAT is a weekly mean temperature
an appropriate length of time for this limitation for short exposure would
be 24 hr without risking violation of the MWAT.

Since the time is fixed at 24 hr (1,440 min), we need to sblve for

temperature by using, for example, the above acclimation temperature of 3Q0° C
for which a = 32,1736 and b = ~0.7811. '

log 1,440 -a

temperature (° C) =

b
temperature (° ¢) = 2:1384_232.1736 290132 _ 37 146

Upon solving for each of the four data points we obtain 37.1°, 37.8°, 35.9°, and
38.4° C. The average would be 37.3° C, and after subtracting the 2° C safety

factor to provide 100 percent survival, the short-term maximum for channel
catfish would be 35° C as appears in Table 1.

MAXIMUM WEEKLY AVERAGE TEMPERATURE FOR SfAWNiNG

From the data sheets in Apendix C one would use either the optimum
temperature for spawning or, if that is not available, the middle of the range
of temperatures for spawning. Again, if we use the channel catfish as an example,
the MWAT for spawning would be 27° C (Table 2). Since spawning may occur over
a period of a few weeks or months in a particular water body and only a MWAT
for optimum spawning is estimated, it would be logical to use that optimum for
the median time of the spawning season. The MWAT for the next earlier month

(=1
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TABLE 2. TEMPERATURE CRITERIA FOR SPAWNING AND EMBRYO SURVIVAL OF

SHORT EXPOSURES DURING THE SPAWNING SEASON (° C (° F))

Maximum waekly average Maximum temperature for
Spacies P for 4 embryo survival
" Alevife 2 02 8 (8°
Atlantic salmon : s ey ' 1 iy
 Bgmouth burfalo 7 6D 7 (an°
Black crappie 17 (63) 20 (®°
Bluegill 5 (1) 3% (93)
BSrook trout 9 (“), 13 (55)
Brown bullhead % (15 27 (81
Brown trout 8 (46) 15 (39
carp 21 (79 , 3B (91
Channel catfish 27 (81) 29 (8)°
Cobo. salmon: 10- (50).” 1. .(55)%
Emerald shiner % (1%) 8 (82)°
Fathead minnow 2% (15) 30 (86)
Freshvater drum 21 (70) 26 (79)
Lake herring (cisco) .3 3N . 8 (46)
Lake whitefish 5 (a1) 10 (s0°
Lake trout 9 (48) 14 (57)
Largezouth bass 21 (70) 21 (81)°
Northarn pike 11 (52) . . 19 (66)
Pumpkinseed 5 (N 29 (88)°
Rainbow smelt . 8 (46) 15 (59)
Ratabow trout 9 (a8 185 (s8)"
Sauger .12 (54) 18 (64)
Saallnouth bass 17 (63) 23 (°
' Smallmouth butfalo a1 (0 ‘ s (8°
Sockeye salmon 10 (50) 13 (:’:5)
Striped bass 18 (64) ; % (15)
Threadfin shad 19 (66) 36 (%))
Valleye 8 (46) 1 (en©
. White bass 17 (63) v 6 (19
mt- crappie 18 (64) 23 (713)
Vhite perch 15 (59) 20 (68)°
White sucker 10 (50) 20 (68)
Yallow parch 12 (54) 20 (68)

% The optimum or mean of the ranga of spswning teaperaturas reaportad for the
species.

b The uppar for ful fncubstion and hatching reporcad for
the species,

© Upper for i




could approximate the lower temperature of the range in spawning temperature,
and the MWAT for the last month of a 3-month spawning season could approximate
the upper temperature for the range. For example, if the chamnel catfish
spawned from April to June the MWAT's for the 3 months would be approximately
- 21°, 27°, and 29° C. For fall spawning fish species the pattern or sequence

of temperatures would be reversed because of naturally declining temperatures
during their spawning season.

SHORT-TERM MAXTMUM DURING SPAWNING SEASON

If spawning season maxima could be determined in the same manner as those
for the growing season, we would be using the time~temperature equation and
the Appendix B data as before. However, growing season data are based usually
on survival of juvenile and adult individuals. Egg-incubation temperature
requirements are more restrictive (lower), and this biological process would
not be protected by maxima based on data for juvenile and adult fish. Also,
spawning itself could be prematurely stopped if those maxima were achieved.
For most species the maximum spawning temperature approximates the maximum
successful incubation temperature. Consequently, the short-term maximum
temperature should preferably be based on maximum incubation temperature for
successful embryo survival, but the maximum temperature for spawning is an
acceptable alternative, In fact, the higher of the two is probably the

_preferred choice as variability in available data has shown discrepancies in
this relatlonshlp for some species. ~

For the chamnel catfish (Appendix C) the maximum reported incubation
temperature is 28° C, and the maximum reported spawning temperature is 29° C,

Therefore, the best estimate of the short-term survival of embryos would be
29° ¢ (Table 2).

MAXIMUM WEEKLY AVERAGE TEMPERATURE‘FOR WINTER

As discussed earlier the MWAT for winter is designed usually to prevent
fish deaths in the event the water temperature drops rapidly to an ambient
condition. Such a temperature drop could occur as the result of a power-plant

- shutdown or a movement of the fish itself. These MWAT's are meant to apply
wherever fish can congregate, even if that is within the mixing zone.

Yellow perch require a long chill period during the winter for optimum
egg maturation and spawning (Appendix A). However, protection of this species
would be outside the mixing zone. In addition, the embryos of fall spawning
fish such as trout, salmon, and other related species such as cisco require
low incubation temperatures. TFor these species also the MWAT during winter
would have to consider embryo survival, but again, this would be outside the
mixing zone. The mixing zone, as used in this report, is that area adjacent.
to the discharge in which receiving system water quality standards do not
apply; a thermgl plume therefore is not a mixing zone.

I

et

With these exceptions inlmind, it is unlikely that any signficant
effects on fish populations would occur as long as death was prevented.
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In many instances growth could be enhanced by controlled winter heat addition,
but inadequate food may result in poor condition of the fish.

There are fewer data for lower incipient lethal temperatures than for
the previously discussed upper incipient lethal temperatures. Appendix B
contains lower incipient lethal temperature data for only about 20 freshwater
fish species, less than half of which are listed in Tables 1 and 2. Consequently,
the available data were combined:to calculate a regression line (Figure 1) '
which gives a generalized MWAT for winter survival instead of the species
specific approach used in the other types of criteria.

All the lower incipient lethal temperature data from Appendix C for
freshwater fish species were used to calculate the regression line, which had
a slope of 0.50 and a correlation coefficient of 0.75. This regression line
was then displaced by approximately 2.5° C since it passed through the middle
'of the data and did not represent the more sensitive species. This new line
on the edge of the data array was then displaced by a 2° C safety factor, the
same factor discussed earlier, to account for the fact that the original data
points were for 50 percent survival and the 2° G safety factor would result
in 100 percent survival, These two adjustments in the original regression
line therefore result in a line (Figure 1) that should insure no more than
negligible mortality of any fish species, At lower acclimation temperatures
the coldwater species were different from the warmwater species, and the resultant
criterion takes this into account.

If fish can congregate in an area close to the discharge point, this
criterion could be a limit on the degree rise permissible at a particular site.
Obviously, if there is a screened discharge channel in which some cooling
occurs, a higher initial discharge temperature could be permissible to fish.

An example of the use of this criterion (as plotted in the nomograph,
Figure 1) would be a situation in which the ambient water temperature is 10°
C, and the MWAT, where fish could congregate, is 25° C, a difference of 15°
C. At a lower ambient temperature of about 2.5° C, the MWAT would be 10° C

a 7.5° C difference.
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Figure 1. Nomograph to determine the maximum weekly average

temperature of plumes for various ambient temperatures,
-] -]
C (°F).
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‘SECTION 5
EXAMPLES

Agaln because precise thermal-effects data are not available for all
specits, we would like to emphasize the necessity for subjective decisions
based on common-sense knowledge of existing aquatic systems. For some
fish species for which few or only relatively poor data are available,
subjectivity becomes important. If several qualified people were to calculate
various temperature criteria for species for which several.sets of high quality

data were available, it is unlikely that they would be in agreement in all
instances.

The following examples for warmwater and coldwater species are presented
only as examples and are not at all intended to be water-body-specific
recommendations. Local extenuating circumstances may warrant differences, or
the basic conditions of the examples may be slightly unrealistic. More
precise estimates of principal spawning and growth seasons should be

avallable from the local state fish departments.

EXAMPLE 1

Tables 1 and 2, Figure 1, and Appendix C are the principal data sources
for the criteria derived for this example. The following water-body-specific
data are necessary and in this example are hypothetical:

L Species to be protected by the criteria: channel catfish, largemoutﬁ
bass, bluegill, white crappie, freshwater drum, and bigmouth buffalo.
2. Local spawning seasons for these species: April to Jume for the
white crappie and the bigmouth buffalo; other species, May to July.

3. Normal ambient winter temperature: 5° C in December and January;
p
10° C in November, February, and March.

4. The principal growing season for these fish species: July through
September. ‘ : ' '

5. Any local extenuating circumstances should be incorporated into the
criteria as appropriate. Some examples would be yellow perch gamete
mturation in the winter, very temperature-sensitive endangered species,
or important fish-food organisms that are very temperature sensitive. For
the example we will have no extenuating circumstances.
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In some instances the data will be insufficient to determine each
necessary criterion for each species. Estimates must be made based on
available species-specific data or by extrapolation from data for species with
similar requirements for which adequate data are available. For instance, this
example includes the bigmouth buffalo and freshwater drum for which no growth
or short-term summer maxima are available (Table 1). One would of necessity
have to estimate that the summer criteria would not be lower than that for the

white crappie, which has a spawning requirement as low as the other two
species.

The choice of important fish species is very critical. Since in this
example the white crappie is as temperature sensitive as any of the species,
the maximum weekly average temperature for summer growth is based on the
white crappie. Consequently, this criterion would result in lower than
optimal conditions for the channel catfish, bluegill, and largemouth bass.
An alternate approach would be to develop criteria for the single most

important species even if the most sensitive is not well protected. The.
choice is a socioeconomic one.

Before developing a set of criteria such as those in Table 3, the material
material in Tables 1 and 2 should be studied for the species of concern. It is
evident that the lowest optimum temperature for summer growth for the species
for which data are available would be for the white crappie (28° C). However,
there is no maximum for short exposure since the data are not available (Appendix
C). For the species for which there are data, the lowest maximum for short
exposure is for the largemouth bass (34° C). In this example we have all

the necessary data for spawning and maximum for short exposure for embryo
survival for all species of concern (Table 2).

During the winter, criteria may be necessary both for the mixing zone as
well as for the receiving water. Receiving-water criteria would be necessary
if an important fish species were known to have gamete-maturation requirements
like the yellow perch, or embryo-incubation requirements like trout, salmon,
cisco, etc. In this example there is no need for receiving-system water criteria.

At this point, we are ready to complete Table 3 for Example 1.
EXAMPLE 2

All of the gemeral concerns and data sources presented throughout the
discussion and derivation of Example 1 will apply here.

1. Species to be protected by the criteria-

rainbow and brown trout
and the coho salmon.

2, Local spawning seasons for these species: WNovember through January

for rainbow trout; and November through December for the brown trout and coho
salmon.

3. Normal ambient winter temperature:

2° C in November through Fehruary;
5° C in October, March, and April. Lo '
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TABLE 3.

TEMPERATURE CRITERIA FOR EXAMPLE 1

Maximum weekly average temperature, (° C (° F))

Month Receiving water Heated plume Decision basis
January -8 '15(59) Figure 1
February -2 25(77) Figure 1
March -8 25(77) Figure 1
April 18(61:)b — White crappie spawning
May 21(70) - i.argouth bass spawning
June 25¢77) -— Bluegill spawming and
white crappie growth
July 28(82) — White crappie growth
August’ 28(82) -— White crappie gtﬁv:h
éeptembet 28(82) -~ ‘White crappie growth
October 21(70) -— Normal gradual seasonal
' ' decline
Jovember -8 25¢77) Figure 1
December -8 15(59) Figure 1
Month Short-term maximum Decision basis -
January None needed Control by.MHAT in p:!.ume
February None "f“dﬁd Control by MWAT in plume
March None needed Control by MWAT in plume
April 26(79) Largemouth baasb gurvival
' . (estimated) .
May 29(84) Largemouth bass® survival
(estimated)
June 34(93) Largemouth bass? survival
July 34(93) Largemouth baasP® survival
August 34(93) Largemouth bass® survival
September 34(93) Largemouth bass® survival
October 29(84) Largemouth bass® survival
(estimated)
November None needed Control by MWAT in plume
None needed

December

Control by MWAT in plume

8 1fa species had required a winter chill period for gamete maturation or egg incubation,

receiving-water criteria would also be required.

b

No data available for the‘slightly more sensitive white crappie.

22




4. The principal growing season for these fish species: June through
September. :

5. - Consider any local extenuating circumstances: There are none in
this example. ‘

At this point, we are ready to complete Table 4 for Example 2.
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TABLE 4. TEMPERATURE CRITERIA FOR EXAMPLE 2

Maximun weekly average temperature, (" C il 4

Month Recaiving water Heated plume Decision baais
January 9(48) 10¢50) Rainbow trout spawaing
and Figure 1
February .13(55) 10(50), Normal gradual seasonal
. rise and Figure 1
March’ 13(55)° 15(59) Hormal gradual seasonal
rise and Figure 1
April 14(57) 15(59) Normal gradual seasonal
rise and Figure 1
May 16(61) -— Normal gradual seasonal
rise
June 17(63) — Brown trout growth
July 17(63) - Brown trout growth
August 17(63) — Brown trout growth
September 17(63) - Brown trout grovth
October 12(54) 15¢59) Normal gradual seasonal
decline
Hovember 8(46) 10(50) Brook trout spawning and
. Figure 1 .
December 8(46) 10(50) Brown trout spawning and
Figure 1
* Month Short=ters maximum Decision basie
Jamuary 13(35) Embyo. 1_u_zv1v-‘L'-f'e;'.:
- -+ -Tafdbow. crout and
February - 13(55) - Embryo -survival for
“+¥aighow trout. and
cobo -salmon
Haxch 13¢55) . Eabryo survival for
' ? <ali¥'ragnbov trout and
cohe- salmons
April -
My -
Juoe 24(75) Short~term maximum for
survival of all species
July 24(75) Short~tera maximum for
gsurvival of all species
August 2&(7;) Short-term saximum for
survival of all species
Septenber 24(75) Short~term maximun for
survival of all species
October -
Novembet 13(58) hhzyg.:sq:ﬂyib.m. N
tainbov ctrout and
[ ,-An.@lnn )
E’bﬂ! . 13¢3%) Embryw:ssrvival - for -

“rainbow trout and
cake-salmon .
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APPENDIX A*

HEAT AND TEMPERATURE

Living organisms do not respond to the quantity of heat
but to degrees of temperature or to temperature changes
caused by transfer of heat. The importance of temperature
to acquatic organisms is well known, and the composition

of aquatic communities depends largely on the temperature -

characteristics of their environment. Organisms have upper
and lower thermal tolerance limits, optimum temperatures
for growth, preferred temperatures in thermal gradients,
and temperature limitations for migration, spawning, and
egg incubation. Temperature also affects the physical
environment of the aquatic medium, (e.g., viscosity, degree
of ice cover, and oxygen capacity. Therefore, the com-
position of aquatic communities depends largely on tem-
perature characteristics of the environment. In recent
years there has been an accelerated demand for cooling
waters for power stations that release large quantities of
heat, causing, or threatening to cause, either a warming of
rivers, lakes, and coastal waters, or a rapid cooling when the
artificial sources of heat are abruptly terminated. For these
reasons, the environmental consequences of temperature
changes must be considered in assessments of water quality
requirements of aquatic organisms.

The “natural” temperatures of surface waters of the
United States vary from 0 C to over 40 C as a function of
latitude, altitude, season, time of day, duration of flow,
depth, and many other variables. The agents that affect
the natural temperature are so numerous that it is unlikely

that two bodies of water, even in the same latitude, would

have exactly the same thermal characteristics. Moreover, a
single aquatic habitat typically does not have uniform or
consistent thermal characteristics. Since all aquatic or-
ganisms (with the exception of aquatic mammals and a
few large, fast-swimming fish) have body temperatures that
" conform to the water temperature, these natural variations
create conditions that are optimum at times, but are
generally above or below optima for. particular physio-
logical, behavioral, and competitive functions of the species
present. o
Because significant temperature changes may affect the
composition of an aquatic or wildlife community, an
induced change in the thermal characteristics of an eco-

system may be detrimental. On the other hand, altered
thermal characteristics may be beneficial, as evidenced in
most fish hatchery practices and at other aquacultural
facilities. (See the discussion of Aquaculture in Section Iv)
. The general difficulty in developing suitable criteria for
temperature (which would limit the addition of heat) lies
in determining the deviation from ‘“‘natural” temperature a
particular body of water can experience without suffering
adverse effects on its biota. Whatever requirements are

suggested, a “natural” seasonal cycle must be retained,

annual spring and fall changes in temperature must be
gradual, and large unnatural day-to-day fluctuations
should ‘be avoided. In view of the many variables, it seems
obvious' that no single temperature requirement can be
applied uniformly to continental or large regional areas;
the requirements must be closely related to each body of
water and to its particular ‘community of organisms,
especially the important species found in it. These should
include invertebrates, plankton, or other plant and animal
life that may be of importance to food chains or otherwise
interact with-species of direct interest to man. Since-thermal
requirements of various species differ, the social choice of
the species to be protected allows for different “levels of

. protection” among water bodies as suggested by Doudoroff

and Shumway (1970)2" for dissblved oxygen criteria. (See
Dissolved Oxygen, p. 131.) Although such decisions clearly
transcend the scientific judgments needed in establishing
thermal criteria for protecting selected species, biologists can
aid in making them. Some measures useful in assigning

levels of importance to species are: (1) high yield to com-

mercial or sport fisheries, (2) large biomass in the existing
ecosystem (if desirable), (3) important links in food chains
of other species judged important for other reasons, and
(4) “endangered” or unique status. If it is desirable to
attempt strict preservation of an existing ecosystem, the

" most sensitive $pecies or life stage may dictate the criteria

selected. _
Criteria for making recommendations for water tem-

perature to protect desirable aquatic life cannot be simply a

maximum allowed change from “natural temperatures.”

This is principally because a change of even one degree from
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an ambient temperature has varying significance for an
organism, depending upon where the ambient level lies
within the tolerance range. In addition, historic tempera-
ture records or, alternatively, the existing ambient tempera-
ture prior to any thermal alterations by man are not always
reliable indicators of desirable conditions for aquatic
populations. Multiple developments of water resources also
change water temperatures both upward (e.g., upstream
power plants or shallow reservoirs) and downward (e.g.,
deepwater releases from large reservoirs), so that “ambient”

and “natural’” are exceedingly difficuit to define at a given -

point over periods of several years.
Criteria for temperature should consider both the multiple

thermal requirements of aquatic species and requirements

for balanced communities. The number of distance require-
ments and the necessary values for each require periodic
reexamination as knowledge of thermal effects on aquatic

species and communities increases. Currently definable
requirements include:

® maximum sustained temperatures that are con-
sistent with maintaining desirable levels of pro-
ductivity; . :

® maximum levels of metabolic acclimation to warm
temperatures that will permit return to ambient
winter temperatures should artificial sources of
heat cease; .

® temperature limitations for survival of brief exposures
to temperature extremes, both upper and lower;

® restricted temperature ranges for various stages of
reproduction, including (for fish) gonad growth and
gamete maturation, spawning migration, release of
gametes, development of the embryo, commence-
ment of independent feeding (and other activities)
by juveniles; and temperatures required for meta-
morphosis, emergence, and other activities of lower
forms;

® thermal limits for diverse compositions of species of
_aquatic communities, particularly where reduction
in diversity creates nuisance growths of certain
organisms, or where important food sources or
chains are altered;

® thermal requirements of downstream aquatic life
where upstream warming of a cold-water source will

adversely affect downstream temperature require-
ments. ’

Thermal criterid must also be formulated with kﬁowledge
of how man alters temperatures, the hydrodynamics of the

.changes, and how the biota can reasonably be expected to

interact with the thermal regimes produced. It is not
sufficient, for example, to define only the thermal criteria
for sustained production of a species in open waters, because
large numbers of organisms may also be exposed to thermal
changes by being pumped through the condensers and

29

particularly to know the biological limitations to their
design options in such instances. Such considerations may
reveal nonthermal impacts of cooling processes that may
outweigh temperature effects, such as impingement of fish
upon intake screens, mechanical or chemical damage to
zooplankton in condensers, or effects of altered current
patterns on bottom fauna in a discharge area. The environ-
mental situations of aquatic organisms (e.g.,. where they
are, when they are there, in what numbers) must also be

"understood. Thermal criteria for migratory species should

be applied to a certain area only when the species is actually
there. Although thermal effects of power stations are
currently of great interest, other less dramatic causes of
temperature change including deforestation, stream chan-
nelization, and impoundment of flowing water must be
recognized.

DEVELOPMENT OF CRITERIA

Thermal criteria necessary for the protection of species or
communities are discussed separately below. The order of .

‘presentation of the different criteria does not imply priority

for any one body of water. The descriptions define preferred
methods and procedures for judging thermal requirements,
and generally do not give numerical values (except in
Appendix II-C). Specific values for all limitations would
require a biological handbook that is far beyond the scope
of this Section. The criteria may seem complex, but they

~ represent an extensively developed framework of knowledge

about biological responses. (A sample applicatidn of these
criteria begins on page 166, Use of Temperature Criteria.)

TERMINOLOGY DEFINED

Some basic thermal responses of aquatic organisms will
be referred to repeatedly and are defined and reviewed
briefly here. Effects of heat on organisms and aquatic

* communities have been reviewed periodically (e.g., Bullock

1955,2 Brett 1956;?5¢ Fry 1947,276 1964,%7® 1967;%"° Kinne
1970%%%). Some effects have been analyzed in the context of
thermal modification by power plants (Parker and Krenkel
196938 Krenkel and Parker 1969;%® Cairns 1968;2¢! Clark
1969;263 and Coutant 1970c¢*®®). Bibliographic information
is available from Kennedy and Mihursky (1967),2°4 Raney
and Menzel (1969),%? and from annual reviews published
by the Water Pollution Control Federation (Coutant
1968,265 1969,2¢ 1970a,267 197127),

Each species (and often each distinct lee-stage of a'species)
has a characteristic tolerance range of temperature as a
consequence of acclimations (internal biochemical adjust-
ments) made while at previous holding temperature (Figure
II1-2; Brett 1956%5%). Ordinarily, the ends of this range, or
the lethal thresholds, are defined by survival of 50 per cent
of a sample of individuals. Lethal thresholds typically are
referred to as “‘incipient lethal temperatures,” and tem-

I~ '}  mixing zone of a power plant. Design engineers need perature beyond these ranges would be considered “ex-



treme.” The tolerance range is adjusted upward by ac-
climation to warmer water and downward to cooler water,
although there is a limit to such accommodation. The
lower end of the range usually is at zero degrees centigrade
(32 F) for species in temperate latitudes (somewhat less for
. saline waters), while the upper end terminates in an
“ultimate incipient lethal temperature” (Fry et al. 1946%).
This ultimate threshold temperature represents the “break-
ing point” between the highest temperatures to which an
animal can be acclimated and the lowest of the extreme
temperatures that will kill the warm-acclimated organism.
Any rate of temperature change over a period of minutes

Ultimate incipient lethal temperature
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FIGURE III-2—Upper and lower lethal temperatures for
young sockeye salmon (Oncorhynchus nerka) plorted to
show the zone of tolerance. Within this zone two other zones
are represented to illustrate (1) an area »ovond which growth
would be poor tonone-at-all under the influence of the loading
effect of metabolic demand, and (2) an area beyond which

| temperature is likely to mhzbtt normal reproduction.
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FIGURE III-3—Median resistance times to high tempera-
tures among young chinook (Oncorhynchus tshawytscha)
acclimated to temperatures indicated. Line A-B denotes
rising lethal threshold (incipient lethal temperatures) with
increasing acclimation temperature. This rise eventually
ceases at the ultimate lethal threshold (ultimate upper
incipient lethal temperature), line B-C.

to a few hours will not greatly affect the thermal tolerance
limits, since acclimation to changing temperatures requires
several days (Brett 1941).25"

At the temperatures above and below the incipient lethal
temperatures, survival depends not only on the temperature
but also on the duration of exposure, with mortality oc-
curring more rapidly the farther the temperature is from
the threshold (Figure III-3). (See Coutant 1970a%" and
1970b%8 for further discussion based on both field and
laboratory studies.) Thus, organisms respond to extreme
high and low temperatures in a manner similar to the
dosage-response pattern which is common to toxicants,
pharmaceuticals, and radiation (Bliss 1937).24 Such tests
seldom extend beyond one week in duration.

MAXIMUM ACCEPTABLE TEMPERATURES FOR
PROLONGED EXPOSURES '

Specific criteria for prolonged exposure (1 week or longer)
must be defined for warm and for cold seasons. Additional
criteria for gradual temperature (and life cycle) changes
during reproduction and development periods are dis-
cussed on pp. 162-165.

30



=174

rom

onal .

nges

PONDRINEHA S P

BT D Lt L s A B A SR i

s
H
24

o kel et B A

¥ Thalb A Wmrg Pl i B D e

a0 e ey

154 /Section III—Freshwater Aquatic Life and Wildlife

SPRING, SUMMER, AND FALL MAXIMA FOR
PROLONGED EXPOSURE

Occupancy of habitats by most aquatic organisms is
often limited within the thermal tolerance range to tem-
peratures somewhat below the ultimate upper incipient
lethal temperature. This is the result of poor physiological
performance at near lethal levels (e.g., growth, metabolic
scope for activities, appetite, food conversion efficiency),
.interspecies competition, disease, predation, and other
subtle ecological factors (Fry 1951;%7 Brett 19712%6), This
complex limitation is evidenced by restricted southern and
altitudinal distributions of many species. On the other hand,
optimum temperatures (such as those producing fastest
growth rates) are not generally necessary at all times to
maintain thriving populations and are often exceeded in
nature during summer months (Fry 1951 ;%7 Cooper 1953 ;254
Beyerle and Cooper 1960;24¢ Kramer and Smith 1960%7),
Moderate temperature fluctuations can generally be
tolerated as long as a2 maximum upper limit is not exceeded
for long periods.

A true temperature limit for exposures long enough to
reflect. metabolic acclimation and optimum ecological per-
formance must lie somewhere between the physiological
optimum and the ultimate upper incipient lethal tempera-
tures. Brett (1960)?%% suggested that a provisional long-
term exposure limit be the temperature greater than opti-
mum that allowed 75 per cent of optimum performance.
His suggestion has not been tested by definitive studies.

Examination of literature on performance, metabolic
rate, temperature preference, growth, natural distribution,
and tolerance of several species has yielded an apparently
sound theoretical basis for estimating an upper temperature
limit for long term exposure and a method for doing this
with a2 minimum of additional research. New data will
provide refinement, but this method forms a useful guide
for the present time. The method is based on the general
observations summarized here and in Figure 1I1I-4(a, b, c).

1. Performances of organisms over a range of tempera-
tures are available in the scientific literature for a variety of
functions. Figures II1—4a and b show three characteristic
types of responses numbered 1 through 3, of which types 1
and 2 have coinciding optimum peaks. These optimum
temperatures are characteristic for a species (or life stage).

2. Degrees of impairment from optimum levels of
various performance functions are not uniform with in-
creasing temperature above the optimum for a single species.
The most sensitive function appears to be growth rate, for
which a temperature of zero growth (with abundant food)
can be determined for important species and life stages.
Growth rate of organisms appears to be an integrator of all
factors acting on an organism. Growth rate should probably
be expressed as net biomass gain or net growth (McCormick

et al. 1971)3® of the population, to account for deaths.
3.

P T
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The maximum-temperature-at which-several Species—*Nationt Watsr-Quity-Lsboratory, Dukoth, Mine.unpublished datass

are consistently found in nature (Fry 1951;*7 Narver
1970)3° lies near the average of the optimum temperature

- and the temperature of zero net growth.

4. Comparison of patterns in Figures III-4a and L
among different species indicates that while the trends are
similar, the optimum is closer to the lethal level in some
species than it is in sockeye salmon. Invertebrates exhibit a
pattern of temperature effects on growth rate that is very
similar to that of fish (Figure I111-4c). '

" The optimum temperature may be influenced by rate o:

feeding. Brett et al. (1969)%*" demonstrated a shift in opti-
mum toward cooler temperatures for sockeye salmon wher.
ration was restricted. In a similar experiment with channe.
catfish, Andrews and Stickney (1972)24 could see no suckt
shift. Lack of a general shift in optimum may be due tc
compensating changes in activity of the fish (Fry persona.
observation).3?8

These observations suggest that an average of the opti
mum temperature and the temperature of zero net growtt
{(opt. temp. 4+ z.n.g. temp)/2] would be a useful estimate o
a limiting weekly mean temperature for resident organisms
providing the peak temperatures do not exceed value
recommended for short-term exposures. Optimum growtt
rate would generally be reduced to no lower than 80 per cen
of the maximum if the limiting temperature is as ‘averagec

“above (Table III-11). This range of reduction from opti

mum appears acceptable, although there are no quantita
tive studies available that would allow the criterion to bc
based upon a specific level of impairment. ,
The criteria for maximum upper temperature must allov
for seasonal changes, because different life stages of man-
species will have different thermal requirements for th
average of their optimum and zero net growths. Thus
juvenile fish in May will be likely to have a lower maximur
acceptable temperature than will the same fish in July, an-
this must be reflected in the thermal criteria for a watérbody

TABLE IIlI-11—Summary of Some Upper Limiting

Temperatures in C, (for periods longer than one week)

Based Upon Optimum Temperatures and Temperatures
of Zero Net Growth.

' ogt+zag %o
Spacies Optimum  Zefo net Refarencs optimur
grewth 2
Catostomus commersoni (whits sucker)..... 27 2.6 . 2.3 88
Coregoaus srtedii (cisco or lake herring).... 16 21.2  MeCormick stal 1.8 1 74
’ 1971802
I:hm: punctatug (channel catfish)........ ] 35.7 Strawn 15700 2.3 %
....................................... k] 35.7 Andrewsand Stickney  32.0 1}
10 ,
Lepomis macrochirus (bluegil) (year il).... a2 8.5 McComish 1971302 2.3 n
Micropterus saimoides (largemouth bass)....  21.5 i Strawn 1961010 0.3 8
Notropis atherincides (emerald shiner). ... z 3 . s n
Salvelinus foatinatis (brook treut)........... 15.4 1.8 hd RIA 0
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While this approach to developing the maximum sus-
tained temperature appears justified on the basis of available
knowledge, few limits can be derived from existing data in
the literature on zero growth. On the other hand, there is a

~

sizeable body of data on the ultimate incipient lethal
temperature that could serve as a substitute for the data on
temperature of zero net growth. A practical consideration
in recommending criteria is the time required to conduct
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research necessary to provide missing data. Techniques for
determining incipient lethal temperatures are standardized
(Brett 1952)%2 whereas those for zero growth are not.

" A temperature that is one-third of the range between the
optimum temperature and the ultimate incipient lethal
temperature that can be calculated by the formula

ultimate incipient lethal temp.—optimum temp.

gptimum temp. -+ 3

(Equation 1)

yields values that are very close to (optimum temp. 4+
z.n.g. temp.)/2. For example, the values are, respectively,
32.7 and 32.8 C for channel catfish and 30.6 and 30.8 for
largemouth bass (data from Table III-8 and Appendix II).
This formula offers a practical method for obtaining allow-

200

150

100

Daily Increment (u)

50

Temperature in C

Ansell 1968 243

FIGURE III-4c—M. mercenaria: The general relationship
between temperature and the rate of shell growth, based on
Jield measurements of growth and temperature.
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able limits, while retaining as its scientific basis the require-
ments of preserving adequate rates of growth. Some limits
obtained from data in the literature are given in Table
III-12. A hypothetical example of the effect of this limit on
growth of largemouth bass is illustrated in Figure III-5.

Figure III-5 shows a hypothetical example of the effects
of the limit on maximum weekly average temperature on
growth rates of juvenile largemouth bass. Growth data as a
function of temperature are from Strawn 19613%; the ambi-
ent temperature is an averaged curve for Lake Norman,
N. C., adapted from data supplied by Duke Power Com-
pany. A general temperature elevation of 10 F is used to
provide an extreme example. Incremental growth rates
(mm/wk) are plotted on the main figure, while annual ac-
cumulated growth is plotted in the inset. Simplifying as-
sumptions were that growth rates and the relationship of
growth rate to temperature were constant throughout the
year, and that there would be sufficient food to sustain
maximum attainable growth rates at all times.

The criterion for a specific location would be determined

by the most sensitive life stage of an important species

likely to. be present in that location at that time. Since
many fishes have restricted habitats (e.g., specific depth
zones) at many life stages, the thermal criterion must be
applied to the proper zone. There is field evidence that fish
avoid localized areas of unfavorably warm water. This has
been demonstrated both in lakes where coldwater fish
normally evacuate warm shallows in summer (Smith
1964)%®% and at power station mixing zones (Gammon
1970;2*2 Merriman et al. 1965).3 In most large bodies of
water there are both vertical and horizontal thermal
gradients that mobile organisms can follow to avoid un-
favorable high (or low) temperatures.

‘The summer maxima need not, therefore, apply to
mixing zones that occupy a small percentage of the suitable
habitat or necessarily to all zones where organisms have
free egress to cooler water. The maxima must apply, how-
ever, to restricted local habitats, such as lake hypolimnia or
thermoclines, that provide important summer sanctuary
areas for cold-water species. Any avoidance of a warm area
not part of the normal seasonal habitat of the species will
mean that less area of the water body is available to support
the population and that production may be reduced. Such
reduction should not interfere with biological communities.
or populations of important species to a degree that is
damaging to the ecosystem or other beneficial uses. Non-

mobile organisms that must remain in the warm zone will

probably be the limiting organisms for that location. Any
recommendation for upper limiting temperatures must be
applied carefully with understanding of the population
dynamics of the species in question in order to establish

- Ay,
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FIGURE III-5—A hypothetical example of the effects of the limit on maximum weekly
average temperature on growth rates of juvenile largemouth bass. Growth dataas a functwn
of temperature are from Strawn 1961; the ambient temperature is an averaged curve for Lake 33
Norman, N.C., adapted from data supplied by Duke Power Company. A general temperature 1
elevation of 10 F is used to provide an extreme example. Incremental growth rates (imm/wk)
are plotted on the main figure, while annual accumulated growth is plotted in the inset. — 36
Simplifying assumptions were that growth rates and the relationship of growth rate to tem-

perature were constant throughout the year, and that there would be sufficient food to sus-
tain maximum attainable growth rates at all times.

——— I ey,
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TABLE III-12—Summary of Some Upper Limiting Temperatures for Prolonged Exposures of Fishes Based on Optimum Tem-
peratures and Ultimate Upper Incipient Lethal Temperatures (Equation l).

Qptimum . Uttimats upper incipiont Msximum weskly svernge
Species - Fanction Refawrece Isthal tamperstare Referencs tamperature (E. 1)
' c F 4 F c F
Catostomus commersoni (whils sucker). ... ( F 30.6 gowth unpubl, NWQL® 2.3 W1 Hitigme 2.8 .+
Coragonus artedii (Cisca or take harring). ... 16 §0.8  gowh MeCormick ot al. 157132 5.7 . 78.3  Edsaliand Colby 18707 1.2 66.6 -
tetaturus punctatus (channsl eatfish).......... k) L1 growth Strawn 1970;220 Andrews and Stickney .o 100.4 Allen and Strawa 196840 w1 90.9
18718 :
Leyomis macrochirus (bioegit) G ID)......... 2 .6 gpowth McComish 1871301 ns 128 Hat195nw 2.9 ns
Anderson 1855241 . :
Micropterus dolomieu (smailmouths bass)..... 6.3 8 rowth Horning and Pearson 187220 5.0 95.0 Horning and Pearson 19722 20.9 5.3
. . 3.3 83 frowth Pesk 15650 .
: e 21.3 n.a - : .
Micropterus salmordes (largemouth bass)({ry). 2.5 05  gowh Strawn 1861919 3.4 9.5  Hartissew 0.5 8.7
Notropes atherinoides (emerald shiner)....... - 2 820.6  prowth unpubl, NWQLnSs 0.7 n3 Hart 195218 3.2 -82.8
Oncorhynchus nerka (sockeya salmon)....... 15.0 53.0  growth . Brettstal. 1963087 25.0 71.0  Bratt1g3n® 183 64.9
15.0 59.0  otherfunctions  Brait 1571268
(loveniles)....c.oornrmrneenneeiiieinnes 15.0 maL swimming
psaudopleuronsctes Ameticanus (winter
[T T 1.0 6.4 gewil Brett 1970288 281 84.4  Hoftand Westman 19668 a8 n.2
Saimo trutts (brown trout).................. 117 5.5 pewth Brett 1570288 2.5 74.3  Bishai 196047 16.2 61.2
ave 12.5
Salvsiinus fontinalis (brook treut). .......... 15.4 53.7 growth ' unpabl, Nwatms 25.5 .8 Fry, Hart and Walker, 194688 10.2 64.0
13.0 5.4 gowth Baldwin 1857344
15 5 matsholic Grakam 1845184
ave 14.5 58.1 SCOpe
Salvatinus namaycush (ke tromt)........... 16 5.8 scopaforactivity Gibson and Fry 19542 3.5 Glbson and Fry 1934m3 6.8 65.3
(2 matabolism)
1" 6.8  swimming sped
ave 16.5 6.7

_ Heat added to upper reaches of some cold rivers can be
. retained throughout the river’s remaining length (Jaske
and Synoground 1970).2# This factor adds to the natural
trend of warming at distances from headwaters. Thermal
additions in headwaters, therefore, may contribute sub-
stantially to reduction of cold-water species in downstream
areas (Mount 1970).3% Upstream thermal additions should
be evaluated for their effects on summer maxima at down-

stream locations, as well as in the immediate vicinity of
the heat source.

Recommendation

Growth of aquatic organisms would be main-
tained at levels necessary for sustaining actively
growing and reproducing populations if the maxi-
mum weekly average temperature in the zone in-
habited by the species at that time does not exceed
one-third of the rarige between the optimum tem-
perature and the ultimate upper incipient lethal
temperature of the species (Equation 1, page 157),
and the temperatures above the weekly average do
not exceed the criterion for short-term exposures.
This maximum need not apply to acceptable mix-
ing zones (see proportional relationships of mixing
zones to receiving systems, p. 114), and must be
applied with adequate understanding of the normal

pmtve b vhodt o4
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WINTER MAXIMA

Although artificially produced temperature elevations
during winter months may actually bring the temperature
closer to optimum or preferred temperature for important
species and attract fish (Trembley 1965),** metabolic
acclimation to these higher levels can preclude safe return
of the organism to ambient temperatures should the
artificial heating suddenly cease (Pennsylvania Fish Com-
mission 1971;%° Robinson 1970)®¢ or the organism be
driven from the heat area. For example, sockeye salmon
(Oncorhynchus nerka) acclimated to 20 C suffered 50 percent
mortality in the laboratory when their temperature was
dropped suddenly to 5 C (Brett 1971 :2% see Figure III-3).
The same population of fish withstood a drop to zero when
acclimated to 5 C. The lower limit of the range of thermal
tolerance of important species must, therefore, be main-
tained at the normal seasonal ambient temperatures
throughout cold seasons, unless special provisions are made
to assure that rapid temperature drop will not occur or that
organisms cannot become acclimated to elevated tempera-
tures. This can be accomplished by limitations on tempera-
ture elevations in such areas as discharge canals and mixing
zones where organisms may reside, or by -insuring that
maximum temperatures occur only in areas not accessible
to important aquatic life for lengths of time sufficient tc
allow metabolic acclimation. Such inaccessible areas would

seasonakdistﬂbuﬁen—of—the—impeﬁant—speeies.—includeiheh;’; ity zones of diffusers or screened dis-



charge channels. This reduction of maximum temperatures
would not preclude use of slightly warmed areas as sites for
intense winter fisheries.

Heat and Temperature/161 =

can be calculated from a regression equation of experi- -

mental data (such as those in Figure III-3) as follows:

38
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This consideration may be important in some regions at log (time) =a+b (temp.) (Equation 2) Ié
times other than in winter. The Great Lakes, for example, where time is expressed in minutes, temperature in degrees _%
are susceptible to rapid changes in elevation of the thermo- centigrade and where a and b are intercept and slope, =
cline in summer which may induce rapid decreases in respectively, which are characteristics of each acclimation '§
shoreline temperatures. Fish acclimated to exceptionally temperature for each species. In-some cases the time- ?
high temperatures in discharge canals may be killed or temperature relationship is more complex than the semi- E
severely stressed without changes in power plant opera- logarithmic model given above. Equation 2, however, is 5
tions (Robinson 1968).%' Such regions should take special the most applicable, and is generally accepted by the %
note of this possibility. scientific community (Fry 1967).2”® Caution is recom- *

Some numerical values for acclimation temperatures and mended in extrapolating beyond the data-limits of the -
lower limits of tolerance ranges (lower incipient lethal original research (Appendix II-C). The rate of temperature
temperatures) are given in Appendix II-C. Other datamust change does not appear to alter this equation, as long as the
be provided by further research. There are no adequate change occurs more rapidly than over several days (Brett
data available with which to estimate a safety factor for no  1941;*' Lemke 1970).3% Thermal resistance may be
stress from cold shocks. Experiments currently in progress, diminished by the simultaneous presence of toxicants or -
however, suggest that channel catfish fingerlings are more other debilitating factors (Ebel et al. 1970,%”® and summary
susceptible to predation after being cooled more than 5 to, by Coutant 1970c).?® The most accurate predictability can
6.C (Coutant, unpublished data).’* be derived from data collected using water from the site ;

" The effects of limiting ice formation in lakes and rivers under evaluation.
should be carefully observed. This aspect of maximum Because .the equations based on research on thermal
winter temperatures is apparent, although there is insuffi- tolerance predict 50 per cent mortality, a safety factor is
cient evidence to estimate its importance. needed to assure no mortality. Several studies have indi-
: cated that a 2 C reduction of an upper stress temperature
Recommendation results in no mortalities within an equivalent exposure
) . duration (Fry et al. 1942;?% Black 1953).24% The validity

In?portant species should be protecteq if t_he of a two degree safety factor was strengthened by the results
maximum we ekly average teml.)erature during win- ¢ Gouiane (1970a).6” He showed that about 15 to 20
ter months in any area to w_hmh. they have access per cent of the exposure time, for median mortality at a given
does not exceed the accllmatlon. temperature high temperature, induced selective predation on thermally
(minus a 2 G safety factor) that raises t_he lower shocked salmon and trout. (This also amounted to reduction
lethal thresl‘!(_)ld remperature of such species above of the effective stress temperature by about 2 C.) Un-
the normal amble.nt ‘.vater temperatures for that published data from subsequent predation experiments
eeason, and the crlt.enon for short-t_erm €XPOSUTES ., ,wed that this reduction of about 2 C also applied to the
18 n_Ot exceeded. _'Thls recommend?.tlon applies es- incipient lethal temperature. The level at which there is no

~ pecially to locations Yl}ere organisms ma.y be at- increased vulnerability to predation is the best estimate of a
traeted from the recexvrng water and s‘_lblec.ted t0  o-stress exposure that is currently available. No similar
rapid th.erm?l drop, as in the low velocity areas of safety factor has been explored for tolerance of low tem-
wa_t?r diversions (intake or discharge)? canals, and peratures. Further research may determine that safety
mixing zones. factors, as well as tolerance limits, have to be decided

: independently for each species, life stage, and water quality
SHORT-TERM EXPOSURE TO EXTREME TEMPERATURE situation.
: Information needed for predicting survival of a number

To protect aquatic life and yet allow other uses of the of species of fish and invertebrates under short-term condi-
water, it is essential to know the lengths of time organisms ~ tions of heat extremes is presented in Appendix II-C. This
can survive extreme temperatures (i.e., temperatures that information includes (for each acclimation temperature)
exceed the 7-day incipient lethal temperature). Both  upper and lower incipient lethal temperatures: coefficients
natural environments and power plant cooling systems can  a and b for the thermal resistance equation; and information
briefly reach temperature extremes (both upper and lower) on size, life stage, and geographic source of the species.
without apparent detrimental effect to the aquatic life It is clear that adequate data are available for only a small
(Fry 1951;277 Becker et al. 1971).245 percentage of aquatic species, and additional research is

The length of time that 50 per cent of a population will necessary. Thermal resistance information should be

—mimﬁmmmMWmmmm—obtmmzﬂrmmd—memcm—fomm&—
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taneous presence of toxicants or other debilitating factors,
a consideration not reflected in Appendix II-C data, More
data are available for upper lethal temperatures than for
Jower. ' '

The resistance time equation, Equation 2, can be
rearranged to incorporate the 2 C margin of safety and also
to define conditions for survival (right side of the equation
less than or équal to 1) as follows: '

time

. 1 ">‘ 10[n+b(!emp.+2)l (Equation 3)

Low levels of mortality of some aquatic organisms are not
necessarily detrimental to ecosystems, because permissible

_mortality levels can be established. This is how fishing or

shellfishing activities are managed. Many states and inter-
national agencies have established elaborate systems for
setting an allowable rate of mortality (for sport and com-
mercial fish) in order to assure needed reproduction and
survival. (This should not imply, however, that.a form of
pollution should be allowed to take the entire harvestable
yield.) Warm discharge water from a power plant may
sufficiently stimulate reproduction of some organisms (e.g.,
zooplankton), such that those killed during passage through
the maximally heated areas are replaced within a few hours,
and no impact of the mortalities can be found in the open

"water (Churchill and Wojtalik 1969;2% Heinle 1969).288

On the other hand, Jensen (1971)%? calculated that even
five percent additional mortality of 0O-age brook trout
(Salvelinus fontinalis) decreased the yield of the trout fishery,
and 50 per cent additional mortality would, theoretically.
cause extinction of the population. Obviously, there can be
no adequate generalization concerning the impact of short-
term effects on entire ecosystems, for each case will be.
somewhat different. Future research must ‘be directed
toward determining the effects of local temperature stresses
on population dynamics. A complete discussion will not be
attempted here. Criteria for complete short-term protection
may not always be necessary and should be applied with an
adequate understanding of local conditions.

Recommendation

Unless there is justifiable reason to believe it
unnecessary for maintenance of populations of a
species, the right side of Equation 3 for that
species should not be allowed to increase above

- unity when the temperature exceeds the incipient

lethal temperature minus 2 C:

time
1 Z 10[a+b(hmp.+2)l

Values for a and b at the appropriate acclimation
temperature for some species can be obtained from
Appendix II-C or through additional research if
necessary data are not available. This recommen-

dation applies to all locations where organisms to
be protected are exposed, including areas within
mixing zones and water diversions such as power
station cooling water.

REPRODUCTION AND DEVELOPMENT

The sequence of events relating to gonad growth and
gamete maturation, spawning migration, release of gametes,
development of the egg and embryo, and commencement

" of independent feeding represents one of the most complex

phenomena in nature, both for fish (Brett 1970)%%% and
invertebrates (Kinne 1970).2¢ These events are generally
the most thermally sensitive of all life stages. Other environ-
mental factors, such as light and salinity, often seasonal in
nature, can also profoundly affect the response to tempera-
ture (Wiebe 1968).** The general physiological state of the
organisms (e.g., energy reserves), which is an integration of
previous history, has a strong effect on reproductive poten-
tial (Kinne 1970).%¢ The erratic sequence of failures and
successes of different year classes of lake fish attests to the
unreliability of natural conditions for providing optimum
reproduction. .

Abnormal, short-term temperature fluctuations appear to
be of greatest significance in reduced production of juvenile
fish and invertebrates (Kinne, 1963).2%% Such thermal
fluctuations can be a prominent consequence of water use
as in hydroelectric power (rapid changes in river flow rates),
thermal electric power (thermal discharges at fluctuating
power levels), navigation (irregular lock releases), and
irrigation (irregular water diversions and wasteway re-
leases). Jaske and Synoground (1970)?% have documented
such temperature changes due to interacting thermal and
hydroelectric discharges on the Columbia River,

Tolerable limits or variations -of temperature change
throughout development, and particularly at the most
sensitive life stages, differ among spécies. There is no
adequate summary of data on such thermal requirements
for successful reproduction. The data are scattered through
many years of natural history observations (however, see
Breder and Rosen 196625 for a recent compilation of some
data; also see Table ITI-13). High priority must be assigned
to summarizing existing information and obtaining that
which is lacking.

Uniform elevations of temperature by a few degrees
during the spawning period, while maintaining short-term
temperature cycles and seasonal thermal patterns, appear
to have little overail effect on the reproductive cycle of
resident aquatic species, other than to advance the timing
for spring spawners or delay it for fall spawners. Such shifts
are often seen in nature, although no quantitative measure-
ments of reproductive success have been made in this
connection. For example, thriving populations of many
fishes occur in diverse streams of the Tennessee Valley in
which the date of the spawning temperature may vary ina

nul-
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TABLE III-13—Spawning Requirements of Some Fish, Arranged in Ascending Order of Spawning Temperatures
(Adapted from Wojtalik, T. A., unpublished manuscript )*
Fishes Temp. (C) Spawning sits " Ranye in sawning depth Dsily spawniog time Egg sits Incobation period
: ' days (Temp. G)
Samqur
Stizostedion camdenss...............eeuvvannennn 5.0  Shalkow gravel bars 2-4fant Night Bottom 2% (5.0)
Walieys :
S.vitrasm vitream. .........oiviiriiniieniaeenes 1.0 Gravel, rubble, bouiderson bar  3-10 fest Day, sight Batom .
Longmose qar .
Lapisostaus osse0s. ..........c.vevviinnnnennnnnnnn 10.8 Flooded shallows Flooded shaliows By Woeds 8 (20.0)
Wil bass : . _
Morone chrysops...........c.ooiiiniiinninnenneens 1.7 - Sard & rock shores 2-12feet Day, long but esp. aight Swriacs 2(15.6)
Laast darter . .
Etheostoma microperes..........c.coeeueveenrnnnenn. 12.0
Spotted sucker
Minytrama molamops...........uceeeeennnersnnnnne 1.8
White sueker
Catostomus commensont...............ccuveeennnnnn. 12,0-13.0 Stramsorbars e Day, igit Botom

- Silvefy minnow )

Hybognathus nuchalls. . .............ccovvuvenninens 10 Cems e, Day Botom ..
Banded pygmo sunfish .

Elassomazoratum..........covvunrnnirenrninnnnns 13.8-16.7

Whits crappis : )

Pomoxis annuarns.............oevvenniiiereienanans 14.0-16.0 Submerged materislsinshaliows .............c..cccoeeeels Day Battom 1(n.1-2.2)

" -Fathead minnow .4 : . '
Pimephales promelas. ..........ocovvnvnnenininnnes 5.0 Shallows Nr. surface Day Underside floating objects  ....................
Bigmouth buftalo
Tetiobus cyprinlfus...........ocuvviuiinereninnnnnns 15.6-18.3 Smalows e, Day Bottom - 810 (18.7)

" Largemouth bass ’
Micropterus salmoides...........ovunvnenininrnnnns 15.6 Shaliows near bank 30 inches Day Bottom 5 (18.9)
Common shiner : ’ .

Notrops eormimtus. .......coeuvniininninnencnnnnenen 15.6-18.3  Smull gravel straams ernresiceeetraenraeraaraes Day Battom
Golden shiner
Notemigonus erysolencss............cveurennnnenne 15.6  Bayshshoals,weeds .. Day Weeds 4 (15.84)
Groen sunfish .
Lepomiscyanalivs...........ooevvinneieinnnnnnes 15.8  Bank, shallows inches to 134 feet Day Battom e
Paddiefish : , »
Polyodon spathala...........oocvvevenrnnnnnn esaren 16.0  OQvergraveibars Nr. sorface Night, day Bettom cresieeeessesesennss
Blackside dartec
Porcisa maetlata.......cocoeiiiiiinniiieninrannes 16.5
Gizzard shad
Dofosoma cepediamim. .............coeveenvemennsns 18.7
Smalimouth bass )
Micropterus dolomiesi................couuveennennnn. 10.7  Gravel rock shore 320 fent [ 5] Bottom 7 (15.0)
Spotisd bass
Micropterus punctalatis. . .........cveuvenrennnnne 1.8 smaistraame,bsr e, Day Boltem 45 (20.0)
Johany darter _
Etheostoma nigrum................ Jeseerenssensrnnes 18.9
Orange spotted suafish "
Legomis BUMIHS. .......oveeriernrernaeieieeenese 103
Smatimouth buttalo .
Tetiobus BUbBIUS. ......oeuveirrinrennrirerenennaes 18.9
Blaek buflalo .
LB ottt s
Canp -
[5) 101 1T L T 19.0 Flooded shatiows Nr, surface Dy =it | ] 8 (18.7)
Blweril
. Lopomis macrochines. .........coieeniinnennianes 154 Weeds, shaliows Fal ! Day Bettom 1341 @
2.0
2.0 .
2.7 Bask cavity . <iofest Day, st . Battom 810 (15.0)
200 Samd graved bar <thfat by Bettors (D484
2.0 Bankshaows <Stet oay Betiom 1@y
2.0
2.0 Over gravel Swrtacs Dy Wesds,bottom ...
1 Shellows, weeds Ichestoltll L Woads, bottm 5 (8.0
7.1 Shallow and opes water Sartace Day Bettom 3@
2.0 Baskshiliows <Stat Cay Dettam 1% @.0-MN
METeatoma Cafinstem. ......oooeeereenraenens 2.1-24.4 RifSenstreems = ...eceeeeennn. 0y Botom - e

it
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TABLE III-13—Spawning Requirements of Some Fish, Arranged in Ascending Order of Spawning Tempgratures—Continued

Fishes Temp.(C)  Spawning site Range in spawning depth Daity spawning tims Egg sile Incubation pesiod
! days (Tamp. C)

. Blus catfish

letaturus fUreatUS. . ...ocveeniniareieneieanenae n.2

Flathead catfish

Pylodictis olivarE. ...oouiniiiieiinniiis 2.2

Redear sunfish

Lepomus miTolophUS. . ...uenniaiiiiiiiniieiiane 23:0  Quiet, various INChes 10 10188 ceerereceasecnesmesienietene eisiieesmaatuassessinenaay Teotneanianerieseniee
Longear sunfish .

Lomegalotis.....ccoinvnerineincnrierneneieeninne 2.3

Frashwatsc drum )

Apiodinctus grunniens. ..........oeieieiiinnnns 1.0

River carpsucker .

Carpoides earpio........cocuvennes teeerecanassanens 2.9

Spotted buiihead

fetalurus SHTTACARtAUS . ...ocuevnrnnerrennenneencnsns 6.7

Yatiow hulihead . .

[T SO PO dererie enreeens Quist, shatiows 1AMt e Battom 510 (18.9)

*T. A Wojtalik, Tennesses Valley Authotity, Muscle Shoals, Alabama®

given year by 22 to 65 days. Examination of the literature
shows that shifts in spawnirig dates by nearly one month
are common in natural waters throughout the U.S. Popula-
tions of some species at the southern limits of their dis-
tribution are exceptions, e.g., the lake whitefish (Coregonus
clupeaformis) in Lake Erie that require a prolonged, cold
incubation period (Lawler 1965)*® and species such as

yellow perch (Perca flavescens) that require a long chill period

for egg maturation prior to spawning (Jones, unpublished
data).® '

This biological plasticity suggests that the annual spring
rise, or fall drop, in temperature might safely be advanced
(or delayed) by nearly one month in many regions, as long
as the thermal requirements that are nccessary'for migra-
tion, spawning, and other activities are not eliminated and
the necessary chill periods, maturation times, or incubation
periods are preserved for important species. Production of -
food organisms may advance in a similar way, with little
disruption of food chains, although there is little evidence to
support this assumption (but see Coutant 1968;*%* Coutant
and Steele 1968;2"' and Nebeker 1971).3 The process is
similar to the latitudinal differences within the range of a
given species.

Highly mobile species that depend upon temperature
synchrony among widely different regions or environments
for various phases of the reproductive or rearing cycle (e.g.,
anadromous salmonids or aquatic insects) could be faced
with dangers of dis-synchrony if one area is warmed, but
another is not. Poor long-term success of one year class of
Fraser River (British Columbia) sockeye salmon (Oncorhyn-
chus nerka) was attributed to early (and highly successful)
fry production and emigration during an abnormally warm
summer followed by unsuccessful, premature feeding
activity in the cold and still unproductive estuary (Vernon
1958).32 Anadromous species are able, in some cases, (see
studies of eulachon (Thaleichthys pacificus) by Smith and

Saalfeld 1955)3'7 to modify their migrations and spawning
to coincide with the proper temperatures whenever and
wherever they occur. '

Rates of embryonic development that could lead to pre-
mature hatching are determined by temperatures of the
microhabitat of the embryo. Temperatures of the micro-
habitat may be quite different from those of the remainder
of the waterbody. For example, a thermal effluent at the
temperature of maximum water density (approximately
4 C) can sink in a lake whose surface water temperature
is colder (Hoglund and Spigarelli, 1972).2% Incubating
eggs of such species as lake trout (Salvelinus namaycush) anc
various coregonids on the lake bottom may be intermittently
exposed to temperatures warmer than normal. Hatching
may be advanced to dates that are too early for survival o
the fry in their nursery areas. Hoglund and Spigarell
1972,2® using temperature data from a sinking plume i
Lake Michigan, theorized that if lake herring (Coregonu-
artedii) eggs had been incubated at the location of one o
their temperature sensors, the fry  would have hatchec
seven days early. Thermal limitations must, therefore, appl:
at the proper location for the particular species or life stag
to be protected. '

Recommendations

After their specific limiting temperatures amn(
exposure times have been determined by studie
tailored to local conditions, the reproductive ac
tivity of selected species will be protected in area
where:

e periods required for gonad growth and gamet
maturation are preserved; .

e no temperature differentials are created tha
block spawning migrations, although some dela
or advancement of timing based upon local con
ditions may be tolerated;
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® temperatures are not raised to a level at which
-necessary spawning or incubation temperatures
of winter-spawning species cannot occur;

* ® sharp temperature changes are not induced in
spawning areas, either in mixing zones or in
mixed water bodies (the thermal and geographic
limits to such changes will be dependent upon
local requirements of species, including the
spawning microhabitat, e.g., bottom gravels,
littoral zone, and surface strata);

¢ timing of reproductive events is not altered to
the extent that synchrony is broken where repro-
duction or rearing of certain life stages is shown
to be dependent upon cyclic food sources or other

-factors at remote locations.

- ® normal patterns of gradual temperature changes

throughout the year are maintained.

These requirements should supersede all others
during times when they apply.

. CHANGES IN STRUCTURE OF AQUATIC COMMUNITIES

Significant change in temperature or in thermal patterns
over a period of time may cause some change in the com-
position of aquatic communities (i.e., the species represented
and the numbers of individuals in each species). This has
been documented by field studies at power plants (Trembley
'1956-1960)° and by laboratory investigations (McIntyre
1968).% Allowing temperature changes to alter significantly
the community structure in natural waters may be detri-
mental, even though species of direct importance to man
are not eliminated.

- The limits of allowable change in species diversity due to

temperature changes should not differ from those applicable '

to any other pollutant. This general topic is treated in
detail. in reviews by others (Brookhaven National Lab.
1969)*% and is discussed in Appendix II-B, Community
Structure and Diversity Indices, p. 408. 4

" NUISANCE ORGANISMS

Alteration of aquatic communities by the addition of heat
may occasionally result in growths of nuisance organisms
provided that other environmental conditions essential to
such growths (e.g., nutrients) exist. Poltoracka ' (1968)1t
documented the .growth stimulation of plankton in an
artificially heated small lake; Trembley (1965) re-
ported dense growths of attached algae in the discharge
canal and shallow discharge plume of a power station (where
the algae broke loose periodically releasing decomposing
organic matter to the receiving water). Other instances of
algal growths in effluent channels of power stations were
reviewed by Coutant (1970c).260

Changed thermal patterns (e.g., in stratified lakes) may

greatly alter the seasonal appearances of nuisance alg§l '

Heat and Temperature/165

growths even though the temperature changes are induced
by altered circulation patterns (e.g., artificial destratifica.
tion). Dense growths of plankton have been retarded in
some instances and stimulated in others (Fast 1968275 and
unpublished data 1971),.%25

Data on temperature limits or thermal distributions in
which nuisance growths will be produced are not presently
available due in part to the complex interactions with other
growth stimulants. There is not sufficient evidence to say
that any temperature increase will necessarily result in
increased nuisance organisms. Careful evaluation of local
conditions is required for any reasonable prediction of
effect. -

Reqommendufion

Nuisance growths of organisms may develop
where there are increases in temperature or alter-
ations of the temporal or spatial distribution of
heat in water. There should be careful evaluation

- of all factors contributing to nuisance growths at

any site before establishment of thermal limits
based upon this response, and temperature limits
should be set in conjunction with restrictions on
other factors (see the discussion of Eutrophication
and Nutrients in Section I). :

CONCLUSIONS

Recommendations for temperature limits to protect
aquatic life consist. of the following two upper limits for any
time of the year (Figure II1-6).

1. One limit consists of 2 maximum weekly average
temperature that: o _

(a) in the warmer months (e.g., April through
October in the 'North, and March through
November in the South) is one third of the range
between the optimum temperature and the
ultimate upper incipient lethal temperature for the
most sensitive important species (or appropriate
life stage) that is normally found at that location at
that time; or ‘

(b) in the cooler months (e.g., mid-October to mid-
April in the North, and December to February in
the South) is that elevated temperature from which
important species die when that elevated tem-
perature is suddenly dropped to the normal
ambient temperature, with the limit being the
acclimation temperature (minus a 2C safety
factor), when the lower incipient lethal tempera-
ture equals the normal ambient water temperature
(in some regions this limit may also be applicable

4 in summer); or

(c) during reproduction seasons (generally April- June
and September-October in the North, and March-
May and October-November in the South) is that
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temperature that meets specific site requirements
for successful migration, spawning, egg incubation,
fry rearing, and other reproductive functions of
important species; or
(d) at a specific site is found necessary to preserve
normal species diversity or prevent undesirable
~ growths of nuisance organisms.
9. The second limit is the time-dependent maximum
temperature for short exposures as given by the species-
specific equation:

B

P BRI i AP O R RN IR &

time
12—
- 10[n+b(tamp.+2_)]

Local requirements for reproduction should supersede
all other requirements when they are applicable. Detailed
ecological analysis of both natural and man-modified
aquatic environments is necessary to ascertain when these
requirements should apply. ‘

ERTE PRC RIS
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USE OF TEMPERATURE CRITERIA

A hypothetical electric power station using lake water for
cooling is illustrated as a typical example in Figure II1-7.
This discussion concerns the application of thermal criteria-
to this typical situation. ,

The size of the power station is 1,000 megawatts electric
(MW.,) if nuclear, or 1,700 MW, if fossil-fueled (oil, coal,
gas); and it releases 6.8 billion British Thermal Units
(BTU) per hour to the aquatic environment. This size is
representative of power stations currently being installed.
Temperature rise at the condensers would be 20F with
cooling water flowing at the rate of 1,520 cubic feet/second
(ft3/sec) or 682,000 gallons/minute. Flow could be in-
creased to reduce temperature rise.

The schematic Figure I1I-7 is drawn with two alternative
discharge arrangements to illustrate the extent to which
design features affect thermal impacts upon aquatic life

t8
'\.‘ .
Vs Time-Temperature History
f C| F A for Short Exposures
by
‘i 30 1 86 Time-Temperature , Maximum Weekly Average, Summer
» f Limits for l/\A (Based on species or community)
H -Short Exposures S \
oy ~ / \ ' .
—_— \ '\
1 \ \
ge N / — v\
E -/ -/ \ \
g \ / / \ \
- L 20 +68 /' \
o 5 N T/ N
s ' \ \
; I/ — //v\_ \
e Seasons of
e \ // Reproduction __/\ _ |
« £ i
i: N\ Requxrgments - N -_
z1-
ide ! A i
. 3 4 Maximur
in ’; 10450 Weekly
: 4 . Average.
; B Maximum Weekly Wint‘e%
‘ha.,i ‘ Average, Winter
i H
S
L
I H
ra- %
1~ 01}32
i ] F M A M I ] A S 0 N D
ne ' Annual Calendar
— : FIGURE III-6—Schematic Summary of Thermal Criteria
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FIGURE IIIJ—Hypothetical Power Plant Site For Application of Water Temperature Criteria
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Warm condenser water can be carried from the station to
the lake by (a) a pipe carrying water at a high flow velocity
or (b) a canal in which the warm water flows slowly. There
is little cooling in a canal, as measurements at several
existing power stations have shown. Water can be released
to the lake by using any of several combinations of water

~ velocity and volume (i.e., number of outlets) or outlet

dimensions and locations. These design features largely
determine the configuration of the thermal plumes illus-
trated in Figure III-7 resulting from either rapid dilution
with lake water or from slow release as a surface layer. The
isotherms were placed according to computer simulation
of thermal discharges (Pritchard 1971)3% and represent a
condition without lake currents to aid mixing.

Exact configuration of an actual plume depends upon
many factors (some of which change seasonally or even
hourly) such as local patterns of currents, wind, and bottom
and shore topography.

Analytical Steps

Perspective of the organisms in the water body and of the
pertinent non-biological considerations (chemical, hy-
drological, hydraulic) is an essential beginning. This
perspective requires a certain amount of literature survey
or on site study if the information is not well known. Two
steps are particularly important: '

1. identification of the important species and com-
munity (primary production, species diversity, etc.) that are
relevant to this site; and .

2. determination of life patterns of the important species
(seasonal distribution, migrations, spawning areas, nursery
and rearing areas, sites of commercial or sport fisheries).
This information should include as much specific informa-
tion on thermal requirements as it is possible to obtain
from the literature.

Other steps relate the life patterns and environmental
requirements of the biota to the sources of potential thermal

damage from the power plant. These steps can be identified '

with specific areas in Figure ITI-7.

Aquatic Areas Sensitive to Temperature Change

Five principal areas offer potential for biological damage
from thermal changes, labeled A-E on Figure III-7. (There
are other areas associated with mechanical or chemical
effects that cannot be treated here; see the index.)

Area A The cooling water as it passes through the intake,
intake piping (A;), condensers, discharge piping
(A) or canal (A’y), and thermal plume (A; or
A'y), carrying with it small organisms (such as
phytoplankton, zooplankton, invertebrate larvae,
and fish eggs or larvae). Organisms receive a

temperature with a duration that depends upon
the rate of water flow and the temperature drop
in the plume.

Area B Water of the plume alone that entrains both

~ small and larger organisms (including small fish)
as it is diluted (B or B’). Organisms receive
thermal shocks from temperatures ranging from
the discharge to the ambient temperature, de-
pending upon where they are entrained.

Area C Benthic environment where bottom organisms
(including fish eggs) can be heated chronically or
periodically by the thermal plume (C or C).

Area D The slightly warmed mixed water body (or large
segment of it) where all organisms experience a
slightly warmer average temperature D).~

Area E The discharge canal in which resident or seasonai
populations reside at abnormally high tempera-

" tures (E).

Cooling Water Entrainment

It is not adequate to consider only thermal criteria for
water bodies alone when large numbers of aquatic organism:

. may be pumped through a power plant. The probabilit:

of an organism being pumped through will depend upor
the ratio of the volume of cooling water in the plant to thc
volume in the lake (or to the volume passing the plantin ¢
river or tidal fresh water). Tidal environments (botl
freshwater and saline) offer greater potential for entrain
ment than is apparent, since the same water mass wil
move back and forth past the plant many times during th
lifetime of pelagic residence .time of most organism:
Thermal shocks that could be experienced by organism
entrained at the hypothetical power station are shown i
Figure ITI-8.

Detrimental effects of thermal exposures received durin
entrainment can be judged by using the following equatio
for short-term exposures to extreme temperatures:

G | eriters > time
3eneral criterion: 12 10la+b(temp +2)]

Values for a and b in the equation for the species of aquat:
organisms that are likely to be pumped with cooling wate

" may be obtained from Appendix II, or the data may t

obtained using the methods of Brett (1952).252 The prevailir
intake temperature would determine the acclimatic
temperature to be selected from the table.

For example, juvenile largemouth bass may frequent th
near-shore waters of this lake and be drawn into the intak
To determine whether the hypothetical thermal discharg
(Figure I1I-7) would be detrimental for juvenile bass, t!
following analysis can be made (assuming, for exampl
that the lake is in Wisconsin where these basic data for bz
are available):

thermal shock to the full 20 F above ambient

45
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Temperature Rise Ahdve Intake (F°)
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Modified after Coutant 1970¢269

— 12
. . Canal
20 p—
. Condenser
Pipi — 10
iping -]
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Canal Plume 7]
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4
Intake Piping — 2
Dilution Plume
Intake
o\ 1 , ,
1 1 | | | 1 . 1 | 1 = 0
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Time After Initial Heating (hrs.)

FIGURE IIT-8—Time Course of Temperature Change in Cooling Water Passing Through the Example Power Statton wit
Two Alternate Discharges. The Canal Is Assumed to Flow at a Rate of 3 Ft Per Sec.

temperature (acclimation) is 70 F (21 11 C) (Data
from Appcndxx 1I-C).

1> time
b 10[34.3649—0.9789(wmp ~A42)]

Canal

Criterion applied to entrainment to end of discharge
canal (discharge temperature is 70 F plus the 20 degree
rise in the condensers or 90 F (32.22 C). The thermal
plume would provide additional exposure above the
lethal threshold, minus 2 C (29.5 C or 85.1 F) of more
than four hours.

1> 80
T 10(34.3648—0.9789(32.224+2)]
1>8.15
Conclusion:

Juvenile bass would not survive to the end of the
discharge canal.

Dilution

Criterion applied to entrainment in the system em-

‘ploying rapid dilution.

1.2

12
= 10134.3648—0,9789(32.22+2.0)]
1.2.
> 2
12 7.36

Travel time in piping to discharge is assumed to t
1 min., and temperature drop to below the leth
threshold minus 2 C (29.5 C or 85.1 F) is about 10 se-
(Pritchard, 1971).32

Conclusion

Juvenile bass would survive this thermal exposure:
1>0.1630 |
By using the equation in the following form,
log (time) =a-+b (temp.+42)

the length of time that bass could barely survive tt
expected témperature rise could be calculated, tht

allowing selection of an appropriate discharge systen
For example:

log (time) =34.3649—0.9789 (34.22)
log (time) =0.8669
time =7.36
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This would be about 1,325 feet of canal flowing at
. 3 ft/sec.

It is apparent that a long discharge canal, a nonrecircu-
Jating cooling pond, a very long offshore pipe, or delayed
dilution in a mixing zone (such as the one promoting surface
cooling) could prolong the duration of exposure of pumped
organisms and thereby increase the likelihood of damage to
them. Precise information on the travel times of the cooling
water in the discharge system is needed to conduct this
analysis.

The calculations have ignored changing temperatures in
the thermal plume, because the canal alone was lethal, and
cooling in the plume with rapid dilution was so rapid that
the additional exposure was only for 10 seconds (assumed to
be at the discharge temperature the whole time). There
may be other circumstances under which the effect of
decreasing exposure temperature in the plume may be
of interest. '

Effects of changing temperatures in the plume can be
estimated by summing the effects of incremental exposures
for short time periods (Fry et al. 1946%"). For example, the
surface cooling plume of Figures ITI-7 and ITI-8 could be
considered to be composed of several short time spans, each
with an average temperature, until the temperature had

dropped to-the upper lethal threshold minus 2 C for the .

juvenile bass. Each time period would be calculated as if
it were a single exposure, and the calculated values for all
time periods would be summed and compared with unity,
as follows: :

time1
1 0 [a+b(temp.1+2)]

times;
1Qla+b(temp.5+2)]

- time,
10[n+b(wmp.n+2)]

The surface cooling plume of Figure I11I-6 (exclusive of
the canal) could be considered to consist of 15 min at
89.7 F (32.06 C), 15 min at 89.2 F (31.78 C), 15 min at
88.7 F (31.4 C), 15 min at 88.2F (31.22C), 15 min at
87.8 F (31.00 C), until the lethal threshold for 70 F acclima-

tion minus 2 C (85.1 F) was reached. The calculation would
proceed as follows:

1> 15

- 10[34.3549—0. 9789(32.06+2)]

15
+ 10134.3649—0.9789¢31.78+2)] +

In this case, the bass would not survive through the first
15-minute period. In other such calculations, several steps
would have to be summed before unity was reached (if not
reached, the plume would not be detrimental).

" Entrainment in the Plume -

~ Organisms mixed with the thermal plume during dilution
will also receive thermal shocks, although the maximum

temperature. The number of organisms affected to some
degree may be significantly greater than the numbers
actually pumped through the plant. The route of maximurr
thermal exposure for each plume is indicated in Figure
I1I-7 by a dashed line. This route should be analyzed tc
determine the maximum reproducible effect.

Detrimental effects of these exposures can also be judgec
by using the criterion for short-term exposures to extrem
temperatures. The analytical steps were outlined above fo:
estimating the effects on organisms that pass through ths
thermal plume portions of the entrainment thermal pattern
There would have been no mortalities of the largemoutl
bass from entrainment in the plume with rapid dilution, du
to the short duration of exposure (about 10 seconds). An’
bass that were entrained in the near-shore portions of th
larger plume, and remained in it, would have died in les
than 15 minutes.

Botom Organisms Impacted by the Plume

Bottom communities of invertebrates, algae, roote
aquatic plants, and many incubating fish eggs- can k
exposed to warm plume water, particularly in shallo
environments. In some circumstances the warming can k
continuous, in others it can be intermittent due to changy
in plume configuration with changes in currents, winds, ¢
other factors. Clearly a thermal plume that stratifies ar
occupies only the upper part of the water column will has
least effect on bottom biota.

Several approaches are useful in evaluating effects on tt
community. Some have predictive capability, while othe
are suitable largely for identifying effects after they ha
occurred. The criterion for short-term exposures identifi.
relatively brief periods of detrimental high temperaturc .
Instead of the organism passing through zones of elevat
temperatures, as in the previous examples, the organism-
sedentary, and the thermal pulse passes over it. Developi
fish eggs may be very sensitive to such changes. A br
pulse of high temperature that kills large numbers of org
nisms may affect a bottom area for time periods far long
than the immediate exposure time. Repeated sublethal €
posures may also be detrimental, although the process
more complex than straight-forward summation. Analy

‘of single exposures proceeds exactly as described for plu:

entrainment. _

The criterion for prolonged exposures is more genera
applicable. The maximum tolerable weekly average te:
perature may be determined by the organisms present 2
the phase of their life cycle. In May, for example, t
maximum heat tolerance temperature for the commun
may be determined by incubating fish eggs or fish fry on 1
bottom. In July it may be determined by the importz
resident invertebrate species. A well-designed thermal ¢
charge should not require an extensive mixing zone wh
these criteria are exempted. Special criteria for reproduct

temperatures will generally be less than the discharge
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. charges should be located so that zones important for
' reproduction-—migration, spawning, ihcubatipn'—are not
used. _

Criteria for species diversity provide a useful tool for
identifying effects of thermal changes after they have
occurred, particularly the effects of subtle changes that are
a result of community interactions rather than physiological
responses by one or more major species. Further research
may identify critical temperatures or sequences of tem-
perature changes that cannot be exceeded and may thereby
provide a predictive capability as well. (See Appendix
1I-B.) . '

Mixed Water Body (or major region thereof)

This is the region most commonly considered in es-
tablishing water quality standards, for it generally includes
the major area of the water body. Here the results of thermal
additions are observed as small temperature increases over a
large area (instead of high temperatures locally at the dis-
charge point), and all heat sources become integrated into
the normal annual temperature cycle (Figure III-6 and
Figure III-7 insert). :

Detrimental high temperatures in this area (or parts of
it) are defined by the criteria for maximum temperatures
for prolonged exposure (warm and cool months) for the
most sensitive species or life stage occurring there, at each
time of year, and by the criteria for reproduction. ‘

For example, in the lake with the hypothetical power
station, there may be 40 principal fish species, of which half
are considered important. These species have spawning
temperatures ranging from 5 to 6 C for the sauger (Stizo-
stedion canadense) to 26.7 C for the spotted bullhead (Ictalurus
serracanthus). They also have a similar range of temperatures

"required for egg incubation, and a range of maximum
temperatures for prolonged exposures of juveniles and
adults, The requirements, however, may be met any time
within normal time spans, such as January 1 to 24 for sauger
spawning, and March 25 to April 29 for smallmouth bass
spawning. Maximum temperatures for prolonged exposures
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may increase steadily throughout a spring . period. T
predict effects of thermal discharges the pertinent temperz
tures for reproductive activities and maximum temperature
for each life stage can be plotted over a 12-month perio
such as shown in Fig. III-6. A maximum annual tempera
ture curve can become apparent when sufficient biologicz
data are available. Mount (1970)%% gives an example o
this type of analysis. ' '

Discharge Canal

Canals or embayments that carry nearly undilutec
condenser cooling water can develop biological communitie:
that are atypical of normal seasonal communities, Interes:
in these areas does not generally derive from concern for =
balanced ecosystem, but rather from effects that the alterec
communities can have on the entire aquatic ecosystem,

The general criteria for nuisance organisms may be
applicable. In the discharge canals of some existing power
stations, extensive mats of teinperature-tolerar;t blue-green
algae grow and periodically break away, adding a decom-
posing organic matter to the nearby shorelines.

The winter criterion for maximum temperatures for
prolonged exposures identifies the potential for fish kills due
to rapid decreases in temperature. During cold seasons
particularly, fish are attracted to warmer.water of an
enclosed area, such as a discharge canal. Large numbers
may reside there for sufficiently long periods to become
metabolically acclimated to the warm water. For any
acclimation temperature there is a minimum temperature
to which the species.can be cooled rapidly and still survive
(lower incipient lethal temperature). These numerical
combinations, where data are available, ‘are found in
Appendix IT-C. There would be 50 per cent mortality, for
example, if largemouth bass acclimated in a discharge
canal to 20 C, were cooled to 5.5 C or below. If normal
winter ambient temperature is less than 5.5 C, then the
winter maximum should be below 20 C, perhaps nearer
15 C. If it is difficult to maintain the lower temperatures,
fish should be excluded from the area. -
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APPENDIX B*

THERMAL TABLES

THERMAL TABLES—sze-temperature relationships and lethal threshold temperatures for resistance of aquatic
organisms (principally fish) to extreme temperatures (from Coutant, in press® 1972). Column headings, where not self-
uplanatory, are uientxﬁed in footnotes. LD50 data obtained for single times only were included only when they amplified
temperature-time mjormatwn.
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THERMAL TABLES—Continued

Appendix II-C/411
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R 35 (209/a0) 30,0394 —0.6594 4 —0.8302 N.5 4.5 3
: -
Cyprinodom varie- Adult = ... . . Gaiveston Simmons Upper 30 T00hrss 350420 —0.80285 2 ........
fatus variegatus Istand, Gal-  (1971)%7 (from 21.3 C)
(sheepsheat veston, Texas
minaow)
Dorosoma cspadi- Underysariing ............ .....occoeee veernninnns PthI-Bay. Hart (1952)8 Upper 5 flold & 471163 —1.3010 3 —0.9975 35.5 ‘M5 ......... U0
anum (gizzard Ghis : 34da
shad) 30 " 35.0858 —0.9694 4
35
Lower 25
30
35
Dorcsoma cepadl- Undsrysaring ............ oo ceevieens Knoxville, Hart (1852)% Uppar 5
anum (gizzard Tenn. 30
shad) 5
| Esox fucius Juvenile Minimem ..., ... Magle, On-  Scott (1964)% Upper 5.0
. (Northern Pike) -5.0em tatio, Canada - 2.5
1 i 3.0
‘ Esox masguinongy Juvenile Misimem ... L. Doeriake Scatt (1964)% Upper 5.0 ... 18.8879 —0.5035
‘ (Muskeliunge) 5.0em Hatchery b1 X T 20,0817 —0.5283
Ontario, o0 ... 18.8506 —0.4851
1, Canata
E Esox hybeid Juvenile S0em ... e Maple, On-  Scott (1984)% Upper 25.0 18.6533 —0.4326 4
1 (luciusx masqui- misimem tario, Canada : 1.5 20,7834 —0.5480 5
| nongy) : 0.0 19.5126 —0.5032 5
I
I
Funduluschryso- Adut ... Loeh eeeeenen. Jafferson Strswn & Dunn ~ Upper 35 (09/c0)— 23,7284 —0.5219 3§
tus (goiden top- Gousty, (1% 3 (5%w)~ 21.2515 —0.4801 7
- minnow Toxas 35 (209/w)— 21.8635 —0.4759 8
Fundutus giapha- ABUR ... oeeeeeeees eeeeeeen.. Haffax Co.  Garsideand Uppst 15 (0 9/} 2.5
nizs (banded and Anmapo-  Jordan 15 (14%/uw) 1.8
Kiiifish) lis Co, Nova  (1960)M 15 (32°/20) a.s
Sectia
Fundukisgrandis AduR ...l Lh s Jafferson Stawa & Upper 35 (0%%00) 22.2808 —0.5179 8 —0.9782 42.0 8.5 ........ o veseeees .
(guMt kilifish) County, Dunn kL] 5/w) 27.6441 —0.620 7 ---0.8967 .
Toxss Qsnm 35 (10%x) 249072 —0.5535 § —0.4928
3/ (WO .41 —0.5169 8 —0.M70
Fundulus batero- AdBR ... e eeeeeeeenn. Hafifax Co.  Garside and Upper 15 (0 9/w)i
- litws (mummic- and Aamspo-  Jordan 15 (14%/00)
hog) fis Co., Nova  (1368)% 15 (32%/00)

(19520)7¢

T————+Experimentatfis

b Number of median resistance times used for calcuiating regression squation.

« Corrsistion costficient (perfect fit of a¥t data yoints to the regrassion fine=1.0).

d o |pcipient lethal temaperaturs of Fry, et al, (1846)83
f-were-batched from-eggs shtained fromadutts fromthis location:

Seotia

o Itis sssumad in this table that the acclimtion temperature reporied is a true acclimation in the coatext of Bratt

1 Experimantal fish wese reared from sggs taken from adults from this location,
2 Thess timas after holding at 8 € for >1 mo.

A Accimated and tested at 10 °/o0 salinity.

¢ Testad in three satinities.

7 Testad at 3 lavais of salinity.
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THERMAL TABLES—Continued

. Acclimation log timema-t-b (temp.) Data Hmits Lathal
Spacins Stage/age Length Welght Sex Location Reforancs Extrame ) LD50  thresholdd
Tempe Time L] b N2 rF — 0,
upper lawer
Fundulis par-  Adult #lem Mixed Mission Bay, Dcudoraf! Upper " 4 —0.985 323
vipinnis (Call- Calif, (se2-  (1345)7 2 N —0.823 4
fornis Killifish) walsr) ' b 7 —0.93650 3%.5
(tested in ssawater Lower 14 3 0.9443 1.2
axcopt as noted) 2 6 0.8453 5.6
2 . . 4 0.8231 3.8
20 (intod5%  2.6552 0.4004 8 0.7348 .3
ssawater 1 day before
testing)
Fedulespul- AU L e e Jaflerson Strawn and Upper k] (0%/a0) 28,1418 —0.6304 8
vereys (bayou County, Dunn k4] (5900 29.3774 —0.6514 7
- Wifsh) Tous (1967» k1] (109/00)  25.0880 ~0.5477 5
35 (209/00) 30.4702 —0.6745 8
Fandulussimills Adul L s Joflatson Strawn and Upper kH] (0°/00) 22.9485 —0.3113 6
(longnss Wil County, Dunn 3 (59/00)  25.8165 —0.56%0 ¢
Bsh) Touss (186me k] (109/q0) 28,4675 —0.5883 6
: k] (2009/0)) 26.5612 —0.5878 6
Qimbusia affinis  Adult . e Mixed Knoxvills, Hart (1952)% Upper i 39,0004 --0.87T71 2
afinis (mosguito- Tonn. S ki1 30.1523 —0.7143 5
fish)’ 35 2,010 —0.5408 §
Gambusiaaffinis AUt Ll e e Joftersan Co., Stawn & Upper k] (09/00) 224434 —0.5108 5.
(mosquitofish) Toxas Dunn 35 (5%00) 231338 —0.524 §
“(reshwater) (1%my 35 (109/00)  23.4377 —0.5304 8
kN (209/00) 22.1394 —0.5001 6
Gambusinaffinis  Adut L e Joftersan Co., Strawaand Upper K (00/c0yr 17.6144 —0.3303 . §
{mosguitofish) Toxas - Dunn 35 (5%00) 18.9339 —0.4182 5
(saltwater) (156D k-] (10°/00)  23.0784 —0.5165 7
k] (209/00) 22,8663 —0.5124 &
Gambusia affinis Adu = ... e Mized Walaka, Hart (1352)%8 Upper 15 32.4592 —0.8507 3
holerooki Florida 20 38139 —0.5613 3
(mesauitofish) kKl MM -0 5
. 35 281212 —0.6564 5
Lowsr O RN
L O
35 T ireiir eeeieent ceeniees ceees seeseaes
Garmannia MUR i s e Northern Guif Heath (1367)%° Upper R ~0.5168 3
chiquita (goby) of Cafifornia
" Coast
Gasterosteus aco-  Aduit Jmmave. 0.50gave.  Mixed Columbia Blahm and Upper 18 19.491 —9.540 3 —0.8938 32 % ....... 5.3
leatus (thres. River near  Parents
sping stivkle- Prassott, (1570)0 un-
back) Oregon published
’ data
Girella nigricans  Juvenile T.1-8.0em  ............ Mized Lalolla, Cali- Doudoroff Upper 12 —0.6333 § —0.8338 3.0 8.7
(opaleys) fornia (3°N)  (1342) 2 —0.5680 7 —0.8330 35.0 [N ]
» —0.6746 4 -—0.%22 3.0 a4
Lowsr 12 0.4588 8 0.955% 5.0 55
ol 0.6248 & 0.98%5 8.0 8.5
2 0.2604 6 0.97120 13.0 13.5
KBRS il rriiees ceereereeer ceenerevens Florida to On- Hart (1952)88 Upper 5 —0.4538 4 2.8
(Amicurus) neb- tario (4 ko- : 1 —0.4842 10 2.0
ulests (brown cations) com- 15 —0.8238 3 1.0
bulibead) bined 2 —0.6413 1 2.5
i —0.5132 12 n.s
u —0.5917 19 ..
i —0.4500 5 us
Lower W tiieieier ceeeeeee eveneses seees ieevess mes sreen res . 0.5
£ J O RIS 4.0
W eriir vieerene teseeens erers sesseren saes saers 8.4
; Ichalurus puncta. Juvemile ... el Mixed Conterton,  Allsn & Upper i) —-0.816 13 8 3.8
; tus (channel w1 Ak Strawn 0 —~0.7811 17 —0.%510 4.8 sy
; atfish) old) . (ithery) (19607 u —0.6149 20 —0.9638 42.0 3.0
* Itis assumed in this table that the acciimation temperature reported is a trus scclimation in the contextof Bratt -« Cocretation costficiant (perfect fit of all data points o the regression ine=1.0).
(1852)¢ : : d.=|ncipient lathal temperature of Fry, stal, (1945).8 :
NUmUSr of WetiEN TSSILINGE timey weul Tar ricutating Tepvestion wttion. TSaiinity;
, 53
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THERMAL TABLES—Continued

Appendix I1-C/413

Acelimation

fog time=ea-5 (tamp.) Data imits Latha)
Species Stage/age Length Weight Sex Location Reforencs Extremve e) LD50  threshold
’ Tempe  Time a b Ny I 0)
Bpper lowe?

Ictalusus puncts- Juvenlle ... e e JosHopan  Allenl Upper B 5554 08854 5 —-0.8746 .5 3.8
 tus(channel (11.5m0) SalaFish  Strawn 0 —0.4050 4 —0.904 40.0 ne
catfish) Hatchery,,  (1%69)7 3 —0.855¢ 4 —0.530¢ 41.0 3

Lonoks, ’ . N
Arkansas N
Ietslurug puncta- Adut - o e Mixed Walake, Fia.  Hart (1852)% Upper 15 —1.0637
tus (1. lacustris) and Put-in- a ~1.1234
(channei eatfish) Bay, Qhlo 25 —1.2889
: - Lowsr 15
20
]

Lepomismaero.  Adult ... o Mixed Welaka, Hart (1852)88 Upper 15
chirus purpores- Florida 2
cans (bluegil) ]

. 0
—< Lowest 15
2

%

0

Lepomis macra-  Adut ... L Mixed Lake Mondota, Hart (1952)s2 Upper 2-3
chirus (bluegill) Wisconsin : 30

Lepomis megaiotis Juvecile >i2am ... Mind Middle Fork, Neill, Strawn & Upper B e
(longear sunfish) White River, Dunn 30 —0.4978

: Arkansas (1566)» kL —8.7257

Lepomissym- -+ Al o e e Juffersan Co., Strawn & Upger 35 (0900 20.7487 —0.4586
matricus (ban- Touas Dunn 35 (5%/00) 23.5643 —0.5354
tam sunfish) (156w kY] (20%/00)  10.4421 —0.2283

Lucsnispara Adult L e Joftesson Co., Strawn and Upper 35 (09/0y 21.2616 —0.4762 - 9
(rainwater kiifi- Tonas Duna 35 (5%00) 24.076 —0.5460 8
fish) (1587 35 (109/00) 20.3118 —0.5467 8

: 35 (200/00)  21.1302 —0.4697 7

Menidia menidia ............. $.39.2em  4.3-5.2¢gm  Mixed New Jarsey  Hoft & West- Upper 1 —0.7391 5
(common silver- (swerage (average " (#0°N) man (1365)% 1" —0.6001 §
side) for tast for test . Fi] —2.0387 6§

W) froups) . 28 ~1.0582 §

‘ Lowsr 1 8.8008 5

" 25597 6

21 11484 6

' 2 188 5

Microptorus sal- B-1TMBAE8  ....cooover toiiiniiiinn ieeeene Walaka, Hart (1852)» Upper A -1.0m 5 .
moides flori- Florida 25 —0.5123 8 —0.8872 8.3 B
danus (targe- 0 -0,4200 8 —0.8820 38 3.
mouth bass) Lower ] ..

-] e
0 10.5

MICTODIBTUB 821 ....cevviine voccicecens ceireresrins crserenenes Putdn-Bay, Hart (1952)% Upper 20 L A3
moides (targe- Ohlo . i .
mouth bass) u 36..

. Lawst 20 A
kil 1m.:

Mictopterus sal-  Undeeysarfing ...... eeeen eessesesenr seasaeeases Knoxville,  Hart (1352)% Upper [/ 36.0620 —0.8055 4 —0.0788 3.5 I ......... .-
moides (large- Tenn. B 795 ~0.5632 6 —0.9958 40 35 ......... 38..
mouth bass)

MITOPIOTUS 8l .....oieienr cenviienins cerenenianes sesaresnees Lake Man-  Hart (1852)%2 Upper 2 4 —0.9788 1.1 2.0 ......... .
moides (iarge- dota, Wis- 0 4 —D.8%S 315 35S ... ooeen
moath bass) contin ‘

Mysis ralicta AMat Mixed Trout Lake,  Smith (1970)% Upper 1.5C Siwk 61302 —0.1470 3 08245 6 18 ......... 18
(Opposum Cook
shrimp) County,

Minsescta

o It s assamed in this table thet the acciimation temperature reposted is a tres acchimation in the context of Bratt

(1952).14

5 Number of MEGian Tesistance Gmes waad 107 SISl THressiorsauation:

¢ Comelation endfdll‘l (pesinct £t of all dats points to the regrassion kine=1.0).

d = [ncipient lathal tempecature of Fry, stal, (1945)82
«Salinity-

~
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THERMAL TABLES—Continued

/- .
: Acciimation log time=2-+h (temp.) Data fimits Lathal
spucins stape/age Length Wett Sm Location  Refersnce Extrems . 0 LD50  threshoide
Tempe Tims ] b Nb r  —_—— %)
: upper lower
—
soseysis avat- Adult >Imm Mixed . Sacramento-  Hair (1971)% Upper 0.3 iiiit i i reree seseeene seee aenes
chensis (o903 San Joawtin PN
i) deita, Cali- 15, ieiiiitr eriieere eareeces weees seeesese sene aenee
fornia 183 cecvevee rreiiee beeeeee aeees teeeesee e aeees
190 s ceeereee eeveeres eeee esveree aere aeees
19.0 X - R OO
TLT  ceeevee eeineies aevesses eeee sessssre seer seees
L0 eeeeers sreeeree eesiees eeees seseenes ene seees
TIA  ceeeveers evesees sevsere seees eessess sess eeees
Ieamiponus Aduit Crereesestne eresemsesses briersasens Composites  Hart (1852)t8 Uppet 10 3 —0.8398
sysohoncs of 1. Wlaka, 15 4 =088
~(guiden shiner) Flo. 2. Put 2 15 —0.8%9
08 3 “in-Bay, Ohlo % 9 —0.9669
20 & 3. Algonguin ]
ng ¥% Park, On- Lower 15 Licieve eeveees aeneiens ceene eee
o o - KT UV ORI
X
50 8
JE TR e e -1.9gmods Mired  Chigpewa  Hat(BM®  Uper.. 5§ ...
TR wida(emenld (<iy) Crask, Wel-
........ TR ww) land, Ontario
By 7 Lower
By
ns
T .
.. P hebgiscomutus AdUlt L Toronto, On-  Hart (1952)%8 Upper
(common shiner) tario
Whiscomutus Adut ... 4.0-5.9¢  Mixd DomRiver,  Hat (1947 UBIE 5 ciivie ceveinee eeeeee s emrreee beee reees e
no (common (mostly 2 yr) (mode) Thomhilt,
. 2%5.0 Shiner) Ontario
0.4 ’
2.5
1573 Lowsr
2.0
DS Pumianmims M s s s Knonvile,  HartQSEmD®=  Upper 25 ... .
§ (tommon shiner) Tona B e 24,9660 —0.6297 10 —0.8878
2 eROcatychus  Juwllefreshe 301028 0.300.15p Mid  Ouogeess, Bre(SSDM  Uper 5 L. 00827 ~0.405 4 0.7
n % trbuschs (pink  water fry tm Wash. 10 . —0.365 &8 —0.8040
BIOZY aimon) (3.8mo) (hatehery) 15 —0.807 8 —0.8084
2 % Y —0.0M T 0.6
‘;: 3 . , u —0.M8 6 —0.85%
. ‘; Gexiynchus  Juvenile freshe 5.4450.89  1.62::1.03f Mimed NilaCresk, Brett(185n™  Upper 5 —0.530 4 —0.88%
2.5 5§ bbcum watss fry o ) B.C. 10 —0.4166 9 —0.8585
Us T § aon) “.8m0) (hatchery) 1+ —0.5252 8 —0.8070
%AW Y - 3 —0.518 9 —0.M1%0
55 3 3 —-0.411 4 —0.8652 -21.
ns Lowes 5
’! .
wa 1 -
B4 2
_E 7
U5 POcwbynchus  Jurnile e eeeeieeis eeeeeenen BigCresk  Bishmand Upper 8
; bt (chum Hatchery,  Fareats ’
% b talaon)© Hoodsport,  (1970)1
16 i Washs unpublished
; data . o
h '“i"mmdlnmlhmmmﬂmﬁumwulmﬁnﬁninthtmhnoﬂnﬂ !Funlimumduhnxmn.mmhlmmnhnmwlumwwnmmwlnimhal
) gyl “aeckimation™ tepecatures above shout 21.5.
2 b * Number of median resistance times used for calcatating regrassion equation. + The suthor conciuded that thecs wera o geograpbic siffwrences. The Welaka, Florida subspecies was N.c. bosi,
% ‘:antfimmfﬂd-mmmo{allhhu‘umnmmmu‘uim-w). the others N.c. auratus, based on morphology.
> _‘“"ﬂm atihal temperature of Fry, st al, (1346)83 A Tested in Columbia River Water at Prascott, Oregoa.
— M temperares estimated Trow @ qaph. Mortatity Valoe
: 55
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Accsimation

log time=a--b (tamp.) Data Emits
Speciss Stage/age Length Weight Sex Location Referance Extreme °c)
. Tempe Time 3 b Ne re
Oncochyachus  Juvenile fresh- 4.78:0.6 1.374:0.62¢  Mixed Nile Creek,  Brott (1852)7 Upper 5 21.3050
Kisutch (coho water fry cm . 8.C. 10 19.5121
nalmon) (5.2mo) (hatehery) . 15 20.4066
20 20.4022
23 18.97%
Lower §
10
15
0
23
Oncorhynchus  Juvemile ... cieeeeiiis cieeneeenee Kalama Falls, Blahm & Upper 10 (0% 15.4616
kisuich (coho Wash. McConnell (50%) 18.4136
salmon) (hatchery)s (18700100 (0%) " 15.9026
unpublished 4o (10%) 8.5307
dala (50%) 3.5135
(B0%%)  vivenre eemseses fervs evsanees sees ssese seasernes
Oncorhynchus  Adult a5 mm 22500 gave. Mixed Columbia . Coutant Upper m 5.9068 —0.1630 5 —0.8767 30 28 .l e
Kisutch (coho ae. River at (1970)7 .
saimon) Priest Rap- . ’ . 4
ids Dam . . b
Oncorhynchius  Juvenile fresh- 4.49-::0.84  0.87-£0.45¢  Mixed Issaquah, Bratt (1852)7 Upper 5 e 17,7887 —0.663 4 0. 24.0 2.5 ..
netka (sockeye  water fry cm Wash. : 10 14,7319 —0.4388 8 —(.9833 265 2.5 ..
ulllon)_ (4.7 mo) (hatchety) ’ 15 158799 —0.5210 7 —0.9126 21.5. 20.5 ..
2 19,3821 —0.6318 5 —0.9602 21.5 2.5 ..
2 20.0020 —0.6496 4 —£.9981 265 245 .
Lower § 0 0
10 ] ]
15 § 0
0 H ¢ .
2 7 1.0
Oncothynchus ~ Juvenile 67T mmave.  ............ Mixed National Fish McConneli & Upper 10 10%7 184 —0.6458 6 —0.%6N 29 17 a5
nerka (sockeys  (under Hatehery® Biahm 5% 18.5833 —0.6437 6 —0.97%0 28 17 2.5
saimen) yeariing) Leaven- (19700103 N, 20.6289 —0.7166 6 —0.8583 29 Y 28
worth, unpublished 20 10% 17.5227 —0.5881 6 ~0.9M9 29 21 2.5
Wash. dats % 16.7328 —0.54713 6 —0.9552 238 2 . .5
%% 15.7823 —0.5061 6 —0.8539 28 il 1.8
Oncorhynchus . Jurenile 100-105mm  ............ Mixed National Fish McConnell & Upper 1V1°C (0% AT —0.2n8 4 —0.5%7T 2 U
nerka (sockeye  (yeariing) are for test Hatehery Blahm per day fise
salmon) - groups Laaven- (1970)103 to acel. tsmp.
: worsth, - unpublshed (50%) 9.0438 —0.292 4 -—0.932 N2 A\
Washs dats (90%) 9.0628 —0.2853 4 —0.3534 32 1“4
' 177 (%) .22 —0.M75 4 —0.9%5 23 17
(50%) 18.1322 —0.6118 4 —0.8598 28 \l
(9%) 17.5421 —0.5500 4 —0.8533 29 1
5.5  (10%) 12,1763 —0.4004 5 —0.8443 32 11
. (50%) 13.6666 —0.4032 5§ —0.9728 2 U
(90%) 12,185 —0.4057 4 —0.978 2 11
1A (10%) 17210 —0.6114 5 —0.8549 29 20
(50%) 1.2432 —0.5885 4 —0.9450 29 il
(0%) 17,2383 —0.5769 4 —0.8364 29 20
Oncorbynchus  ~ Juvenile fresh- 4.44:0.40  1.03:0.27g  Mixed Dungeness, ~ Bratt (1852)7 Upper 5 .oas
tshawytscha water fry tm Wash. ’ 10 . U340
(Chinook (A.6ma) (hatchery) 15 . 25,030
saimon) 2 . 5.0
: : U . 5a30
Lowsr 10 0.8
. 15 2.5
0 4.5
14

o |t is assumed in this table that the acciimation temperaturs roported is a trus scctimation in the context of Breit
(1852).7¢

& Number of median resistanca times wsed for calculating regression othnu.

« Corratation coetficiont (perfact fit of ail data points to the segression iine==1.0).

4 = incipinnt fathal temperaturs of Fry, ot ak, (1946).83
« 10 C—acelimated Osh came directly from the hatchery.

o 14 C—geclimated nm wars collected from the Colombia River 4-8 wis following release from the hatche
(and may have inciuded a few fish from cther upstraam soarces). River water was mpunmud with Nitrogt
ant 14-C fish showed signs of gas-bubble sissase during tests.

A River tamgp. during fail migration.

s Tested in Columbia River water at Prescott, Oregon.

7 Pt cant mortalities.

/ Data were presentad allewing caicutation of 107, and 80%, mortality.
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THERMAL TABLES—Continued

——
. ) Acciimation log time=a-t-b (tamp.) Data himits - Lethal
Stage/age Leagth Weight Sox Location Reference Extrame (°C) LD50  thresholdd
‘ ) Temps  Time a b Ne F o— C)
upper lower
— . - - .
Juvenils B-124mm ... Mixed - Columbia Snyder & Upper o 16.8109 —0.5787 3 —0.9398 29 5
, avsiages River at Blzhm (1077 18.9770 —0.6621 5 —0.9918 19 2
for various Praseott, (1970)108 (8077 1.0218 —0.5845 31 —0.9397 28 %5
test groups Qregon unpublished W 15.7101 —0.5403 8 —0.9255 28 20
data ’ (1~ 15.1563 —0.5312 8 —0.9439 29 20
(307 15.2525 —0.5138 8 —0.9360 29 20
12 . 18.25714 —0.6143 5 —0.9021 29 2
8B 12,4058 —0.3974 6 —0.9608 32 \U
(1077 10.1410 —~0,3218 7 —0.8436 32 1
(90%7) 12.7368 —0.4040 6 —0.9753 32 1

1% 133175 —0.4240 11 —0.8550 30 20
107) L5122 —0.3745 12 —0.9413 30 20
(3077 14,2458 —0.4434 10 —0.9620 30 20

) Juvenile B4mmave. 6.3gave. Mixed Little Whits  Blahm & Upper " 2-3-whs
,1 Saimon, MeConnell 1067 13,3696 —0.4691 4, —0.9504 29 17
24 = anook simon River (170)t00 50 14.6268 —0.5066 4 —0.9843 23 17
% gnagrun) Hatchery, unpublished 90 18.2211 —0.6679 4 —0.9295 29 17
rtE Cook, data - ‘ 0 1C/day rise
kN | ' Washington from 10
% : 0T 22.6564 —0.7797 & —0.9047 28 21
% . ’ ' 505 21381 —0.2253 3 —0.8519 29 21
2 80 20,9294 —0.704 3 —0.M83 29 2
. 22343 ' . .
. 234348 B Oscoriynchus  Juvenile QOmmave. ............ Mixed Eggs from Snyder & Upper 4L 13.5019 —0.4814 4 —0.9845 29 1)
M.444) tawylscha Snattis, Bishm (Y 8.9126 —0.3198 6 —0.9618 29 [ ]
4243 B (ctinook maiman) : Wash,  (1970p0 (052 10.6491 —0.3T1 6 —0.9997 23 8
[RET} N : raisad from  unpublished
(=% yolk-sac data
g stagein
RES ’ - Columbia
'R by River water
lJi: . ~ at Praseott,
] _: Oregon
oo BT Boggiehus  Juvenite ‘0.6mmave. 7.8gare.  Mired Little White  Blahm & Uper 1 23 wks
© RS B oyl Salmon MeConnall 1063 18.6889 —0.8569 5 —0.9518 28 17 .5
n"f.;' (tenook salmon Riverhatch-  (1970)100 505 205411 —0.7147- 4 —0.9283 29 17 2.2
e ) ery, Gook,  unpublished 0% 20.8%0 —0.7231 4 —0.93 28 17 .5
B : Washinglon  dats Upper 20 1C/dayriss
as: . from 10 : :
B 0% 21.6756 ~—0.7438 4 —0.8550 28 2 4.5
§09% 22,2124 —0.7526 4 —0.9738 29 21 .5
0% 20.5162 —0.6850 3 —0.9005 29 2 4.5
bextynchus  “lacks” 2500 mmave. 2000 g avs.  Miles Columbia  Coutant Upper mo 13.2502 —0.4121 4 —0.8208 30 2 ... ?
: B blawyischa 1-2yrsold . River at (1970)1¢ "W 9.4683 —0.2504 4 —0.9952 26 2 ... 2
(Khizook Grand Rapids
 &inon) ) ‘ Oam
! e favoszens  Juvenile Ammave l.2gane Mixed Columbia Bishm and Upper 19 flaldplus 153601 —0.41268 2 ........ | I v S ?
(rellow parch) River near  Parents 4da
| _ Prescot,  (1910)>
...... J, . Ors. unpublished
n.l.;. data
. i flavescons Adut(dyr ............ §.0-0.9¢ Mixed Black Crask, Hart (184T)%7 Upper 5 7.0085 —0.2214 2.3
. a4y | Geewperth)  mods) nede Lake Sim- 0 176835 —0.5021 25.0
. SR cos, Ontarip 15 124143 —0.3541 1
X T A 5 21,2118 —0.5%0% 2.7
. 2512 Lower B iihe ciere e ereeene. 11
25,124
C08 Mon Prolamas ... ecceeccenn.. Crerasieans Great Lakes  McCaulsy Upper  15and 20m ......... 17.5842 —0.4680 2.5
253 P iuGu (1563)m
457 | ey, tang. -
-,.‘?' ) keg)
: " hﬁ;l *Hisassumad in this tabie that the acciimation tamperatars eporiad is a trus scclimation in tha context of Brett o Thesa wera likely synergistic affects of high N2 supersaturation in these tests.
"’ m“”-" » Exciuding apparent fong-tarm sacondary mortaity,
on with Hi = ) Number of magian resistance times usedl for calcutating regression equation. ¥ Dats ware availabie for 109 and 909% mortality as wall as 50%.
I :“ﬂllaﬁnn costficiont (perfact &t of alt data points to the regression line==1.0). 7 Data also available on 10% and 809 mortality, .
+ [ “=Incipiunt lsthal tamperature of Fry, ot al, (354508  Data available for 10% snd 0% mortality as wsll 33 50%.
*Fuh tasteg shortly atter capture by beach seine. . § Rives temperatures during fal migrations two differast years.
x Mumwmﬂwmuuwumam = No gdiftsrance was shownso data are jumped.
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THERMAL TABLES—Continued

Accimation log time=a--h (temp.)
Species Stage/age Lentth Weight Sex Location Relerence Extrome ) LD50  thrasholdé
Tempe Time 3 |} N e ct)
L

Pimephales Aduft(mestly ............ mostly 0-2¢  Mixed  Etobtcoks Cr., Hart (1941)%7 Upper 5 48417 —0.8602 2 25 ......... %.0
(Hyborhynchus) 1y1) Ontatio 10 5.9 LS8 2 2.0 3.3
notatus (biwnt- 15 2.07 —-0.8337 3 .0 ... 30.8
nots minmow) - 2 N . 4 ni

. ] 3 3.3
Lowsr 15 10

2 4.2

5 1.5

Pimsphaies AMutQlyn) ... 2.0-3.9¢ Mixed Dow River,  Hart (1347)%7 Uppor 1 60,7782 —2.0000 2 ........ 30.0 2.2
promeias (fat- mode Thormhill, A 6.9970 —0.1580 4 —0.7448 3.0 na
‘head minmow) Ontasio . " . -1.1317 5 3

Lowsr 20 cveieerve eersecns seieeris seees sisesses seve seses creearess
B cieiieir eesaeer eneesses seees sesessce sese eeses seeenvess
Poscilia latipiana AduR ..o o e Jufterson Ca., Strawn and Upper 35 09/co)s
(Saitfin molly) Tens Duan 3 (§9/00)
(1967M» 35 (109/c0)
’ k] (20%/00)
Pontoporeia affinig AduR ..., .l Mixed Lake Superior Smith (187114 Upper B
near Two unpablished 8 iiirerit reneieen veeeces seser aenesses aene erees
Hutbors, data
Minn,

Pseudopleuro-  ............. 6.0-1.1cm 3.44.2¢ Mixed Now Jorsey  Hoff & Wast- Upper 2.0
nectes ameti- (avereges (averages (40°N) man (1966)v0 3.7
canus (winter for tast for tast 2.0
fiowndor) groups) groups) 2.1

Lower 1.9
1.0

"
(K ]

Rhinichthys MUt e i e Knoxvilie, Hart (1852)% Upper 20 2.015 —0.5%58 7 —0.9838 3 W ... a3
" atratutus . Tenn. 25 19.6451 —0.5224 10 -—0.897% 35 s ......... 2.3
(blacknose dace) a 0,360 —0.5651 7 —0.0948 355 25 ... 2.3

Rhinichthys MEUD s e eeeeeeenns Toroato,  Hart(1352)m Upper 5 e teereens eeeeeeee eeeee seseeees a
atratutus (black- Ontario 135 19.5158 —0.5TI0 4 —0.8632 3.5
noss dace) 2 24,5149 —0.7081 7 —0.9528 33

5 20,1040 —0.5389 8 —0.9%8 3

Rhinichthys . Adult  ~ ... 2.0-3.9 Mirsd Do River,  Harl (1947)% Upper 5 W —2.18% 2 ... 2.5
atratulos (Black- (mode) Thorahill, . 10 HU6 —1.021 3 —-0.8521 0.3
nose dace) Oatasio 15 19.8975 —0.5734 4 —0.8571 3.5

2 28.5352 —0.7119 3 —0.83%7 .5
i 2.5165 —0.6823 § —0.8337 M0
Lower 2 iiicieeet tierises seassess seews aseessen ssas seeee se
25 iiciiese sesiesue seesenes saser resessse sess  seses assaseses

Saimo pairdnesii  Juvenile 4500.4em  ............ Mizsd Britsin Alsbaster & Upper W 5 0977 8.8 243 ... %5

(Rainbow trott) Welcomms . . 5 —0.8742 8.1 8.3 ......... . R
(]m‘m
Saimogsinineril Yealing ... e Eatendof  Craigle, D.E Raisad in soft water
(rainbow trout) Lake: (199" Upper 20 (tosted in soft
Saperior witsr) 14805 —0. U470 3 00107 1 T S
20 (tasted in band
~ water) 150002 —0.4561 3 00317 B8 1
Raised In hard water
20 (tested in soft
watar) 15.1413 —0.4633 3 —0.9781 4 TR
20 (tested in hard
walar) 12,0718 —0.3837 3 —0.8841 2 il eeneeenne

Salme prinioeril  Juvesile sL4x0.0em ... Mized Losdpn, Alabaster & Upper 15 e 15.4500 ~-0.500 Y iiiiiie creeiieerins tiesseere sesessees

(rainbow trout) and 15,54 Englad .Downing . SN 108250 —0.8250 2 ..icieh ieiceceerns sesreenes sescesnes
18cm (Halchety)  (1888)80
o [t {5 sssumed in this table that the acciimation temperature reparted is a true scclimation in the coatext of Bratt « Saliaity.

(1852)7¢ 7 Dissotved oxygen Conc. 7.4 mg/L

& Number of mesian resittance times used for calcutating regression squation. # Dissolved oxyres Conc. 3.8 mg/L

e Comeistion coafficient (parfact £1 of all daia paimix te the regression ling=s1.0),

4 = ncipiont lathal tempecature of Fry, of s, 134082

A Son pots (tnder Ssime satar) about Alabaster 15675

et SR w -

CE MR

Cw e A
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t17
Kelimaion log ime=s-t-b (Wmp) Data limits Letka)
Spucies Stage/oge Longth Waight Sax Locslion  Roferesce Exirome o) LD53  threshodd
<8 ‘ Toaps Time a ] L ™ (9]
— e 0o lewer
i BN gmpiniei A xMmm K00gave.  Mind Combia  Cowtast ' T | V.87 ~0.029 7 —0.918 28 21 ... 3]
O = (sxadromens) o River at (1m) : .
2 (Stowlbaal _ . Priest
— & i) Rapiis Dam
;g i Saime salar Smolts (12 AbesitSem ............ Mized Rivr Axe,  Alshaater Umer  0.2(hell) 06857 16867 ¥ ... (6 R ) O,
w3 (Ataxtic saimon) yr3) - : Devon, (100700 0.3 B0 09091 vttt reevesnenes veveress eeseines
R Eagiend 10.9" 126.5000 —5.000
15 Tesiad in 0% soewster
I3 % 1.2 (M) MGET —1880 2 oo e eeees e,
! # Testod in 100% waa-
A 0.2 (GM) WHH =082 2 erere e, e cereeres
= Acclistated 7 1 in se2-
T water; tasted in sae-
o= Lo
s = 0.2(Bekd) WA LA 2 L ceeiiees eeeeieees sereesens
MEY et Newyhkded ..o Mid  Culercoats, Bishal(IMS)"  Upper  G(browghtmplo 1059 —0.000 6 —0.978 2880 2.0 ... 20
r (Aantic ssimon) ltarvas North tost tamey. in
4& Shioids, ) § hours)
.= (karichery)
Tl cmenwr Waastter . e, Miced Codercoats,  Blshai (1M0)"  Uppes 5 LN 0BT 4 -0 B/O 7 ... 2.2
i (Atiaatic salmom) balching North 1 15780 —0.539% 3 0.3 %0 2 ... a3
5 Shiokds, 2 LT 0308 3 0.0 290 2 ... a5
#* (hatchory)
§-' : © Simenlsr Parr(lyr) W0emave. ............ Mind RivrAs,  Alabaster Upper 9.3(hld) BAN —LB0 ¥ s eeieneeiins seereees sesseneee
- (Rtientic satmon) . . Devoe, aus 10.9 (Reld) 20000 —10000 2 oo ceeeenriens veeeenes eeeeneens
1. £ Expand .
ER - . . .
10 T umentr  Smets(2  N.7xlSem .......... Mixed River Mosth  Alshester U LT BT —008 B i s cveeereee ceeenes
“-" ; {Mtisatic salmon) yrs) Eck, Scotisnd (16758
. ] smemar  setig2  wesndem ... Mid  RiverSeverm  Alshesier [ Y R B0 —0455 29 . v s e
3 (Atiastic salmon) yr3) Gleucesiar,  (IMT) .
€ Englend .
CR I 1
3, -z Sumetretts  Nowlyhaiched ............ ..ooo....... Mixsd Collercosts, Biskai(IN0)®  Upper § (raised to test
. (eowntroul)  fry Nerth tamp. ovor § by .
...... T Shiokds, . pariod) 7R —0.010 & 00047 2.0 2048 ... 20
T T Englend
9,° . (haichery)
9, i , .
o) Simetnts  Ndaefter. ... ... Missd Colorcoats,  Bishai (INO)  Upper 5 15.84 —0.5299 4 —0.UM3 2.0 220 ... 72
55 - . (Bwntroct,  hatehing . Noith 10 2.5 0.8 3 09702 %0 20 ... a4
R T ) Shiokds, 2 WG 0485 3 -0 %O ne ... X |
v R (uichery)
9
2.2 g - limetnta  Juvenlls nihbem ............ Mind Londen, Aiskaster & Vypor
LS (bwown troat, 1445 Englend Downing
) g =) P “(ichary) (10060
. L F Uittt  Smes2yr) Abewtilicm ............ Mixsd RivrAxs,  Alshegier (o
B 4 (wown trout, m Deven, (19678
i ) Eaghend '
-"!. Siimsfont. Juvemlle L oo e, Pleensst . McCosley (TSR | MEN0 ~0.6333 & —0.9258 5.5 U5 ..o ...
i wais (Breok Monst (15n» . 045 —0.6T T -0 OB B4 ...t e
§ ) Haichery,
....... £ Wayse a,
, Posma. and
S Hatchery,
....... 2 Oseis
. & -luuuuuwmmmmmmmnw-uhnhndm « River famp. doriog fall migration.
2 il 7 Alabaster fitted by ays, & straigit lioe te median denth times pictied on semilog paper (Jog time), thea reperied
4| Nrwbor of mosian rusisiance mes wind for eakulating regression semston. ' saly the 106 aad 1000 min intercopts. These intercapts ars the hesis for the equstion presated here.
: :cmhu-mmuuqmmnhmu-m # 508 nete for Alahaster 10679
; = Incigiont lathel tomperature of Fry, ¢t al, (1140308 A Resaits did net éifler v data were combined.
: 59




THERMAL TABLES—Continued

Appendix 1I-C/4

Acclimation " log timesea-+-b (tamp.) Data limits " latr
Species Stage/age’ teogth Weight Sox .Location Reference Extreme (°C) LD50  thres
- Temps Tims 3 b N? rr —— ™

: upper lower

Satvalinus fonti- Yesrling  ............. X=1.88¢ Mirsd Codrington,  Fry, Hart & Upper 3 —0.4556 3 —0.8997 6.0 B.5 ......... ]
naiis (brook range - Ont. (hatch- ~ Waiker 1" —-0.47128 6 8.0 250 ... u
trout) 5¢ ay - (1946)8 15 —0.4833 9 85 255 ... =

20 —0.4661 7 29.0 25.5 ... %
2 —0.5361 6 2.0 2.5 5
2] ~0.5567 10 0.0 255 ... -1
5 —0.5567 3 9.0 260 ......... -3

Salvelinus fonti-  Juvemile ... e i Ontario, Fry and Gib- Upper 10 —0.4381 6 —0.9852 26.5 4.0 ........ 8.8
nalis (namaysush Camada son (1953)2 15 —0.550 8 ~—0.9652 28.0 245 ......... 4
hybrid) o] —0.6342 9 —0.9744 28.0 A5 ......... U.0

Salvelinus 1-2yrold . Ll 21.7gmave. Mired Hatcheries in  Gibson and Upper [] 1wk 14,4820 —0.5142 4 —0.89% 26 23 z
namaycush 1y Ontario Fry (1854)% 15 ” 14.5123 ~-0.4865 § —0.8988 27 . 2% z
(Lake trout) -gm ave. 2 LA 17.3684 —0.5818 5 —0.9951 27 24 z

@m

Scardinius Adult vem . Mixed Britain (field) Alabaster & Upper 0 e 26,9999 —0.7632 2 ..o e seneeenn e
erythrophthata- Downing
mas (rudd) (1966)00

Samotilusatro-  Adst ... 2.0-3.9¢m  Mixed - Don River,  Hart (1947)%7 Upper 5
maculatug mode Thornhill, 10
(Creek chub) Ontario 15

2
25
Lower it}
]

Semotitusatre- AUl L e Toronto, Hart (1952)2 Upper 10 (Torontaonly)  ..ooooot cveeeen eeee eenend H
maculatus Ontario 15 (Toronto anty) 20.8055 —0.6226 3 —0.8963 H
(Cresk chub) Knoxvills, 20 (Torontoonly) - 19,1315 —0.5328 6 —0.90% {

Tonn. B 193186 —0.4717 18 —0.8921 '
: VW 22,8302 —0.584 19 —0.9%1 :

Sphasroidesannu- Adult L. i e Northern Gulf Heath (1367)%° Upper 2.0 ... 25.4549 —0.6088 3 —0.8716

tatus (Puffer) of Calif. ) -
Coast

Sphasroides macy- ......... 13.8-15.9¢cm 62.3-79.3gm Mixsd NewJersey  Hoffand West-  Upper 0 e 11,3899 —0.281 3 ~0.9988
latus (Northern (avenage) (average) (WO N) man (1966)%0 L 35.5191 —1.0751 3 —0.8449
pulter) A e 21,5353 —0.5146 3 —0.8914

» A —0.6183 3 —0.8239
Lower " 0.6141 4 0.9760
2 0.130 6 0.8310
2 0.M38 5 0.9728

Thaleichthys - Sexually 161 mmave. 31gmave.  Mixed Cowlitz River, Biahm & Upper H rivertsmp.  7.740 —0.2740 7 —0.8142 29.0 &0 .........
pasificus Mature Wash, MeConnell :
(Eutschon or © (1570)00
Columbia River unpubiished
Smalt) data

Tilapia mossam- 4 months 5.0-12.0cm  10.0-17.0¢m ........... Transvaal Allanson & Upper 2 MBY UM 4 =089
bica (Mozam- Arica Nobie 8 14.0458 —0.2800 § —0.210
bigue mouth- (15801 z 41,1610 —0.83%0 4 0.3
braeder) 2 uaM3 —2.415 5 —0.7M

' 0 41333 —1.0018 €6 —0.914
2 . W09 —0.8123 4 —0.9209
u 13,1504 —3.123 3 —0.838
¥ 68.6764 —1.7034 6 —0.9053

Tincs tinca Juvenile 4Le04em ... Mirsd England Alabaster & Upper 15 1.0000 2

(tench) ' Downings® 2 A 0.8313 1
(1968) 2% e 748 0Nl 2

a [tis assumed in this tabls that the nﬁ'fmﬁnn tomperature reported is a true acciimation in tha context of Brett

(1952)¢

& Number of madian resistance times used for calculating regression esuation.

60

< Corralation coefficisnt (pesfect fit of ail data points to the regrassion im-l.b).

d = ncipient ethal temperatura of Fry, atal, (1946).33
+ Seg pravious note for Alabaster 19_51.8a
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APPENDIX C (ALL DATA ARE IN ° C)

FISH TEMPERATURE DATA

Species: __ Alewife, 4losa pseudoharengus

Upperv

Lower

Il. Growth:
Optimum and
{range] .

l1l. Reproduction:

Migration

Spawning

Incubation
and hatch

V. Preferred:

acclimation
|. Lethal threshold: temperature

*age unknown

larvae  juvenile adult | reference'
5 15 : 5
10 20 5
15 23 5
20 - 23 5
*yltimate incipient _32*% 2
larvae juvenile adult
optimum range month(s)
13*(3) <10(1)-? 1.3
_ 16-28(1) Apr-Aug(5) 1.5
17 11-27 1
*peak run
acclimation ] .
temperature larvae juvenile  adult
24 ' 23 2
3] 23% 2
18 20 4
21 22 4

" 'References on following page.
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FISH TEMPERATURE DATA

Species: Atlantic salmon, Salmo salar

acclimation

. Lethal threshold: femperature larvae  juvenile  adult | reference’
‘Upper 5 22 1
. 6 22 ]
10 - _ 23 1
20 23* ]
27.5 | 27.8%* 8
Lower *30 days—after hatch— L —_—
**ultimate upper incipient temp.
1. Growth: larvae juvenile adult | -
Optimum and 10(9) 16-18(4) 4,9
[range] |
1. Reproduction: optimum range month(s)

) Migration adults 23 or less, smolt 10 or less__. 3
Spawning 4-6(3) 2=10(11) Qct-Dec(7)] 3.7,11
Incubation

and hatch 3(3)-11(12) | 3,12
~ acclimation o |
IV. Preferred: temperature larvae  juvenile  qadult
' 4. 14 2
_Summer 12(5) 14_-!5(6) 5,6
- v 14 10 |

' References on following page.
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FISH TEMPERATURE DATA

Species: Bigmouth buffalo, Ietiobus cyprinellus

acclimation

| Lethal threshold: femperature larvae  juvenile  adult | reference’
Upper
Lower

Il. Growth: larvae juvenile adult
Optimum and -

[range] _ —
lIl. Reproduction: ~ optimum rangge month(s)

"~ “Migration - __.. |
Spawning 16-18(6) 14(1)-27(6)  Apr(4)-dune(3)| _1,3,4,6
Incubation |

and hatch - 14(5)-17(2,5) - 2,5

| acclimation o

IV. Preferred: temperature larvae juvenile  adult
3] _34* 2
*Totiobus Sp. field

' References on following page.
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Bigmouth buffalo
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FISH TEMPERATURE DATA

Species: Black crappie, Pomoxis nigromaculatus -

acclimation

l. Lethal threshold: temperature larvae juvenile  adult reference'
Upper 29 33* 2
Lower

*Ultimate incipient level -
I1. Growth: larvae juvenile adult
Optimum and | 22-25 ' 2
[range] _ (11-30)* 2
‘ , " *Limits of zero growth
I1l. Reproduction: optimum range month(s)
.*Migration - ' .
Spawning ' ‘ 14(4)-20(3) Mar(4)-Ju1y(§) 3,4
incubation
and hatch -
acclimation o
IV. Preferred: temperature larvae juvenile adult
Summer 18-20(5) - 24-38Q0) 1,5
5 27-29* ' 6
*509% catch/effort

' References on following page.

68




Lo

X
i
428
-
l.:‘.'
2
o=
S
P
N
P
Ceda
3
s
oA
R
¥
R
bt 4
i
Ry

o

Black crappie
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FISH TEMPERATURE DATA

Species: - Bluegill,

Lepomis macrochirus

acclimation

1. Lethal 'rhreshold temperature

Upper

LoWer

11. Growth:

Optimum and
[range]

[1l. Reproduction:
“Migration
Spawning
Incubation
and hatch

V. ‘Preferred:

larvae

juvenile

adult reference
15(2), 12(8) 27(8) 31(2) 2,8
20 | 32 2
25(2), 26(8) 36(8) 33(2) 2,8
30 34 2
33 37 8
15(2), 12(8) 3 (8) 3(2) 2,8
20 : 5 2 |
_25(2), 26(8) 10(8) 2(2) | 2.8
30 | | 1 2 _
33 15 8 A
larvae juvenile adult
30(10) 24-27(3) | 3,10
- (22-34)(10)  [16(1)-30(4)1} 1.4.10
optimum range month(s)
s R |
25(8) 19(5)-32(6) - Alig l.b.6
22-24 22-34 8
acclimation _ _ |
temperature larvae  juvenile  qduit
26 Aug(11) 32(9.11) 9,11
8 Nov : 18 11
3 Feb 16 I
26 June 31 11
30 June 32

' References on following page.
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Bluegill
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FISH TEMPERATURE DATA

Species: Brook trout, Salvelinus fontinalis

acclimation

|. Lethal threshold: temperature larvae juveni le -adult reference’
Upper 3 23 3
1N 25 3
12 20%, 25%* | 2
15 | 25 3
- 20 *Newly hatched 25 3
Lower 25 **Syimup .25 3
Il. Growth: larvae “juvenile adult |-
Optimumand  12-15(2) ( ) L2
[range] (7-18)(2) (10-19)(1) { 1,2
[1I. Reproduction: optimum range  month(s)
* Migration S | = '
Spawning <) _ 4 (6)=12(1) pERE- |15
~ Incubation - |
and hatch 6 _?-13 1
| acclimation i .
V. Preferred: temperature larvae juvenile . adult
| 6 12 4
24 | 19 ) 4

' References on following page.
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Brook trout
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FISH TEMPERATURE DATA

Species: _Brown_bullhead, Ietalurus nebulosus

acclimation

|l. Lethal threshold: femperature larvae  juvenile adult | reference'
Upper 30 35 | 5
Lower
1. Growth: . larvee juvenile adult
Optimum and _
[range] — — —
l1l. Reproduction: optimum range month(s)
* Migration
Spawning 21(4)=2 Mar-Sept(3)] 3.4
Incubation . . |
and hatch ____ = = 21(4)-27(3) 3,4
acclimation . ,
IV. Preferred: temperature larvae  juvenile qaduit
, 18 May(2) 21(2) 29-31%(1) | 1,2
26 July 31 2
23 Sept - 27 2
10 Mar 26 2
*final preferendum :

' References on foliowing page.
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Brown bu11head
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FISH TEMPERATURE DATA.

Species: __ Ryown traut. Solms trutia

acclimation

l. Lethal threshold: temperature larvae  juvenile  adult | reference'
Upper __20(2) 23(2) 26*(5) 2,5
| 23 . 25%* 4
20 ' 25%* 4
15 25%* 4
0 - 20%* 4
5 22%% 4
*approx. ultimate upper incipient 1¢thal
*%k
Lower . . age unknown
Il. Growth: ' larvae juvenile adult
Optimum and - 7-19* 4
[range] _ _
’ : *ages 0-IV . :
1l. Reproduction: ~ gptimum ~ range month(s)
~ Migration _6-7 - l__
Spawning 7-9(11 1({7)-13(8) - Oct(9)-dan(10) _7,8,9,10,
Incubation '
and hatch 7-12(4 5(4)-15(3) 3,4
| | acclimation .
IV. Preferred: temperature larvae juvenile  adult
12-18 6

' References on following page.
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FISH TEMPERATURE DATA

Species: Carp, Cyprinus carpio

: : acclimation . . '
|. Lethal threshold: temperature larvae juvenile adult reference’
Upper 20 31-34* 3
26 36* : 3
25-27 40-41 : 10
*24 hr. TL
Lower >0
Il. Growth: “larvae juvenile adult
Optimum and ' : _
[range] (16-30) (9) | 9
I1l. Reproduction: optimum . range ~ month(s)
-"Migration —_ :
Spawning 19-23(2) 14(4)-26(2) Mar-Aug(5)} _2.,4.5
Incubation . | |
and hatch 17-22(7) 2-33(1) 1,7
Limit for 10 min. exposure of early embryo
is 35° | 1
acclimation i _ .
IV. Preferred: temperature larvae juvenile  adult
| 25-35 31-32 6
Summer 33-35 | 8
10 17 | 6

' References on following page.
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‘Carp
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FISH TEMPERATURE DATA

Sbecies: Channel catfish, Ictalurus punctatus

_ acclimation o
|. Lethal threshold: "temperature larvae juvenile - adult reference’
Upper 15 30% 2
25(2) 26(1) 37(1) 34(2)* 1,2
29 31 , 3
30 | 37 ]
34 38 1
~ Lower : *8R-122 grams
15 0 2
20 3 2
25 6 2
I1. Growth: larvae juvenile adult
Optimumand  29-30(3) 28-30(8) 3.8
[range] - (22-31)(3) (26-34)(4) 3.4
l1l. Reproduction: optimum range month(s)
~ Migration - |
Spawning 27(5 21-29(5) Mar(10)-July(6)| -5.6.10
Incubation
and hatch 24-28(5) 5
acclimation . _
IV. Preferred: temperature larvae  juvenile  adult
Summer 30-32% | 7
2 Jan(11) 11(11) **(9) | 9.1
22 35 11
29 35 1

*field

' References on following page.

**14-hr._photoperiod
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FISH TEMPERATURE DATA

Species: Coho salmon, Oncorhynchus kisutch

| acclimation s
I. Lethal threshold: temperature larvae juvenile  adult reference’

5 23 ]
Upper ‘ 10 24(1)  21%(3) 1.3
R . 15- 24 - | ]
20 - 25 ]
23 o 25 1
: *Accl. temp. Yinknown
Lower 5 0.2 1
v 10 2 1
15 | 3 ]
20 : 5 1
23 6 1
I. Growth: larvae juvenile - adult .
Optimumand ' ' _15* - 2
[range] (5=17)** 6
*unlimited food
**depending upon season |
Il. Reproduction: optimum range month(s)

* Migration _ _I=16 ‘ 5
Spawning = ____ —7-13 - _Fall . 3
Incubation | -

and hatch  __8(2) 2-1a) 2,7
‘ acclimation ) . |
IV. Preferred: temperature larvae  juvenile adult
Winter | 13 4
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