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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, tramnsportation, and
industry — physically and chemically alter lakes, rivers, and streams. Such
glterations threaten terrestrilal organlsms, as well as those living in water.
The Environmental Research Laboratory in Duluth, Minnesota, develops methods,
cotducts laboratory and field studies, and extrapolates research findings

-—to determine how physical and chemical pollution affects
aquatic life; 1

~~to asgsess the effects of ecosystems on pollutants;

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

~-to measure biloaccumulation of ﬁollutants in aquatic-
organisms that are consumed by other animals, including

jut=s

This repoxt discusses the history, procedures, and derivation of
temperature criteria to protect freshwater fishes gnd presents numerical

 eriteria for 34 species. It follows the general philosophical approach

of the National Academy of Sciences and National Academy of Engineering in

. thelr Water Quality Criteria 1972 and is intended to make that philosophy
- practically useful.

Donald I. Mount, Ph.D.

Director A
Environmental Research Laboratory
Duluth, Minnesota
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ABSTRACT

Temperature criterla 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 fileld and laboratory studies, and yet for some important
species the data are still insufficient to develop all the necessary
criteria, Fighery 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
3ﬂﬂeterm1n1ng mean and maximum numerical criteria based on the protection of

(.. .gppropriate desirable or important fish species, or both. The philosophy and
! protocol-of the National Academy of Sciences and National Academy of
: ‘Engineering (1973) were used to determine criteria for survival, spawning,
_embryc development, growth, and gamete maturation for species of freshwater

' “ﬁflah both warmwater and coldwater species.

L The influence that management cbjectives and selection of species have

“on ‘the application of temperature criteris is extremely important, especially
- if.an inappropriate, but very temperature-sensitive, species is included. In

__lsuéb a case, unngcessarily restrictive criteria will be derived. Conversely,
"if..the most sensitive important species is not considered, the resultant

criteria will not be protective.
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SECTION 2
INTRODUCTION

This report is intended to be a guide for derivation of temperature
criteria for freshwater fish based om the philosophy and protocol presented
by the National Academy of Sciences and Natiomal 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 Sanitation 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° ¥) at any place
or at any time during the months of December through
April; 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 recommendatiocns for temperature im the Ohio River
watershed. At thig 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° ¢);

2
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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);

3) to maintain trout habitats, stream temperétures should not
exceed 55° F (12.8° C) during the months of Qctober through
May, or exceed 68° F (20.0° C) during the months of June
"through September; and

4) i1insofar 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 Pellution
Control Administration presented a report on water quality criteria in 1968
that was to become known as the "Green Book.'" This large committee included
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 Unilted States as a whole, or even'to one state, and that the requirements
must be closely related to each body of water and its fish.pcopulations. Other
dmportant 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
“eriteria development different from earlier omes. A temperature inctrement
: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.

The National Technical Advisory Committee (1968, p. 42) recommended:

"To maintain a well-rounded population of warmwater fishes .... heat
should not be added to a stream in excess of the amount that will
raise the temperasture 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
- 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"
- o clarify the erroneousness of the generalization. In fact, a 5° F (2.8° C)
rlse 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
:ofﬂtemperature rise since the amount of heat added could not be increased.
-~ For lakes and reservoirs the temperature rise limitation was 3° F (1.7° ()
- ‘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 "no heated effluents should

3
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be discharged in the viecinity of spawning areas," and that "in lakes and
reservoirs, the temperatutre of the hypolimnion should not be raised more
‘than 3° F (1.7° C)." PFor 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 Advisor
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.

B4 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 development of salmon and trout (other
than lake trout}. '

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

NOTE: Recommended temperatures for other speciles, not listed
above, may be established if and when necessary
information becomes available.

These recommendations represent one of the significant early efforts to base
tewperature criterla on the realistic approach of species and community
requirements and take into account the significant biological factors of
spawning, embryo development, growth, and survival.

4
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The Federal Water Pollution Control Administration (19692) recommended
yevisions in water quality criteria for aquatic life relative to the Main
" gtem of the Ohio River. These recommendations were presented to ORSANCO's
“Fngineering Committee and were based on the temperature requirements of
" ‘jmportant Ohio River fishes including largemouth bass, smallmouth bass, white
bass, sauger, channel catfish, emerald shiner, freshwater drum, golden
yedhorse; white sucker, and buffdlo (specles 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 o

Daily mean Hourly maximum
¢ F (* F)
December—Febrﬁary 48 55
Early March 50 - 56
‘Late March 52 58
Early April 55 60
Late April 58 62
Early Maﬁ 62 , 64
| Late May - 68 72
Early June 75 : | 79
Late June 78 B2
July-September 82 - 86
October 75 82
November 65 : 72

aFrom: 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 speclea, and the
criteria for mean temperatures were higher. The daily mean in July and
September was 84° F (28.9° C). In 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 apecies. 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 N
Control Administration (196%9a, 1969b) and the concept of limiting the amount
of heat that would be added (Natiomal Technical Advisory Committee, 1968},
The following is the complete text of that standard:

T L P L

" All cooling water from municipalities or political
subdivisions, public or private institutions, or
installations, ox corporations discharged or
permitted to flow into the Qhio River from the point
of confluence of the Allegheny and Monongahela Rivers
at Pittsburgh, Pennsylvania, designated as Ohiq River
mile point 0.0 to Cairo Point, Illinois, located at
the confluence of the Ohio and M1s31ssippi Rlvers, 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-discliarge rate be of such magnitude as will
result in a calculated increase in river temperature of
more than 5 degrees F: '

L O T S

P

Allowable heat-discharge rate (Btu/sec) = 62.4 X
river flow (CFS) X (Ta - Tr) ¥ 907
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Where:

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

table:

Janqary
February
March
April
May

June

Ta

30 July

50 August

60 September
70 October
80 November
87 December

T
&

8g

. 89

87

78

70

- 57

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

T

upstream from the discharge

River flow = measured flow but not less chan
critical flow wvalues specified in
the following table:

River reach

From

To

Critical
flow
in cfs

Pittsburgh, Penn. (mi. 0.0)

Willow Is. Dam (161.7)
Gallipolis Dém (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 (605.81
Uniontown Dam (846.0)
Smithland Dam- (918.5)

Cairo Point (981.0)

6,500
7,400
9,700
11,900
14,200
119,500

48,100

*Minimum daily flow once in ten years.
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though. the: numerical criteria for January through December are higher
than those recommended by the Federal Water Pollution Gontrol Administration,
they are only used to calculate the amount of heat that can be added at the
"ninimum daily flow once in tenm 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 (FWPC
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 0Oak Ridge Nationmal Laboratory.' The
materials are reproduced in full in Appendix A and Appéndix B in this report.
A discussion and description of the Blue Book temperature criteria 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 jdentifisble
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 presénce of pollutants in any
body of water, including ground water; (B} on the concentration and dispersal
of pollutants or their byproducts, through Biclogical, 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 organic and
inorganic sedimentation for varying types of receiving waters."

The U.S. Environmental Protection Agency (1976) has published Quality
Criteria for Water as s response to the Section 304(a) (1} requirements of
PL 92-500. That approach to-the determination of temperature criteria for
freghwater 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
te the protocol iIn 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

5609
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Tnternational 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 Grea§ 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.




SECTION 3
THE PROTOCOL YOR 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
are 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 0 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 sufficlent time has elapsed for death to have occurred, The
ultimate upper incipient lethal temperature is that beyond which no increase
in lethal temperature 18 accomplished by further incresse 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 freezing point of water. However, for some important species, such as
threadfish shad in freshwater and menhaden in seawater, the 1ower incipient
lethal temperature is higher than 0° C

As iIndicated zarlier, 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 hriefly
summarlze the various types of criteria and provide some additionmal insight
into the development of numerical criteria. The Blue Book (Appendix A)
also describes in detaill the use of the criteria in relation to entralnment.

MAXIMUM WEEKLY AVERAGE TEMPERATURE 5
_ 4
For practical reasons the maximum weekly average temperature (MWAT) is g

the mathematical mean of wultiple, equally spaced, daily temperatures over a
T~day consecutive period,

10
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r growth

i —————
 Bm

To maintain growth of aquatic organisms at rates necessary for sustaining
actively growing and reproducing populations, the MWAT in the zone normally
jnhabited by the species at the season should not exceed the optimum temperature
'plus one-third of the range between the optimum temperature and the ultimate
upper incipient lethal temperature of the speciles:

ultimate upper incipient - optimum

iﬂﬁi for growth = optimum temperature + lethal te@peratur; temperature

Thé optimum temperature is assumed to be the optimum for growth, but other
'physiological optima may be used in the absence of growth data. The MWAT need
‘not.apply to accepted mixing zones and must be applied with adequate under-
.gtanding of the normal seasonal distribution of the important species.

.on

X For Reproduction o

8 )

" The MWAT for reproduction must comsider several factors such as gonad

‘growth and gamete maturatiom, potential blocking of spawning migrations,
‘gpavming itself, timing and synchrony with cyclic food sources, and normal
patterns of gradual temperature changes throughout the year. The protection

Tes “.of ‘reproductive activity must take into account months during which these
processes normally occur in specific water bodies for which criteria are

d .being developed,

‘ibraWinter Survival

The MWAT for fish survival during winter will apply in any area in which
fish .could congregate and would include areas such as unscreened discharge
channels. This temperature limit should not exceed the acclimation, oxr plume,
temperature (minus a 3.6° F (2.0° C) safety factor) that raises the lower
lethal threshold temperature above the normal ambient water temperature for
‘that :season. This criterion will provide protection from fish kills caused
'by rapid changes in temperature due to plant shutdown or movement of fish
from 2 heated plume to ambient temperature.

-stRT—TERM EXPOSURE TO EXTREME TEMPERATURE

It is well established that fish can w1thstand short exposure to temperatures
_higher than those acceptable for reproduct1on and growth without significiant
_-8dverse effects. These exposures should not be too lemgthy or frequent or the
Bpecies could be adversely affected.,  The length of time that 50 percent of a
“Population will survive temperature above the incipient lethal temperature can

be calculated from the following regression equation'

log time (min) = a + b (temperature in °C),

or

temperature (°C) = (log time (min) -~ a)/b.
11
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The constants "a" and "M 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° Cl
reduction 1n 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
eriteria, Appendlces A and B should be read thoroughly. In addition, Appendix
A contains a fine discussion of a procedure to evaluate the peotential thermal
impact of aquatic organisms entraimed in cooling water or the discharge
plume, or both.
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SECTION 4
THE PROCEDURES FOR CALCULATING NUMERICAL

TEMPERATURE CRITERIA FOR FRESHWATER FISH

mxmun WEEKLY .AVERAGE TEMPERATURE

. "The necessary minimum data for the determination of this criterion are
“wthe physiological optimum temperature and the ultimate upper inciplent lethal
‘T:temperature, The latter temperature represents the "breaking point" between
.the highest temperatures to which an animal can be acclimated and the lowest
.;lnf ‘the extreme upper temperatures’that will kill the warm—acclimated organisi,.
'fﬂhysiological 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
-0f -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 spectes 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 specles 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° €. 1In this instance 29° C is judged the best estimate of the optimum. The
highest incipient lethal temperature (that would approximate the ultimate
dncipient lethal temperature) appearing in Appendix C is 38° C, By using the

.. Previous formula for the MWAT for growth, we obtaln

- ©
2&0 C + (38 §9 C_ = 320 C.

EﬁhEItsmperature criterion for the MWAT for growth of channel catfish would be
32° ¢ (as appears in Table 1),

13
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TABLE 1. TEMPERATURE CRITERIA FOR GROWTH AND SURVIVAL OF SHOR‘I‘ EXPOSURES |

(24 HR) OF JUVENILE AND ADULT FISH DURING THE SUMMER (° C (° F))

i venkly B paratyre for
Specias temperscure for ;mth‘ survival o; short axposurs

Aleuife - - bl
Atlantic saimon 20 (68) 23 ()
Bigmouth buffaio - -
Black crappis 1 (8L) -
Blyegill 32 (90) a5 (95}
Brool; trout . 19 (66) 24 (715}

" Brown bullhead ' - - ‘ —— .
Brown trout 17 {83 o (15}
curp -— ' -
Chatael catfish 2 (80 is (95
Coko salmon 18 (64) % Un
Emerald shinar 30 (86) -
Fathead minnow - -
Frastwater drum - -
lake herring (cisco) 7 @n© 377
Il-kl whitefish - -
I.-lk;i trout | -— . -
Larganouth bass ’ 32 (90} 3% (93)
Notchatn pike 28 (92) 30 (88)
. hmkiﬂ;llﬂ - -
Rainbow smelt - -
Rainbow ETOWt 19 (66) 2% (75)
Sdugay 25 TN -
Soallmouth bass 29 {84y -
Bmallzoyeh buffale - -
Sockeya salson ; 18 (64) 2 {72)
Striped banss l - -
Threadfin uhmi - -
Hll..lloy. A 25 0N -
hite bass - ’ . N

, White cxsppie . 28 (82) —_—
White petch -— -
thite mucker 8 @n° =
Yallow perch . ‘ 29 (B4) -

Scaleulated according to squation:
Baximue weekly avarage teaparaturs for growth = aptimum for growth
+ (1/3) (ultimate incipienc lathal temperature - optimum for growth).

By sed onr temperaturs (* €} = (log time {min} ~ a}/b - 2° C, scelimacion

at tha | waskly ge tamparature for suomer growth, and data in
Appandix B,

“Basad on dats for larvas.

14
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?Q‘SHORI-TERM:MAXIMUM DURING GROWTH SEASON

. In addition to the MWAT, maximum temperature for short exposure will
rotect against potential lethal effects. We have to assume that the incipient
. ethal temperature data reflecting 50 percént survival necessary for this

calculation would be based on an acclimation temperature near the MWAT for
rowth. Therefore, using the data in Appendix B for the channel catfish, we
find four possible data choices nmear the MWAT of 32° C (again it is preferable
to use data on juveniles or adults):

Acclimation temperature (° C) a | | b
30 | 32.1736  -0.7811
34 | 26.4204  =0.6149
30 17,7125 -0.4058
35 28.3031  ~0.6554

:i{ormula for calculating the maximum for short exposure is!
temperature (°C) = (log tie (min) - a)/b

" To solve the equation we must select a maximum time limitation on this
Zaximm for short exposure. Since the MWAT is a weekly mean tempetratiire
an -appropriate length of time for this limitation for short exposure would
e'24 hr without risking violation of the MWAT,

Since the time is fixed at 24 hr (1,440 min), we need to solve for
emperature by using, for example; the above acclimatlon temperature of 30° C
T which a= 32,1736 and b = -0,7811.

temperature (° C) = lqg_liééo -a
temperature (° C) = 3'15347é1i2'1736 - :ggigiiz 37,146

. Upon Bolving for each of the four data points we obtain 37,1°, 37.8°, 35.9°, and-
3B.4° C. .The average would be 37.3° C, and after subtracting the 2° C safety
actor to provide 100 percent survival, the short-term maximum for channel
dtfish would be 35° C as appears in Table 1.

MAXIMIM WEEKLY AVERAGE TEMPERATURE FOR SPAWNING #

* Prom the data sheets in Apendix C one wduld use either the optimum
Fmperature for spawning or, if that is not avallable, the middle of the range

£ ‘temperatures for spawning. Again, if we use the channel catfish as an example,
: ﬂm MWAT for spawning would be 27° C (Table 2). Since spawning may occur over
Bperiod of a few weeks or months in a particular water body and only a MWAT

Or optimum spawning is estimated, it would be logical to use that optimum for
%ﬁ-median time of the spawning season, The MWAT for the next earlier month
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TABLE 2. TEMPERATURE CRITERIA FOR SPAWNING AND EMBRYQ SURVIVAL OF

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

Haximum waekly average . Haxinum temparaturs for
Specias tenparatyre for spawning® wbrye supvival

Mewite 2z () ® an°

Atlantic sslmon 5 (41) noen

Bignouth buffalo 7 (6D 7 et

Black crappie 17 {63) 0 (®°

Bluepill LS ] 34 (93)

" Brook Erout - 9 (48) - 13 (5%

Brown bulihead T on 27 (8L

Brown Erout 8 {46) 15 {59)

carp 21 (10} 33 (a) s
Channal caktish 27 (8 » (w®
Coho asluon 10 (50} 1 (3 ;
Emarald shiner 24 (15) % (n® :
Fathead minnow 24 (15) 30 (B6)

Fresiwater drum 21 () 26 (79)

Lake herring (risco) 3 (an ' 8 (46) ]
Lake whitefish 5 () 10 ¢mt
Lake trout 9 (48 1 G
Lavgencuth baas n (70} ey E
Hoxtharn pike {5 19 (66)
Funpkinsesd TR 3 (s8¢
Rainbov smalt 8 (48) 15 (58)

Reinbow treuc 9 (ad) 13 {55)

Saugar 12 (54&) 18 (643

Smaliuouth bass . 17 (63) 1 ()
Smatimouth buffaly n g 8 (22"

Bockays salmon 10 (M) 13 (5%

Stripet bass 18 (64) % (75

ThreadZin shad % (66 _ 3% (93)

Valleya . B (46) 17 (enf

White bass ' 17 (e 2% (781

Vhite crappis 8 68 2 (73

White perch 5 (59) 0 (68)°

White sucker o (50 20 (68)

Yellew parch - 12 (54) 2 (68)

PR

* The optinum oF mesn of the tange of mpsuming tewparaturen veported for the
specien,

b e upper peratura for ful incubacion and hatching reporced for
the spacies.

© Upper temperature for spavning.
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eould 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
_#he upper temperature for the range. For example, if the chammel catfish
"gpawned from April to June the MWAT's for the 3 months would be approximately
m°, 27°, and 29° C. For fall spawning fish species the pattern or sequence
of temperatures would be reversed because of naturally declining temperatures

Juring thelr spawning season.
éﬁdRT—TERM MAXTMUM DURING SPAWNING SEASON

If spawning season maxima could be determined in the same manner as those
or the growing season, we would be using the time-temperatire 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,
hgpawning 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
uccessful embryo survival, but the maximum temperature for spawning is an -
cceptable alternative, In fact, the higher of the two is probably the
“preferred cholce as variability in available data has shown discrepancies in
~this relationship for some species.

. For the channel 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° .C(Table 2).

lﬁXIMUH WEEKLY AVERAGE TEMPERATURE FCOR WINTER

~ As discussed earlier the MWAT for winter is designed usually to prevent
i18h deaths in the event the water temperature drops rapidly to an ambilent
ondition. Such a temperature drop could occur as the result of a power-plant
hutdowvn 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

g maturation and spawning (Appendix A). However, protection of this species
would be outside the mixing zone. In addition, the embryos of fall spawning
giish‘such ag trout, salmon, and other related species such as cisco require
;JPW incubation temperatures. For these species also the MWAT during winter
Would have to consider embryo survival, but again, this would be outside the
nixing zone., The mixing zone, as used in this report, is that area adjacent
o the discharge in which receiving system water quality standatrds do not
‘@ply; a thermal plume therefore is not a mixing zone.

» With these exceptions in mind, it is unlikely that.any signficant
effects on fish populations would occur as long as death was prevented.

17

5618




|
!

In many instances growth could be emhanced by controlled winter heat additionm,
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. Counsequently

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 incipilent lethal temperature data from Appendix C for
freshwater fish species were used fo calculate the -regressilon line, which had
a slope of .50 and a correlation coefficient of 0.75. This regression line
was then displaced by approximately_2.5°_c since 1t 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° C 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 resultan
criterion takes this into account. :

If figh 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, & higher initial discharge temperature could be permissible to fish.

An example of the use of this criteriom (as plotted in the nomograph,
Flgure 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 amblent temperature of about 2.5° ¢, the MWAT would be 10° C,

a 7.5° ¢ difference,

18
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figure 1

WARMWATER
FISH SPECIES

, COLDWATER
7 "~ FISH SPECIES
/
0(32) 5(41) 10(50)

. Nomograph to determine the maximum weekly average

AMBIENT TEMPERATURE

15(59)

temperature of plumes for various ambient temperatures,

°C (°Fl. .
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SECTION 5
EXAMPLES

Again, because precise. thermal-effects data are not available for all
species, 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 calculats
various temperature criteria for species for which several sets of hipgh qualif
data were available, it is unlikely that they would be in agreement in all
ingtances. ‘ \

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. DMore
precise estimates of principal spawning and growth seasons should be
available from the local state fish departments.

EXAMPLE 1
Tables 1 and 2, Figure 1, and Appendix C are the principél data sources
for. the criteria derived for this example, The following water~body-specific

data are mnecessary and in this example are hypothetical:

1. Species to be protected by the criteria: channel éatfisﬁ, largemol
bass, bluegill, white crappie, freshwater drum, and bigmouth buffalo.

2. Local spawning seasons for these species: April to June for the
white crappie and the bigmouth buffalo; other gpecies, May to July.

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

4. The priﬁcipal growing season for these fish sﬁécies: July through
September. : -
5. Any local extenuating circumstances should be incorporated into th

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.

20
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. In some instances the data will be insufficient to determine each
lnecéssary criterion for each species. Estimates must be made based on

veildble species-specific data or by extrapolation from data for species with
ginilar requirements for which adequate data are available., For instance, this
example includes the bigmouth buffalo and freshwater drum for which no growth

¢ dhort-term summer maxima are available (Table 1). One would of necesgsity
aveto estimate that the summer criteria would not be lower than that for the
hite :crappie, which has a spawning requirement as low as the other two

The choice of important fish species is very critical. Since in this
1le the white crappie is as temperature sensitive as any of the species,
the maximum weekly average temperature for summer growth is based on the
wiilte crappie. Consequently, this criterion would result in lower than

msl conditions for the channel catfish, bluegill, and largemouth bass.
“dlternate approach would be to develop criteria for the single most
'nportant species even if the most sensitive is not well protected. The
shoice is a socioeconomic one. ‘

Before developing & set of criteria such as those in Table 3, the material
+id] Iin 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
forwﬂdch data are avallable would be for the white crappie (28° C). However,

there iis no maximum for short exposure since the data are not available {(Appendix
.. “For the species for which there are data, the lowest maximum for short

xpo re 18 for the largemouth bass (34° C). In this example we have all
mecegsary data for spawning and maximum for short exposure for embryo

ival for all species of concern (Table 2).

#During the winter, criteria may be necessary both for the mixing zone as
rell as for the recelving water. Recelving-water criteria would be necessary
f'nqimportant fish species were known to have gamete-maturation requirements

; ‘the yellow perch, or embryo-incubation requirements like trout, salmon,

1 0, etc. In this example there is no need for receiving-system water criteria.

;Aﬁ this point, we are ready to complete Table 3 for Example 1.

£11 of the general concerns and data sources presented throughout the
Scussion and derivation of Example 1 will apply here.

' Species to be protected by the criteria: rainbow and brown trout
& .coho salmon.

local spawning seasons for these species: November through January

;h'tainbow trout; and November through December for the brown trout and coho
mon

"3}' Normal ambient winter temperature: 2° C in November through February;
Lin- October March, and April.




TABLE 3. TEMPERATURE CRITERIA FOR EXAMPLE 1

Haximum weakly average €

erature, {*

Month Receiving water Heated plume Decision basle
Januaty - 15{59) Figure 1
Fabruary -t 25(77) Figure 1
Mareh - 25(7N Figure 1
April 18(6&)? - White crapple spawning
May 23(703 -_ Largemouth baas spawning
June 25(TH — Bluegill spawning and
Lo white crappie growth
July 2&&821 —_ White crapple growch
August 28(82) —_ White crappie growth
Septamber 28(82) -— White crappie grouth
Oatober 21(70) —_— Normal gradual seasonal
declina
Jovember -t 25(77) Figure 1
Decsmber -8 15(59) Figure 1
Month Short=-term maximum Decision bagis
January Hone needed Control by MWAT in pluge
FPebrusry None needed Control by MWAT in plume
March None needed Control by MWAT in plume
A-p:.{]. 26(79) Largemouth bassb survival
(estimaced)
May 29¢84) Lﬂrgem.outh baps? survival
{estimated)
June 34(93) Largemouth baas mrvivel
July 34(93) Latgemouth base® survival
Augupt 34(93) Largemouth bass® survival
Septenber 34(93) Llargemouth bass® survival
October 29(84) Largemouth basab ‘survival
(escimated)
November Hona needed Control by MWAT in plume
Decembar I

Hone needed

Control by MWAT in plume

B1ta gpecies had :aquirg&! a winter chill perlod for gamete maturacion 'or egg incubationm,
Tecelving-water ¢riteris would also be required.

Ho deta avalleble for the:slightly move sensitive white crappile.
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_ 4. The principal growing season for these fish species: Jume through
September.

5. Conaider any local extenuating circumstances:

, There are mnone 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

Hanth Dacision basis

Januaty 9{48) 10(30) Rainbov crouc spawning
and Figure 1

Februsry 13(35) 18(50), Hormal yeadual seasonal

© rise and Pigurs 1

March 13(55) 15(39) Notmal gradual seasonal
rise and Pigure 1

April 1457 15089 Normal gradual ssssonsl
Tise and Figura 1

May 16{51} ~ Norwel gradual ssasonal
Tinm

June 1MEN - Brows trout growth

July 17(63) - Brown trout growth

August 17(63) — Prown Lrputl growt:

Saptenber 11{63) - Brown trouk growth

Qatohir 12(54) 3¢9 7 Norml gradual seamanal

. decline

November B(&6) 10(50) Brook trout spavning and
Flgure 1

Decenbar 8(46) 10{50) Brown trour spavning ‘and
Figure 1

Monkh Short-tarm maximum Decision basis

January 13(55) Eabryo survival for

' tainbow trour and
coho walmon -

Fabruacy 13(55) Esbryo survival for
rainbow trout end
cpbo galmon

March 13(55) Embryc murvival for
rainhow trewr and
cohd aalman

April -

My J—

June 2(75) Stort-tern meximum for
wurvival ef all apacles

July 24(75) . Short-term maxdmum for
aurvival of ull speciaa

Aagust 2(75) Shoxc=-carm maximum for
aurvival of z1l speciss

Septanber 24(73) Fhove-tarn meximum for

. survival of all spacies -

Octobay -

November 13({55) Embryo survival for
tainbow trout and
coho saiman

Dacanhat 13(55) Eabrye survival for
rainbow trout and

<ohe 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 oF to temperature changes
caused by transfer of heat. The importance of temperature
to acquatic organizms 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. Tn 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 O C to over 40 C as a function of
latitade, altitude, season, time of day, duration of flow,
depth, and many other variables. The agents that affect
the natural temperature are so numerpus 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 2
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.

Because significant temperature changes may affect the
composition of an aquatic or wildlife community, an
induced change in the thermal characteristics of an eco-

MemtS =™ A7 .=

v e

system may be detrimental. On the other hand, alter
- thermal characteristics may be beneficial, as evidenced
most fish hatchery practices and at other aguacultur
facilities. (See the discussion of Aquaculiture in Section I
The general difficulty in developing suitable criteria for
temperature (which would limit the addition of heat) lia
in determining the deviation from “natural” temperature:
particular body of water can experience without suffering!
adverse effects on its biota. Whatever requirements aj
suggested, a “natural” seasonal cycle must be retained;
annual spring and fall changes in temperature must t
gradual, and large unnatural day-to-day fluctuatior
should be avoided. In view of the many variables, it seems
obvious that no single temperature reguirement can
applied uniformly to continental or large regional arear
the requirements must be closely related to each body
water and to its particular community of organisms
especially the important species found in it. These shoul
include invertebrates, plankton, or other plant and anim:

! interact with species of direct interesi fo man. Since therm
| requirements of various species. differ, the social choic off
i the species to be protected allows for different “levels .
%pmfection” among water bodies as suggested by Doudoroff!
‘and Shumway (1970)%" for dissdlved oxygen criteria. (S
Dissolved Oxygen, p. 131.) Although such decisions clear.
transcend the scientific judgments needed in establishing?
thermal criteria for protecting selected species, biologists can:
aid in making them. Some. measures useful in assignin
levels of importance to species are: (1) high yield to co
mercial or sport fisheries, (2) large biomass in the existing
ecosystemn (if desirable), (3) important links in food chainsi
of other species judged important for other reasons, and.
(4) “endangered” or unique status. If it is desirable to;
attermpt strict preservation of an existing ecosystem, the
most sensitive species or life stage may dictate the criter
selected. '

Criteria for making recommendations for water te
perature to protect desirable aquatic life cannot be simply a:f
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-
e prior to any thermal alterations by man are not always
diable indicators of desirable conditions for aquatic
| populations. Multiple developments of water resources also
thange water temperatures both upward (e.g., upstream
power plants or shallow reservoirs) and downward (e.g.,
Edegpwatcr releases from large reservoirs), so that “ambient”
ind “natural” are exceedingly difficult to define at a given
';fp'cjirit over periods of several years.

i« Criteria for temperature should consider both the multiple
thermal requirements of aguatic specics 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 aguatic
:xpccms and communities increases. Currently definable
reqliirements 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
wwinter temperatures should artificial sources of
““heat cease; :

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

0 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 reguiréd 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 aguatic life
‘where upstream warming of a cold-water source will
adversely affect downsiream temperature require-
ments,

“hermal criteria must also be formulated with knowledge
how ‘man alters temperatures, the hydrodynamics of the
anges, and how the biota can reasonably be expected to
teract with the thermal regimes produced. It is not
f_fi§ient, for example, to define only the thermal criteria
8ustained production of a species in open waters, because
B¢ mumbers of organisms may also be exposed to thermal
aMpes by being pumped through the condensers and
Ing zone of 2 power plant. Design engineers need

particularly to kmow 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
récognized. '

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 application 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., Buliock
1955,28% Brett 1956;%68 Fry 1947,%7¢ 1964,2™ 19672 Kinne
1970%¢%), Some effects have been analyzed in the context of
thermal modification by power plants (Parker and Krenkel
1969;20% Krenkel and Parker 1969;%¢ Cairns 1968;2¢ Clark
1969;2% and Coutant 1970c2®), Bibliographic information
is available from Kennedy and Mihursky (1967),%% Raney .
and Menzel (1969),%"* and from annual reviews published
by the Water Pollution Control Federation (Coutant
1968,2¢5 1969,288 19705,267 1971279,

Each species (and often each distinet life-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
III-2; Brett 1956%2), 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.
perature beyond these ranges would be considered “ex-
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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
tyltimate incipient lethal temperature” (Fry et al. 1946241),
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 galmon (Oncorhynchus nerka) plotted to
show the zone of tolerance. Within this zone two other zones
are represented toillustrate (1) an ares *ovond which growth
would be poor to none-at-all under the influence of the loading
effect of metabolic demand, and (2) an area beyond which
temperature is Hkely to inhibit normal reproduction.
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FIGURE III-3~—Median resistance times to high temp
tures among young chinocok (Oncorhynchus tshawytsc
acclimated to temperatures indicated. Line A-B denofy
rising lethal threshold (incipient lethal temperatures) wil
increasing acclimation temperature. This rise eventua

incipient lethal temperature), line B-C.

to a few hours will not greatly affect the thermal tolera
limits, since acclimation t6 changing temperatures requi
several days (Brett 1941).29, ;
* At the temperatures above and below the incipient lethal:
temperatures, survival depends not oniy on the temperature
but also on the duration of exposure, with mortality ot
curring' more rapidly the farther the temperature is fror
the threshold (Figure IIT-3). (See Coutant 1970a2%7 an
1970b2% for further discussion based on both field and
laboratory studies.) Thus, organisms respond to extrem
high and low temperatures in a manner similar to thf
dosage-response pattern which is common to toxmanﬁ»
pharmaceuticals, and radiation (Bliss 1937).2¢ Such taﬁd
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 warin and for cold seasons. Addmonal
criteria for gradual temperature (and life cycle) changcﬁ“
during reproduction and development periods are dtﬁ‘e“
cussed on pp. 162-] 65 z

[
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SRRING, SUMMER, AND FALL MAXIMA FOR
PROLONGED EXPOSURE

Occupancy of habxtats by most aquatic organisms is
often limited within the thermal tolerance range to tem-
:peratures somewhat below ‘the ultimate upper incipient
ethal temperature, This is the result of poor physiological
erformance at near lethal levels (e.g., growth, metabolic
“gcope for activities, appetite, fodd conversion efficiency),
Hnterspecies competition, disease, predation, and other
*ibtle ecological factors (Fry 1951277 Brett 1971%%8), This
:,_'-c‘omplex limitation is evidenced by restricted southern and
iItitudinal distributions of many species. On the other hand,
optimum  temperatures (such as those producing fastest
rowth rates) are not generally necessary at all times to
maintain thriving populations and are often exceeded in

F:Beyerle and Cooper 1960;2¢ Kramer and Smith 1960’“7)
E-'Moderate temperature ﬂuctuatlons can generally be
tolerated as long as a maximum upper limit is mot exceeded
 For'long periods.

true temperature limit for exposures long enough to
eﬂect metabolic acclimation and optimum ecological per-
ormance must lie somewhere between the physiological
piimum and the ultimate upper incipient lethal tempera-
fitires. Brett (1960)%¢ suggested that a provisional long-
biterm - exposure limit be the temperature greater than opti-
bimuin that allowed 75 per cent of optimum performance.
is-suggestion has not been tested by definitive studies.
Examination of literature on performance, metabolic
ate, temperature preference, growth, natural distribution,
#:and tolerance of several species has vielded an apparently
k:sound theoretical basis for estimating an upper temperature
- limit-for long term exposure and a method for doing this
ith :a minimum of additional research. New data will
B provide refinement, but this method forms a useful guide
Efor ithe present time. The method is based on the general
bscrvanons summarized here and in Figure ITI-4(a, b, ¢).
‘Performances of organisms over a range of tempera-

inctions. Figures IT]-4a and b show three characteristic
ypes-of responses numbered 1 through 3, of which types 1
nd .2 have coinciding optimum peaks. These optimum
emperatures are characteristic for a species {or life stage).
. Degrees of impairment from optimum levels of
arious performance functions are not uniform with in-
reasing temperature above the optimum for a-single species.
he ‘most sensitive function appears to be growth rate, for
vhich a temperature of zero growth (with abundant food)
-can be determined for important species and life stages.
"I}IOWth rate of organisms appears to be an integrator of all
E factors acting on an organism. Growth rate should probably
be xpressed as net biomass gain or net growth (McCormick
al, 1971)3% of the population, to account for deaths.

3" The maximum temperature at which several species

21

¢ :nature during summer months (Fry 1951 ;%" Cooper 1953 ;264

res are available in the scientific literature for a variety of .

-are consistently found in mature (Fry 1951;®" Narver

1970)%¢ lies near the average of the optimum temperature
and the temperature of zero net growth.

4. Comparison of patterns in Figures III-4a and b
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 II11-4c).

The optimum temperature may be influenced by rate of
feeding. Brett et al.-(1969)*% demonstrated a shift in opti-
mum toward cooler temperatures for sockeye salmon when
ration was restricted. In a similar experiment with channel
catfish, Andrews and Stickney (1972)% could see no such
shift. Lack of'a general shift in optimum may be due to
compensating changes in activity of the fish (Fry personal
observation) 3%

These observations suggest that an average of the opti-
mum temperature and the temperature of zero net growth
[(opt. temp. + z.n.g. temp) /2] would bé 2 useful estirate of
a limiting weekly mean temperature for resident organisms,
providing the peak temperatures do not exceed values
recommended for short-term exposures. Optimum growth
rate would generally be reduced to no lower than 80 per cent
of the maximum if the limiting temperature is as averaged
above (Table 111~11). This range of reduction from opti-
mum appears acceptable, although there are no quantita-
tive studies available that would allow the criterion to be
based upon a specific level of impairment,

The criteria for maximum upper temperature must allow
for seasonal changes, because different life stages of many
species will have different thermal requirements for the
average of their optimum and zero net growths. Thus a
juvenile fish in May will be likely to have a lower maximum
acceptable temperature than will the same fish in July, and
this must be reflected in the thermal criteria for a waterbody.

TABLE JII-11—Summary of Some Upper Limiting

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

Based Upon Optimum Temperarures and Temperatures
of Zero Net Growth,

opl+rng %ol
Speties Optimom  Zero nat Reference oplimum
growlh 2
Catostamus commersoni (white sucker), .., 27 .6 . 6.3 3
Goregenus ariedii {eisco o7 Iske hetriag), .. 16 21,2 MeCormick atal. 8.6 2
1gme
Ictalerus punctatus (chaaned catfish)........ a0 35.7  Strawn 1870 3B ]
....................................... i 35.7  Andrews and Stitkney 3. %
Hreo

Lepomis macrochirus (hivegill) (year II)..... 2 2.5 MeComish 197150 25.3 B2
Micropterus salmoides (largomouth bass),... Z7.5 34 Strawn 1861319 0.8 [ X]
Matropis atherinoides {amesaid shirer). ... n 33 . .5 B
Salvelinus fontinalis {brock treut)........... 15.4 18.8 * 111 a0

* Natiotal Waler {iwality Labioratory, Duluth, Minn., uapubiished datasae
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wﬁ{]e .this approach to developing the maximum sus-
ined temperature appears justified on the basis of available
owledge, few limits can be derived from existing data in
terature on zero growth. On the other hand, thereis 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.
3

optimum temp. +
{Equation I)

yields values that are very close to (optimum temp. -+
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 I1I-8 and Appendix II).
This formula offers a practical method for obtaining allow-

200

150

100

Daily Increment (p)

50

Temperature in C

Angell 1968 243

FIGURE Ill=4c—~—M. mercenaria: The general relationship
between temperature and the rate of shell growth, based on
Jleld measurements of growth and temperature.

- adine de DanTa Wnuline Tualneds ™o Aneth Asiaeisae citoe

‘N. C,, adapted from data supplied by Duke Power Com.

able limits, while retaining as its scientific basis the requires
ments of preserving adequate rates of growth. Some limits
obtained from data in the literature are given in Tahieé:
ITI-12. A hypothetical example of the effect of this limit ox
growth of largemouth bass is illustrated in Figure III-5,

Figure ITI-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 1961%¢; the ambi-
ent temperature is an averaged curve for Lake Norman;

pany. A peneral temperature elevation of 10 F is used to
provide an extreme example, Incremental growth rate
{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 th
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 determmcd
by the most sensitive life stage of an important species
likely to be present in that location at that time. Sing
many fishes have restricted habitats (e.g., specific depth
zones) at many life stages, the thermal criterion must b
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)8 and at power station mixing zones (Gammon
1870;2% Merriman et al. 1965).3** In most large bodies o
water there are both vertical and horizontal thermal
gradients that mobile organisms can follow to aveid un
favorable high (or low) temperatures.

The summer maxima need not, therefore, apply w
mixing zones that occupy a small percentage of the suitabl
habitat or necessarily to all zones where organisms have
free egress to cooler water. The maxima must apply, how-: 3
ever, to restricted local habitats, such as lake hypolimnia o
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 wi

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 wil
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
hoth lneal and resional requirements.
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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 data as a function
of temperature are from Strown 1961; the ambient temperattire is an averaged curve for Lake __ 38 -
Norman, N.C., adapted from dara supplied by Duke Power Company. A genieral temperature o
elevation of 10 F i¢ used to provide an extreme example. Incremental growth rates (mm/wk)
are plotted on the main figure, while annual accumulated growth is pilotted in the inset.
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60/ Section JLI—Freshusater Aquatic Life and Wildiife

AﬁLE I[I-12—Summary of Sorne Upper Limiting Temperatures for Prolonged Exposures of Fishes Based on Optimum Tem-
R Dperatures and Ultimote Upper Incipient Lethol Temperatures (Equation I).

Optimum Uttimata wpper inciplent . Maximum weekly averags
Spacies Funtilen Relersnce thal temperatirs Referonca terxperaturs (Eg- 1)
4 F 4 F . [4 F
Catustombs eommersonl (whila sucker) a 0.6 powth npubl., NWQLse nl 8,7 Hart 1847280 e »
ariadli (Cisco or take hetring)..... 18 60.8  growth MeCormick et ol 157132 . 5.7 7.3 Edsali and Colby 19703% 18.2 86.6
s posetatis (shannel cathsh)......... @ L) growih Strawn 1970;9%2 Andrews and Stekney 3.9 WD, Allen and Strawn 155920 2.7 m.e
: 18T
2 v NE  powth MeComish 187130 3.8 8.8 Harligfe .8 8.6
Anderson 1850 .
26.3 L 5] growth Homning and Pagson 18700 - 350 88.0 Hotning and Paarsgn 157229 29,9 8.2
.3 8 growth Pask 10652
e 21.3 8.1
Jeropterus simeiges (argemauin bassiry). s 815 powth Strawm 1951919 3%6.4 815 Hartiagnes 30.5 86.7
iropis stharinoldes (emarald hinery ., 86,6  growth tapubl, NWQL:? 0.7 1.3 Hart 1852260 2.2 82.4
hug natka (scckeye ssimon}. ...... 15.0 55,0 powik Brett ot a8 1863257 - 8.0 o Bratt 1952282 18,3 6.8
- ’ .0 58.0  otharlunctions  Bretf 1571880
150 mat, switnming
18.0 M growiir Breit 1970 n.1 8.4 Hoftand Weslinan 19868 2.8 .2
Thel? 545 powth Breit 167028+ n5 .3 Blchai to5020" 16,2 El.2
e 12.5
........... 15.4 .7 pmth enpubl, NWQL3S 5.5 119 Fry, Hart and Waiker, 19462t 18.2; 64.8
13.0 #B.4 growth Baldwin 185734
15 L] mataboic Graham 1945
PR ave .5 8.1 soope
ireinus pzmaycush (ke droub). ... ... 18 BLE  scopsioracMvity  Glosol and Ery 19564m2 .4 Gibson and Fry 18548 188 65.8
. (2 metabol sm) ’
7 6.6  swimming spasd

avs 103 1)

Heat added to upper reaches of some cold rivers can be
tetained throughout the river’s remaining length (Jaske
and ‘Synoground 1970).2% This factor adds to the natural
end ‘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
valuated for their effects on summer maxima at down-
eam locations, as well as in the immediate vicinity of
heat source.

culﬁfl_nenduiidn

“srowth of aquatic organisms would be main-
ined at levels necessary for sustaining actively
growing and reproducing populations if the maxi-
Um weekly average temperature in the zone in-
_ thabited by the species at that time does not exceed
liird of the range between the optimum tem-
Tature and the ultimate upper incipient lethat
Mperature of the species (Equation 1, page 157),
‘the temperatures above the weekly average do
Dot exceed the criterion for short-term exposures.
i ¥.maximum need not apply to acceptable mix-
Mg zones (see proportional relationships of mixing
Mes 10 receiving systems, p. 114), and must be
. Plied with adequate understanding of the normal
2sonal distribution of the important species.

WINTER MAXIMA

Although artificially produced temperature elevations
during winter months may actually bring the temperature
closer to optimum or preferred ternperature 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
(Ongorhynchus nerkz) acclimated to 20 C suffered 50 percent
mortality in the laboratory when their temperature was
dropped suddenly to 5 C (Brett 1971:%¢ 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
10 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 to
allow metabolic acclimation. Such inaccessible areas would
include the hi%—vclocity zones of diffusers or screened dis-
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charge channels. This reduction of maximum temperatures
would not preclude use of slightly warmed areas as sites for
intense winter fisheries.

This consideration may be important in some regions at

times other than in winter. The Great Lakes, for example,

are susceptible to rapid changes in elevation of the thermo-
cline in summer which may induce rapid decreases in
shoreline temperatures. Fish acclimated to exceptionally
high temperatures in discharge canals may be killed or
severely stressed without changes in power plant opera-
tions (Robinson 1968)."¢ Such regions should take special
note of this possibility. _

Some numerical values for acclimation temperatures and
lower limits of tolerance ranges (lower incipient lethal
temperatures) are given in Appendix II-C. Other data must
be provided by further research. There are no adequate
data available with which to estimate a safety factor for no
stress from cold shocks. Experiments currently in progress,
however, suggest that channel catfish fingerlings are more
susceptible to predation after being cooled more than 5 to
6 C (Coutant, unpublished data).®* _

The effects of limiting ice formation in Jakes and rivers
should be carefully observed. This aspect of maximum
winter temperatures is apparent, although there is insuffi-
cient evidence to estimate its importance.

_Recommendaiion

Important species should be protected if the
mazximum weekly average temperature during win-
ter months in any area to which they have access
does not exceed the acclimation temperature
(minus a 2 C safety factor) that raises the lower
lethal threshold temperature of such species above
the normal ambient water temperatures for that
season, and the criterion for short-term exposures
is not exceeded. This recommendation applies es-
pecially to locations where organisms may be at-
tracted from the receiving water and subjected to
rapid thermal drop, as in the low velocity afeas of
water diversions (intake or discharge), canals, and
mixing zones.

SHéRT—TERM EXPOSURE TO EXTREME TEMPERATURE

To protect aquatic life and yet allow other uses of the
water, it is essential to know the lengths of time organisms
can survive extreme temperatures (i.c., temperatures that
exceed the 7-day incipient lethal temperature).  Both
natural environments and power plant cooling systems can
briefly reach temperature extremes (both upper and lower)
without apparent detrimental effect to the aquartic life
(Fry 19512 Becker et al. 1971).245

The length of time that 50 per cent of a population will

P L LTI i AT P R SR Sy iy

_be derived from data collected using water from the

Heat and Temper atute/

can be calculated from a regression equation of exp
mental data (such as those in Figure I1II-3) a3 follows

log (time) =a+b (temp.} (Equat;‘é.

where time is expressed in minutes, temperature in deg
centigrade and where a and b are intercept ane? slo
respectively, which are characteristics of each acclima
temperature for each species. In some cascs the ti
temperature relationship is more complex than the sem
logarithmic model given above. Equation 2, howeve
the most applicable,  and is generally accepted by:
scientific community (Fry 1967).# Caution is recom
mended in extrapolating beyond the data limits of.
original research (Appendix II-C). The rate of tempera
change does not appear 1o alter this equation, as long asth
change occurs more rapidly than over several days (Bre

1941;®" Lemke 1970).3® Thermal resistance mMay: iy
diminished by the simultaneous presence of toxicants
other debilitating factors (Ebel et al. 1970, and summang
by Coutant.1970c).?® The most accurate 1:)redin::ta.1:>i1ity=

under evaluation.
Because the equations based on research on therm
tolerance predict 50 per cent mortality, a safety factor:
needed to assure no mortality. Several studies have indigg
cated that a 2 G reduction of an upper stress temperaturgy
results in no mortalities within an equivalent exposut
duration (Fry et al. 1942;%% Black '1953). The validi
of a two degree safety factor was strengthened by the resul
of Coutant (1970a).2" He showed that about 15 to ,2
per cent of the exposure time, for median mortality ata gV
high temperature, induced selective predation on thermg:
shocked silmon and trout. (This also amounted t0 reducti
of the effective stress temperature by about 2C) U
published data from subsequent predation experim_e,_n
showed that this reduction of about 2 C also applied to the
incipient lethal temperature. The level at which there is
increased vulnerability to predation is the best estimate ol
no-stress exposure that is currently available. No sin}ll ;
safety factor has been explored for tolerance of low te
peratures. Further rescarch may determine that safct}’%
factors, as well as tolerance limits, have to be dec“{?f;i
independently for each species, life stage, and water qualit
situation. ) ;
Information needed for predicting survival of a numf_)_g%’
of species of fish and invertebrates under short-term cO.“&l'f%
tions of heat extremes is presented in Appcndix I-C. Th!S
information includes {for each acclimation temperat_\l‘:??;
upper and lower incipient lethal temperatures: coefficientt
a and b for the thermal resistance equation ; and informat
on size, life stage, and geographic source of the specich
It is clear that adequate data are available for only a s
percentage of aquatic species, and additional research:¥
necessary. Thermal resistance information should hcﬁ
nbtainad lacaliv for eritical areas to account for. simul

‘] b
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:taneous presence ‘of toxicants or other debilitating factors,
a consideration not reflected in Appendix IT-C data. More
data are available for upper lethal temperatures than for

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

time )

12 0Tt btwmn 701 (Equation 3)
Low levels of mortality of some aquatic organisms are not
ecessarily detrimental to ecosystems, because permissible
mortality levels can be established. This is how fishing or
hellfishing activities are managed. Many states and inter-
1ational . agencies have established elaborate systems for
etting an allowable rate of mortality (for sport and com-
mercial fish) in order to assure needed reproduction and
sirvival. (This should not imply, however, that a form of
llution should be allowed to take the entire harvestable
ield.) Warm discharge water from a power plant may
ﬁﬁ?cicnﬂy stimulate reproduction of some organisms (e.g.,
aoplankton), such that those killed during passage through
1e maximally heated areas are replaced within a few hours,
nd no impact of the mortalities can be found in the open
ater «(Churchill and Wojtalik 1969;2 Heinle 1969).28%
On ithe other hand, Jensen (1971)%* calculated that even
ve ;jpercent additional mortality of O-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
adequate generalization concerning the impact of short-
¢rm -effects on entire ecosystems, for each case will be
omewhat different. Future research must be directed
toward determining the effects of local temperature stresses
_‘ population dynamics, A complete discussion will not be
ttempted here, Criteria for complete short-term protection
ay-not always be necessary and should be applied with an
‘dequatc understandmg of local conditions.

e:ommenduﬂon

nnecessary for maintenance of populations of a
pecies, the right side of Equation 3 for that
pecies ghould not be allowed to increase above
nity when the temperature exceeds the incipient
ethal temperature minus 2 C:

time
1 2 1 e+ {temp .+2)]

"‘alues for ¢ and b at the appropriate acclimation
fmperature for some species can be obtained from
Appendix II-C or through additional research if
Scessary data are not available, This recommen-

Unless there is justifiable reason to beheve it.

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 x

The sequence of events relating to gonad growth and
gamete maturation, spawning migration, release of gametes,
development of the egg and embrya, and commencement
of independent feeding represents one of the most complex
phenomena in nature, both for fish (Brett 1970)25% 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 (Wicbe 1968).3* 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).2% The erratic sequence of failures and
successes of different year classes of lake fish attests to the
unreliability of natural conditions for providing optlmum
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)2 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
gensitive 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 1966%% for a recent compilation of some
data; also see Table IT1-13). 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 overall 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 in a
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TABLE ITI-13—Spawning Requirements of Some Fish, Arranged in Ascending Order of Spawning Temperatures
(Adapted from Wojtalik, T. A., unpublished manuscript )*

Flshes Tomp. (C) Spawning sita Rengo ix spwaisg depth Daily spavniog time Egg sita
Sauger | .
Stitottalon CHBEIANES. ... ovseerereesrernerararnsss 5.0 SHONOW gravel bars Hleet Night Batlom
Wallaye
s.:t.t,mmviirenm................................. 7.0 Qravel, robbls, boulders on bar  3-10 feat Day, right Botom e
Longpioss par ) -
LOpisartaUs OSMUL. ...vvevnrnreciureananensaaraenss 108 Flooded shallows Fleoded shallows Day Wests
\\‘ Whits bass L.

" OO CHIYSORE, o venersiacrnessarennrunnarnrees (T 380G & 10ck shores o =iz tent Dy, \ong btk msp. night ‘Surfacs 2 {15.8)
Loast darter
Ethgatoms MICrEMIEE. . covremsimnanvisers vearasan 12.0
Spoited rucker
Minyirema MORROME . coccveirervtrernecnininaenins 128
White sucker . . . . :
Calostomus Sommersonl..voevvennnnne- verrenirraes £2,0-12.0 Streams of s eiarrnseniarnyipenseaianen. DAY, RigHL Beffom e
Slivery minnaw ’ .
Hybograthus Buchals. ooovsssinneinsivenrinninnnes 180 COYEL Day Botlam
Banded pygmo sunfish
EURIOME 20BN, o v sy ccourscercsronrernranennies 188187
White crapgle .
Pomoxis snnuits....ovuuiaeinns vemvestnenaisnraees JAO0=18.0 Submerged materiaisinshallows ......ooociiiiiiiiiniinn Bay Bottam 1@1.4-2.9
Fathed minnow - WA
Pllmeptrales DTOMOBS . ... oocrevesivisiinngannanens 50 Shallows Ne. suriaze Day Underside fivting objects reverase s aaa i
Bigmouth huffalg
16iobUS EYPRIRBILL. ..o veeiseeennrveressssnssnarers 166103 ShlioWs  eeerenveerrreees e Dbay Bottom %10 (18.7)
Largemoyth bags - ’
Mieropterns simsides... ... [N 15.6  Shallows near bank 30 {nchas bay © pettom 5 {18.9)
Common shiner

Notropis COTPUME. ..oocvainnnivrerennirsnnanianann, IRGT0S Smallgrawsiairmims . Pay Hottomt

Golden shinar ’ . .

Notemigonts Erysolauess, . .....ooveveuver,s,- veenns VB Bayshthoalyweeds o e Bay Westlt 4{15.8%)
Qrsan sunfish . ’

LepOmIs BRI, .o eveenissesranssscrsnnnnnens 1506 EaK, Shaliows Inches 1o 134 Ind Bay Booh e
Fadiafish
Potyodon SpthUR. ..o visrrrrninirr e 1.0 Ovar gravel bars e, SuTiace Night, day Battom
Blackside darter
Perclma macshta........ Veerare vearaer PRI | % |
Gizzgrd sind
Dotosoma copedlelUM. . .oouvvniinrmninnsssrarnssnee  16:7

Sneatimouth dass .

Migropterus dolomistd........ tonsesresernaninenerae 1.7 Gravel 10eK ghore X201t Day . Bottom 7{15.0)
Spotied bass

Migropterus punetitlatis. ... oivviiiiiiiien s THE Small streams, BSr e Dy Bottom £5 (20.0)
Johinny darter .

Etheottoms Rigmm........coverviineirnnninenninene W0
Gtangs spottnd suzfish
Lepomls humilis, ....... ... Sieerertetrianirsanes 8.3
Stmalimouth buMate ’

Tetigbus bubalus...........000 Ceererne fonssnrernan 8.8
Black bufsla
L O SRRTURRIP | X |
Carp : ) B
Cyprinus carplo....... Veseribssainarrsia PP 190 Flooded shaliows Hr. surface Day might Bottom B EA)
Blusgil toe .
Lapomls matroshinus.......... e, 18,4 Weeds, shallows 281t Day Bottom 1341 (2.1
Rudbreast sunish :
L qurltis........... O R ¥
Channel catfish . 2.0 )
Tetalurus punetatt.......oovveivnninnenny., - terres 8.7 Bank ety <10 {eet ' Day, nignt Botlom %10 (13.0)
Whitw catfith . .
;;ulus ..................... PR cirver 2.0 Samd eravel bar <10ft Dy Battom 61 {23.8-28.4)
Lapomis gIHBOSUS . oev.vesiiainyrnniieriararianras ;o 20 Bankshaliows <51est Dy Bottom 3 (1.9
Black srapple
Pomoxis nigromatUlilus. . .ooouvvvaviinniiniisienins 0.8
Brook siiverside
Labidestinet siceulus., v 00 Over gravl Surfacs : Day Wetds, bottom e
Reown hisithead. ... v ;
Tetaturus mabUIOSRS........oveiiineineaiiaracnnene. 2LT Shallows, weeds Ichssloglat Wetds, ballom 5 {15.0)
Thrasdlin shad
Dorosoms potanemat.......cccuvviinnrnnniineiricens 4.1 Shallow amd opan waler Serisce Dy . Boftom 1(%.1
Warmauth

. Lopomis UES0S . .euviiiienvianiiisinoranininiesss 350 Bank shallows <Simt Day Boltom 134 (3502807
River tedhorss
Mozastompearimatmn. ......oovivnienniniiniennnn DI-U4 RMISSIAME i Day Botiom
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FTABLE II~13—Spavwning Requirements of Some Fish, Arranged in Ascending Order of Spawning Temperatures—Continued

Fighas Tomp. (C  Spawning tite Rangs In spawning depth Dally spawning time Egg slie Incubatiot period

days (Temp. €)

................................................... Quiet, shallows 124=4 fouk

............................... 2.0 Quiet, various Iches to 10 feet

............................ Bottomt 510 (18.9)

f.-A. Woftattx, Tennessas Vallay Aulhortiy, Muscla Shoals, Alshama. s

ven vear by 22 to 65 days. Examination of the literature

—shows that shifts in spawning dates by nearly one month

¢ common in natural waters throughout the 1.8, Popula-

ns of some species at the southern limits of their dis-

tibution 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 spawnmg {Jones, unpublished

data).h2?

"This biologicai plasticity suggests that the annual spring

Tise, -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 necessary for migra-

tion, spawning, and other activities are not eliminated and

the necessary chill periods, maturation times, or incubation

_pcnods are preserved for unportant species. Production of
food. organisms may advance in a similar way, with little

dlsl'uptmn of food chains, although there is little evidence to

support this assumption (but see Coutant 1968:2% Coutant

and Steele 196827 and Nebeker 1971).2 The process is

similar to the latitudinal dxfferenccs ‘within thc 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
b canother is not. Poor long-term success of one year class of
b Fraser River (British Columbia) sockeye salmon (Cneorhyn-
us.nerka) was attributed to early (and highly successful)

production and emigration during an abnormally warm
Mmmer followed by unsuccessful, premature feeding
act1v1ty in the cold and still unproductive estuary (Vernon
'1958) .52 Anadromous species are able, in some cases, (see
tudies of eulachon (Thaleichthys pacificus) by Smith and

41

Saalfeld 1955)%'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 embiyo. 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 2 lake whose surface water temperature
is colder {(Hoglund and Spigarelli, 1972)." Incubating
eggs of such species as lake trout (Salvelinus namaycusk) and
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 of
the fry in their nursery areas. Hoglund and Spigarelli
1972, using . temperature data from a sinking plume in
Lake Michigan, theorized that if lake herring (Coregonus
artedii) eggs had been incubated at the location of one of
their temperature sensors, the fry would have hatched
seven days early, Thermal limitations must, therefore, apply
at the proper location for the particular species or life stage
to be protected.

Recommendations

After their specific limiting temperatures and
exposure times have been determined by studies
tailored to local conditions, the reproductive ac-
tivity of selected species will be protected in areas
where:
¢ periods required for gonad growth and gamete

maturation are preserved;
® no temperature differentials are created that

block spawning migrations, although some delay
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,
lictoral 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. .

e 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 COMMUN]TIES

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)%t and by laboratory investigations (McIntyre
1968).*" Allowing temperature changes to alter significantly
the community structure in natural waters may be dety-
mental, even though species of dxrect 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)%%8 and is discussed in Appendix 1I-B, Community
Structure and Diverzity Indices, p. 408. :

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)%
documented the growth stimulation of plankton in an
artificially heated small lake; Trembley (1965%%) re-
ported dense growths of attached algae in the discharge
cana] and shallow discharge plume of 2 power station (where
the algae broke loose periodically releasing decomposing
organic matter to the receiving water). Other instances of
algal growths in cfluent channels of power stations were
reviewed by Coutant (1970c).26? '

Changed thermal patterns (e.g., in stratified lakes) may
greatly alter the seasonal appearances of nuisance algal

Heat and Temperatuy
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growths even though the temperature changes are'in
by altered circulation patterns (e.g., artificial destrati
tiont). Dense growths of plankton have been retardeqd
some instances and stimulated in others (Fast 1968;
unpublished data 1971),%%
Data on temperature limits or thertal distributions
which nuisance growths will be produced are not pres
available due in part to the complex interactions with of
growth stimulants. There is not sufficient evidence. to
that any temperature increase will necessarily resul:
increased nuisance organisms. Careful evaluation of
conditions is required for any reasonable prediction
effect. '

Recommendation

Nuisance growths of organisms may devel
where there are increases in temperature or alter
ations of the temporal or spatial distribution
heat in water. There should be careful evalu
of all factors contributing to nuisance growths
any site before establishment of thermal limi;
based upon this response, and temperature Hmik
should be set in conjunction with restrictions:oy
other factors (see the discussion of Eutrophicati
and Nutnents in Section I).

CONCLUSIONS

Recommendations for temperature limits to prot&
aquatic life consist of the following two upper limits for
time of the year (Figure I1I-6),

1. One limit consists of 2 maximum weekly averag&
temperature that:

(a) in the warmer months (e.g., April thro
October in the North, and March throug
November in the South) is one third of the rang
between the optimum temperature and:
ultimate upper incipient lethal temperature for
most sensitive important species (or appropriat
life stage) that is normally found at that location?
that time; or :
in the cooler months (e.g., mid-October to xmd
April in the North, and December to Februa
the South) is that elevated temperature from whid
important species die when that elevated tem
perature is suddenly dropped to the no
ambient temperature, with the limit being,
acclimation temperature (minus a 2 C safe
factor), when the lower incipient lethal tempers
ture equals the normal ambient water temperatu
(in some regions this limit may also be apphcab
in summer);-or
during reproduction seasons (generally April- Jun
and September-October in the North, and Marc
May and October-November in the South) is that,

(b)

(c)
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femperature 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 speeies 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:

time
1 2 Toursiems it

Local requirements for reproduction should supersede
.-all other requirements when they are applicable. Detailed
.e