




EPA-60013-77-061 

May 1977 


TEMPERATURE CRITERIA FOR FRESHWATER FISH: 


PROTOCOL AND PROCEDURES 


William A. Brungs 

Bernard R. Jones 


Environmental Research Laboratory-Duluth 

Duluth, .Minnesota 55804 


ENVIRONMENTAL RESEARCH LABORATORY-DULUTH 

OFFICE OF RESEARCH AND DEVELOPNf3NT 

U.S. ENVIRONMENTAL PROTECTION AGENCY 


DULUTH, MINNESOTA 55804 




DISCLAIMER 


This report has been reviewed by the Environmental Research Laboratory- 

Duluth, U.S. Environmental Protection Agency, and approved for publication. 

Mention of trade names or commercial products does not constitute endorsement 

or recommendation for use. 




Our n a t i o n ' s  f r e s h  waters  a r e  v i t a l  f o r  a l l  animals and p lan t s ,  ye t  our 
diverse uses of water  - f o r  r e c r e a t i o n ,  food, energy, t r anspor t a t ion ,  and 
industry - phys ica l ly  and chemically a l t e r  lakes ,  r i v e r s ,  and streams. Such 
a l t e r a t i o n s  t h r e a t e n  terrestrial organisms, a s  wel l  a s  those l i v i n g  i n  water. 
The Environmental Research Laboratory i n  Duluth, Minnesota, develops methods, 
coaducts labora tory  and f i e l d  s t u d i e s ,  and ex t r apo la t e s  r e sea rch  f ind ings  

--to determine how phys ica l  and chemical po l lu t ion  a f f e c t s  

a q u a t i c  l i f e ;  
 j 

--to a s s e s s  t h e  e f f e c t s  of ecosystems on po l lu t an t s ;  

--to p r e d i c t  e f f e c t s  of p o l l u t a n t s  on l a r g e  l akes  through 

use of models; and 


--to measure bioaccumulation of p o l l u t a n t s  i n  aqua t i c  

organisms t h a t  a r e  consumed by o t h e r  animals,  inc luding  

man. 


This r e p o r t  d iscusses  t h e  h i s t o r y ,  procedures,  and de r iva t ion  of 
temperature c r i t e r i a  t o  p r o t e c t  f reshwater  f i s h e s  and p resen t s  numerical 
c r i t e r i a  f o r  34 species .  It fo l lows t h e  genera l  phi losophica l  approach 
of the  National  Academy of  Sciences and National Academv of Eneineerine, i n  
t h e i r  Water -Qual i ty  c r i t e r i a  1972 and i s  intended t o  make t h a t - p h i l o s o ~ h y  -
p r a c t i c a l l y  use fu l .  

Donald I. Mount, Ph.D. 
Direc tor  
Environmental Research Laboratory 
Duluth, Minnesota 
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ABSTRACT 

Temperature c r i t e r i a  f o r  freshwater  f i s h  a r e  expressed as mean and 

maximum temperatures; means c o n t r o l  funct ions  such a s  embryogenesis, growth, 

maturation, and reproduct iv i ty ,  and maxima provide p ro tec t ion  f o r  a l l  l i f e  

species  the  d a t a  a r e  s t i l l  i n s u f f i c i e n t  t o  develop a l l  t he  necessary 


1 

s tages .agains t  l e t h a l  conditions. These c r i t e r i a  f o r  34 f i s h  species  a r e  4 

based on numerous f i e l d  and labora tory  s t u d i e s ,  and ye t  f o r  some important I

4 


c r i t e r i a .  Fishery managers, power-plant designers ,  and regula tory  agenc i
ies ? 
w i l l  f i n d  these  c r i t e r i a  use fu l  i n  t h e i r  e f f o r t s  t o  p ro tec t  f i s h e r y  resources .<  
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SECTION 1 

SUMMARY AND CONCLUSIONS 


1 The evolution of f reshwater  temperature c r i t e r i a  has advanced from the 
search f o r  a s i n g l e  "magic number" t o  the genera l ly  accepted p ro toco l  f o r  : 

1 

j: .determining mean and maximum numerical c r i t e r i a  based on the  p ro tec t ion  of 
: .=ppropria'te des i r ab le  o r  imporcant f i s h  spec ies ,  o r  both. The philosophy and 

'i protocol .of  t h e  National  Academy of Sciences and National  Academy of 
. h g i n e e r i n g  (1973) were used t o  determine c r i t e r i a  f o r  s u r v i v a l ,  +awning, 

d r y 0  development, growth, and gamete maturation f o r  spec ie s  of freshwater  
.fish, both warmwater and coldwater spec ies .  

The inf luence  t h a t  management ob jec t ives  and s e l e c t i o n  of spec ie s  have 
P 
 o n t h e  app l i ca t ion  of temperature c r i t e r i a .  i s  extremely important,  e spec ia l ly  

if a n  inappropr ia te ,  but very temperature-sensi t ive,  spec ie s  i s  included. In  
I such a case,  unnecessari ly  r e s t r i c t i v e  c r i t e r i a  w i l l  be derived. Conversely,
[.
1 ' i f t h e  most s e n s i t i v e  important spec ie s  i s  not  considered, t h e  r e s u l t a n t  
I c r i t e r i a  w i l l  not be p ro tec t ive .  . 



SECTION 2 


INTRODUCTION 


This report is intended to be a guide for derivation of temperature 

criteria for freshwater fish based on the philosophy and protocol presented 

by the National Academy of Sciences and National Academy of Engineering (1973). 

It is not an attempt to gather and summarize the literature on thermal effects. 


Methods for determination of temperature criteria have evolved and 

developed rapidly during the past 20 years, making possible a vast increase 

in basic data on the relationship of temperature to various life stages. 


, One of the earliest published temperature criteria for freshwater life 
was prepared by the Aquatic Life Advisory Committee of the Ohio River Valley 
Water 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' 
or at any time; 

C (93'Fl at any place 

2). should not be raised above 23' C (73' F) 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 recommendations for temperature in the Ohio River 
watershed. At this time the committee expanded their recommendation of a 
93' F (33.9" C) instantaneous temperature at any time or any place to include 
a daily mean of 90° F (32.2' C). This, we believe, was one of the first 
efforts to recognize the importance of both mean and maximum temperatures 
to describe temperature requirements of fishes. The 1967 recommedations also 
included: 

1) 	Maximum temperature during December, January, and February 

should be 55" F (12.8' C); 
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2) during the transition months of March, April, October and 
November the temperature can be changed gradually by not 
more than 7' F (3.9' C); 

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

4) 	insofar as possible the temperature should not be raised 

in streams used for natural propagation of trout. 


The National Technical Advisory Committee of the Federal Water Pollution 

Control Administration presented a report on water quality criteria in 1968 

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

many of the members of ORSANCO's Aquatic Life Advisory Committee. The committee 

members recognized that aquatic organisms might be able to endure a high 

temperature for a few hours that could not be endured for a period of days. 

They also acknowledged that no single temperature requirement could be applied 

to the United States as a whole, or even'to one state, and that the requirements 

must be closely related to each body of water and its fish populations. Other 

important conditions for temperature requirements were that (1) a seasonal cycle 

must be retained, (2) the changes in temperature must be gradual, and (3) the 

temperature reached must not be so high or so low as to damage or alter the 

composition of the desired population. These conditions led to an approach to 

criteria development different from earlier ones. A temperature increment 

based on the natural water temperature was believed to be more appropriate 

than an unvarying number. The use of an increment requires a knowledge of 

the natural temperature conditions of the water in question, and the size of 

the increment that can be tolerated by the desirable species. 


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

A casual reading of this requirement resulted in the unintended generalization 
that the acceptable temperature rise in warmwater fish streams was 5' F (2.8O 
C). This generalization was incorrect! Upon more careful reading the key 
word "amount" of heat and the key phrase "minimum daily flow for that month" 
clarify the erroneousness of the generalization. In fact, a 5' F (2.8" C) 
rise in temperature could only be acceptable under low flow conditions for a 
articular month and any increase in flow would result in a reduced increment 
temperature rise since the amount of heat added could not be increased. 
r lakes and reservoirs the temperature rise limitation was 3' F (1.7' C) 
ased "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 




be discharged i n  t h e  v i c i n i t y  of spawning areas ,"  and t h a t  " in lakes  and 
reservoi rs ,  t h e  temperature of t h e  hypolimnion should not  be  r a i sed  more 
than 3' F (J.7' C)." For o t h e r  l oca t ions  the  recommended incremental  r i s e  
was 5' F (2.8' C) again based on t h e  minimum expected flow f o r  t h a t  month. 

An important a d d i t i o n a l  recomendation i s  summarized i n  t h e  following 
t ab le  i n  which provis ional  maximum temperatures were recommended f o r  various 
f i s h  spec ies  and t h e i r  assoc ia ted  b i o t a  (from FWPCA National  Technical Advisor 
Committee, 1968). 

PROVISIONAL MAXIMUM TEMPERATURES REC0MMEM)ED AS 

COMPATIBLE WITH THE WELL-BEING OF VARIOUS SPECIES 

OF FISH AND THEIR ASSOCIATED BIOTA 

93 F: 	 Growth of c a r f i s h ,  g a r ,  whi te  o r  yellow bass,  spo t t ed  

bass ,  buf fa lo ,  carpsucker,  t h read f in  shad, and gizzard 

shad. 


90 F: 	Growth of largemouth bass ,  drum, b l u e g i l l ,  and crappie.  

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

sauger .  


80  F: 	 Spawning and egg development of c a t f i s h ,  bu f fa lo ,  thread-
f i n  shad, and g izzard  shad. 

75 F: 	 Spawning and egg development of largemouth bass ,  white ,  

yellow, and spo t t ed  Bass. 


68 F: 	 Growth o r  migrat ion r o u t e s  of salmonids and f o r  egg 

development of perch and smallmouth bass .  


55 F: 	 Spawning and egg development of salmon and troug (other  

than l a k e  t rou t ) .  


48 F: 	 Spawning and egg development of lake  t r o u t ,  walleye, 

no r the rn  pike,  sauger ,  and A t l a n t i c  salmon. 


NOTE: 	 Recommended temperatures f o r  o ther  spec ies ,  not  l i s t e d  
above, may be  e s t ab l i shed  i f  and when necessary 
information becomes ava i l ab le .  

These recommendations represent  one of  the s i g n i f i c a n t  e a r l y  e f f o r t s  t o  base 
telnperature c r i t e r i a  on t h e  r e a l i s t i c  approach of spec ies  and community 
requirements and take i n t o  account t h e  s i g n i f i c a n t  b i o l o g i c a l  f a c t o r s  of 
spawning, embryo development, growth, and su rv iva l .  



The Federal Water Pollution Control Administration (1969a) recommended 

revisions in water quality criteria for aquatic life relative to the Main 

stern of the Ohio River. These recommendations were presented to ORSNCO's 

mgineering Committee and were based on the temperature requirements of 

important Ohio River fishes including largemouth bass, smallmouth bass, white 

bass, sauger, channel catfish, emerald shiner, freshwater drum, golden 

redhorse, white sucker, and buffalo (species was not indicated). Temperature 

requirements for survival, activity, final preferred temperature, reproduction, 

wd growth were considered. The recomended 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:" 

Daily mean Hourly maximum 
(" Fl (' F) 

December-February 48 	 55 

Early March 50 	 56 

Late March 52 	 58 

Early April 55 	 60  

Late April 58 	 62  

Early May 	 62 64 

Late May 	 68 7 2  

Early June 75 	 79 

Late June 	 78 82 

July-September 


October 


November 


a
From: 	Federal Water Pollution Control Administration 

(1969a). 




I 

I 
The principal limiting fish species considered in developfng these criteria 

was the sauger, the most temperature sensitive of the important Ohio River 

fishes. A second set of criteria (Federal Water Pollution Control 

Administration, 1969b) considered less temperature-sensitive species, and the 

criteria for mean temperatures were higher. The daily mean in July and 

September was 84' F (28.9' C). 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 species. Therefore, it is 
extremely. important to select properly the species that are important otherwisej 
the criteria will be unnecessarily restrictive. For example, if yellow perch j! 
is an extremely rare species in a water body 'and is the most 'temperature- . 2sensitive species, it probably would Be unreasonable toestablish temperature 
criteria for this species as part of the regulatory mechanism. i

. ?
In 1970 ORSANCO established new temperature standards that incorporated 

the recommendations for temperature criteria of the Federal Water Pollution .\ 

Control Administration (1969a, 1969bI and the concept of limiting the amount 1 
of heat that would be added (National Technical Advisory Committee, 19.68). i 
The following is the complete text of that standard: . <

.$ 

i 
" All cooling water from municipalities or political ! 

'I
subdivisions, public or prfvate institutions, 01: 

installations, or corporations discharged or 

permitted to flow into the Ohio River from the point 

of confluence of the Allegheny and Monongahela Rivers 

at Pittsburgh, Pennsylvania, designated as Ohio River 

mile point 0.0 to Cairo Point, Illinois, located, at 

the confluence of the Ohio and ~ i s s i s s i ~ ~ i  
Rivers, and 

being 981.0 miles downstream from Pittsburgh, Pennsylvania, 

shall be so regulated or controlled as to provide for 

reduction of heat content to such degree that the aggregate 

heat-discharge rate from the municipality, subdivision; 

institution, installation or corporation, as calculated on 

the basis of discharge volume and temperature differential 

(temperature of discharge minus upstream river temperature). 

does not exceed the amount calculated by the following 

formula, provided, however, that in no case shall the 

aggregate heat-discharge rate be of such magnitude as will 

result in a calculated increase in river temperature of 

more than 5 degrees F: 


Allowable heat-discharge rate (Btulsec) = 62.4 X 
river flow (.CFS)- X (Ta - Tr) X 90% 



Where: 

= Allowable maximum temperature (deg. F.)Ta i n  t h e  r i v e r  a s  s p e c i f i e d  i n  t h e  following 
t ab le :  

January 50 Ju ly  89  

February 50 August 89. 

March 60 September 8 7 

A p r i l  70 October 78 

May 8R November 70 

June 87 December 57 

Tr = 	River temperature ( d a i l y  average i n  deg. F .1  
upstream from t h e  discharge 

River  f low = measured flow but not  less chan 
c r i t i c a l  flow values  spec i f i ed  i n  
t h e  fol lowing table:  

River reach  C r i t i c a l  
flowa 

From To i n  c f s  

P i t t sbu rgh ,  Penn. (mi. 0.02 Willow Is. Dam U61.7). 6,500 

Willow Is. Dam (161.71 Ga l l ipo l i s  Dam C279.21 7,400 

G a l l i p o l i s  Dam (279.22 Meldahl Dam (436.21 9,700 

Meldahl Dam (436.2) McAlpine Dam (605.8). 11,900 

McAlpine Dam (605.8) Uniontown Dam (846.0) 14,200 

Uniontown Dam (846.01 Smithland Dam (918.5). 19,500 

Smithland Dam (918.5) Cairo Point  (981.0) 48,100 

k n i m u m  d a i l y  flow once i n  t e n  years .  



Although t h e :  numerical c r i t e r i a  f o r  January through December a r e  higher 
than those recommended by t h e  Federal  Water P o l l u t i o n  Control Administration, 
they a r e  only used t o  c a l c u l a t e  t h e  amount of hea t  t h a t  can be added a t  t h e  
"minimum d a i l y  flow once i n  t e n  years." Addi t ional  flow would r e s u l t  i n  
lower maxima s i n c e  no a d d i t i o n a l  heat  could be added. There was a l s o  t h e  
increase  of 5" F (2.8' C) l i m i t  t h a t  could be more s t r i n g e n t  than the  maximum 
temperature l i m i t .  

The next  important s t e p  i n  t h e  evolu t ion  of thought on temperature 
c r i t e r i a  was Water Q u a l i t y  C r i t e r i a  1972 @AS/NAE, 1973), which i s  becoming 
hown a s  t h e  "Blue Book," because of i ts comparabi l i ty  t o  the  Green Book (FWPC, 
National Technical Advisory Committee, 1968). The Blue Book is the  r epor t  of 
the Committee on Water Q u a l i t y  C r i t e r i a  of t h e  Nat ional  Academy of Sciences a t  
the  request  of and funded by t h e  U.S. Environmental P ro tec t ion  Agency (EPA). 
The heat  and temperature sec t ion ,  wi th  i ts  recommendations and appendix da ta ,  
was authored by Dr. Charles Coutant of the  Oak Ridge National  LaBoratory. The 
mater ia l s  a r e  reproduced i n  f u l l  i n  Appendix A and Appendix B i n  t h i s  r epor t .  
A discussion and d e s c r i p t i o n  of t h e  Blue Book temperature c r i t e r i a  w i l l  be 
found l a t e r  i n  t h i s  report .  

The Federal  Water P o l l u t i o n  Control Act Amendments of 1972 (Public 
Law 92-500) conta in  a  s e c t i o n  1304 Car (J.U t h a t  r e q u i r e s  t h a t  the  
administrator  of t h e  EPA " a f t e r  consul ta t ion  w i t h  appropr ia te  Federa l  and 
S t a t e  agencies  and o ther  i n t e r e s t e d  persons, s h a l l  develop and publ i sh ,  
within one year  a f t e r  enactment of t h i a  t i t l e  (and from time t o  time 
t h e r e a f t e r  r ev i se )  c r i t e r i a  f o r  water  q u a l i t y  accura t e ly  r e f l e c t i n g  the  ' 
l a t e s t  s c i e n t i f i c  knowledge (A). on t h e  kind and extent  of a l l  i d e n t i f i a b l e  
e f f e c t s  on hea l th  and we l fa re  including,  but  not  l imi t ed  t o ,  plankton, 
f i s h ,  s h e l l f i s h ,  w i l d l i f e ,  p l a n t  l i f e ,  sho re l ines ,  beaches, e s t h e t i c s ,  and 
r ec rea t ion  which may be expected from t h e  presence of p o l l u t a n t s  i n  any 
body of water,  including ground water;  (B) on t h e  concent ra t ion  and d i spe r sa l  
of po l lu t an t s  o r  t h e i r  byproducts, through b io log ica l ,  phys ica l ,  and 
chemical processes; and (C) on t h e  e f f e c t s  of p o l l u t a n t s  on Biologica l  
community d i v e r s i t y ,  p roduc t iv i ty ,  and s t a b i l i t y ,  including information on 
the f a c t o r s  a f f e c t i n g  r a t e s  of eu t rophica t ion  and r a t e s  of organic and 
inorganic sedimentation f o r  varying types of rece iv ing  waters." 

The U.S. Environmental P ro tec t ion  Agency (1976) has published Q u a l i t y  
C r i t e r i a  for-  a s  a  response t o  t h e  Sec t ion  304(a)(l) requirements of 
PL 92-500- hat approach to - the  determinat ion of temperature c r i t e r i a  f o r  
freshwater f i s h  i s  e s s e n t i a l l y  t h e  same a s  t h e  approach recommended i n  t h e  
Blue Book (NAS/NAE, 1973). The EPA c r i t e r i a  r epor t  on temperature included 
numerical c r i t e r i a  f o r  freshwater  f i s h  spec ie s  and a nomograph f o r  winter  
temperature c r i t e r i a .  These d e t a i l e d  c r i t e r i a  were developed according 
to  the  pro tocol  i n  t h e  Blue Book, and the  procedures used t o  develop chose 
c r i t e r i a  w i l l  be  discussed i n  d e t a i l  i n  t h i s  r epor t .  

The Great Lakes Water Quali ty  Agreement (1972) between t h e  United S t a t e s  
of America and Canada was signed i n  1972 and contained a s p e c i f i c  water 
qua l i ty  ob jec t ive  f o r  temperature. It s t a t e s  t h a t  "There should be no change 
t h a t  would adversely a f f e c t  any l o c a l  o r  genera l  use of these  waters ."  The 



In t e rna t iona l  J o i n t  Commission was designated t o  a s s i s t  i n  t h e  implementation 
of t h i s  agreement and t o  g ive  advice and recommendations t o b o t h  count r ies  
n s p e c i f i c  water q u a l i t y  ob jec t ives .  The I n t e r n a t i o n a l  J o i n t  Commission 
ommittees assigned the  r e s p o n s i b i l i t y  of developing these  ob jec t ives  have 
ecommended temperature o b j e c t i v e s  f o r  the  Greaf Lakes based on the t 'B lue  
ook" approach and a r e  i n  the  process  of r e f i n i n g  and completing those 

0bject iVeS.for  c o n s i d e r a t i h  by t h e  commission before  submission t o  t h e  two 
count r ies  f o r  implementation. 



SECTION 3 

THE PROTOCOL FOR TEMFERATURG CRITERIA 

This section i s  a synthesis of concepts and def ini t ions  from Fry e t  a l .  
(1942, 19461, Bret t  (1952, 19561, and the NAS/NAE (19731. 

The le tha l  threshold temperatures a r e  those temperatures a t  which 50 
percent of a sample of individuals would survive indef ini te ly  a f t e r  acclimation 
a t  some other temperature. The majority of the published l i t e r a tu re  (Appendix 
B) is calculated on the bas i s  of 50 percent survival. These l e tha l  thresholds 
are  commonly referred to a s  incipient l e t h a l  temperatures. Since organisms 
can be le thal ly  stressed by both r i s ing  and f a l l i ng  temperatures, there a r e  
upper incipient lethal temperatures and incipient  lethal temperatures. 
These are  determined by removing the organisms from atemperature t o  which 
they a re  acclimated and ins tan t ly  placing them i n  a s e r i e s  of other temperatures 
that w i l l  typically r e s u l t  i n  a range i n  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 f i s h  were obtained and the desired 
acclimation temperature. In  general, experiments t o  determine incipient 
le thal  temperatures should extend un t i l  a l l  the organisms i n  any t e s t  chamber 
are dead or suf f ic ien t  time has elapsed for  death to have occurred. The 
ultimate _upper incipient l e tha l  temperature is tha t  beyond which no increaee 
in le tha l  temperature is accomplished by fur ther  increase i n  acclimation 
temperature. For most freshwater f i s h  species i n  temperate la t i tudes  the 
lower incipient l e t h a l  temperatures w i l l  usually end a t  0' C, being limited 
by the freezing point of water. However, f o r  some important species, such a s  
threadfish shad i n  freshwater and menhaden i n  seawater, the lower incipient 
le thal  temperature i s  higher than O0 C, 

A s  indicated ea r l i e r ,  the heat and temperature section of the Blue Book 
w d  i t s  associated appendix data and references have been reproduced i n  t h i s  
report as Appendix A and Appendix B. The following discussion w i l l  Briefly 
summarize the various types of c r i t e r i a  and provide some additional illsight 
into the development of numerical c r i t e r i a .  The Blue Book (Appendix A) 
also describes i n  d e t a i l  the use of the c r i t e r i a  i n  re la t ion  to entrainment. 

MAXIHUM WEEKLY AVERAGE TEMPERATURE 

For prac t ica l  reasons the maximum weekly average temperature (MWAT) is 

the mathematical mean of multiple, equally spaced, dai ly  temperatures over a 

7-day consecutive period. 




por Growth/ 

TO maintain growth of aqua t i c  organisms a t  r a t e s  necessary f o r  sus t a in ing  

. at ively growiag and reproducing populat ions,  t h e  MWAT in. t h e  zone normally 


inhabited by t h e  spec ie s  a t  t h e  season should n o t  exceed t h e  optimum temperature 
! .  	ljlus.one-third of t h e  range between t h e  op t immtempera tu re  and t h e  u l t ima te  
I '  	 upper i n c i p i e n t  l e t h a l  temperature of t h e  spec ies :  

:. , 

l e t h a l  temperature temperatureWAT f o r  growth - optimum temperature + 
u l t i m a t e  upper i n c i p i e n t  - optimum 

3 

.' 	 .At optimum teinpezature i s  assumed t o  be t h e  optimum f o r  growth, but  o t h e r  

ph+iological optima may be  used i n  t h e  absence of growth data .  The MWAT need 

rrot..apply t o  accepted mixing zones and must be appl ied  with adequate under- 

;&nding of t h e  normal seasonal  d i s t r i b u t i o n  of the  important spec ies .  


. . 

For Reproduction ,1 -
The MWAT f o r  reproduct ion must consider  s e v e r a l  f a c t o r s  such a s  gonad 

o w t h  and gamete maturation, p o t e n t i a l  blocking of spawning migra t ions ,  I 

spawning i t s e l f ,  t iming and synchrony wi th  c y c l i c  food sources,  and normal 
%. , .p , t terns of gradual  temperature changes throughout the  year.  The p ro tec t ion  

. . 

, ,  	 .. 
' >of.,reproductive a c t i v i t y  must take i n t o  account months during which these  

: processes normally occur i n  s p e c i f i c  water Bodies f o r  which c r i t e r i a  a r e  


. k i n g  developed. 


: 	For ..Winter Surviva l  

The MWAT f o r  f i s h  s u r v i v a l  during winter  w i l l  apply i n  any a rea  i n  which 
could congregate and would inc lude  a r e a s  s u c h  a s  unscreened d ischarge  

annels. This  temperature l i m i t  should not  exceed t h e  accl imation,  o r  plume, 
mperature (minus a 3.6' F (2.0' C) s a f e t y  f a c t o r )  t h a t  r a i s e s  t h e  lower 

e tha l  threshold  temperature above t h e  normal ambient water temperature f o r  

a t  season. This  c r i t e r i o n  w i l l  provide p ro tec t ion  from f i s h  k i l l s  caused 

rapid changes i n  temperature due t o  p l a n t  shutdown o r  movement of f i s h  


a 	heated plume t o  ambient temperature. 

t i s  w e l l  e s t ab l i shed  t h a t  f i s h  can wi ths tand  shor t  exposure t o  temperatures 
than those  acceptable  f o r  reproduct ion and growth without s i g n i f i c i a n t  

r s e  e f f e c t s .  These exposures should not  be too lengthy o r  f requent  o r  the 
i e s  could be  adversely a f f ec t ed .  The l eng th  of time t h a t  50 percent  of a 
l a t i o n  w i l l  su rv ive  temperature above t h e  i n c i p i e n t  l e t h a l  temperature can 
a l cu la t ed  from t h e  fol lowing regress ion  equat ion:  

l og  t i m e  (min) = a + b (.temperature i n  OC); 

o r  

temperature C°C) = (log time b i n 1  - a ) / b .  



I 

1I 

i 
The constants l'all and "b" a r e  f o r  intercept and slope and w i l l  be discussed 
la ter .  Since t h i s  equation i s  based on 50 percent survival, a 3.6' F C2.0" C] 
reduction i n  the upper incipient l e tha l  temperature w i l l  provide the safety 
factor to  assure no deaths. 

For those interested i n  more de t a i l  or  the rationale, fo r  these general 
c r i t e r ia ,  Appendices A and B should be read thoroughly. In  addition, Appendix 
A contains a f i ne  discussion of a procedure t o  evaluate the potent ia l  thermal 
impact of aquatic organisms entrained i n  cooling water or  the discharge 
plume, or  both. 



SECTION 4 

THE PROCEDURES FOR CALCULATING NUMERICAL 

TEMPERATURE CRITERIA FOR FRESWATER FISH 

IMUMWEEKLY AVERAGE TEMPERATURE 

The necessary minimum da ta  f o r  t h e  determinat ion of  t h i s  c r i t e r i o n  a r e  

phys io logica l  optimum temperature and ' the  u l t ima te  upper inc ip i en t  l e t h a l  


perature. The l a t t e r  temperature r ep resen t s  t h e  "breaking point"  between 

e h i g h e s t  temperatures t o  which an animal can be  acclimated and the  lowest 


the extreme upper t empera tu res i tha t  w i l l  k i l l  t h e  warm-acclimated organism. 

s i o l o g i c a l  optima can be based on performance, metabolic  r a t e ,  temperature 


erence, growth, n a t u r a l  d i s t r i b u t i o n ,  or  to le rance .  However, t h e  mst 

i t i v e  func t ion  seems t o  be growth r a t e ,  which appears  t o  be an i n t e g r a t o r  

I1 phys io log ica l  responses of an organism. I n  the  absence of da ta  on 


um growth, t h e  use of a n  optimum f o r  a more s p e c i f i c  funct ion  r e l a t e d  t o  

i t y  and metabolism may be  more d e s i r a b l e t h a n  not  dwe lop ing  any growth 


e r ion  a t  a l l .  


The MWAT.'s f o r  growth were ca l cu la t ed  f o r  f i s h  spec ie s  f o r  which appropr ia te  
a were a v a i l a b l e  (Table I).. These da ta  were obtained from the  f i s h  temperature 

t a  i n  Appendix C. These d a t a  shee t s  con ta in  t h e  major i ty  of thermal e f f e c t s  
t'a f o r  about 3.4 species '  of  f reshwater  f i s h  and t h e  sources of t h e  da ta .  Some 
b j e c t i v i t y  i s  i n e v i t a b l e  a n d n e c e s s a r y  because of v a r i a b i l i t y  i n  published 
t a  r e s u l t i n g  from d i f f e rences  i n  age, day length ,  feeding  regime, o r  methodology. 

example, t h e  d a t a  shee t  f o r  channel c a t f i s h  [Appendix C) inc ludes  four  

pera ture  ranges  f o r  optimum growth based on t h r e e  published papers.  It would 


.more appropr i a t e  t o  use  d a t a ' f o r  growth of j uven i l e s  and a d u l t s  r a t h e r  than 

ae. The middle of each range f o r  j uven i l e  channel c a t f i s h  growth i s  29' and 

C. I n  t h i s  i n s t ance  29' C i s  judged the b e s t  e s t ima te  of t h e  optimum. The 

hes t  i n c i p i e n t  l e t h a l  temperature (+hat would approximate t h e  u l t ima te  
i p i e n t  l e t h a l  temperature) appearing i n  Appendix C i s  38' C .  By using t h e  
vious formula f o r  t h e  MWAT f o r  growth, we ob ta in  

29' C -!- (38-29' C). .,,e C ._ 
e temperature c r i t e r i o n  f o r  t h e  MWAT fo r  growth of  channel c a t f i s h  would be 

2' C (as  appears  i n  Table 1 ) .  



TABLE 1. TEMPERATURE CRITERIA FOE GROWTH AND SURVIVAL OF SHORT EXPOSURES 

(24 HR) OF JUVENILE AND ADULT FISH DURING THE SUMMER C ( O  F ) )(O  
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In  a d d i t i o n  t o  t h e  MWAT, maximum temperature f o r  sho r t  exposure w i l l  
t e c t  aga ins t  p o t e n t i a l  l e t h a l  e f f e c t s .  We have t o  assume t h a t  t h e  inc ip i en t  

1 temperature, da t a  r e f l e c t i n g  50 percent  s u r v i v a l  necessary f o r  t h i s  
l cu la t ion  would be based on an accl imation temperature near  t h e  MWAT f o r  

th .  Therefore, using t h e  da ta  i n  Appendix B f o r  t h e  channel c a t f i s h ,  we 
four poss ib l e  d a t a  choices near  the  MWAT of 32' C (again i t  i s  p re fe rab le  

s e  da t a  on juveni les  o r  a d u l t s ) :  

Acclimation temperature (* Cl -a -b 

30  	 32.1736 -0.7811 

34 	 26.4204 -0.6149 

30 	 17.7125 -0.4058 

35  	 28.3031 -0.6554 
I 

ormula f o r  c a l c u l a t i n g  t h e  maximum f o r  sho r t  exposure is: 

temperature ('C) I (log time (min) - a l / b  

o so lve '  t h e  equat ion 	w e  must s e l e c t  a maximumtime l i m i t a t i d n  on this 
f o r  s h o r t  exposure. S ince  t h e  MWAT i s  a weekly mean temperature 

o p r i a t e  l eng th  of t ime f o r  t h i s  l i m i t a t i o n  f o r  s h o r t  exposure would 
hr  without  r i s k i n g  v i o l a t i o n  of t h e  MWAT, 

Since t h e  time i s  f ixed  a t  24 hr (1,440 mini, we need t o  so lve  f o r  
e r a t u r e  by using, f o r  example; t h e  above accl imation temperature of 30' C 

i c h  a = 32.1736 and b = -0.7811. 
. . 

temperature (O C) = l o z  1,440 -a 
b 


so lv ing  f o r  each of t h e  four  d a t a  po in t s  we o b t a i n  37.1°, 37.80, 35.g0, and 
O C. T h e  average would be 37.3' C ,  and a f t e r  sub t r ac t ing  t h e  2' C s a fe ty  
or  to  provide 100 percent  s u r v i v a l ,  t h e  short-term maximum f o r  channel 
i s h  would be 35' C as appears  i n  Table 1. 

WEEKLY AVERAGE TEMPERATURE FOR SPAWNIRG io 

From t h e  da ta  s h e e t s  i n  Apendix C one wFuld uke e i t h e r  t h e  optimum 
r a t u r e  f o r  spawning o r ,  i f  t h a t  is n o t  ava i l ab le ,  t h e  middle of t h e  range 

e ra tu res  f o r  spawning. Again, i f  w e  use  t h e  channel c a t f i s h  a s  an example, 
T f o r  spawning would be .27 '  C (Table 2) .  Since spawning may occur over 
d of a few weeks o r  months i n  a p a r t i c u l a r  water body and only a MWAT 

t i m u m  spawning i s  est imated,  i t  would be l o g i c a l  t o  use  t h a t  of~timum f o r  
dian time of t h e  spawning season. The INAT f o r  t h e  next  e a r l i e r  month 

15  
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TABLE 2. TEMPERATURE CRITERIA FOR SPAWNING AND EMBRYO SURVIVAL OF. 

SHORT EXPOSURES DURMG THE SPAWNING SEASON (O C (' F)) 
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approximate t h e  lower temperature of t h e  range i n  spawning temperature, 
d  the  MWAT f o r  t h e  l a s t  month of a  3 lnonth  spawning season could approximate 
e  upper temperature f o r  t h e  range. For example, i f  the  channel c a t f i s h  
awned from Apr i l  t o  June t h e  AT'S f o r  t h e  3 months would be approximately 
, 27', and 29' C. For f a l l  spawning f i s h  spec ie s  t h e  p a t t e r n  o r  sequence 
temperatures would be reversed because of n a t u r a l l y  dec l in ing  temperatures 

;ing t h e i r  spawning season. 

% SHORT-TERM MAXIMUM DURING SPAWNING SEASON 

I f  spawning season maxima could be determined i n t h e  same manner a s  those  
r t h e  growing season, we would be using t h e  time-temperature equation and 
e Appendix B data  a s  before. However, growing season da ta  a r e  based usua l ly  
su rv iva l  of juveni le  and a d u l t  ind iv iduals .  Egg-incubation temperature ' 

quirements a r e  more r e s t r i c t i v e  ( lowerl ,  and t h i s  b i o l o g i c a l  process would 
t b e  pro tec ted  by maxima baaed on da ta  f o r  j uven i l e  and a d u l t  f i s h .  Also, 
awning i t s e l f  could be prematurely stopped i f  those maxima were achieved. 
r m o s t  spec ie s  t h e  maximum spawning temperature approximates t h e  maximum 
ccessfu l  incubat ion temperature. Consequently, t h e  short-term maximum 
mperature should p re fe rab ly  be based on maximum incubation, temperature f o r  
ccessfu l  embryo su rv iva l ,  bu t  t h e  maximum temperature f o r  spawning i s  an 

t a b l e  a l t e r n a t i v e .  I n  f a c t ,  t h e  higher  of t h e  two i s  probably t h e  
erred choice a s  v a r i a b i l i t y  i n  a v a i l a b l e  d a t a  has shown discrepancies  i n  
r e l a t i o n s h i p  f o r  some spec ie s .  

For t h e  channel c a t f i s h  (Appendix C1 t h e  m a x i m u m  repor ted  incubat ion 
r a t u r e  i s  28' C, and t h e  maximum repor ted  spawning temperature i s  29' C. 

e fore ,  t h e  b e s t  es t imate  of t h e  short-term s u r v i v a l  of embryos would be 

WEEKLY AVERAGE TEMPERATURE FOR WINTER 

As discussed e a r l i e r  t h e  MWAT f o r  winter  i s  designed usual ly  t o  prevent 
dea ths  i n  t h e  event t h e  water  temperature drops r a p i d l y  t o  an ambient 

i t i o n .  Such a temperature drop could occur a s  t h e  r e s u l t  of a power-plant 
utdown o r  a  movement of t h e  f i s h  i t s e l f .  These MWAT's a r e  meant t o  apply 
erever f i s h  can congregate,  even i f  t h a t  i s  wi th in  t h e m i x i n g  zone. 

e l low perch r e q u i r e  a  long c h i l l  per iod  during the  winter  f o r  optimum 
tu ra t ion -  and spawning (Appendix A).. ~ o w e v e r ,  p r o t e c t i o n  of this spec ies  

d be o u t s i d e  the  mixing zone. In  add i t ion ,  t h e  embryos of f a l l  spawning 
such a s  t r o u t ,  salmon, and o t h e r  r e l a t e d  spec ies  such a s  c i s c o  r equ i re  

incubat ion temperatures. For these  spec ies  a l s o  t h e  MWAT during winter  
uld have t o  consider embryo s u r v i v a l ,  but again,  t h i s  would be ou t s ide  the  

zone. The mixing zone, a s  used i n  t h i s  r epor t ,  i s  t h a t  a rea  adjacent  
e  discharge i n  which r ece iv ing  system water q u a l i t y  s tandards do not 

y; a thermal plume the re fo re  i s  not  a  mixing zone. 

With these  exceptions i n  mind, i t  i s  unl ike ly  tha t .any  s ign f i can t  
c t s  on f i s h  populations would occur a s  long a s  death was prevented. 

~ 
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In many instances growth could be enhanced by controlled winter haat addition, 
but inadequate food may r e su l t  i n  poor condition of the f ish.  

There a r e  fewer data for lower incipient  l e t h a l  temperatures than for  
the previously discussed upper incipient l e t h a l  temperatures. Appendix B 
contains lower incipient  l e tha l  temperature data for  only about 20 freshwater 
f ish  species, l e s s  than half of which a r e  l i s t e d  i n  Tables 1and 2. Consequent1 
the available datawere combined to  calculate  a regression l i n e  (Figure 1)  
which gives a generalized M'WAT for ,winter  survival instead of the species 
specific approach used i n  the other types of c r i t e r i a .  

A11 the lower incipient l e t h a l  temperature data from Appendix C for  
f reshwaterf ish species were used to  calculate theregress ion  l ine ,  which had 
a slope of 0.50 and a correlation coefficient of 0.75. This regression l ine  
was then displaced by approximately .2.5O C since it passed through the middle 
of the data and did not represent the rhore sensi t ive  species. This new l ine  
on the edge of the  data array was then displaced by a 2' C s a f e t y  factor ,  the 
same factor discussed ear l ie r ,  to  account for  the fac t  rhat  the or ig ina l  data 
points were f o r  50 percent survival and the 2' C safety fac tor  would resu l t  
in  100 percent survival. These two adjusments i n  the or ig ina l regresa ion  
l ine  therefore r e su l t  i n  a l i n e  CFigure 11 that should insure no more than 
negligible mortali ty of any f f s h  species. A t  lower acclimation temperatures 
the coldwater species were d i f fe ren t  fro& the warmwater species,  and the resul ta  
cr i ter ion takes t h i s  into  account. 

I f  f i s h  can congregate i n  an area close to  the discharge point, t h i s  
cr i ter ion could be a l i m i t  on the degree rise permissible a t  a par t icular  s i t e .  
Obviously, i f  there  is a screened discharge channel i n  whicb sume cooling 
occurs, a higher i n i t i a l  discharge temperature could be permissible to  fish.  

An example of the use of t h i s  c r i te r ion  (as plotted i n  the  nomograph 
FLgure 1)  would be a s i tuat ion i n  which the ambient water temperature is 10' 
C, and the MWAT, where f i sh  could congregate, is 25* C, a difference of 15' 
C. A t  a lower ambient temperature of about 2.5' C ,  the MWAT would be 10" C, 
a 7.5' C difference. 





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 dnly relatively poor data are available, 
subjectivity becomes important. If several qualified people were to calculatt 
various temperature criteria for species for which several sets of high quali. 
data were available, it is unlikely that they would be in agreement in all 
instances. 

The following examples for warmwater and coldwater species are presented 

mly as examples and are not at all intended to be water-body-specific 

recommendations. Local extenuating circumstances may warrant differences, or 

the basic conditions of the examples may be slightly unrealistic. More 

precise estimates of principal spawning and growth seasons should be 

available from the local state fish departments. 


EXAMPLE 1 


Tables 1 and 2, Figure 1, and Appendix C are the principal data sources 

for the criteria derived for this example. The following water-body-specific 

data are necessary and in this example are hypothetical: 


1. Species to be protected by the criteria: channel catfish, largemot 

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 species, May to July. 

3. Normal ambient winter temperature: 5' C in December and January; 

10' c in November, February, and March. 


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

September. 


5 .  Any local extenuating circumstances should be incorporated into t6 
criteria as appropriate. Some examples would be yellow perch gamete 
uaturation 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. 



In some instances the data will be insufficient to determine each 

ary criterion for each species. Estimates must be made based on 

ble species-specific data or by extrapolation from data for species with 

ar requirements for which adequate data are available. For instance, this 

e includes the bigmouth bu'falo and freshwater drumfor which no growth 

rt-term summer maxima are available able 1). One would of necessity 

0 estimate that the summer criteria would not be lower thanthat for the 

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


e choice of important fish species is very critical. Since in this 

the white crappie is as temperature sensitive as any of the species, 

imum weekly average temperature for summer growth is based on the 

rappie. Consequently, this criterion would result in lower than 

conditions for the channel catfish, bluegill, and largemouth bass. 
rnate approach would be to develop criteria for the single most 

rtant species even if the most sensitive is not well protected. The 
is a socioeconomic one. I 

efore developing a set of criteria such as those in Table 3, the material 

1 in Tables 1 and 2 should be studied for the species of concern. It is 

that the lowest optimum temperature for summer growth for the species 
ch data are available would be for the white crappie (28' C). However, 
s no maximum for short exposure since the data are not available (Appendix 
r the species for which there are data, the lowest maximum for short 
e is for the largemouth bass (34' C). In this example we have all 
essary data for spawning and maximum for short exposure for embryo 
1 for all species of concern (.Table '21.. 

ring the winter, criteria may be necessary both for the mixing zone as 

for the receiving water. Receiving-water criteria would be necessary 

ortant fish species were known to have gamete-maturation requirements 

yellow perch, or embryo-incubation requirements like trout, salmon, 

tc. In this example there is no need for receiving-system water criteria. 


this point, we are ready to 'complete Table 3 for Example I. 


of the general concerns and data sources presented throughout the 

on and derivation of Example 1 will apply here. 


Species to be protected bythe criteria: rainbow and brown trout 

e coho salmon. 


Local spawning seasons for these species: November through January 

nbow trout; and November through.December for the brown trout and coho 


Normal ambient winter temperature: 2' C in November through February; 
n October, March, and April. 

21 




TABLE 3. TEMPERATURE CRITERIA FOR EXAMPLE 1 


w i a m  veakly auaraea cmerature,  (' C 1' P'U 
Month Rac.ivlog water n u t a d  plume Decision ba.1. 

January Figure  I 

P a b u r y  Figure 1 

March PiguIe  1 

A p r i l  M i c e  crappie aplvning 

May LSr8B00uth bass apnvnin8 

June Bluegi l l  spawning and 
d l t e  crappie growth 

M i c e  crapple g r m h  

White crappie  growth 

M i c e  crappie gravth 

N o w 1  gradual seasonal 
deelin. 

-S w a b - r  a 2 5 0 7 )  Figure 1 

Mnrh  short-term m r i m m  Decision bas i s  

January None needed , Conrral by WAT i n  plume 

Pabm.0' None oeedad Conlrol py WAT i n  plume 

March None needed Control by M * T  i n  plume 

ip.4 26(79) LargcmouLh baasb survival 
(esrinurred) 

Laremouth bassb survival 
(asrimatedb 

.rune ~ergemouth survival 

July Latgwourh bassb survival 

*wuat Lalgaourh hssb .urvivel  

S.pt.mh.r Largeaourh baasb svrvivs l  

October Largaovrh bassb survival  
(estimated) 

Control by WAT i n  pluna 

Control by EMBT i n  p l m e  

It a apecia. had raquirpd s winter c h i l l  period for gamete ms tumt ion 'm  egg incubation, 
r~e . iv ing-rarsr  c r i t e r i a  would allla be required. 

NO data  ava i l ab l e  f or  the .s l ight ly  DDrs s e n s l r i v e  r h i t e  crappie .  



growing season for these fish species: June through 


local extenuating circumstances: There are none in 


are ready to complete Table 4 for Example 2. 




TABLE 4 .  TEMPEPATURE CRITERIA FOR W L E  2 

x - .~.uI v.~... r-aratur.. (' c I. rU 
*nth Da~1sIon-.is 

ISOUPI 9168) YOO)  b i n h a ,  crour iwmimt 
and FIsur. 1 

PlbrwIy 1305)  10150). "0- ,r.d".l ....m.1 
ri.. ."d Fi'ur. l 

mrsn 13155) ~ ( 5 9 )  N O N 1  ,r.d".l ...a 00.1 
d.. . o d  i*.. 1 

MrL1 1407)  lS(59) Norma1 p d w l  8u.on.l 
ri.. ."d Pilur. 1 

~un. 171631 -- ~ r a  , r ~ nrr&r 

JULY 11161) - mom trout Cwrh 

h8u.t 17163) - I- t r ~ u rrmrrh 

S.pIPlb.I( 17(63) .- Irm trout worth 

L*leb.r 1215C) 11091  "0-1 w.durl ....a n.1 
d.Cli". 

eniw .urri".l tor 
rainbm rmui and 
eon0 ..mn 

h b W 0  BuNlv.1 lor 
r.*nbo. 'rout .".A 
c o b  ,.mn 
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APPENDIX A* 

HEAT AND TEMPERATU 

Living organisms do not respond to the quantity of heat system may be detrimental. On the other hand, 
but to degrees of temperature or to temperature changes - thermal characteris 
caused by transfer of heat. The importance of temperature most fish hatchery p 
to acquatic organisms is well known, and the composition facilities. (See the discussion of Aquaculture in Secti 
of aquatic communities depends largely on the temperature The general difficulty in developing suitable cri 
characteristics of their environment. Organisms have upper temperature (which would limit the addition of 
and lower thermal tolerance'lits, optimum temperatures in determining the deviation from "natural" tem 
for growth, preferred temperatures in thermal gradients, particular body of water can experience withou 
and temperature limitations for migration, spawning, and adverse effects on its biota. Whatever requir 
egg incubation. Temperature also affects the physical suggested, a "natural" seasong cycle must 
environment of the aquatic medium, (e.g., viscosity, degree annual spiing and fall changes in tempera 
of ice cover, and oxygen capacity. Therefore, the com- gradual, and large unnatural day-to-d 
position of aquatic communities depends largely on tem- should be avoided. In view of the many v 
perature characteristics of the environment. Sn recent obvious that no single temperature r 
years there has been an accelerated demand for cooling applied uniformly to 
waters for power stations that release large quantities of the requirements must be closely rela 
heat, causing, or'threatening to cause, either a warming of water and to its particular community of organ' 
rivers, lakes, and coastal waters, or a rapid cooling when the especially the important species 
artificial sources of heat are abruptly terminated. For these indude invertebrates, plankton, 
reasons, the environmental consequences of temperature l ie  that may be of importance t 
changes must be considered in assessments of water quality i interact with species of direct int 
requirements of aquatic o?ganisms. 1 requirements of 

The "natural" temperatures of surface waters of the t h e  species to be pr 
United States vary from 0 C to over 40 C as a function of j protection" among water bodje 
latitude, altitude, season, time of day, duration of flow, :and Shumway (1970)"Vfpr dig 
depth, and many other variables. The agents that affect Diisolved Oxygen, p. 131.) A1 
the natural temperature are so numerous that /t is unlikely transcend the scientific judg 
that two bodies of water, even in the same latitude, would thermal criteria for protectin 
have exactly the same thermal characteristics. Moreover, a aid in making them. Som 
single aquatic habitat typically does not have uniform or levels of importance to species are: (1) high yield to 
consistent t h m a 1  characteristics. Since all aquatic or- mercial or sport fish 
ganisms (with the exception of aquatic mammals and a ecosystem (if desira 
few large, fast-swimming fish) have body temperatures that of other species 
conform to the water temperature, these natural variations (4) "endangered" or un 
create conditions that are optimum at  times, but are attempt smct preservati 
generally above or below optima for. particular physio- most sensitive species or 
logical, behavioral, and competitive functions of the species selected. 
present. Criteria for making 

Because significant temperature changes may affect the perature to protect desir 

composition of an aquatic or wildlife community, an maximum allowed cha 

induced change in the thermal characteristics of an eco- This is principally bec 

*Dun,,.. , , , . & < - - - 7  " - - , 
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!.an.ambient temperature has varying significance for an 
/organism, depending upon where the ambient level lies 

ce range. In addition, historic tempera- 
or, alternatively, the adsting ambient tempera- 

meprior to any thermal alterations by man are not always 
of desirable conditions for aquatic 

le developments of water resources also 
eratures both upward (e.g., upstream 

ww plants or shallow reservoirs) and downward' (e.g., 
o that "ambient" 

to define at a given 

ature should consider both the multiple 
of aquatic species and requirements 

ities. The number of distance requirr- 
ry values for each require periodic 
edge of thermal effects on aquatic 

and communities increases. Currently definable 
i 

d temperatures that are con-
sistent with maintaining desirable levels of pro- 

maximum levels of metabolic acclimation to warm 
will permit return to ambient 

ter temperatures should artificial sources of 

ons for survival of brief exposures 

gamete maturation, spawning migration, release of 

nd other activities of lower 

owths of certain 
onant food sources or 

ownstream aquatic life 
a cold-water source will 

ely affect downstream temperature require- 

a1 criteria must also be formulated with knowledge 
man alters temperatures, the hydrodynamics of the 

ages, and how the biota can reasonably be expected to 
9act with the thermal regimes produced. I t  is not 

nly the thermal criteria 
in open waters, because 
o be exposed to thermal 

the condensers and 
ign engineers need 

particularly to know the biological limitations to their 
design options in such instances. Such considerations may 
reveal nonthcrmal impacts of cooling processes that may 
outweigh temperature effects, such as ikpingement of frsh 
upon intake screens, mechanical or chemical damage to 
zooplankton in condensers, or effects of altered current 
patterns on bottom fauna in a discharge area. The environ- 
mental situations of aquatic organisms (e.g., where they 
are, when they are there, in what numbers) must also be 
understood. Thermal criteria for migratory species should 
be applied to a certain area only when the species is actually 
there. Although thermal effects of power stations are 
currently of great interest, other less dramatic causes of 
temperature change including deforestation, stream chan- 
nelization, and impoundment of flowing water must be 
recognized. 

DEVELOPMENT OF CRITERIA 

Thermal criteria necessary for the protection of species or 
communities are discussed separately below. The order of 
presentation of the dierent criteria does not imply priority 
for any one body of water. The dencriptions define preferred 
methods and procedures for judging thermal requirements, 
and generally do not give numerical values (except in 
Appendii 1 1 4 ) .  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., Bullock 
1955,26n Brett 1956;*68 Fry 1947,276 1964:76 1967;270 Kinne 
197Pn6). Some effects have been analyzed in the context of 
thermal modification by power plants (Parker and Krenkel 
1969 ;'08 Krenkel and Parker 1969 Cairns 1968 Clark 
1969;z" and Coutant 1970~2"). Bibliographic information 
is available from Kennedy and Mihursky (1967):#* Raney 
and Menzel (1969),81' and from annual reviews published 
by the Water Pollution Control Federation (Coutant 
1968,"65 1969,166 1970a:" 1971z70). 

Each species (and often each distinct life-stage of a species) 
has a characteristic tolerance range of temperature as a 
consequence of acclimations (internal biochemical adjust- 
ments) made whiie at previous holding temperature (Figure 
111-2; Brett 19561"). 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-



trerne." The tolerance range is adjusted upwad by ac-
climation to warmer water and downward to cooler water, 
although there is a limit to such accommodation. The 

ultimate thrcahold t 

temperatures that will kill the warm-acclimated organism. 
~ n y 
rate of tempmature change over a period of minutes 

. . 

Ultimate incipient lethal temperatux 

J 

25 

Acclimnrion temperature-Centigrade 

After Brett 1960 264 

FIGURE III-%Upper ond lower lethol temperatures for 
young sockeye solmon (Oncorhynchua nerka) pbrted to 
show the zone of tolerance. Within this zone t 
are represented to illwtrote (I )on ore=-vond which growth 
would bepoor to none-ot-allunder the influence of the looding 

Time to 50%mortality-Minuter 

Aher Brett 1952 2b2 

several days (Brett 1941).2s1. 

temperatures, survival depends not only on the tempera 
but also on the duration of exposure, with mortality 

1970b2'8 for further discussion based on both field 
laboratory studies.) Thus, organisms respond to extr 
high and low temperatures in a manner similar to 
dosage-response pattern which is common to toxic 
pharmaceuticals, and radiation (Bliss 1937)."40 Such 
seldom extend beyond one week in duration. 

MAXIMUM ACCEPTABLE TEMPERATURES FOR 
PROLONGED EXPOSURES 

Specific criteria for prolonged exposure (1 week or long 

cussed on pp. 162-1 65. 
F 
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..st!RING, SUMMER,. AND FALL MAXIMA FOR 
EXPOSURE 

. 	 . 

by most aquatic organisms is 
ennal tolerance range to tem- 
'the ultimate upper incipient 

temperature. This is the result of poor physiological 
ance at near lethal levels (e.g., growth, metabolic 
r activities, appetite,-food conversion efficiency), 

:interspecies competition, disease, predation, and other 
ological factors (Fry 1951 ;%" Brett 19712'3. This 
limitation is evidenced by restricted southern and 

distributions of many species. On the other hand, 
temperatures (such as those producing fastest 
es) are not' generally necessary at all times to 
riving populations and are often exceeded in 
g summer months (Fry 1951 ;%" Cooper 1953;20" 

:;Jjeyerle and Cooper 1960;2" Kramer and Shlith 19602")). 
:Moderate temperature fluctuations can generally be 
-tblerated as longas a maximum upper limit is 'not exceeded 

osures long enough to 
acclimation and optimum ecological per- 
ie somewhere between the physiological 
ultimate upper incipient lethal tempera- 

;.&res. Brett (1960)21' suggested that a provisional long- 
:termexposure limit be the temperature greater than opti- 
-mum that allowed 75 per cent of optimum performance. 

s not been tested by definitive studies. 
f ' literature' on performance, metabolic 

,growth, natural distribution, 
ies has yielded an apparently 

ating an upper temperature 
method for doing this 
earch. New data will 

ovide refinement, but this method forms a useful guide 
r the  present time. The method is based on the general 

ized here gnd in Figure III-4(a, b, c). 
f organisms over a range of tempera- 
he scientific literature for avariety of 

tions. Figures III-4.a and b show three characteristic 
sof responses numbered 1 through 3, of which types 1 

g optimum peaks. These optimum 
cteristic for a species (or life stage). 
airment from optimum levels of 
nctions are not uniform with in-

e the optimum for mingle species. 
n appears to be growth rate, for 

a temperature of zero growth (with abundant food) 
n 'be determined for important species and life stages. 

s to be an integrator of all 
sm. Growth rate should probably 
gain or net growth (McCormick 

1. 	 1971)am of the population, to account for deaths. 
The maximum temperature at which several species 

9 7 

are consistently found in nature (Fry 1951;271 Narver 
1970)a0'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 I I I4c) .  

The optimum temperature may be influenced by rate of 
feeding. Brett et al. (1969)167 demonstrated a shii in opti- 
mum toward cooler temperatures for sockeye salmon when 
ration was restricted. In  a similar experiment with channel 
catfish, Andrews and Stickney (1972)"2 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 
obscrualion).J2' 

These observations suggest that an average of the opti- 
mum temperature and the temperature of zero net growth 
[(opt. temp. + z.n.g. temp)/?] would be a useful estimate 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 l i e  stages of many 
species will have diierent 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 III-ll-Summow of Some Uooer Limltinc 
'I'emperotures in C, (for *oriodr longer %on one weekj 
Based Upon Optimum Temperarures and Temaerntures -

of Zero it Growth. 





E-. .; 
, :  .mi le  this approach to developing the maximum sus- sizeable body of data on the ultimate incipient lethal 

the basis of available temperature that could serve as a substitute for the data on 
few l i t s  can be derived from existing data in temperamre of zero net growth. A practical consideration 

on zero growth. On the other hand, there is a in recommending criteria is the time required to conduct 



research necessary & provide missing data. Techniques for 
determining incipient lethal temperatures are standard'ied 
(Brett 1952)=" 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 tmp.-aptimum temp. 
optimum temp. + 

3 

yields values that are very close to (optimum temp. + 
z a 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 111-8 and Appendix 11). 
Thii formula offers a practical method for obtaining allow- 

FIGURE III-4c-M. mercenaria: The general relationship 
between temperature a@ the rate of shell growth, based on 
Peld mensuremefats of gmwth and temperature. 

Heat and Tmpcraturc/l 

able l i t s ,  whiie retaining as it3scientific basis the 
ments of preserving adequate rates of gmwth. So 
obtained from data in the literature are given in 
111-12. A hypothetical example of the effect of thiil i t  
growth of largemouth bass is illustrated in Figu 

Figure 111-5 shows a hypothetical example of the e 
of the limit on maximum weekly average temperature 
gmwth rates of juvenile largemouth bass. Growth data as 
function of temperature are from Strawn 19618's: the ambl 
ent temperature is an averaged curve for Lake Norm 
N.  C., adapted from data supplied by Duke Power C 
pany. A general temperature elevation of 10 F i 
provide an extreme example. Incremental growth rates 
(mm/wk) are plotted on the main figure, while 
cumulated growth is plotted in the inset. Simp1 
sumptions were that growth rates and the relat 
growth rate to temperature were constant throughout 
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 determin 
by the most sensitive life stage of an important spec 
l i y  to be present in that location at that time. S 
many fishes have restricted habitats (e.g., specific 
zones) at many life stages, the thermal criterion 
applied to the proper zone. There is field evidence that fi&. 
avoid localized areas of unfavorably warm water. This has 
been demonstrated both in lakes where coldw 
normally evacuate warm shallows in summer @mi&, 
1964)8'8 and at power station mixing zones 
1970;2" Memman et al. 1965).'04 In most large 
water there are both vertical and' horizontal 
gradients that mobile organisms can follow to 
favorable high (or low) temperatures. 

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

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 lnrnl and regional requirements. 

.; the warm zone will inmobile organisms that 'must remain 
,;:.Anyprobably be the limiting organisms for that location. 
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Heat and Tem~ature/l59B 
FIGURE III-S-A hypothetlcol example of the effects of the limit on rnarimum weekly 

average temperature on growth rates ofjuvenile largemouth bass. Growth data w a junction 
oj temperature a r e f m  S t r a m  1961; the ambient temperature isan averaged nuve  for Loke 
Narman, N.C., adapted from data supplied b y  Duke Power Company. A goner01 temperature 
elevation of10 F k wed to provide an estreme esomple. Incremental growth ratos (mmlwk)  
are plotted on the mainpgure, while annual accumulated growth is plotted in the inset. 
Simplifying wsumptions were that growth rates and the relationship of growth rate t o  tem-
perature were constant throughout the yeor, and that there would be suflcient food t o  sup- 
tain madmum attainable growth rates at all times. 
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',?:. ~ .11~42--Summaryof Some UpperLimiting Temperatures for Prolonged Edposures of Fishes Based on Optfmum Tern. :, 
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o upper reaches of some cold rivers can be 
hout the river's remaining length (Jaske 

1970).lP This factor adds to the natural 
g at distances from headwaters: Thermal 
dwaters, therefore, may contribute sub- 
ction of cold-water species in downstream 
0)."s Upstream thermal additions should 
heir effects on summer maxima at down- 
as well as in the immediate vicinity of 

c organisma would be main- 
ssary for sustaining actively 

reproducing populations if the maxi- 
average temperature in the zone in- 

at that time does not exceed 
betweetl the optimum tem- 

te upper incipient lethal 
s (Equation 1, page 157), 
ve the weekly average do 

short-term exposures. 
ply to acceptable mix-
elationships of mixing 
p. 114), and must be 
tanding of the normal 

ortant species. 

Although artificially produced temperature elevations 
during winter months may actually bring the temperature 
closer to optimum or preferred temperature for important 
species and attract fish (Trembley 1965),82L 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;a1~obinson 1970)a16 or the organism be 
driven from the heat area. For example, sockeye salmon 
(Oncorhynchtls nnka) acclimated to 20 C suffered 50 percent 
m o d i t y  in the laboratory when their temperature was 
dropped suddenly to 5 C (Brett 1971 :268 see Figure 111-3). 
The same population of fish withstood a drop to zero when 
acclimated to 5 C. The lower l i t  of the range of thermal 
tolerance of important species must, therefore, be main- 
tained at the normal seasonal ambient temperatures 
throughout cold seasons, unlessspecial provisions are made 
to assure that rapid temperature drop will not occur or that 
organisms cannot become acclimated to elevated tempera- 
tures. This can be accomplished by l i ta t ions  on tempera- 
Nre 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 su'Ecient to 
allow metabolic acclimation. Such inaccessible areas would 
include the high-velocity 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).8" 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 11-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).81' 

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

Recommendalion 

Important species should be protected if the 
maximum 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 temperatdres 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 areas of 
water diversions (intake or discharge), canals, and 
mixing zones. 

SHORT-TERM EXPOSURE TO EXTREME TEMPERATURE 

To protect aquatic l i e  and yet allow other uses of the 
water, it is essential to know the lengths of time organisms 
can survive extreme temperatures (i.e., 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 aquatic life 
(Fry 1951 ;277 Becker et al. 1971).'" 

The length of time that 50 per cent of a population will 
. I  '--:-:--A ,-.L-, 

can he calculated from a regression equation of " 
m e n d  data (such as those in Figure 111-3) as fofiows: .. 

where time is expressed in minutes, temperature in 

respectively, which are charact 
temperature for each 'species. 
temperature relationship is more complex than the s 
logarithmic model given abov 

change occurs more rapidly t 
1941;261 Lemke 1970).s00 T 
diminished by the simultaneous presence of f 

other debilitating factors (Ebel et al. 1970,"' a 
by Coutant 1970~).283 he most accurate predictabilit 
be derived from data collected using water from th 
under evaluation. 

Because the equations based on research 0" the 
tolerance predict 50 per cent mortality, a safety fat 

cated that a 2 C reduction o 
results in no mortalities w 
duration (Fry et al. 1942;180 Black 1953)?" 
of a two degree safety factor was strengtheded 
of Coutant (1970a).18' He showed that about 15 to' 
percent of the exposure time, for median mortality at a 9.i~ 
high temperature, induced selective predation 
shocked salmon and trout. (This also amounted to reduc 
of the effective stress temoerature bv abo 
published data from subskquent experim 
showed that this reduction of about 2 C also applied to 
incipient lethal temperature. The level at which there is 
increased vulnerability to predation is the best estimate of 
no-st= exposure that is currently available. NO ~i 
safety factor has been explored for tolerance of low 
peratures. Further research may determine that safe?$ 
factors, as well as tolerance limits, have to be decYd$ 
independently for each species, l ie  stage, and water qua'?& 
situation. ,!g 

Information needed for predicting survival of a numb% 
of species of fish and invertebrates under short-term cond2 
tions of heat extremes is presented in ~ ~ ~ e n d ' m  1 1 4 .  Thw:+(. 

information includes (foi each acclimation tem~eram?!~ 
Upper and lower incipient lethal temperatures: coeffici"p$ 
a and b for the thennal resistance equation; and informatlo$ 
on size, l i e  stage, and geographic source of the spec'c;!, 
I t  is dear that adequate data are available for only a s d. 
percentage of aquatic species, and additional resear*,,,: 
necessary. Thermal resistance information should. . 
-I.+-:--J lnelll.r fnr rritirnl =reas to account for. s d '  

ii 
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anmus presence' of toxicants or other debilitating factors, 
onsideration not rdiected in Appendix 11-C data. More 

are available for upper lethal temperatures than for 

e resistance time equation, Equation 2, can be 
d to incorporate the 2 C margin of safety and also 
conditions for survival (right side of the equation 

an or equal to 1) as follows: 

time 
1 2  lOro+bcm".+2)1 (Equation 3) 

'levels of mortality of some aquatic organisms are not 
rily detrimental to ecosystems, because pvmissible 
ty levels can be establiihed. Thii is how fishing or 
ng activities ire managed. Many states and inter- 

ave established elaborate systems for 
rate of mortality (for sport and com- 

sh) in order to assure needed reproduction and 
is should not imply, however, that a form of 

allowed to take the entire harvestable 
ge water from a power plant may 

reduction of fome organisms (e.g., 
hose killed during passage through 
as are replaced within a fcw hours, 
rtalities can be found in the open 

hill and Wojtalik 1969;"z Heinle 1969).288 
hand, Jenscn (1971)298 calculated that even 
additional mortality of 0-age brook trout 
nalis) decreased the yield of the trout fishery, 
t additional mortality would, theoretically. 
of the population. Obviously; there can be 
eralization concerning the impact of short- 
entire ecosystems, foreach case will be 

:somewhat different. Future research must be directed 
cts of local temperature stresses 

A complete discussion will not be 
riteria for complete short-term protection 
necessary and should be applied with an 
ding of local conditions. 

less there is justifiable reason to believe it 
hnecessary for 'maintenance of populations of a 

es, the right side of Equation 3 for that 
es should not be allowed to increase above 

tY .when the temperature exceeds the incipient 
temperature minus 2 C: 

time
2 ~~,.+LcUmP.+2,1 

es for a and b at the appropriate acclimation 
Perature for some species can be obtained from 
endin 11-C or through additional research if 
esaary data are not available. This recommen- 

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

REPRODUCTION AND DEVELOPMENT % 

The sequence of events relating to gonad growth and 
gamete maturation, spawning migration, release of gametes, 
development of the egg and embryo, and commencement 
of independent feeding represents one of the most complex 
phenomena in nature, both for fish (Brett 1970)1'6 and 
invertebrates (Kinne 1970)?96 These events are generally 
the most thermally sensitive of all life stages. Other environ- 
mental factors, such as light and salinity, often seasonal in 
nature, can also profoundly affect the response to tempera- 
ture (Wiebe 1968).828 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).29' The erratic sequence of failures and 
successes of different year classes of lake fish attests to, the 
unreliabiiity of natural conditions for providing optimum 
reproduction. 

Abnormal, short-term temperature fluctuations appear to 
be of greatest significance in reduced production of juvenile 
fish and invertebrates (Kinne, 1963).29s 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)202 have documented 
such temperature changes due to interacting thermal and 
hydroelectric discharges on the Columbia %ver. 

Tolerable limits or variations of temperature change 
throughout development, and particularly at the most 
sensitive l ie  stages, differ among species. There is no 
adequate summary of data on such thermal requirements 
for succersful reproduction. The data are scattered through 
many years of natural history observations (however, see 
Breder and Rosen 19661'0 for a recent compilation of some 
data; also see Table 111-13). 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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1 .TABLEIII-13-Spawnine Reguirmmts of SomeFirh, Arranged in Ascending Order of Spawning Tml~eratures-Continued 

2 to 65 days. Examination of the literature 
s in spawning dates by nearly one month 
atural waters throughout the U.S. Popula-
ecies at the southern limits of their dis-
eptions, e.g., the lake whitefish (Corcgonus 
ake Erie that require a prolonged, cold 

ler 1965)108and species such as 
uesces) that require a long chill period 

n prior to spawning (Jones, unpublished 

plasticity suggests that the annual spring 
fall drop, in temperature might safely be advanced 

arly one month in many regions, as long 
ements that are necessary for migra-

ning, and other activities are not eliminated and 
chill periods, maturation times, or incubation 
resewed for important species. Production of 
s may advance in a similar way, with little 

hains, although there is little evidence to 
but see Coutant 1968;2'6Coutant 
Nebeker 1971).80'The process is 

dinal differences within the range of a 

Saalfeld 1955)'17 to modii  their migrations and spawning 
to coincide with the proper temperatures whenever and 
wherever they occur. 

Rates of embryonic development that could lead to pre-
mature hatching are determined by temperatures of the 
microhabitat of the embryo. Temperatures of the micro-
habitat may be quite different from those of the remainder 
of the waterbody. For example, a thermal effluent at the 
temperature of maximum water density (approximately 
4 C)can sink in a lake whose surface water temperature 
is colder (Hoglund and Spigarelli, 1972)."O Incubating 
eggs of such species as lake trout (Salvclinus namaycush) and 
various coregonidson 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 
1972,2Wusing 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. 

mobile species that depend upon temperature Recommenda,ionr
among widely different regions or environments 

::$or various phases of the.reproductive or rearing cycle (e.g., 
- -

After their specific limiting temperatures and 
,r.. 
:.":anadromous salmonids or aauatic insects) could be faced exposure times have been determined by studies 
?,;yiih dangers of dis-synchroniif one area is but tailored to local conditions, the reproductive ac-
'.&other is not. Poor long-term success of one year class of tivity of selected species will be protected in areas 
-:'xraser River (British Columbia) sockeye salmon (Oncorhyn- where: 
:'r,chusnerka) was attributed to early (and highly successful) e periods required for gonad growth and gamete 

reduction and emigration during an abioAallywarm maturation are preserved; 
mer followed by unsuccessful; premature feeding no temperature dHerentials are created that 

ivity in the cold and still unproductive estuary (Vernon block spawning migrations,although some delay 
)." Anadromous species are able, in some cases, (see or advancement of timing based upon-localcon-
es of eulachon (Thaleichthys pact@l*r) by Smith and ditions may be tolerated; 

41 
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temperatures are not raked to a level at  which growths even though the tempe 
,,A>. 

,;,?, ,. necessary spawning or incubation temperaturn by altered circulation patterns (e.g., artificial 
j;?;, 
1!1'!;1 of winter-spawning species cannot occur; tion). Dense growths of plankton have been 
' , ,  ,.I!!
,I.,, 

sharp temperature changes are not induced in some instances and stimulated in others (Fast 
,!! ' ' 

,$!,:: 
spawning areas, either in midng zones or in wpublisheddnlo 1971).*" 

.,.,,1 ' 
ii,l.+.dC'.'. miied we'ter bodies.(the thermal and geographic D 

: ~ : lI.v,, 
limits to such changes will be dependent upon which nuisance growths will be 

[J;
.;,:. : local requirements of species, including the
* , :  
:ii,.,ll.,,:~~.: 

spawning microhabitat, e.g., bottom gravels, 

2 ,. 
littoral zone, and surface strata); that any temperature incre 

,.,,.I$.. timing of reproductive events is not altered to increased nuisance organisms. Careful evaluation 
the extent that synchronyis broken where repro- conditions is required for any reasonable predi 
duction or rearing of certain life stages is shown effect. 
to bedependent upon cyclic food sources or other 

Recommendalionfactors at remote locations. .. 

normal patterns of gradual temperature changes Nuisance growths of 
throughout the year are maintained. 

ations of the temporalThese requirements ahould supersede all others heat in water. There
during times when they apply. of all factors contributing to nuisance grow 

any site before establishment of thennal
CHANGES IN STRUCTURE OF AQUATIC COMMUNITIES baaed upon this resp 

Significant change in temperature or in thermal patterns should be set in con 
over a period of time may cause some change in the corn- other factors(see th 
position of aquatic communities (i.e., thespeciesrepresented and Nutrients in Section I). 
and the numbers of individuals in each species). This has 
been documented by field studiesat  power plants (Trembley CONCLUSIONS 

1956-1960)8'1 and by laboratory investigations (McIntyre Recommendations for temperature limits to 
1968).'0Wowing temperature changesto alter significantly aquatic l ie  consist of the following two upper limits 
the community structure in natural waters may be detli- time of t.he year (Figure 111-6). 
mental, even though species of direct importance to man 
are not eliminated. 

The l i i t s  of allowable change in species diversity due to tempenature that: 

temperaturechanges should not differ from those applicable (a) in the warmer months (e.g., April thro 

to any other pollutant. This general topic is treated in 
detail, in reviews by others (Brookhaven National Lab. 
1969)n8and is discussed in Appendix 11-B, Community 
Structure and Diversity 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)811 
documented the growth stimulation of plankton in an 
artificially heated small lake; Trembley (1965=') re-
ported dense growths of attached algae in the discharge acclimation temperature (minus a 2 C safe@ 
canal and shallow dischargeplume of a power station (where factor), when the lower incipient lethal tempera3 
the algae broke loose periodically releasing decomposing ture equals the normal ambient water temperatu$ 
organic matter to the receiving water). Other instances of (in some regions this limit may also be applicablci 
algal growths in effluent channels of power stations were in summer);.or 2:... . 

reviewed by Coutant (1970~). '~~ (c) during reproduction seasons (generally~ ~ r i l - ~ ~ * $  
Changed thermal patterns (e.g., in stratified lakes) may and September-October in the North, and Mach:$ 

greatly alter the seasonal appearances of nuisance algal May and October-November in the South) is th@h 
:..,a 
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temperature that meets s p e c  site requirements 
for successful migration, spawning, egg incubation, 
fiy rearing, and other reproductive functions of 
important species; or 

(d) at a specific site is found necessary to preserve 
normal species diversity or prevent undesirable 
growths of nuisance organisms. 

2. 	 The second l i t  is the time-dependent maximum 
as given by the species-

are applicable. Detailed 
analysis of both natural and fian-modified 

aquatic environments is necessary to ascertain when these 
iquirements should apply. 

Maximum Weekly 
Average, Winter 

USE OF TEMPERATURE CRITERIA 

A hypothetical electric power station using lake water for 
cooling is illustrated as a typical example in Figure 111-7. 
This discussion concerns the application of thermal uiteria 
to this typical situation. 

The size of the power station is 1,000 megawatts electric 
(MW*) if nuclear, or 1,700 MW. if fossil-fueled (oil, coal, 
gas); and it releases 6.8 biiion British Thermal Units 
(BTU) per hour to the aquatic environment. This size is 
representative of power stations currently being installed. 

creased to reduce temperature rise. 
The s c h d t i c  Figure 111-7 is drawn with two alternative 

discharge arrangements to illustrate the extent to which 
design features affect thermal impacts upon aquatic life 

Time-Temperature History 
for Short Exposures 

Maximum Weekly Average, Summer 
(Based on species or community) 

Average,Winter 

Annual Calendar 

FIGURE I I I 6 S c h o m o t i c  Summary of Thermal Criteria 

L ?  



Months 

FIGURE 111-7-Hypothetical Power Plant Site For Appliwtion of Water Temperature Criteria 
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denser water can be carried from the station to 
(a) a pipe carrying water at a high flow velocity 

.&(b) a canal in which the warm water flows slowly. There 
ing in a canal, as measurements at  several 

stations have shown. Water can be released 
using any of several combinations of water 

,;+,locity and volume (i.e., number of outlets) or outlet 
d locations. These design features largely 
configuration of the thermal plumes illus- 
e 111-7 resulting from either rapid'diiution 

ith lake water or from slow release as a surface layer. The 
placed according to computer simulation 

harges (Pritchard 1971)5" and represent a 
dition without lake currents to aid mixing. 

configuration of an actual plume depends.upon 
me of which change seasonally or &en 
cal patterns of currents, wind, and bottom 

iaeshore topography. 

ective of the organisms in the water body and of the 
non-biological considerations (chemical, hy-

al, hydraulic) is an essential beginning. This 
erspective requires a certain amount of literature survey 

e study if the information is not well known. Two 
particularly important: 

entification of the important species and com-
(primary production, species diversity, etc.) that are 
tothis site; and 

2. determination oflife patterns of the important species 
a'sonal distribution, migrations, spawning areas, nursery 
rearing areas, sites of commercial or sport fisheries). 

Tlii'sinformation should include as much specific informa- 
i$on.,on thermal requirements as it is possible' to obtain 
::hmthe literature. 

teps relate the life and environmental 
nts of the biota to the sources of potential thermal 
m the power plant. These steps can be identified 

ecific areas in Figure 111-7. 

tic Areas Sensifive to Temperature Change 

principal areas offer potential for biological damage 
thermal changes, labeled A-E on Figure 111-7. (There 

,!arc other areas associated with mechanical or chemical 
'L*ffecb..Xhat cannot he treated here; see the index.) 

A The cooling water as it passes through the intake, 
intake piping (Al), condensers, discharge piping 
(A2) or canal (A1l), and thermal plume (As or 
A',), carrying with it small organisms (such as 
phytoplankton, zooplankton, invertebrate larvae, 
and fish eggs or larvae). Organisms receive a 
thermal shock to the full 20 F above ambient 

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

Area B 	 Water of the plume alone that entrains both 
small and larger organisms (including small fish) 
as it is diluted (B or B'). Organisms receive 
thermal shocks from temperatures ranging from 
+the discharge to the ambient temperature, de- 
pending upon where they are entrained. 

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

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

Area E 	The discharge canal in which resident or seasonal 
populations reside at abnormally high tempera- 
tures (E). 

Cooling Wahr Entrainment 

It is not adequate to consider only thermal criteria for 
water bodies alone when large numbers of aquatic organisms 
may be pumped through a power plant. The probability 
of an organism being pumped through will depend upon 
the ratio of the volume of cooling water in the plant to the 
volume in the lake (or to the volume passing the plant in a 
river or tidal fresh water). Tidal environments (both 
freshwater and saline) offer greater potential for entrain- 
ment than is apparent, since the same water mass will 
move back and forth past the plant many times during the 
lifetime of pelagic residence time of most organisms. 
Thermal shocks that could be experienced by organisms 
entrained at  the hypothetical power station are shown in 
Figure 111-8. 

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

time
General criterion: 1 1  10,s+b(~mp,+2),  

Values for a and b in  the equation for the species of aquatic 
organisms that are likely to be pumped with cooling water 
may be obtained from Appendix II,or the data &ay be 
obtained using themethods of Brett (1952).z52Theprevailing 
intake temperature would determine the acclimation 
temperature to be selected from the table. 

For example, juvenile largemouth bass may frequent the 
near-shore waters of this lake and be drawn into the intake. 
To determine whether the hypothetical thermal discharges 
(Figure 111-7) would be detrimental for juvenile bass, the 
following analysis can be made (assuming, for example, 
that the lake is in Wisconsin where these basic data for bass 
are available) : 

Criterion for juvenile bass (Wuconsin) when intake 
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Time After 1niv.l Heatins (hn.) 

M0dlfiedaft.r Coutant 1910caw 

FIGURE 111-8-Time Course of ~smperature Change in Cooling water Passing Through the E*omple Power Stoti 
Two Alternate Discharges. The Canal Is Assumed to Flow at a Rote of 3 Ft. Per See. 

temperature (acclimation) is 70 F (21.1 1 C). (Data ploying rapid dilution. 

from Appendix 11-C). 


time 
1 2  lora~.au+o.o~as(m~.e)I 

Canal 

Criterion applied to entrainment to end of discharge 

canal (discharge temperature is 70 F plus the 20 degree 

rise in the condensers or 90 F (32.22 C). The thermal 

plume would provide additional exposure above the 

lethal threshold, minus 2 C (29.5 C or 85.1 F) of more 

than four hours. Conclusion 


60 Juvenile bass would survive this thermal exposu 
1,,1a,.an,,o.n,8,o.,,I 

120.1630 


By using the equation in the following form, 


log (time) = a +  b (temp.+2)

Conclusion: 

the length of time that bass could barely survive 
Juvenile bass would not survive to the end of the expected temperature rise could be calculated, 

discharge canal. 	 allowing selection of an appropriate discharge sys
For example: 

Dilution log (time) =34.3649-0.9789 (34.22) 
log (time) =0.8669 

time -7.36 
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out 1,325 feet of canal flowing at 

g discharge canal, a nonrwircu- 
pond, a very lona offshore ~ i ~ e ,  or delayed 

ing zone (such as the one promoting surface 
long the duration of exposure of pumped 

y increase the l i i ihood  of damage to 
ion on the travel times of the cooling 

system is needed to conduct this 

alculations have ignored changing temperatures in 
plume, because the canal alone was lethal, and 
e plume with rapid dilution was so rapid that 

osure was only for 10 seconds (assumed to 
temperature the whole time). There 

umstances under which the effect of 
osure temperature in the plume may be 

peratures in the plume can be 
effects of incremental exposures 
et al. 1946281). For example, the 
gures 111-7 and 111-8 could be 

time spans, each 
the temperature had 

1 threshold minus 2 C for the 
ile bass. Each time period would be calculated as if 

culated values for all 
ed and compared with unity, 

time, 
10ln+b(tem~.n+Z)l 

ce cooling plume of Figure 111-6 (exclusive of 
could be considered to consist of 15 min at 
6C), 15 min at 89.2F (31.78C), 15 min at 
C), 15 min at 88.2 F (31.22 C), 15 min at 
C), until the lethal threshold for 70 F acclima-

(85.1 F) was reached. The calculation would 

15 
+ 1OlH.Mb'B-0.9789(~.7gC1)1 + ... 

the bass would not survive through the first 
od. In  other such calculations, several steps 
be summed before unity was reached (if not 
ume would not be detrimental). 

a1 plume during dilution 
lthough the maximum 

Ily be less than the discharge 
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temperature. The number of organisms affected to some 
degree may be significantly greater than the numbers 
actually pumped through the plant. The route of maximum 
thermal exposure for each plume is indicated in Figure 
111-7 by a dashed line. This route should be analyzed to 
determine the maximum reproducible effect. 

Detrimental effects of these exposures can also be judged 
by using the criterion for short-term exposures to extreme 
temperatures. The analytical steps were outlined above for 
estimating the effects on organisms that pass through the 
thermal plume portions of the entrainment thermal pattern. 
There would have been no mortalities of the largemouth 
bass from entrainment in the plume with rapid dilution, due 
to the short duration of exposure (about 10 seconds). Any 
bass that were entrained in the near-shore portions of the 
larger plume, and remained in it, would have died in less 
than 15 minutes. 

Bowom Organisms impacted by the Plume 

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

Several approaches are useful in evaluating effects on the 
community. Some have predictive capability, while others 
are suitable largely for identifying effects after they have 
occurred. The criterion for short-term exposures identified 
relatively brief periods of detrimental high temperatures. 
Instead of the organism passing through zones of elevated 
temperatures, as in the previous examples, the organism is 
sedentary, and the thermal pulse passes over it. Developing 
fish eggs may be very sensitive to such changes. A brief 
pulse of high temperature that kills large numbers of orga- 
nisms may affect a bottom area for time periods far longer 
than the immediate exposure time. Repeated sublethal ex- 
posures may also be detrimental, although the process is 
more complex than straight-forward summation. Analysis 
of single exposures proceeds exactly as described for plume 
entrainment. 

The criterion for prolonged exposures is more generally 
applicable. The maximum tolerable weekly average tem- 
perature may be determined by the organisms present and 
the phase of their life cycle. In  May, for example, the 
maximum heat tolerance temperature for the community 
may be determined by incubating fish eggs or fish fry on the 
bottom. In July it may be determined by the important 
resident invertebrate species. A well-designed thermal dis- 
charge should not require an extensive mixing zone where 
these criteria are exempted. Special criteria for reproductive 
processes may have to be applied, although thermal dis- 
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charges should be located so that zones important for 
reproductio~migration, spawning, incubation--are not 
used. 

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

Mixed Water Body (or major region thereof) 

This is the region most commonly considered in es-
tablishing water quality standards, for it generally includes 
the major area of the water body. Here the results of thermal 
additions are observed as small temperature increases over a 
large area (instead of high temperatures locally at the di-
charge point), and all heat sources become integrated into 
the normal annual temperature cycle (Figure 111-6 and 
Figure 111-7 insert). 

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

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

'required for egg incubation, and a range of maximum 
temperatures for prolonged exposures of juveniles and 
adults. The requirements, however, may be met any time 
within normal time spans, such as January 1 to 24 for sauger 
spawning, and March 25 to April 29 for smallmouth bass 
spawning. Maximum temperatures for prolonged exposures 
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FISH TEMPERATURE DATA 

Species: AI ewi f e ,  AZo8a pseudoharenaus 
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FISH TEMPERATURE DATA 
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..,Species: Atlantic salmon, SaZmo s a b  	
s: 

, 

acclimation
I. Lethal threshold: temperature larvae jweni Ie a x referenc 
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20 23* 	 -
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Lc~er 	 3day- hat& 
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FISH TEMPERATURE DATA 

Species: Bigmouth b u f f a l o ,  Ictiobus cmrinettus 

acclimaticm
I. Lethal threshold: tempemture larvae juvenile adult-
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FISH TEMPERATURE DATA 

Black crappie,  Pornoxis ni~omacu2atus 
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FISH ~EMPERATUREDATA 

Species: Bl uegi 11, Lepomis macrochimcs 
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I. Lethal threshold: temperature larvae juvenile adult 
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FISH TEMPERATURE DATA 

Species: Brook trout, SaZvetimcs fontinaZis 
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FISH TEMPERATURE DATA 

Species: Carp, Cyprinus carpi0 

acclimation
1. 	 Lethal threshold: temperature larvae juvenile adult-

UPP~ 20 31 -34* -
26 	 36* -


25-27 	 40-41 -

"24 hr. TLS0
Lower 	 - -

-
-

I I. Growth: 	 -larvae 
Optimum and 


[rangel (1 6-30) ( 9 )  


1 1  1. Reproduction: o~timum m u  rnonth(s1 I 
Migration 

Spawning 19-23(2) ~ a r - ~ u q 
14/4) -26(2j  	 ( 5 )  
Incubation 


and hatch 17-22(7)  ?-33(1) 

L i m i t  f o r  10 min.. exposure o f  early embryo 

i s  35" 


acclimation 
IV. 	 Preferred: temperature larvae juvenile a m  I 

I ,j
... 
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Species: channel cat f ish,  IctaZure ptmctatus 
.: 

. 
"
..?.i;, 
.i* 

I. Lethal threshold: larvae iuvenile a m  

UP* 


Optimum and 
[rangel 

1 1  1. Reproduct ion: 
~ h m t i o n  
Spawning 
Incubation 

and hatch 

IV. Preferred: 

' 


29-30C3) 


( m ( 3 )-

-


optimum 

27(5) 


acclimation 
terripemture 

29 


an* 

28-30(8) 


(26-34)(4) 


range 

21-29(5) 


24-28(5) 


-
--
-

monthk) 

~ar(l0)-Julv(6) 


larvae juvenile adult 

11(11\ 32**(9) 
7 
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FISH TEMPERATURE DATA 

Species: Coho salmon, Onoorhynchua kisutch 

acclimation
I. Lethal threshold: temperature 

upper 

II. Growth: 
Optimum and 

[rangel 

1 1 1. Reproduction: 

Migration 
Spawning 
Incubation 

and hatch 

IV. Preferred: 

5 
L 


15 
20 

23 

larvae 

-


optimum 

8 ( 2 )  

acclimation 

larvae 	 juvenile adult-
& W )

24 -
25 -
25 -

*Accl . temp. 

juvenile -adult 
15* -

&luz  

-
*unlimited food 


**deoendina" .uoon season 

range month(s1 

temperature I-e juvenile adult 
Winter 	 2 
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FISH TEMPERATURE DATA 

Species: Emera1d shi ne r  , Notropis atlzerinoides 

I. Lethal threshold: larvae- juve!ile 
I I..--

It. Growth: -larvae 
29 .. .: i.Optimum and - :"1 

..>..,
.:...,>. 
.1;1
[rangel - Q4a-L - , . 

,,q.;; 


.:.',"gp. mOntn(s) ,i..range_ :..+:i,${4 6 1  111. Reproduction: optimum I .:.,< 

Migration I -
Spawning 20(3)-28(5j 

Incubation 

and hatch 
 I 

acclimationp,! IV. Preferred: temperature larvae juvenile +gqa: 

yqi-. .,:,sc,,,; 25* 3 
;:! Slimmer -

.)!,it 

-::?> * 

L i i  i, 
/ -
fi:;;>, "unknown age
[p'1,.. --
!p i , 'i t , ;
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FISH TEMPERATURE DATA 

Species: Freshwater drum, ApZodinotus awzniens 

acclimation 
I. Lethal threshold: temperature -larvae jweni le a m  

-
-
-
-
-
-
-
-

11. Growth: 
-
-
-
-

1 1  1. Reproduction: 

18-24(4) May(1)-Aug(3) 

acclimation 
IV. Preferred: temperature larvae juvenile adult 

-
-
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FISH TEMPERATURE DATA 

Species: Lake Herring (c i sco) ,  Coregonus artedii 

acclimation 
I. Lethal threshold: te emture 

upper 
>I 3 -

20 26 -
25 

2 	 -
5-	 -

10 	 -
20 	 -
25 

II. Growth: 	 larvae 
Optimum and 	 16 -

[rangel W) -
-
-

1 1  1. Reproduction: ogtimum 

Migration To spawning grounds at = 5 

Spawning 3(6,'7) 
Incubation 


and hatch 6(1) 


acclimation 
IV. Preferred: temperature larvae juvenile adult 
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FISH TEMPERATURE DATA 

Species: Lake trout, SaZveZinus namaycush 

acclimation
I. Lethal threshold: temperature larvae juvenile adult-

-
-
-
-
-
-
-
-

It. Growth: 
-
-
-
-

1 1  1. Reproduction: 

and hatch 8(1) 0.3-lo(3) 

acclimation 
IV. Preferred: tem~erature I-e uvenie adult 

-
-
-
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FISH TEMPERATURE. DATA 

SCiedeS: Lake whitef ish,  Coregonus cZupeafods 

I. Lethal threshold: larvae juvenile 
I I----

Lower --


II. Growth: -larvae juvenile 

Optimum and 
[rangel -

11  1. Reproduction: optimum 

Migrzfixrnrlon 

-I----.-... J 
0.5-10 

Incubation 
and hatch 3-8 

acclimation 
IV. Preferred: temperature larvae juvenile 
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Lake whitefish 
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FISH TEMPERATURE DATA 

Species: Laraemouth bass, Micropterus saZmoides 

Lwer 20 	5 .-

25 . .-...-
-#* 12 -"., 

-

II. Growth: larvae juvenile -adult 
Optimum and 27(2) 30(8) -

[rangel 	 (20-30)(2) (23-31) (8) -
29(10) a) 


-

1 1  1. Reproduction: optimum range month(s1 

Migration I 

Spawning 21 (4) 16-27(4) Apr-June:31Incubation Nov-May 4 

and hatch 20(5) 13(6)-26(9) 

acclimation 
IV. Preferred: temoemture larvae juvenile adult 

30-32* -
27-28** -

1-*Lab.,smal 

**Fie1 d, larger 
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FISH TEMPERATURE DATA 

Species: Northern p ike ,  Esox Zucius 

acclimation 
I. Lethal threshold: temperature larvae juveni le 

upper 18 25,28* -
25 32 -

-

30 33** -
* A t  hatch and.free swimming, respe

**Ultimate ~ n c i p i e n t1eve1 -Lwer 

-
-

* A t  hatch and f ree  swimming 

1 1 .  Growth: -larvae juvenile 
Optimum and 21 26 -

[range] W) -
7 

-

III. Reproduction: ogtimum r~ month(s: 

Migration 
Spawning 4(4)-18(3) Feb-June(5 

Incubation 
and hatch 12 7-19 

acclimation 
IV. Preferred: temperature larvae juvenile a m  

-
*Grass pickerel and musky, 

respectively 

' References on following page. 
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Northern Pike 
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FISH TEMPERATURE DATA 

Species: Pumpkinseed, Lepomis gibbosus 

acclimation
I.Lethalthreshold: temperature larvae juvenile adult 

-
-
-
-

-
-
-

11. Growth: 

['angel -
-
-

1 11. Reproduction: 

Incubation 

acclimation 
IV. Preferred: temDerature larvae juvenile a m  

-
24 June -

-

100 




Pumpkinseed 
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FISH TEMPERATURE DATA 

Species: Rainbow smelt, 08merrcs nor& 

acclimation 
I. Lethal threshold: temperature -larvae juvenile adult-

II. Growth: 	 -larvae juvenile -adult 
Optimum and 


[rangel -


1 11. Reproduction: optimum range 

, 	 Migration 4-5 

Spawning Apri 1 

Incubation 
and hatch 

acclimation 
IV. Preferred: temOeroture larvae iuvenile a-

' References on following page. 
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Rain bow smel t 
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FISH TEMPERATURE DATA 

Species: Rainbow t rou t ,  Saho  gairheri 

acclimation
I. Lethal threshold: temperature 	 larvae juvenile a m  

upper 18 27 -
19 	 -21 

-
-

11. Growth: -larvae 
Optimum and 

[rangel [3(&Z!JL11)1 

1 11. Reproduction: optimum 

Migration 
Spawning g(10)  
Incubation -and hatch 5-7(9) 

IV. Preferred: 
acclimation 
temperature larvae juvenile a N  
Not given 14 - 3 -

1 3 - 1 9 - 11 
18&24 1 8 & 2 2 . ~ .  - 12 

I # 

I References on following page. 
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FISH TEMPERATURE DATA 

Species: Sauger, Stiaoatsdion canadsme 

acclimation
I. Lethal threshold: temperature larvae juvenile a s  


10 27 -
upper 
12 27 -
18 - 29 -
22 - 30 -

Lower 
26 30 -

-

II. Growth: -larvae juvenile a 
Optimumand - 22 -

Cransel (16-26) -
-

11 1. Reproduction: optimum ranqe month(s1 

Migration 
Spawning 9-15(4)* 6(1)-15(4) Apr(1)-June(3) 1,3,4 

Incubation 
and hatch 12-15 9-18 


*for fertilization 


acclimation 
IV. Preferred: temoerature larvae juvenile adult 

-19* 
2L-29 


*field 
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Sauger 
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FISH TEMPERATURE DATA 

Species: Smal lmouth bass, Micropterns doZomieui 

acclimation
I. 	Lethal threshold: temperature larvae juvenile a m  

Upper 	 38*(8) 35(3) -
-
-
-

*acclimation not  given 
Lwer - E L L - - + = -

18 - 4 -
22 	 7 -
26 10  -

*acclimation temperature not  giv?n 

II. Growth: 	 larvae juvenile -adult 
Optimum and 	 28-29L2) 26(3) -

[rangel -
-
-

1 1  1. Reproduction: optimum r - month(s) 
~! Migration - , . 

,:.	I. ~.. 
.. 
i 
: 
: 

, iSpawning 1 7 - ~ 8 ( 5 )  13-230 Mav-June(7)5.7.9 
Incubation ,,. > 

and hatch 	 13-22 10 , 

'!. acclimation 
, ,IV. 	 Preferred: temDerature larvae juvenile a m  ... , 

Summer 21 -27 6-
Winter >8*(1)-28(4) 1.4 
18&30 234-P. - 11 

* juveni le  and adu l t  
I 

' References on following page. 
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FISH 	TEMPERATURE DATA 

Species: Smal lmouth buffalo, Ictiobus bubatus 

acclimation
I. Lethal threshold: temperature larvae juvenile adult 

upper 	 -
-
-
-

-
-

I I. Growth: 	 -larvae juvenile -adult 
Optimum and -

Craneel 	 -
-
--

II I. Reproduction: optimum range mont h(s) 

Migration
Spawning 17(1)-24(5) 14(1)-28(5) ~ar(3)-sept(5) 

lncuba tion 
and hatch 14(1)-21(2) 

acclimation 
IV. Preferred: ternpemture larvae juvenile adult 

31 -34* 
-
-
-

*Ictiobus sp. fie1 
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Smallmouth buffalo 
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FISH TEMPERATURE DATA 

Species: Sockeye salmon, Oncorhynchus nerka 

acclimation
I. Lethal threshold: tempemture larvae juvenile a m  ( reference 

II. Growth: 
Optimum and 

Cransel 

-larvae 
15(5) 

juvenile 
15((2)'* 

0 
(11-17) 

adult-

-
*Max. w i t h  excess food 

1 1  1. Reproduction: 

Migration 
Spawning 
Incubation 

and hatch 

optimum 

IV. Preferred: 
acclimation 
temperature l-e 
Summer 

juvenile 
15 

adult 
-
-

I 
-
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FISH TEMPERATURE DATA 

Species: Striped bass, M o m  saxaCiZi8 

I. Lethal threshold: 
acclimation 
temmrrture larvae j u m l k  dult- ( reference' 

-
-ory 

Laver **Field observation -

11 .  Growth: -larvae juvenile g&& 
Optimum and -

[rangel -

II I. Reproduction: optimum 'I- month(s) 

Migration 6-8 

Spawning 16-19(2) 12-22(11 ~pr-~une(1 
Incubation 

and hatch 16-24 

acclimqtion IIV. Preferred: temperature larvae juvenile a m  
5 Dec 12 -
14 Nov 22 -
21 Oct 26 
28 July 28 
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Striped bass 
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FISH TEMPERATURE DATA 

Species: Threadfin shad, Dorosoma petenense 

acclimation
I. Lethal threshold: temperature 	 larvae juvenile a m  reference' 

Upper --

Lower 	 9* --
! 	 1 ;i. 

- -
- 1 

-
I 

1 	 * lowest p e r m i t t i n g  
1 	 some s u r v i v a l  

:I II. Growth: 	 -larvae juvenile adult 

-	
(1
I 

Optimum and -
-[rangel - -

I -1 
!eh 

1 1  1. Reproduction: optimum r - month(s) 

Migration 	 I 

Spawning 	 14(3)-23(4) Apr-Aug(4) 3,4
4I$ 	 Incubation 
i?i and hatch 	 23(4)-34(5) ' .  435 
;I si 

acclimation 	 ,i?I
:I!\ 
,.'ii IV. Preferred: temperature larvae juvenile adult 	 ft->19 2 

f 

1 
3 

- 4 
2 
?
I' References on following page. 
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Threadfin shad 
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Species: Wall eye, 

I. Lethal threshold: 

I I. Growth: 
Optimum and 
, [rangel 

1 1  1. Reproduction: 

Migration 
S~awnincr 
lncubation 

and hatch 

IV. Preferred: 

' 


I 

FISH TEMPERATURE DATA 

St iaos t ed ion  v i t r e m  

acclimation 
temperature larvae juvenile adult-

larvae juvenile 
22(1) 


u=a- -


optimum r -

3-7 

6-9(1)* . ' 4(7)-17(5) (4)
bt--M~Y 


9-1 5 

*for fertilization I 


acclimation 
temperature larvae juvenile a m  I 

P
- $! 
*field i:~E 

.* 
'i 
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FISH TEMPERATURE DATA 

Species: White bass, Morone chrysops 

I. Lethal threshold: 

upper 

acclimation 
temperature larvae juvenile - 1 reference'' 

.: ~.y 
@
.~g: 
g 

-
*%mortal'i ty.  not given 

I I. Growth: larvae- juvenile 
-Optimum and 24-30 

[rangel -
-
-

1 1  1. Reproduction: optimum 

Migration 
Spawning 
Incubation 

14-20 (north) 
12-? (Tenn) 

and hatch 

acclimation 
IV. Preferred: tempemture larvae juvenile a a 

Summer -28-30* 
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FISH TEMPERATURE DATA 

Species: White crappie ,  Pornoxis unnuZaris 

I. Lethal threshold: 

Upper 

Lmer 

II. Growth: 
Optimum and 

[rangel 

1 1 1. Reproduction: 

Migration
Spawning 
Incubation 

and hatch 

IV. Preferred: 

' 

acclimation 
tempemture 

29 


-larvae 
-

-

-


optimum 

16-zo(5) 

19 -

larvae juvenile 
33 


-

juvenile 
25 


a s 

-

-

-

-

-
-

-

-


-

-
-

-


reference' 
4 

4 


mnge month(s1 

lAZCd ~ar-~ulv(3)3.5 

14-23 5 

Hatch in 24-27-1/2 hrs. at 21-23 2 

acclimation 
temperature 
27 July(6) 
3 Jan 
5 Mar 
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FISH TEMPERATURE DATA 

Species: White perch, Morone americana 

acclimation
I. Lethal threshold: temperature larvae juvenile adult- reference' 

Laver 

I I. Growth: larvae juvenile 
Optimum and 

[rangel 

1 1  1. Reproduction: optimum 

Migration 
Spawning 
Incubation 

and hatch 

acclimation 
IV. Preferred: temperature 1-e iuvenile a m  
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FISH TEMPERATURE DATA 

Species: White sucker, Catostomus corrmersoni 

acclimation
I. Lethal threshold: temperature larvae 

24mL 
31(1) 29(2) -

*7-day TL50 f o r  s w i m u p  -

6 -
*7-day TL50 f o r  s w i m u p  

I I. Growth: 
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Migration 
Spawning 
Incubation 

and hatch 
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FISH TEMPERATURE DATA 

Species: Yellow perch, Perca fZavescens' 

.-~.. 
acclimation

I. Lethal threshold: temperature larvae juvenile a s d  
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FOREWORD 


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

--to determine how physical and chemical pollution affects 

aquatic life; 


--to assess the effects of ecosystems on pollutants; 


--to predict effects of pollutants on large lakes through 

use of models; and 


--to measure bioaccumulation of pollutants, in aquatic 

organisms that are consumed by other animals, including 

man. 


This report discusses the history, procedures, and derivation of 

temperature criteria to protect freshwater fishes and presents numerical 

criteria for 34 species. It follows the general philosophical approach 

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

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


Donald I. Mount, Ph.D. 

Director 

Environmental Research Laboratory 

Duluth, .Minnesota 
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ABSTRACT 


Temperature c r i t e r i a  f o r  freshwater f i s h  a r e  expressed as mean and 
m i r m r m  temperatures; means cont ro l  functions such a s  embryogenesis, growth, 
maturation, and reproductivity, and maxima provide pro tec t ion  f o r  a l l  l i f e  
stages.against l e t h a l  conditions. These c r i t e r i a  f o r  34 f i s h  species a r e  
based on numerous f i e l d  and laboratory s tudies ,  and ye t  f o r  some important 
species the  data a r e  still in su f f i c i en t  t o  develop a l l  the necessary 
c r i t e r i a .  Fishery managers, power-plant designers, and regulatory agencies 
w i l l  f ind  these c r i t e r i a  useful i n  t h e i r  e f f o r t s  t o  pro tec t  f i shery  resources. 
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SECTION 1 

SUMNARY AND CONCLUSIONS 

The evo lu t ion  of f reshwater  temperature c r i t e r i a  has advanced from the  
search f o r  a s i n g l e  "magic number" t o  t h e  g e n e r a l l y  accepted  p ro toco l  f o r  
determining mean and maximum numerical c r i t e r i a  based on t h e  p ro tec t ion  of 
appropr ia te  d e s i r a b l e  o r  important  f i s h  s p e c i e s ,  o r  both.  The philosophy and 
protocol  of t h e  Nat ional  Academy of Sciences and Na t iona l  Academy of 
Eslgineering (1973) were used t o  determine c r i t e r i a  f o r  s u r v i v a l ,  spawning, 
enbryo development, growth, and gamete matura t ion  f o r  s p e c i e s  of freshwater  
f i sh ,  both warmwater and coldwater  spec ies .  

The i n f l u e n c e  t h a t  management o b j e c t i v e s  and s e l e c t i o n  of spec ie s  have 
on the  a p p l i c a t i o n  of temperature c r i t e r i a .  i s  extremely important ,  e s p e c i a l l y  
i£ an inappropr i a t e ,  bu t  very temperature-sensi t ive,  s p e c i e s  is included. I n  
such a case ,  unnecessa r i ly  r e s t r i c t i v e  c r i t e r i a  w i l l  be der ived .  Conversely, 
if t h e  most s e n s i t i v e  important  spec ie s  is not  cons idered ,  the  r e s u l t a n t  
c r i t e r i a  w i l l  n o t  be p r o t e c t i v e .  



SECTIOX 2 


INTRODUCTION 


This report is intended to be a guide for derivation of temperature 

criteria for freshwater fish based on the philosophy and protocol presented 

by the National Academy of Sciences and National Academy of Engineering (1973). 

It is not an attempt to gather and summarize the literature on thermal effects. 


Methods for determination of temperature criteria have evolved and 

developed rapidly during the past 20 years, making possible a vast increase 

in basic data on the relationship of temperature to various life stages. 


One of the earliest published temperature criteria for freshwater life 

was prepared by the Aquatic Life Advisory Committee of the Ohio River Valley 

Water 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 fn the Ohio River watershed. The comittee 

recommended that the temperature of the receiving water: 


1) Should not be raised above 34' 
or at any time; 

C (93'F) at any place 

2). should not be raised above 23' C (73' F) 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 (19631 in their discussion of temperature criteria for the 

propagation of fLsh and other aquatic and marine life refer only to the 

progress report of ORSANCO's Aquatic Life Advisory Committee (1956). 


In 1967 the Aquatic Life Advisory Committee of ORSANCO evaluated and 

further modified their recommendations for temperature in the Ohio River 

watershed. At this time the committee expanded their recommendation of a 

93' F (33.9' C) instantaneous temperature at any time or any place to include 

a daily mean of 90° F (32.2' C). This, we believe, was one of the first 

efforts to recognize the importance of both mean and maximum temperatures 

to describe temperature requirements of fishes. The 1967 recommedations also 

included: 


I) 	Maximum temperature during December, January, and February 

should be 55' F (12.8' C); 




I 


I 

! 
1 

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 temperatures should not 
exceed 55' F (12.8' C) during the months of October through 
May, or exceed 68' F (20.0' C) during the mnths of June 
through September; and 

4) insofar as possible the temperature should not be raised 
in streams used for natural propagation of trout. 

The National Technical Advisory Committee of the Federal Water Pollution 

Control Administration presented a report on water quality criteria in 1968 

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

umny of the members of ORSANCO1s Aquatic Life Advisory Committee. The committee 

members recognized that aquatic organisms might be able to endure a high 

temperature for a few hours that could not be endured for a period of days. 

They also acknowledged that no single temperature requirement could be applied 

to the United States as a whole, or even to one state, and that the requirements 

must be closely related to each body of water and its fish populations. Other 

important conditions for temperature requirements were that (1) a seasonal cycle 

rmst be retained, (2) the changes in temperature must be gradual, and (3) the 

temperature reached must not be so high or so low as to damage or alter the 

composition of the desired population. These conditions led to an approach to 

criteria development different from earlier ones. A temperature increment 

based on the natural water temperature was believed to be more appropriate 

than an unvarying number. The use of an increment requires a knowledge of 

the natural temperature conditions of the water in question, and the size of 

the increment that can be tolerated by the desirable species. 


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

A casual reading of this requirement resulted in the unintended generalization 
that the acceptable temperature rise in wannwater fish streams was So F (2.8' 
C). This generalization was incorrect! Upon more careful reading the key 
word "amount" of heat and the key phrase "minimum daily flow for that month" 
clarify the erroneousness of the generalization. In fact, a 5 - F (2.8' C) 
rise in temperature could only be acceptable under low flow conditions for a 
particular month and any increase in flow would result in a reduced increment 
of temperature rise since the amount of heat added could not be increased. 
For lakes and reservoirs the temperature rise limitation was 3- F (1.7' C> 
based "on the monthly average of the maximum daily temperature." 

In trout and salmon waters the recommendations were that "inland trout 

streams, headwaters of salmon streams, trout and salmon lakes, and reservoirs 

containing salmonids should not be warmed," that "no heated effluents should 




be discharged i n  t h e  v i c i n i t y  of spawning a reas , "  and t h a t  " in  l a k e s  and 
re se rvo i r s ,  t h e  temperature of t h e  hypolimnion should not  be  r a i s e d  more 
than 3' F (1.7' C)." For o the r  l o c a t i o n s  t h e  recommended incremental  r ise 
was 5' F (2.8' C) a g a i n  based on t h e  minimum expected f low f o r  t h a t  month. 

An important  a d d i t i o n a l  recommendation is summarized i n  t h e  fol lowing 
t a b l e  i n  which p rov i s iona l  maximum temperatures were recommended f o r  va r ious  
f i s h  s p e c i e s  and t h e i r  a s soc ia t ed  b i o t a  (from FWPCA Nat ional  Technical  Advisory 
Committee, 1968). 

PROVISIONAL MAXIMUM TEMPERATURES RECOMMENDED AS 

COMPATIBLE WITH THE WELL-BEING OF VARIOUS SPECIES 

OF FISH AND THEIR ASSOCIATED BIOTA 

93 F: 	 Growth of c a t f i s h ,  ga r ,  w h i t e  o r  yel low bass,  spo t t ed  

bass ,  bu f fa lo ,  carpsucker,  t h r e a d f i n  shad, and g izzard  

shad. 


90 F: 	 Growth of largemouth bass ,  drum, G l u e g i l l ,  and crappie .  

84 F: 	 Growth of pike,  perch, wal leye ,  smallmouth bass ,  and 

sauger. 


8 0  F: 	 Spawning and egg development of c a t f i s h ,  bu f fa lo ,  thread-
f i n  shad, and g izzard  shad. 

75 F: 	 Spawning and egg development of largemouth bass ,  white ,  

yellow, and spot ted  bass. 


68 F: 	 Growth o r  migra t ion  r o u t e s  of salmonids and f o r  egg 

development of perch and smallmouth bass .  


55 F: 	 Spawning and egg development of salmon and t r o u t  (o ther  

than  l a k e  t r o u t ) .  


48 F: 	 Spawning and egg development of l a k e t r o u t ,  walleye, 

no r the rn  pike,  sauger,  and A t l a n t i c  salmon. 


NOTE: 	 Recommended temperatures f o r  o t h e r  spec ies ,  not l i s t e d  
above, may be e s t a b l i s h e d  i f  and when necessary 
information becomes a v a i l a b l e .  

These r ecomenda t ions  represent  one of the  s i g n i f i c a n t  e a r l y  e f f o r t s  t o  base 
telnperature c r i t e r i a  on t h e  realistic approach of s p e c i e s  and community 
requirements and t ake  i n t o  account t h e  s i g n i f i c a n t  b i o l o g i c a l  f a c t o r s  of 
spawning, embryo development, growth, and s u r v i v a l .  



- - - - 

The Federal Water Pollution Control Administration (1969ar recommended 

revisions in water quality criteria for aquatic life relative to the Main 

Stem of the Ohio River. These recommendations were presented to ORSAVCO's 

hgineering Committee and were based on the temperature requirements of 

important Ohio River fishes including largemouth bass, amallmouth bass, white 

bass, sauger, channel catfish, emerald shiner, freshwater drum, golden 

redhorse, white sucker, and buffalo (species was not indicated). Temperature 

requirements for survival, activity, final preferred temperature, reproduction, 

and growth were considered. The recowmended 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: " 

Daily mean ~ourly maximum 
C0 Fl . F) 

December-February 	 48 


Early, March. 	 50 


Late March 	 52 


Early April 	 55 


Late April 	 58 


Early May 	 62 


Late May 


Early June 


Late June 


July-September 


October 


November 


a
From: Federal Water Pollution Control Administration 

(1969a). 




The principal limiting fish species considered in developing these criteria 

was the sauger, the most temperature sensitive of the important Ohio River 

fishes. A second set of criteria (Federal Water Pollution Control 

Administration, 1969b) considered less temperature-sensitive species, and the 

criteria for mean temperatures were higher. The daily mean in July and 

September was 84* F (28.9' C). 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 species. Therefore, it is 

extremely important to select properly the species that are important otherwise 

the criteria d l 1  be unnecessarily restrictive. For example, if yellow perch 

is an extremely rare species in a water body and is the most temperature- 

sensitive species, it probably would be unreasonable to establish temperature 

criteria for this species as part of the regulatory mechanism. 


In 1970 ORSANCO established new temperature standards that incorporated 

the recommendations for temperature criteria of the Federal Water Pollution 

Control Administration (1969a, 1969bZ and the concept of limiting the amount 

of heat that would be added (National Technical Advisory Committee, 1968). 

The following is the complete text of that standard: 


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

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



Where: 

Ta = 	Allowable maximum temperature (deg. 7 . )  
i n  t h e  r i v e r  a s  s p e c i f i e d  i n  t h e  fo l lowing 
t a b l e :  

January  50 J u l y  

February 50 August 89  

March 60 September 87 

A p r i l  70 October 78 

June  87 December 57 

Tr = 	River  t e p p e r a t u r e  (da i ly  average i n  deg. F.2 
upstream from t h e  discharge 

River  f low a measured flow but not  less chan 
c r i t i c a l  flow va lues  s p e c i f i e d  i n  
t h e  fol lowing table: 

River r e a c h  C r i t i c a l  
f lowa 

From To i n  c f s  

P i t t sbu rgh ,  Penn. (mi. 0.02 Willow Is. Dam U61.7). 6,500 

Willow Is. Dam (l61.7) G a l l i p o l i s  Dam C279.21 7,400 

G a l l i p o l i s  Dam (279.21 Meldahl Dam (436.21 9,700 

Meldahl Dam C436.2) McAlpine Dam (605.82 11,900 

McAlpine Dam (605.8). Uniontown Dam (846.0) 14,200 

Uniontown Dam (846.02 Smithland Dam (918.5 2 19,500 

Smithland Dam (918.5) Cairo Po in t  C981.0) 48,100 

aMinimum d a i l y  f low once i n  t e n  years.  



Although t h e  numerical c r i t e r i a  f o r  January through December a r e  h igher  
than those  reconunended by t h e  Federa l  Water P o l l u t i o n  Cont ro l  Administrat ion,  
they a r e  only used t o  c a l c u l a t e  t h e  amount of hea t  t h a t  can be added a t  the  
"minimum d a i l y  f low once i n  t en  years ."  Addi t ional  f low would r e s u l t  i n  
lower maxima s i n c e  no a d d i t i o n a l  hea t  could be  added. There was a l s o  t h e  
inc rease  of  5" F  (2.8' C) l i m i t  t h a t  could be more s t r i n g e n t  than t h e  maximum 
temperature limit. 

The next  important  s t e p  i n  t h e  evolu t ion  of thought on temperature 
c r i t e r i a  was Water Q u a l i t y  C r i t e r i a  1972 (NASINAE, 19731, which i s  becoming-
known a s  t h e  "Blue Book," because of i ts  comparabi l i ty  t o  t h e  Green Book (FWPCA 
National  Technica l  Advisory Committee, 1968). The Blue Book i s  the  r e p o r t  of 
the  Committee on Water Q u a l i t y  C r i t e r i a  of t h e  Na t iona l  Academy of Sciences a t  
the  r eques t  of and funded by t h e  U.S. Environmental P r o t e c t i o n  Agency (EPA). 
The hea t  and tempera ture  s e c t i o n ,  w i th  i ts  recommendations and appendix da ta ,  
was authored by D r .  Charles Coutant of t h e  Oak Ridge Na t iona l  Laboratory.  These 
ma te r i a l s  a r e  reproduced i n  f u l l  i n  Appendix A and Appendix B i n  t h i s  r e p o r t .  
A d i scuss ion  and d e s c r i p t i o n  of t h e  Blue Book tempera ture  c r i t e r i a  w i l l  be 
found l a t e r  i n  t h i s  repor t .  

The Fede ra l  Water P o l l u t i o n  Cont ro l  Act Amendments of 1972 (Publ ic  
Law 92-500) c o n t a i n  a  s e c t i o n  [304 (82 (IU t h a t  r e q u i r e s  t h a t  t h e  
admin i s t r a to r  of  t h e  EPA " a f t e r  consu l t a t ion  w i t h  a p p r o p r i a t e  Fede ra l  and 
S t a t e  agencies  and o t h e r  i n t e r e s t e d  persons, s h a l l  develop and pub l i sh ,  
w i th in  one y e a r  a f t e r  enactment of t h i s  t i t l e  (and from t ime t o  t i m e  
t h e r e a f t e r  r e v i s e )  c r i t e r i a  f o r  water  q u a l i t y  a c c u r a t e l y  r e f l e c t i n g  t h e  
l a t e s t  s c i e n t i f i c  knowledge (A) on t h e  kind and ex ten t  of a l l  i d e n t i f i a b l e  
e f f e c t s  on h e a l t h  and we l fa re  inc luding ,  but  n o t  l i m i t e d  t o ,  plankton,  
f i s h ,  s h e l l f i s h ,  w i l d l i f e ,  p l a n t  l i f e ,  s h o r e l i n e s ,  beaches,  e s t h e t i c s ,  and 
r e c r e a t i o n  which may be  expected from t h e  presence of p o l l u t a n t s  i n  any 
body of water ,  i nc lud ing  ground water;  (B) on t h e  concen t ra t ion  and d i s p e r s a l  
of p o l l u t a n t s  o r  t h e i r  byproducts,  through b i o l o g i c a l ,  phys ica l ,  and 
chemical p rocesses ;  and (C) on t h e  e f f e c t s  of p o l l u t a n t s  on b i o l o g i c a l  
community d i v e r s i t y ,  p roduc t iv i ty ,  and s t a b i l i t y ,  i nc lud ing  information on 
the  f a c t o r s  a f f e c t i n g  r a t e s  of eu t roph ica t ion  and r a t e s  of o rgan ic  and 
inorganic sedimenta t ion  f o r  varying types of r e c e i v i n g  waters." 

The U.S. Environmental P ro tec t ion  Agency (1976) has  published Q u a l i t y  
C r i t e r i a  f o r  Water a s  a  response t o  t h e  Sec t ion  304(a)( l )  requirements  of 
PL 92-500. That  approach t o - t h e  determinat ion of tempera ture  c r i t e r i a  f o r  
f reshwater  f i s h  is e s s e n t i a l l y  t h e  same a s  t h e  approach recommended i n  t h e  
Blue Book (NASINAE, 1973). The EPA c r i t e r i a  r e p o r t  on tempera ture  included 
numerical criteria f o r  f reshwater  f i s h  spec ie s  and a  nomograph f o r  w in te r  
temperature c r i t e r i a .  These d e t a i l e d  c r i t e r i a  were developed according  
t o  t h e  p r o t o c o l  i n  t h e  Blue Book, and t h e  procedures used t o  develop those  
c r i t e r i a  w i l l  b e  d iscussed  i n  d e t a i l  i n  t h i s  r e p o r t .  

The Grea t  Lakes Water Q u a l i t y  Agreement (1972) between t h e  United S t a t e s  

of America and Canada was s igned i n  1972 and conta ined  a s p e c i f i c  water  

q u a l i t y  o b j e c t i v e  f o r  temperature. It s t a t e s  t h a t  "There should he no change 

t h a t  would a d v e r s e l y  a f f e c t  any l o c a l  o r  gene ra l  use of t h e s e  waters." The 




I n t e r n a t i o n a l  J o i n t  Commission was des igna ted  t o  a s s i s t  i n  t h e  implementation 
of t h i s  agreement and to  g ive  adv ice  and recommendations t o  both coun t r i e s  
on s p e c i f i c  water  q u a l i t y  o b j e c t i v e s .  The I n t e r n a t i o n a l  J o i n t  Commission 
committees assigned the  r e s p o n s i b i l i t y  of developing these  o b j e c t i v e s  have 
recommended temperature o b j e c t i v e s  f o r  t h e  Great  Lakes based on t h e  "Blue 
Book" approach and a r e  i n  t h e  p rocess  of r e f i n i n g  and completing those 
ob jec t ives  f o r  cons idera t ion  by t h e  commission before  submission t o  t h e  two 
count r ies  f o r  implementation. 



SECTION 3 

TBE PROTOCOL FOR TEMPERATURE CRITERIA 

This s ec t i on  i s  a synthesis of concepts and def in i t ions  from Fry e t  al.  
(1942, 19461, Brett (1952, 1956), and the  NAS/NAFJ (19731. 

The l e t h a l  threshold temperatures a r e  those temperatures a t  which 50 
percent of a sample of individuals would survive indef in i te ly  a f t e r  acclimation 
a t  some o ther  temperature. The majori ty of the published l i t e r a t u r e  (Appendix 
B) i s  calculated on the  bas i s  of 50 percent survival .  These l e t h a l  thresholds 
are commonly r e f e r r ed  t o  a s  inc ip ien t  lethal temveratures. Since organisms 
can be l e t h a l l y  s t ressed  by both r i s i n g  and f a l l i n g  temperatures, there  a r e  

inc ip ien t  l e t h a l  temperatures and lower inc ip ien t  l e t h a l  temperatures. 
These a r e  determined by removing the  organisms from a temperature t o  which 
they a r e  acclimated and in s t an t ly  placing them i n  a s e r i e s  of other  temperatures 
that  w i l l  t yp i ca l l y  r e s u l t  in a range i n  surv iva l  from 100 to 0 percent. 
Acclimation can requi re  up t o  4 weeks, depending upon the  magnitude of t h e  
difference between the  temperature when the  f i s h  were obtained and the  des i red  
acclimation temperature. In general ,  experiments t o  determine inc ip ien t  
l e tha l  temperatures should extend u n t i l  a l l  the  organisms i n  any test chamber 
a re  dead o r  s u f f i c i e n t  time has elapsed f o r  death  t o  have occurred. The 
ultimate upper inc ip i en t  l e t h a l  temperature is tha t  beyond which no increase  
in l e t h a l  temperature is accomplished by fu r the r  increase in acclimation 
temperature. For most freshwater f i s h  spec ies  i n  temperate l a t i t u d e s  the 
lower inc ip ien t  lethal temperatures w i l l  usual ly  end a t  0' C, being l imi ted  
by the  f reezing po in t  of water. However, f o r  some important species,  such a s  
threadfish shad i n  freshwater and menhaden i n  seawater, the  lower i nc ip i en t  
l e tha l  temperature i s  higher than O0 C. 

As ind ica ted  e a r l i e r ,  the  heat  and temperature sect ion of the  Blue Book 
and i ts  associated appendix da t a  and references  have been reproduced i n  this 
report a s  Appendix A and Appendix B. The following discussion w i l l  b r i e f l y  
surmaarize the  var ious  types of c r i t e r i a  and p r w i d e  some addi t ional  i n s igh t  
in to  the  development of numerical c r i t e r i a .  The Blue Book (Appendix A) 
also describes i n  d e t a i l  the  use of t h e  c r i t e r i a  i n  r e l a t i on  t o  entrainment. 

EVLXIMUM WEEKLY AVERAGE TEMPERATURE 
C_.,...---.. - . . , _ <  .,*.,., . .. _._ 

For p r a c t i c a l .  r-bns th,e_~~Lmutrtmyge&ly..average temperature (WAT) is2 

the ma th&~mCPPOff9mul t i p l e ,  equal ly  spaced,. da i ly  temperatures' over 6.
. . . ,... . 
?-day Eonsecutlve period?, 

, . .>,?*',...;A,,>.,-,,. ..A,. -
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TO maintain growth of a q u a t i c  organisms a t  r a t e s  necessary f o r  sus t a in ing  
vely growing and reproducing populat ions,  t h e  WAT i n  t h e  zone normally 
bited by t h e  spec ie s  a t  t h e  season should not  exceed t h e  optimum temperature 
one-third of t h e  range between t h e  optimum temperature and t h e  u l t ima te  

r inc ip i en t  l e t h a l  temperature of t h e  spec ies :  

u l t ima te  upper i n c i p i e n t  - optimum 
f o r  growth = optimum temperature + l e t h a l  temperature temperature 

3 

optimum temperature i s  assumed t o  b e  t h e  o p t h u m  f o r  growth, but  o the r  
i o log ica l  optima may be  used i n  t h e  absence of growth data .  The MWAT need 
apply t o  accepted mixing zones and must be appl ied  wi th  adequate under- 
ding of t h e  normal seasonal .  d i s t r i b u t i o n  of tlie important spec ies .  

*: 

The MWAT f o r  reproduct ion must consider  s e v e r a l  f a c t o r s  such a s  gonad 
t h  and gamete maturat ion,  p o t e n t i a l  blocking of  spawning migrat ions,  
ing i t s e l f ,  t iming and synchrony wi th  c y c l i c  food sources,  and normal 

t terns of gradual  temperature changes throughout t h e  year .  The p ro tec t ion  
reproduct ive  a c t i v i t y  must t ake  i n t o  account months during which these  
ocesses normally occur i n  s p e c i f i c  water  Bodies f o r  which c r i t e r i a  a r e  
ing developed. 

Winter Surviva l  

The MWAT f o r  f i s h  s u r v i v a l  during win te r  w i l l  apply f n  any a r e a  i n  which 
sh could congregate and would inc lude  a r e a s  such  a s  unscreened d ischarge  
a i e l s .  This  temperature l i m i t  should not  exceed t h e  accl imation,  o r  plume, 
mperature (minus a 3.6" F (2.0' C)  s a f e t y  f a c t o r ]  t h a t  raises t h e  lower 
the1 threshold  temperature above t h e  normal ambient water  temperature f o r  

that season. This  c r i t e r i o n  w i l l  provide p ro tec t ion  from f i s h  kills caused 
pid changes i n  temperature due t o  p l a n t  shutdown o r  mwement of f i s h  
a heated plume t o  ambient temperature. 

I SHORT-TERM EXPOSURE TO EXTREME TEMPERATURE 

It i's we l l  e s t ab l i shed  t h a t  f i s h  can withstand s h o r t  exposure t o  temperatures 
gher than those acceptable  f o r  reproduct ion and growth without  s i g n i f i c i a n t  
verse e f f e c t s .  These exposures should not  be too  lengthy  o r  f requent  or  the 
ecies could be adverse ly  a f f ec t ed .  The l eng th  of t ime t h a t  50 percent  of a 
pulat ion w i l l  surv ive  temperature above t h e  i n c i p i e n t  l e t h a l  temperature can 
ca lcula ted  from t h e  fol lowing r eg res s ion  equation: 

l og  time (min) = a + b ( temperature i n  eC>; 





The constants "a" and "b" a r e  for  intercept and slope and w i l l  be discussed 
l a t e r .  Since t h i s  equation is based on 50 percent survival ,  a 3.6' F (2.0' C) 
reduction i n  the upper incipient  l e tha l  temperature w i l l  provide the safety  
factor  to  assure  no deaths. 

For those interested i n  more de t a i l  or  the r a t i ona l e  f o r  these general 
c r i t e r i a ,  Appendices A and 5 should be read thoroughly. In  addit ion,  Appendix 
A contains a f i n e  discussion of a procedure t o  evaluate the  po ten t ia l  thermal 
impact of aquatic organisms entrained i n  cooling water o r  the discharge 
plume, or  both. 



SECTION 4 

THE PROCEDURES FOR CALCULATING NUMERICAL 

TEMPERATURE CRITERIA FOR FRESHWATER FISH 

MAXIMLTM WEEKLY AVERAGE TEMPERATURE 

The necessary minimum da ta  f o r  t he  determination of t h i s  c r i t e r i o n  a re  
the physiological optimum temperature and the ult imate upper inc ip ien t  l e t h a l  
temperature. The l a t t e r  temperature represents the  "breaking point" between 
the highest temperatures t o  which an animal can be acclimated and the  lowest 
of the  extreme upper temperatures t h a t  w i l l  k i l l  the  warm-acclimated organism. 
Physiological optima can be  based on performance, metabolic r a t e ,  temperature 
preference, growth, na tura l  d i s t r i bu t ion ,  or  Howevertolerance. .--2-..-t he  most .--.2 

sens i t ive  function seems t o  be growth r a t e ,  which appears t o  be an i n t e g r a t m  
of a l l  physiological responses of an organism. I n  the absence of data  on 
optimum growth, the  use of an optimum f o r  a more spec i f ic  function r e l a t ed  t o  
a c t i v i t y  and metabolism may be  more desi rable  than not developing any growth 
c r i t e r i on  a t  a l l .  

The NWAT's f o r  growth were calculated fo r  f i s h  species f o r  which appropriate 
data were avai lable  (Table 11.. These data  were obtained from the  f i s h  temperature 
data i n  Appendix C. These da ta  shee ts  contain the  majori ty of thermal e f f ec t s  
data f o r  about 34 species of freshwater f i s h  and the sources of the  data.  Some 
subject ivi ty  is inev i tab le  and necessary because of v a r i a b i l i t y  i n  published 
data resu l t ing  from differences  i n  age, day length, feeding regime, o r  methodology. 
For example, the  da ta  sheet  f o r  channel c a t f i s h  (Appendix C) includes four 
temperature ranges fo r  optimum growth based on th ree  published papers. It would 
be.more appropriate t o  use da ta  f o t  growth of juveniles and a d u l t s  r a the r  than 
larvae. The middle of each range f o r  juvenile channel c a t f i s h  growth i s  29' and 
30' C. In  t h i s  ins tance 2g0 C is judged the  best  est imate of the  optimum. The 
highest inc ip ien t  l e t h a l  temperature ( t ha t  would approximate the  u l t imate  
incipient  l e t h a l  temperature) appearing i n  Appendix C is 38* C. By using the  
previous formula f o r  the  WAT f o r  growth, w e  obtain 

The temperature c r i t e r i o n  f o r  t he  WAT f o r  growth of channel c a t f i s h  would be 

32' C (as appears i n  Table 1) .  




-- 

TABLE 1. TEMPERATLTRE CRITERIA FOR GROWTH AND SURVIVAL O F  SHORT FXPOSURES 

(24 ER) O F  JUVENILE AND ADULT FISH DURING THE SUMMER ( O  C (' F))  
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SHORT-TERM MAXlMLTM DURING GROWTH SEASON 

I n  addi t ion t o  the MWAT, maximum temperature £or shor t  exposure w i l l  
protect against  po ten t ia l  l e t h a l  effects .  We have t o  assume tha t  t he  inc ip ien t  
l e tha l  temperature data ref lect ing 50 percent surv iva l  necessary f o r  t h i s  
calculation would be based on an acclimation temperature near the MWAT f o r  
growth. Therefore, using the data i n  Appendix B f o t  t he  channel ca t f i sh ,  we 
find four possible data  choices near the MWAT of 32' C (again i t  i s  preferable  
to use data on juveniles o r  adults):  

Acclimation temperature (* C l  -a -b 

The formula f o r  calculat ing the maximum f o r  shor t  exposure is: 

temperature ( O C 1  = (log time (min) - a > / b  

To solve t h e  equation we must s e l ec t  a maximum time l imi ta t ion  on t h i s  
maximum f o r  sho r t  exposure, Since the MWAT i s  a weekly mean temperature 
an appropriate length of time for  t h i s  l imi t a t i on  f o r  sho r t  exposure would 
be 24 hr without r i sk ing  v io la t ion  of the HWAT. 

Since the t f i e  i s  f ixed a t  24 hr (1,440 mini, we  need t o  solve for  
temperature by using, f o r  example, t he  above acclimation temperature of 30' C 
for which a - 32.1736 and b = -0.7811. 

temperature Co C) = log 1,440 -a 

-32.1736temperature (' C) - 3.1584 
b 

-29'0152 , 37,146
-0.7811 -0.7811 

Upon solving f o r  each of t he  four data  points  w e  ob ta in  37.1°, 37.E0, 35.g0, and 
38.4' C. The average would be 37.3* C, and a f t e r  subtract ing the 2' C sa fe ty  
factor to  provide 100 percent survival,  the short-term maximum for  channel 
catf ish would be 35' C a s  appears i n  Table 1. 

WXIMUM WEEKLY AVERAGE TEMPERATURE FOR SPAWNING 

From the da ta  shee ts  i n  Apendix C one would use e i t h e r  the optimum 
temperature f o r  spawning or ,  i f  tha t  is not avai lable ,  t he  middle of the  range 
of temperatures f o r  spawning. Again, i f  we use t h e  channel ca t f i sh  a s  an example, 
the MWAT f o r  spawning would be 27' C (Table 2). Since spawning may occur over 
a period of a few weeks o r  months i n  a pa r t i cu l a r  water body and only a MWAT 
for optimum spawning i s  estimated, it would be log ica l  t o  use tha t  optimum for  
the median time of the  spawning season. The MWAT f o r  t he  next e a r l i e r  month 



TABLE 2. TEMPERATURE CRITERIA FOR SPAWNING AND EMBRYO SURVIVAL OF 

SHORT EXPOSURES DURING THE SPAWNING SEASON (' C (* F ) )  

Yk. h-ima ( e ~ e o )  3 (57) 8 (66)  

Yk. rhLUt i .h  5 (41) 10 (SO>* 
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2 1  (1)* 
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1.1k" C . C I  11 1%) 20 (M) 

mD I I ~or u.01 tr r.q. 0' ."r ims t-..tm~r.. -.cad 1.1 tlu 
.)..b.. 



could approxlmate the lower temperature of the  range i n  spawning temperature, 
md the MWAT f o r  the l a s t  month of a 3-month spawning season could approximate 
the upper temperature for  the range. For example, i f  the channel c a t f i s h  
spawned from April  t o  June the N A T ' s  f o r  the 3 months would be approximately 
21°, 27", and 29' C. For f a l l  spawning f i s h  species the pa t te rn  o r  sequence 
of,temperatures would be reversed because of naturally declining temperatures 
during t h e i r  spawning season. 

SHORT-TERM MAXIMUM DURING SPAWNING SEASON 

I f  spawning season maxima could be determined i n  the same manner a s  those 
for the growing season, we would be using the time-temperature equation and 
the Appendix B data as  before. However, growing season data a r e  based usually 
on surv iva l  of juvenile and adul t  individuals.  Egg-incubation temperature ' 
requirements a r e  more r e s t r i c t i v e  (Jower), and t h i s  biological  process would 
not be protected by maxima based on data for  juvenile and adul t  f i sh .  Also, 
spawning i t s e l f  could be prematurely stopped i f  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 f o r  
successful embryo survival,  but the maximum temperature f o r  spawning i s  an 
acceptable a l te rna t ive .  I n  f a c t ,  the  higher of the two i s  probably the 
preferred choice a s  v a r i a b i l i t y  i n  avai lable  data has shown discrepancies i n  -
th is  re la t ionsh ip  for  some species. 

For the channel ca t f i sh  (Appendix C) the maximum reported incubation 
temperature is  28' C, and the maximum reuorted suawnine t e m e r a t u r e  i s  29' C. 
' lhekfore ,  t he  best  estimate of the shori-term s i r v i v a i  of 'embryos would be 
29' C (Table 2). 

MAXIMUM WEEKLY AVERAGE TEMPERATURE FOR WINTER 

As discussed e a r l i e r  the  N A T  f o r  winter is  designed usually t o  prevent 
f i sh  deaths i n  the event the  water temperature drops rapidly t o  an ambient 
condition. Such a temperature drop could occur a s  the r e s u l t  of a power-plant 
shutdown o r  a movement of the f i s h  i t s e l f .  These MWAT's a r e  meant t o  apply 
wherever f i s h  can congregate, even i f  t ha t  is within the mixing zone. 

Yellow perch require  a long c h i l l  period during the winter f o r  optimum 
egg maturation and spawning (Appendix A). However, protect ion of this species 
would be outs ide the mixing zone. I n  addit ion,  the embryos of f a l l  spawning 
f i sh  such a s  t rou t ,  salmon, and other re la ted  species such a s  c isco require  
low incubation temperatures. For these species a l so  the MWAT during winter 
would have t o  consider embryo survival ,  but again, t h i s  would be outs ide the 
mixing zone. The mixing zone, as  used i n  t h i s  report ,  i s  t h a t  area  adjacent .  
to the discharge i n  which receiving system water qual i ty  standards do not 
apply; a thermal plume therefore i s  not a mixing zone. 

With these exceptions i n  mind, i t  i s  unlikely that  any s ignf ican t  

e f fec t s  on f i s h  populations would occur a s  long as  death was prevented. 




In many instances growth could be enhanced by controlled winter heat addit ion,  
but Inadequate food may r e su l t  i n  poor condition of the f i sh .  

There are fewer data for  lower i nc ip i en t  l e t h a l  temperatures than f o r  
the previously discussed upper inc ip ien t  l e t h a l  temperatures. Appendix B 
contains lower incipient  l e t h a l  temperature data  for  only about 20 freshwater 
f i s h  species,  l e s s  than half of which a r e  l i s t e d  i n  Tables 1and 2. Consequently, 
the avai lable  data were combined to  ca lcu la te  a regression l i n e  (Figure 1)  
which gives a generalized MWAT fo r ,w in t e r  survival  instead of the  species  
spec i f ic  approach used in the other  types of c r i t e r i a .  

A l l  the lower incipient l e t h a l  temperature data from Appendix C f o r  
freshwater f i s h  species were used t o  ca lcu la te  the regression l ine ,  which had 
a slope of 0.50 and a correlation coe f f i c i en t  of 0.75. This regression l i n e  
was then displaced by approximately 2.5' C s ince  it passed through the middle 
of the data and did not represent t h e  more sens i t ive  species. This new l i n e  
on the edge of the  data array was then displaced by a 2' C s a fe ty  fac tor ,  the 
same f ac to r  discussed ear l ie r ,  t o  account f o r  the f ac t  that  the o r i g i n a l  data 
points were f o r  50 percent survival  and the 2' C safety  fac tor  would r e s u l t  
in 100 percent survival.  These two adjustments i n  the or ig ina l  regression 
l i n e  therefore r e s u l t  i n  a l i n e  CPigure 11 t h a t  should insure no more than 
negl igible  mortal i ty  of any f i s h  species.  A t  lower acclimation temperatures 
the coldwater species were d i f f e r en t  from the  warmwater species,  and the resultant 
c r i t e r ion  takes t h i s  into  account. 

I f  f i s h  can congregate i n  an a rea  c lose t o  the  discharge point,  t h i s  
c r i t e r ion  could be a limit on the degree r i s e  permissible a t  a pa r t i cu l a r  s i t e .  
Obviously, i f  there  is a screened discharge channel in  which some cooling 
occurs, a higher i n i t i a l  discharge temperature could be permissible t o  f i sh .  

An example of the  use of t h i s  c r i t e r i o n  (as plot ted i n  t he  nomograph, 
Figure 1 )  would be a s i tuat ion i n  which the ambient water temperature i s  10' 
C, and the MWAT, where f i sh  could congregate, i s  25' C, a di f ference of 15' 
C. A t .  a lower ambient temperature of about 2.5' C,  the MWAT would be 10' C, 
a 7.5' C difference.  



Figure 1. 	 Nomograph to determine the maximum weekly average 
temperature of plumes for various ambient temperatures, 
"C (OF). 



SECTION 5 


EXAMPLES 


Again, because precise thermal-effects data are not available for all 

speci'es, we would like to emphasize the necessity for subjective decisions 

based on common-sense knowledge of existing aquatic systems. For some 

fish species for which few or only relatively poor data are available, 

subjectivity becomes important. If several qualified people were to calculate 

various temperature criteria for species for which several sets of high quality 

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

instances. 


The following examples for warmwater and coldwater species are presented 

only as examples and are not at all intended to be water-body-specific 

recommendations. Local extenuating circumstances may warrant differences, or 

the basic conditions of the examples may be slightly unrealistic. More 

precise estimates of principal spawning and growth seasons should be 

available from the local state fish departments. 


Tables 1 and 2, Figure 1, and Appendix C are the principal data sources 

for the criteria derived for this example. The following water-body-specific 

data are necessary and in this example are hypothetical: 


1. Species to be protected by the criteria: channel catfish, largemouth 

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 species, May to July. 


3. Normal ambient winter temperature: 5' C in December and January; 

10" C in November, February, and Mauch. 


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

September. 


5. Any local extenuating circumstances should be incorporated into the 

criteria as appropriate. Some examples would be yellow perch gamete 

mturation in the winter, very temperature-sensitive endangered species, 

or important fish-food organisms that are very temperature sensitive. For 

the example we will have no extenuating circumstances. 




i 
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In some instances the data will be insufficient to determine each 

necessary criterion for each species. Estimates must be made based on 

available species-specific data or by extrapolation from data for species with 

similar requirements for which adequate data are available. For instance, this 

example includes the bigmouth buffalo and freshwater drum for which no growth 

or short-term summer maxima are available a able 1). One would of necessity 

have to estimate that the summer criteria would not be lower than that for the 

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

species. 


The choice of important fish species is very critical. Since in this 

example the white crappie is as temperature sensitive as any of the species, 

the maximum weekly average temperature for summer growth is based on the 

white crappie. Consequently, this criterion would result in lower than 

optimal conditions for the channel catfish, bluegill, and largemouth bass. 

An alternate approach would be to develop criteria for the single most 

important species even if the most sensitive is not well protected. The 

choice is a socioeconomic one. 


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

During the winter, criteria may be necessary both for the mixing zone as 

well as for the receiving water. Receiving-water criteria would be necessary 

if an important fish species were known to have gamete-maturation requirements 

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

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


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


All of the general concerns and data sources presented throughout the 

discussion and derivation of Example 1will apply here. 


1. Species to be protected by the criteria: rainbow and brown trout 

and the coho salmon. 


2. Local spawning seasons for these species: November through January 

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

salmon. 


3. Normal ambient winter temperature: 2' C in November through Febrbary; 
5' C in October, March, and April. 



TABLE 3. TEMPERATURE CRITERIA FOR EXAMPLE 1 
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4. The principal growing season for these fish species: June through 

September. 


5. Consider any local extenuating circumstances: There are none in 

this example. 


At this point, we are ready to complete Table 4 for Example 2. 




TABLE 4 .  TEMPERATURE CRITERIA FOR EXAMPLE 2 
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