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HEAT AND TEMPERATURE
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"Fro m: Nati ona l Academy of Sc i ences (1973). See pp. 151-171, 205-207.
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Living orcanisrns do not respond to the qua ntity of heat
hu t to decrees of ternpcra tu: . ur to temperatu re cha nges
caused hy tran sfer of heat. The importance of temperature
to acquatic organisms is well known. and the composition
of aquatic communi ties depends larcelv on the tempera ture
ch aracterist ics of their envi ronment . Organisms have u pper
and lower the rmal toleran ce limits, op timum tem peratures
for gro wth , preferred temperatures in thermal cradien ts,
a nd temperature limitations for mig ra tion. spawnina, and
eg:~ incubat ion. Temperature also a ffects the physica l
environment of the aq uatic med ium, (e.e ., viscosity, degree
of ice cover , a nd oxyge n ca paci ty. T herefore, the corn
position of aquatic commu nities depends laraely on tern
perature characte ristics of the environme nt . I n recent
years there has been a n accele ra ted deman d for coo linu
waters for power sta tions that release lar ge qu ant ities of
heat, causing , or th rea tening to cause, either a warming of
rivers, la kes, a nd coasta l waters, or a rapid cooling when the
artificial sources of heat are abru ptly terminat ed . For th es e

reasons, the environmental con sequences of temperature
ch an ges must be considered. in assessments of water qu al ity
requirements of aquatic organisms.

T he " na tural" temperatures of surface wat ers of the
C nited Sta tes vary from 0 C to over 40 C as a funct ion of
la tit ude, a ltitude, seaso n, time of day, dura tion of flow.
depth, a nd ma ny other variables, 111e agents that a ffect
the natu ral tem pera ture are so numerou s that it is unlikely
that two bod ies of water, eve n in the sa me lati tude, would
have exac tly the same thermal characteristics. Moreover, a
sinalc aquatic habita t typically does not have uniform or
con sistent thermal characteri stics. Since all aquatic or
L;'a nism:i (with the exception of aqu at ic mammals and a
few large, fasr-swimminq fish) have bodv temperatures tha t
conform to the wa ter tem pera ture, these na tura l varia tions
crea te condition s tha t arc optimum at times, hu t a rc
generall y a bove ur heluw optima for part icular ph ysio
logical , behavioral, a nd competi tive functions of the species
present .

BlOC3U$e significa nt temperatu re chances may affect the
co mposition of .10 aquatic or wild life community, a n
indu ced chanue in the thermal cha rac teristics of a n cco-

system may he de trimental. On the other hand, altered
thermal chnrac tcrisrics may be beneficia l. as evidenced in
most fish hat chery prac tices a nd at ot her aquacultural
facilities. (Sec the discussion of Aq uaculture in Section I V.

T he general ditlicultv in develop inu suita ble criteria for
temperature (which would lim it till' addit ion of heat) lies
in determining the deviation from " natura l' tem perature a
particu lar bodyof wat er ca n experience without suffering
adverse effect s on its hiota . \ " hatever requirements are
suaeestcd . a " na iura l" seasona l cycle must be retained,
a nnual sprine a nd fall chances in temperature mu st be'
cradua l, a nd larue unna tura l day- to-day fluc tua tions
should he avo ided . In view of the IO.m\"variables. it seems
obvious that no sinalc temperature requ irement ca n be
ap plied uni formly to continenta l or larue regional areas;
the requirem ents must be closely rela ted to each bod y or
wa ter a nd to its pa rticular community of organisms,
cspcciallv the im porta nt species found in it. 111l"Se shoul
include invertebra tes, plankton, or other plant and animal
life that ma y be of importance to fOlKI chai ns or o therwise
inte rac t with spec ies of di rec t interest 10 ma n. Since thermal
req uirements uf various spec ies ditfer, the social choice
the spec ies to he prot ected allo ws fur d ifferen t " levels
protection " amon~ w ater bod ies as su~g-e;ted by Ooud oro
a nd Shu mway (19i O)=7: for di ssolved oxygen criteri a . (
Dissolved Oxygen, p. 131.) Although such decision s clearl
tra nscend the scientific judgments needed in establis h!
thermal criter ia for pro tcc tinu selected species, biologists call

a id in mak ine them" So me measures useful in as."iigning
levels of im portan ce to spec ies arc : ( I) hiuh yield to corn
mercial or spo rt fisheries, (2) la rqc biomass in the existing
ecosystem (if desira ble}, (3) importa nt links in food chains
of other SPlOCit-S judged importa nt fur ot her reasons, and
(4) "cndanuercd" or uni que status. If it is desirable 10

attempt strict preservation of an l·xistinJ.; ecosystem, the
most sensitive species or life stace may dictate the criteria
selected.

Criteria for mnk ina n-commendations for water tern·
perature to protect desirable aqua tic life ca nnot be simply
maximum a llowed chnnuc from "natural tempcratures-'
T his is principall y bcca use a ch.m ze of eve n one deg ree frodl
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an ambient temperature has varying significa nce for an
u~anism, depending u pon where the ambient level lies
within the tolerance range. In addition, histor ic tempera
ture records or, alternatively, the existing ambient tempera
ture: prior to any thermal alterations by man arc not a lways
reliable indicators of desirable conditions for aquatic
popula tions. M ultiple dev elopment s of water resources also
cha nge water tem pera tures both upward (e.g., upstream
power plants or sha llow reservoirs) and downward (e.g.,
deepwa ter releases from large reservoirs), so th at "ambie nt"
vnd " natural" arc exceed ingly ditficult to define at a given
point over periods of severa l years .

Criteria for temperatur e should cons ider both the multiple
therma l requirements of aquatic species a nd requirem en ts
{')r balanced communities. T he number of d istance require
men ts a nd the necessary val ues for each require periodic
reexamina tion as knowledge of thermal effects on aquatic
pccies a nd communities increases. Currently defi nable

requirements include:

• maximum sustai ned temperatures that are con
sistent with mainta ining desirable levels of pro
ductivity :

• maximum levels of metabolic acclimation to warm
temperatures that will permi t return to ambient
winter temperatur es should artificial sou rces of
heat cea se;

• temperature limitations for surviva l of brief exposures
to temperature extremes, both u pper and lower ;

• restricted temperature ra nges for various stages of
reproduct ion, incl udin g (for fish) gonad growth and
ga mete ma turation, spawning migration, release of
gametes, development of the embryo, commence
ment of independen t feeding (and other activiti es)
by juveniles ; and temperatures required for meta
morphosis, emergence, and other activities of lower
forms ;

• thermal limits for diverse composit ions of species of
aq uatic communities, particula rly where reduct ion
in diversit y creates nuisance growths of certain
organisms, or where important food sources or
chains a re altered ;

• the rmal req ui rements of downstream aquatic life
whe re up stream warming of a cold-water sourc e will
adversely affect downstream tem perature require
ments.

Thermal criteria mu st a lso be formulat ed with knowledge
of how man alt ers temperatures, the hydrod ynamics of the
cha nges, and how the biota can reaso nably be expected to
interact with the thermal regimes produced . It is not
suJlicient , for example, to define only the thermal criteria
for susta ined production of a species in open waters, beca use
large numbers of organisms ma y a lso be exposed to thcrmal
changes by bein g pumped through the condensers and
mixing zone of a power plant. Design engineers need
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particularly to know the biological limitations to their
design options in such instances. Such cons idera tions ma y
reveal nonthermal imp acts of cooling proc esses that ma y
outweigh temperature effects, such as impinaement of fish
upon inta ke screens, mechanical or chemical damage to
zoopla nkton in condensers, or effects of altered current
patterns on bottom fauna in a discharge area. T he environ
mennal situa tions of aq uatic organ isms (e.g., where they
are, when they are th ere, in what numbers) mu st a lso be
understood . Thermal cr iteria for migratory species should
be a pplied to a certa in area onl y when the species is actually
there. Although thermal effects of power stations are
cu rrently of ~reat interest, o ther less dramatic ca uses of
temperature change including deforesta tion, strea m chan
nd ization , a nd impoundment of flowing water mu st be
recognized .

DEVELOPMENT OF CRITERIA

Thermal criteria necessary for the protection of spec ies or
communities are di scussed separately below. The order of
present at ion of th e different criteria does not imply priority
for an y one body of water. The descriptions define preferr ed
methods and procedures for judginc the rmal requi rements,
and generally do not give numerical values (except in
Appendix II - C ). Specific valu es for a ll lim itations would
require a biological han d book that is far beyond the scope
of this Sec tion. The criteria ma y seem com plex, but they
represent a n extensively developed framework of knowledge
about biologica l responses. (A sample application of these
criteria beg ins on page 166, Use of Temperature Crireria .)

TERMINOLOGY DEFINED

Some basic thermal responses of aqua tic organisms will
be refer red 10 repeatedly a nd are defined and reviewed
briefl y here. Effects of heal on organisms and aquatic
communi ties have been reviewed periodically (c.e .. Bullock
19i 5,'" Brett 1956 ;'" Fry 19·H." · 19tH,'" 1967 ;'" Kinne
1970--" ). Some effects have been a nalyzed in the context of
thermal modification by power plants (Parker and Krenkel
1969 ;"" Krcnkel and Parker 1969 ;' " Cairns 1968 ;'" Clark
1969 ;'" and Coutant I97Oc"'). Bibliographic information
is available from Kennedy and ~Iihursky (1967),'" Raney
a nd Menzel ( 1969),'" a nd from annual reviews published
by the Water Pollution Contro l Federation (Couta nt
1968,'" 1969.'" 1970a,'" 1971' '').

Each SP l"Cit.-S (and uftcn each distinc t Iifc-stauc of a species) \
has a characteristic tolerance ranee of temperatu re as a
consequence of accl ima tions (internal biochemi cal adjust
ment s) made while a t previous hclding temperature (Fiuure
111-2; Brctt 19i6"'). O rd ina ri ly, the ends of th is ranee, or
the leth al thrcsholds, are defined by su rviva l of iO per ccnt
of a <ample of individual s, Lethal thresholds typically are
referred to as " incipient lethal temperat ures," and tem
peratu re beyond thes e ranges would be considered " ex..
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FIGURE II I-J-Media n resistance times to hilt h tempera.
lures am ont )'oun g chinook (Oncor hynchus tshawytscha)
acclimated to temperatures indiraud. Line A· B denoteJ
rbinl! le thal t hreshold (incipient let hal tempera tures ) with
inc reaJint occ llmarion temperature, This rise e,..entually
ceases at t he ultimate lethal t h reJhold (u ltimate upper
incipient let hal temperature). line B·C.

to a few hours will not greatly a ffect the thermal tolerance
limits, since acclimation to changing temperatures requires
severa l days (Brcll 1941).'"

At th e temperatures above and below the incipient lethal
tempera tu res, su rviva l depends not on ly on the temperature
but a lso on the duration of exposure, with mortality oc
curring mo re ra pid ly the farther the tem pera tu re is from
the threshold (Figu re 111- 3). (See Coutant 1970a'" and
1970b'" for further discussion based on both field a nd

25 laboratory studies.) Thus, orga nisms respond to extre me
high and low temperatures in a ma nner similar to the
dosace-response pattern which is common to toxicants,
pharmaceuticals. and radiat ion (Bliss 1937).'" Such tests
seldom extend beyond one week in durat ion.
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trem e." The tolerance range is adjusted upward by ac
c1imation to warmer water and downward to cooler water,
a lthough there is a limit to such accommoda tion. The
100\'cr end of the ra nqe usually is at zero degrees cent igrad e
(32 F) for spec ies in temperat e latitudes (somewhat less for
sa line waters), whil e the upper end terminat es in an
"ultima te: incipi ent lethal temperature" (Fry et a1. 1946:~').

This ultimat e threshold temperature represents the "break.
iog point " between the highest temperatures to which an
animal can be acclimated a nd the lowest of the extreme
tem perat ures that will kill the wa rm -acclimated organism.
An y rate of temperature change over a period of minutes

Uh im..te incipient le tbal temperatu re

,

FI(;URE 1I1- l-U"per and lower lethal temperarures jor
)'o u nJ! socke)'f! sutmon (Oncorhynchus ne r ka ) p lo t t ed to
shu", the zone oj tolera nce. Within this :one 11."0 other :;one,S
tire represented to illustrate (I) un tin:.; ....'·o nd u'hich I!rtJU', h
wo uht he poor to nnne-at-alt u nder the injluencf!o! the loadin g
eJJect oj metabolic demand. and (2) un area he)'(Jn~ 14:hid.
tempera'"f''' is like/)' to inhibit norm al rep roauction ,

MAXIMUM ACCEPTABLE TEMPERATURES FOR
PROLONGED EXPOSURES

Specific criter ia for prolonqcd exposure (1 week or longer )
must be defined fur warm and for cold seasons. Additional
criteria for gradual temperature (a nd life cycle) changes
during reproduction and deve lopment periods are dis
cussed on pp . 162- U;S.
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TABLE Ill-II-Summary af So me Upper Limitint
l 'em perotures in C. (jor per iods lon£er thon one week )
Based Upon Optim u m Temperatures and Tempnatures
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arc cc nsisu-n tlv fou nd in nature (Fry 1931 :Zi1 Xarver
1970 )31" lies ncar the ave ra ue of th e o ptimum tem perature
a nd the temperatu re of zero net qrowth ,

-l. Compari-on of pa n cms in Fluures 111-4a and h
among c itfercnt spt"Cil"s indicates tha i whil e the tr ends arc
..imilar, till' np rimum is closer 10 the lethal level in some
spec ies than it is in !'()ckl'yc salmon. In vertebra tes exhibi t a
pa[[("rn of temperature dh'f' ts on crowtb rate that is very
similar to tha t of fi,h (Figure III - -1c).

The optim um tempera ture may he influe nced by rate of
fccd inc. Brett e t a l. (1969)": :': d emon strated a shift in opri
mu m toward cooler temperatures lor sockeye sa lmo n when
ration was restri cted . In a simila r experime nt with channel
cat fish. Andrews a nd Stickney 11972)": 1: could see no suc h
shift. Lack uf a genl'ral shift in optimum may be due to
compensatina ch ange!' in activity of the fish (Fry 1'" Hmal
11 /'Jf r l'a t; lm) ,3:'

These observa tions ~UCgcst that an average of the opti
mum te m pera tu re and th e temperature of zero net ~rowth

Hopt. n-mp . + a.u.u. (l'mp )j2] would be a useful estimate of
a limit inu wn 'kly nu-an temperature for rc-sidem orga nisms,
prodding rlu- peak tempera tures do not exceed val ues
recommend ed for shor t-term exposu res, O ptimum e ro v..,th
ran- would gt'nera ily he red uced to no lower than SO per cent
of the ma ximu m if the limitinu temperatu re is as 'ave raged
a bove (T a ble Ill - I I ). This ra nee of reduct ion from op ri
mum appears accep ta ble. althuuu h there a re no quarui ra
tiv c studies a"\'a ilable thai would a llow the criterion to be
based upon a spec ific leve l 01 imp a irment.

The crite ria for max imu m upper temperature mu st allow
for sea sona l cha ngl'S, ul'callse differc nt life sta~l."S of many
spl"Cil-s will han' diffcre nl th ermal requirements for the
averas;::-c of thei r optimu m a nd zero net qrowlhs. Thus 3
ju\' enile fi!'ih in ~I ay will ue likely to have 3 lowe r ma ximum
acceplable tempera tu re than will the same fish in J uly , and
thi s mu st he reflec ted in the thermal cri teria for 3 wa ter body.

Occupance of habi ta ts hy 1TI00..t aqua tic org-an isms is
" Iu'n limited wi th in th e thermal to lera nce ra nm- to tern
;wr,Hu n ... -omcwha r below the ulr irna te up p•r- r incipie nt
!·,tIMI u-mpcrat un-. Thi.. i~ the re...uh of poo r phy..iolouical
!wrforma nc(' a t nca r lethal level.. ( t' . l.:.• cruwth. meta bolic
I.:OPt.' for activi ties, appetite. J oud conversion ctlicicncv},

:ntt'r-pt"cit-s co mpet ition. di sease. prcdurion. and other
' 1;'llt' cco louica l factors l Fry 1 ~ J.~) J :: : 7 Brett 1 971 :~ } . Th is

'·Ol1l p )r x limitatio n i.,; evidenced hy restric ted -outhcrn and
.ilritud ina l di-t ribu tions uf man y species . O n th e other hand.
.quimum temperatures (such as th o..c producinu fastest
-.: ruwlh ran-..) arc 1I0t ucncrallv neccssarv a t all times to
ma in ta in th r ivinu popula tion , and a rc often exceed ed in
n.uun- llu rin(,:' su mmer mont h... (Fry 1~5 1 : ~ : : COOPl'f 1953 :~U

Bl· ~ t ' ri e and Coopl' r 1Yt)tJ ::u; K ra mer a nd Sm ith 1960:\/i).

Modr-r .uc tempera ture Iluct uar ion s can acncra llv be
h,k ra h 'e! a.. lont: a ... a maximum uppn limi t is nut exceeded
f II" lon<..: per-iod s.

..\ true u-mperaturc limi t for exposures lon t.:: enouuh to
n 'I!I'C ( metab olic ncclirn a uou ami optimum l'coil lcit'al per
Iormancc mu ..t lie somewhere lx-twec u the phy :o-iu1ol!ica l
op t imum an d the ult imate upper incipient letha l tempera
tun's. Hrcu f l YtjO ) z :, ~ suuue-u-d that a provisi ona l lon e
n-rm exposure limit he th e tempera ture arcau-r than opti
mum tha t allowed ; 5 pc."r cen t of c primum performan ce.
I lis :ouct.::t'stion has not been Icsh'd hy de fini tive smd il·...

Exami na tion of literature on per forman ce. metabolic
ra U'. It'mpna tlln ' prc-fen·nce. ~rowth . natural distri hu tion .
a nd tolera nce uf s("vera l spt"C ies has yiddcd an apparentl y
sou nd tltl·on·t ical has is for est imating an uppt'r lempl' ra tu re
limit for lont.:: term exposurc a nd a mct hod for doin~ this
with a minimum of addi tio nal rcsearch. :\e\v data will
pro\' ide refinement. hut Ihis method forms a useful ~u i:.le

fUf th e pr~ent time. The method i~ hased on Ihe s;::-ene ral
observa tion s summa rized here and in Fi~re 111-4(a, b, e).

I. PerformanCl'S of o rga nb ms ove r a range of tem pc ra 
tun's a re 3\'a ilaulc in Ihe :ocient ific lit("rat ure for a va riety of
funct ions, Figures 111-4a a nd b :'ohow Ihree characleri~t ic

typ es of rl'Spon ses numhen'd I Ih rO\a~h 3. of \'1:hich types I
and 2 ha\'c coinciding o ptimu m peaks. Thl"SC o ptimum
tcmpcralurrs art· cha ractl' ril'tic for a spt'c il's (or life stacc , .

2. Deg-n'l'S uf impa irment frum o plimum Il'\'l"!s of
\'arious pl·rform.lIlce fun ction s a rc not un iform with in
cn'asi n~ tempt'ra lun' a hon ' Ihl' opt imum for a single spt'cil's.
The must st'llsit i\'l' (Ulwr ion appl'ars 10 bt' ~row l h ratc. fur
which it Il'mpl'ratun' of Zl'W crowth (willt a hundant foud )
can ht~ de ll"rminl'd lor important spt'cil's and life s ta~ I·S.

Growlh ra tc of o rga nisms appl'ars to be a ll i lll l'~ ra lo r of a ll
factors acling on a n urga nism. (;ruwlh ra te should pro ha hly
be l'xpr csscd as nl'l hiomass cain o r net ~rowth ( ~ IcCormick

et al. 19; I ) 3';;: o f Ihe popula lion , to acco unt for (kaths.
3, T he maxim um tl'mp erat urc a t \\ hidl se\'era l spl'cil"S

SPRING, SUMME R, AND FALL MAXIMA FOR
PROLONGED EXPOSURE
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whi te th is appruac h to developing the ma ximum sus.
ui ncd tem pera ture appears justified un the has isof available
knowledge, few limits can be derived from existing data in
Ii''.!"litera ture on zero growth. O n the other hand, ther e is a

sizea ble body of dat a un the ultimat e incipient lethal
temperature that could serve as a subst itu te for the data on
temperature of zero net urowth. A practical conside ra t ion
in recommending criteria is the time required to conduct
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FIGU RE 111-4b-Perjormance o} Socke)'e Salmon (Oncorhynchus n er o ) in Relat ion to Acclimation Temperature
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a ble limits, whil e retai nin g as its scientific basis the req u ire
ments of preserv ing ad eq ua te rates of growth . Some lim its
obtai ned from data in th e literature are given in T a ble
111-12. A hypothetical exa mple of th e effec t of th is limit on
growth of largemou th bass is illustra ted in Fieurc 111- 5.

Figu re 111-5 shows a hypothet ical exa mple of th e effects
of the limit on maximum weekly avera ge temperature on
growth rates of juvenile largemouth bass. G rowth data as a
fun cti on ot tem perat ure a re from St rawn 1 96 p l ~ : the arnbi
ent tem perature is an a vera ged curve for Lak e Norma n,
X . C ., ada pted fro m da ta supplied hy Du ke Power Co m
p~ny . A ecneral temp era ture elevat ion of 10 F is used l O

provide a n extreme example. Incrementa l growth rates
(m m 'wk] are plott ed on the ma in fiau rc, wh ile a nnua l ac
cumulated ~ro\..nh is plotted in the inset. Sirnplifvinc as
sumptions were th a i qro wrh rat es and th e rela tionship of
gro wth ra te to tempera ture were con stant throu ghout th e
yea r. an d that th er e woul d be su fficient food to susta in
maximum attainable growth ra tes a t a ll times.

The cri terion for a speci fic location woul d be de termined
by th e most sensitive life stag e of an important species
likely to be present in that loca tion a t th at time. Since
many fishes have restrict ed ha bit a ts (e.g., spec ific dep th
zon es) a t many life stages, the th ermal cri terion mu st be
applied to the proper zo ne. T here is field evide nce tha t fish
avo id locali zed a reas of un favor a bly warm wat er. T his has
been demonstra ted bo th in lakes whe re coldwa ter fish
normally evac ua te wa rm sha llows in su mmer (Smith
1964.)3111 and a t power sta tion mixing: zones (Ga mmon
1970 ,' " M erriman et al. 1965).' " In most large bodies of
wat er th ere are bo th vertical a nd hor izontal thermal
gra d ien ts that mobile organisms can follow to avoid un
favor a ble high (o r low ) tempe ra tures.

The su mme r maxima need not , th erefore, a pply to
m ixing zon es th at occu py a sma ll percentage of the suita ble
ha bita t or necessarily to a ll zones whe re organ isms have
free egress to coo ler water . T he ma xima must apply, how
ever, to restric ted local habitat s, suc h as lake hypol imnia o r
th ermoclines. that provid e important summer sanctuary
areas fa r co ld-wa te r spec ies. An y avoidance of a wa rm a rea
not part of th e normal seasonal habita t of th e species wi ll
mean that less area of th e wat er body is available to suppor t
th e population and tha t production may be reduced . Such
reduction shou ld no t in terfere with biological communities
or po pu lations of importa nt species to a degree that is
damagin g: to the ecosystem or other beneficial uses. Non
mobile o rganisms th at mu st remain in the warm zone will
probably be th e lim iting o rga nisms for th at locat ion . Any
recommen dation for u pper limiting temperatures must be
applied ca refu lly with understanding of th e population
d ynamics of th e species in question in orde r to establish
both local and regional requirements.

'0

Te mperatu re in C

\,\ 0

"nlt'li 1968 1 4 3

"0

-;

~
1:.s
~ 100
d

. uhima tr' incipirnt I(" tha l tr rnp .~ptimum tl'"mp.
op tuuu m tromp.+ j

resea rch nt'"essary to provide missing data. T ech n iques for
det erm ining incipient le thal temp eratures are sta ndardi zed
(Brett 1952)':u wh erea s those for zero grow th a re not .

A temp erature th at is one-th ird of the ra nge be twee n the
optimum tempera tu re and the ul tima te incipient lethal
tempera ture that ca n be calcu la ted by th e formula

o

FIGURE lll-le-M. m etcen a r ia : The tenerat relationship
between temperature and the rate oj shell ,rou,·th. based on
fie ld measurements oj I!rowth and temperature.

• : sites in roote lIarbor. Entland: 0 : North American sites.
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yields values that are very close to (optimu m temp. +
z.n.q, tem p.)/2. For example, th e values are, respect ively,
32.7 a nd 32.8 C for ch annel ca tfish a nd 30.6 a nd 30.8 for
laraemourh bass (da ta from Table 111- 8 and Apl?endix II).
T his formula offers a pract ica l met hod for obta ining a llow-

I
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FIl;UR E. IJI-S-..\ h )'pathet ical t!sam ple oj the effects oj the timit on maximum u'eek/)'
""erage tempn-oture o n 1!rou·t h rates oj juvenile lareemoutn bass. (~'rt~th data OJ a f u nction
oj t emperature are f rom S tra..'" 1961: the ambient tem~rature is an Q,:crated curve f or Lake
Norm an. N.C.• o,lupted f rom data Jupplied b)' Duke Power Company. A genera' t emperature
elevation oj 10 F is us ed to prtn'ide un estreme exam ple. Incremen ta /growth rates (mm/",k)
are plotted on t he main figu re. while annual accumulated I!rou:rh is plotted in the in set.
S im plij)';n l!aSJumprions were that grou'th rates and the relat ionship of growth rate to tem 
perature ..'ere co ns ta n t throughout the )'eo,. and that there would be sufficient food to sus
ta in maximum a t tainable growth rates at all t imes.
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Heat added to upper reaches of some cold rivers ca n he
reta ined rhrouuhout the river's rem aining length (j nskc
a nd Svnocround EJ70).zY'! T his factor adds to the na tural
trt-nd of warming at dista nces from headwaters. Thermal
additions in headw at ers. therefore, ma y contrib ute sub
.... tan tiall v to red uction of cold -wa ter species in do wn stream
a reas (M ount 1970 1. 3 11~ Upstrea m the rmal additions should
he eva lua ted for the ir effects on summer maxima a t down
"Crea m locat ions, as well as in the immediate vicin ity of
the hea t sou rce.

Recommendotion

Growt h of aquatic organisms would be main
tai ned a t levels necessary for sustalning actively
~rowin~ and reproducing po pulations if t he m axi
mum weekly average te m peratu re in t he zo ne in 
ha bited by t he species a t th at t ime does not exceed
one- third of t h e range be tween t he optim um te m 
perature a nd t he u ltimate upper in cipient lethal
te mperatu re of the species (Equation I , pag e 157),
a nd the te mperatures a bove t h e weekly average do
not exceed the cri terion for shor t - term exposu res.
T his m aximum need n ot a pply to acceptable m ix
in~ zones (see proportiona l relat ionships of mhin~

zones to receiving systems, p. 114), and must be
a pplied with adequate undersr andln g of the normal
season a l d is t ri bu t ion of t he important species.

37

WINTER M·AXIMA

Alth ou gh artificia lly prod uced temperature elevation s
durinc winter months may actually bri ng the te mpera tu re
closer to op timum or preferred temperature for im porta nt
speck-s and att rac t fish (T rembley 1965),'" metabolic
accl ima tion to these higher levels can preclude s afe return
of the organism to ambient temperatures shou ld the
artificial hea tinc suddenly cease (Pennsylva nia Fish Com
mission 1971 ; 310 Robinson 1970 )31' or the org.mism be
d riven from the hea t a rea . For exa mp le, sockeye salmon
(Onco,hl"nchu, n"ka) acclimated to 20 C suffered :;) perc ent
mortal ity in the la boratory when thei r tempera ture was
dro pped suddenly to 5 C (Brett 1971 :m see Fi-tu re 111-3).
The same po pulation of fish wit hstood a d rop 10 zero when
accl imatcrl to 5 C. T he lower limit of the ranee of thermal
tolerance of im porta nt species must, therefor e, be ma in 
ta ined a t the no rmal seasonal ambient temperatures
throughout co ld seasons, un less specia l provision s r re made
to assu re that ra pid tem pera ture drop will not occu r or that
organisms ca nnot become acclimated to eleva ted ' ernpera
tures, This can he accomplished by limitations on \ ernpera
ture elevations in such a reas as d ischar ge cana ls a ne m ixing
zones where organisms may reside, or by insuri ng tha t
maximum temperatures occur only in areas not at cessible
to important aq ua tic life for leng ths of ti me suffi·:ient to
allow metabolic acclimation. Such inac cessible area; would
include the high -velocity zones of diffusers or screened dis-

_.'
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can be ca lcu lated from a rcqrcssicn equatio n of cxpcri
mental da ta (such as th ose in Ficurc 111 - 3) as follows :

wh ere time is expressed in minutes. tem perature in de grees
centigrade a nd w he re a and h a rc intercept a nd ..lope,
rcspcct ivclv, whic h a rc charac teri stics of each acclimation
temperature for each speck-s. In some ca ses the time
temperature relation ship is mor e complex than th e sem i
logari thmic model uivrn aIMJ\T . Equat ion 2, however, is
the most appl icable, and is cencrallv accepted by th e
scientific ' community t Fry 1 9tj 7 ) ,:'~ Ca ution is reco rn
mended in cx trapolar irur bcvond the dat a limits of the
or iginal research (Appen d ix II - C ), T he rat e of temperature
cha nue docs no t a ppl'a r to al u-r th is eq uat ion. as long as the
chama- C K'CU~ mor e rapidl y tha n over several da ys (Brett
1!).4.1 :::'1 Lemke 197U).1'.' Therma l resistance may be
d imin ished hy the simu ltaneo us pres en ce of toxica nt s or
other dc bilit atinu factors (E lx-l ct al. 19iU.'!01 a nd summa ry
hy Couta nt 197Oc l,: ' 'J The- most accura te prcdictahility ca n
he derived from data co llected u!'in!.! wat er from th e site
un der evaluat ion.

Because the eq ua tio ns ba sed on resea rch un thermal
tolerance predi ct 50 p(~r cen t mortality, a safety factor is
need ed to assure no mo rta lity, Severa l stud ies have ind i
cated th a t a 2 C red uc tion of an upper stress tem pera ture
result s in nu mortalities within a n eq uivalen t exposure
dura tio n IFry ct a l. 1CJ.l2 ;' '' ' Black 1 ~153)"" The validity
of a two decree lOafc.,ty factor was streng thened hy th e results
of Co utant (19i Oa )0' " lie she wed th at about 15 to 20
per cent of th e exposu re t ime, fur median mo rtali ty a t a give n
h i~h tem pera ture. induced selec tive predation on therma lly
shoc ked sa lmon and trout, (T his al so amoun ted to redu ct ion
of the effective stress tempera ture by a bout 2 C.) L'n
published data from subseque nt pred ation experiment s
she wed that th is reduct ion of about 2 C also a pplied to th e
incipien t letha l temperatu re. The level a t v :.ich there is no
inc reased vulne rabili ty to predat ion is the best est ima te of a
no-stress exposure th at is curre nt ly available, Xo sim ilar
safe ty fact or has been explored fur tolera nce of low tern
pcraturcs . Furthe r resea rch ma y d etermine that sa fety
factors, as well as tole ra nce limits, have to be decided
independently for each spec ies. lifc stag:e, a nd water qua lity
llitua t ion.

In formation nec..'ded fur pn-dict ing sUf\'h'a l or a number
or speck"S or ti"h a nd in \'l.'r tehra tt:" un der short-term condi 
tions of heat cxtrcnll"S is prc:'l.·nteu in App('ndix II - C , This
information inclu dl's (for each acclima tio n lemperature)
upper a nd lower incipient leth al ternpc.'ra tu rcs : coct ficients
a a nd h lor the thermal rt~ i stance l'l1uatio n ; a nd informa tion
on lOtze. li fl~ s ta~ e, a nd gc...·ut.;ra phic source o r th e species.
It is clea r that adequa te data are 3\r"a ilabll' for on ly a small
percl'nta~e or aq ua tic spl.'Cic..'S, a nd addi tio na l research is
nCCl"Ssary. T herma l rc:"istance infurmation sho uld be
ulnainl.'u locally for crit ica l an 'as to accuu nt for simul-

cha rze cha nnels. This red uc t ion of maximum temperatures
wou ld no t p recl ud e U~~ of slit.:: h tly wa rmed a reas as si tes for
in tense winu-r Iislu-rics.

T his considera tion may he important in some reai ons a t
tim es other than in winter . T he G rea r Lak es, for example,
art' sUs<'(' Ju ibll' In ra pid r-hantn-s in elevation of the thermo
d int, in summe r \vhic h ma y ind uct' rapid decreases in
shon'line' u-mpcratures . Fish acc lima ted to except iona lly
hiuh n -mpcra turr-s in di scharuc ca nals may he killed ur
sr-ve-relv stressed withou t ('han~('s in pO"'('r pla nt opera 
tion.. (Robinson 196H).111 Such n-...:iuns should ta ke spec ia l
noll' o f th is pns....ibilitv.

Some numer ical va lues for acclima t ion temperatures a nd
lower limit s of tolerance ran ees {lower inci pient let hal
h 'mpl'r ;lI11rt '..) art' uivr -n ill ;\ ppt'nd ix 11- C , ( Itlu-r data 111\1..t
hc..~ provided hy further res ea rch. There arc no adequate

~ dn ta ava ilable with which to estimate a sa fctv factor fur no

\
strc-s front co ld shoc ks, Experiment- cu rrcn tlv in prozrcss,
however. SlH!t:e:,t th at channel ca ttish firun-rlinus a rc mure
su-c cp tibh- to pre dat ion after lx-inc cooled more th an 5 to
6 C rCou ta nt, unJmbli ,It"J dala), l:'

TIll' clfec ts of limiting icc form at ion in lak es a nd rivers
shou ld he careful ly observed. T his aspect of max imum
winter tempera tures is a ppa ren t, ahhouuh (here is insut fi
cicnt evidence to esti ma te its importa nce,

Recommendation

Important species should be protected if the
maximum weekly average temperature durlng 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 suet. species above
the normal ambient water temperatures for that
season, and the criterion for short-term exposures
is not exceeded. This recommendation applies es
pecially to locations where organisms may be at
tracted from the receiving water and subjected to
rapid thermal drop, as in the low velociry areas of
water diversions (intake or discharge), canals, and
mixinll zones.

SHORT-TERM EXPOSURE TO EXTREME TEMPERATURE

Tu pro tect aqua tic lire and yet allO\.., o the r u sc...'S of th e
wa ter, it is c..."Ssential to know Ihe lenQ'ths of time of!:anism'\
ca n :,uf\'i\'e ('xtreme tempc ra tures (Le" tonperatures th at
exc c.'cd the 7-day inci pien t leth al temperature !. Both
natural ell\,ironm('n ts a nd p<>w('r plant cooli ng systl'ms ea n
briefly reach tc..'mperature ext remes (bo th upper an d lower )
withuut a ppa ren t de trimenta l etTect to Ihe aquatic life
(f ry 1951;'" Becker et a l. 19i1 )0'"

T he len~th uf lime th at 50 per cen t of a population will
su(\· i\'(~ tcmperature a bove the incipient lethal temperature

lou {time } = a+ h (tcm p.) (Eqtltl/ion 2)
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Recommendation

Values for a and b at the appropriate acclimation
temperature for some species can be obtained from
Appendix n-e or through addilional research it
necessary data are not available. This recommen-

muco us pre sence of toxicants or other debilitating factors,
.1 considera tion not re flected in Appendix II -C data. More
data arc available for upper lethal temperatures than for
!II\H ' I .

The resista nce t ime eq uat ion, Equa tion 2, can he
il'arranged to incorporat e the 2 C mar cin of ~a rcty and also
'II define cond itions for survi val (right side of the equa tion
!t' :"S tha n ur equa l to I) as follows:

Un less there is justifiable reason to believe it
unnecessary for maintenance of populations of a
species. the rll1ht side of Equation 3 for that
species should not be allowed to increase above
unity when the temperature exceeds the Incipient
lethal temperature minus 2 C :

1 > time
- IOla- ' iu'CfI P. ,.:lj

,..,,
I

!
T hc seq ue nce of events n-la tinu to ~onad c rowtb a nd

ga mete ma tura t ion, spa wnina migration, release of camc tes ,
development of ti ll' cgt: a nd cmhrvo. and commencement
of independent fcedi nv rep resent s one of the most co mplex
phenomena in nat ure.. both for ti-h (Brett 1970p :;:; a nd
inverte bra tes (Kinne 1 97U ),:~4 T hl"sl' events a rc eencral lv
the most tlu-rma llv sensitive of a ll lifl" staecs . Othe r environ
mental factors, such as light a nd sa linity, often seasona l in
na ture, can a lso profoundly a lft'c t the response tu tempera
ture (, , 'k he 196H),:t!3Till' uencrnl phvsi ulouical sta te of the
onmnisms rc.g, l'nl' rt:y reserves}, which is a n int euration of
previous history. has a strong effe ct on reproducti ve poten
t ia l (Kinne 1970 ).:94 T he erra tic sequence of failures a nd
SUCCl."Sses of di ffere nt yea r classes uf lake fish a ttest s to the
unrelia bility of natural cond itions for prcv id inu optimum
rep roduct ion,

Abnormal, sho rt-term tem perat ure fluctuations a ppea r to
be of grea test sign ificance in reduced prod uc tion of juvenile
fish and invertebra tes (Kinne. 1963)." :' Such th ermal
fluctuat ion s ca n be a prominen t co nseque nce of wa te r usc
as in hydroelect ric power (ra pid cha nges in river flow ra tes),
th ermal electric pow er (therma l di scharges a t tlu ctua tina
power levels). navigation (irregu la r lock releases), a nd
ir rigat ion (irregula r water diversions and wasteway re
leases). Jaske and Svnoground (I9iO)'" have documented
such temperatu re changes du e to int eract ing thermal and
hydroelec tric di scharges on the Co lum bia River .

Tolerable lim its or va riat ions of temperature change
throughout development, a nd par ticul arl y a t the most
sensit ive life stages, d iffer amon g spec ies. There is no
adequa te summa ry of data on such ther mal requirements
for successful rep roducti on , T he data arc sca tt ered th rough
many years of na tural history observations (however, see
Brcdcr a nd Rosen 19662:>11 for a recent compilation of some
data : a lso see T a ble 111-1 3). High pri or ity mu st be assigned
to sum ma rizing existin g- information a nd obtaininc that
which is lack ing.

Uniform elevations of temperature by a few degrees
during the spawning period, whil e maintaining short -term
temperature cycles and seaso na l thermal patterns, appear
to ha ve little overall effect on the reproduct ive cycle of
resident aqua tic species , other than to adva nce the timing
for spring spa wners or delay it for fall spawners. Such shifts
arc often seen in nature, althoug h no quantitat ive measure
ments of re prod uctive SUCCl.OSS have been mad e in this
connec tion. For exam ple. th riving population s of man y
fishes occur in diverse streams of th e T ennessee Valley in
which the date of the spawning tempera lu re may vary in a

REPRODUCTION AND DEVELOPMENT

dalion 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.

( Equlllirm J )
time

I ~ -- - - -
1Of:a+lou .."" • .+ : 1)

Low levels of mortalit y of some aquatic organ isms arc not
.:' ·{"(·ssarily detrimental to ecosystem s, beca use perm issible
,o:orta lity levels ca n he esta blished . T his is how fishin u or
-bellfisbinu acrivit ies a n' man aged. Manv sta tes a nd int er
..arional auenclcs have establ ished elaborate systems fur
>.·rtim! a n a llowa ble rate uf mortality (for spurt and cu m
nu-rri a l fi-h) in orde r to assure need ed reprodu ction a nd
-urviva l. (T his shou ld nut imply. however, th at a form of
pollu t ion should he a llowed to take the ent ire ha rvcstnble
vicld .} \,'arm discharae wat er from a power plant may
-urlicientlv stimula te reprodu ct ion of some oru anisms (e,g"
zoopla nkton l. such that th ose killed during pa ssace throu gh
the maxi ma lly hea ted a reas arc replaced with in a few hou rs,
and no im pact of th e mortalities can be found in the open
-vatcr iChurchill a nd Wojtalik 1969 :' " Heinle 1969).' "
On th e other hand. Jensen \ 19i1 )'" calculated that even
rive percent additional mo rtality of O-a~e brook tr out
iSIl II,'r1inusj on/;nalis) decreased the yield of th e trout fisher y,
and 50 per cent additional mortality would, theoretically,
cause ex tinct ion of the population, O bviously, there ca n be
nu adequate g-cnerali za tion concerning th e impact of short
term effects on entire ecosystems, for each case will be
somewha t d ifferent, Future research must be d irect ed
towa rd determining- the effect s of local temperature stresses
un po pulation dynamics. A com plete discussion will not be
a ttem pted here, C riteria for complete short-term prot ection
ma y not always be necessary a nd should be a pplied with a n
adequa te understanding of local conditions,
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TABLE l11-IJ-Spau.'fIinse Requirements oj Some FiJh . A"onted in Ascendi"! Order oj Spa,,'" ;", Temperatures
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riven year by 22 to (,5 days. Exa mina tion of the litera ture
·!Iows that shifts in spawnina dates by nearly one month
.Ire common in natural waters th rouch out the L".5 . Pupu la
::uns of some species a t the souther n limi ts of their dis
. rihu tion arc exceptions, I...-. ~ •• the lake white fish (Cur,.,~o r. :I )

.,'·'I'" Ijflrmii) in Lake Eric that require a prulonecd, cold
incu ba tion period (La wler 1965)":w and species -uch 3 __

~'- C ' Il()W perch (P, rcaJlaln(fn ~ ) that requi re a lon~ chill period
for I 'C~ mat urati on prior In spawning (j ones . unl'lIbli' ;:r'd
·Iflf a) .:t!-;

This biological plasticit y sU gl;('~ I S tha t the annual spring
ri-c. or fa ll drop. in temperature might !'afdy he advanced
(or dela yed ) hy nearly onc month in many regions. as lone
as 1I11~ thermal requi rement s that a rc neces sary for micra
tion, spaw ning. and other ac ivities arc not elimina ted and
thc necessary chill periods, ma tura tion times, or incu ba tion
periods a rc preserved for imp ort ant species. Prod uc tion of
food organisms ma y advance in a similar way , with litt le
d isruption uf food chains, alt hough there is lillie evidence to
support th is assum ption (but see Coutant 1968 ;:6;' Coutant
a nd Steele 1968 ;' :1 a nd Xebcker 1971).'" The process is
simila r 10 th c lat itudinal differences within the range of a
given species.

Uh!: hly mobile species that depend upon tem perature
synchrony arnonq widel y dilTc:rcnt regions or environ ments
for various phases of the reproduct ive or rea rinu cycle (c.u.,
a nad rornous sa lrnonids or aqua tic insects) could he faced
with dan qers of d is-svnchronv if one a rea is warmed, hut
another is not. Poor long-term SUCCl.~S uf one yt"ar class of
Fra ser River tBrit ish Colum bia } soc keye sa lmon « (}n((jf;~ l na

chus I1tTka) was attributed to early (a nd highly successfu l)
fry production and emiqrarion during an a bnorma lly warm
summe r followed hy unsuccee..ful, prema ture feed inu
act ivity in the cold and still unproduct ive es tun r v (Vernon
I!J5B).:t..o:: Anadromo us species arc a ble, in some cases , (see
studi es uf eulachon ( "/ i/tJ/r;t"iIII!J'J I'llt"ifi~ 'tu) by Smith an d

Saa lfeld 1955pH to mod ify their mizrations an d spawning
to coincide with the proper temperatures whenever a nd
wherever they occu r.

Rat es of embryonic development that could lead to pre
ma ture hat ching a rc de ter min ed by temperatures of the
microhabitat of the embryo. Tempera tu res of the micro
habita t ma y be quite di fferent from those of the rem ai nder
of the wa tcrbodv. For exam ple, a therma l effluent at the
tem pera tu re of max imu m water de nsity (a pproxima tely
-I- C) ran sink in a lake whose surface water tempera tu re
is colder (Hoglund a nel Spiga rclli, 19 i 2 ) .:9!l I ncu batin g
c~gs of such species as lake trout (Sa/u lilluJ nama.rrus!t) a nd
va rious con-uonids on the lake botto m ma y be intermittently
exposed (U tem pera ture- warmer than normal. Hatching
ma y be advanc ed to dat es that are too early for surviva l of
the fry in thei r nursery a reas. Hog lund and Spigarelli
19i 2,":9iJ usim; temperature data from a sinking plume in
Lake ~ lich igan . theor ized that if lake herring (Corrgonus
arldii) eggs had been incubated at the locat ion of one 01
their tem pera tu re sensors, the fry would have ha tched
seven days ea rly. Therma l lim itat ions mu st, therefore, a pply
at the proper location for the particular species or life stage
to be protected.

Recommendations

After their specific limitini temperatures and
exposure times have been determined by studies
tailored to local condit ions, the reproductive ac
ti vity of selected species will be protected in areas
whe re:
• periods required for gonad growth and gamete

maturation are preserved :
• no temperature dilTeren t ials are crea ted that

block spawning migrarlons, a lt hough som e delay
or adva ncemen t of rlming based upon local con
ditions may be tole ra ted ;
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• tem pera tures are not raised to a level at which
necessary spawnIna or Incuba tion temperatures
of wlnter-spawnlna species cannot occur;

• sharp temperature ch anges are not Induced in
spawning areas, either In m l:lina zones or In
mixed wa ter bodies (the thermal and aeoaraphic
limi ts to such changes will be dependent upon
local requirements of species, Including the
spawnl na m icrohabitat, e.g., bottom aravels,
li ttoral zone, and surface strata) ;

• ti ml nA of reproductive even ts Is no t a ltered to
the extent that synchrony Is broken where repro
duction or rearing of certain life stages Is shown
to be dependent upon cyclic food sources or other
factors at remote locations.

• normal patterns of aradual temperature changes
throughout the year are maintained.

These requirements should su persede a ll others
durtng ti mes when they apply.

CHANGES IN STRUCTURE OF AQUATIC COMMUNITIES

Significant change in temperature or in thermal pa tterns
over a period of time ma y cause some cha nge in the corn
position of aqua tic communit ies (i.e., the species represent ed
and the numbers of ind ividuals in each species). This has
been doc umented by field studies at power plants (T rem bley
1956-1 960)'" a nd by laboratory investigations (:\ lc l ntyre
1968).'" Allowing tempera ture chan ges to a lter significa ntly
the community structure in na tural wa ters may be det ri
mental , even though species of direct importan ce to man
are not elim inated.

T he limits of a llowa ble cha nge in species diversity due to
tem perature changes should not differ from those applicable
to any othe r pollu tant. T his genera l topic is treated in
detail. in reviews by others (Brookhaven Nationa l Lab.
1969)' " and is d iscussed in Appendix I1- B, Communit y
St ructure and Diversity Indices, p. 408.

NUISANCE ORGANISMS

Alteration of aquatic communities by the addition of heat
ma y occas iona lly result in growths of nuisance orga nisms
provid ed that other environme ntal conditions essential to
such growths (e.g., nutrien ts) exist. Poltoracka (1968)m
documented the growth stimulation of plankton in an
a rti ficiall y hea ted sma ll lake ; T rem bley (1965"') re 
ported dense growths of a ttached algae in the d ischarge
canal and sha llow d ischa rqe plume of a power station (where
the aluae broke 10000e period icall y releasing decomposing
org-anic ma tter to the receiving water ). Other insta nces of
algal growths in effluent cha nnels of power stations were
reviewed ;.,. Couta nt (l 97Oc).'"

Ch an ced therma l patterns (e.g. , in stratified lakes) ma y
grea tly alter the seasonal ap pearances of nu isan ce a lgal

Hea, and T",,!'"alurtiI65

growths even though the temperature changes are induced
by altered circulation pa tt ern s (e.g ., artificial destratifica
tion). Dense growths of pla nkton have been retarded in
some instances and stimulated in ot hers (Fast 1968 ;:u and
unpublished data 1971).'"

Da ta on tem perature limits or thermal d istributions in
whic h nuisance growths will be produced are no t presen tly
available due in pa rt to the com plex interact ions with other
growth stimulants. There is not sufficient evidence to say
that any tem pera tu re increase will necessarily result in
increased nu isance organisms. Ca reful evaluation of local
cond itions i~ required for any reasona ble prediction of
effect .

aecommendation

Nuisance arowths of organisms may develop
where there are Increases In temperature or alter
ations of the tem poral or spa t ia l distribution of
heat in water. There should be careful evaluation
of all factors contrtburlng to nuisance arowths at
any si te before establishment of thermal limits
based upon this response, and temperature limits
should be set in conjunction with restrictions on
other factors (see the d iscussion of Eutrophication
and Nutrients In Section I) .

CONCLUSIONS

Rec ommendations for temperature limits to protect
aquatic life consist of the following two upper limits for any
time of the year (Figure 111- 6).

1. One limit con sists of a maximum weekl y average
temperature that :

(a) in the wa rme r months (e.g., April th rou gh
October in the Nort h, a nd March through
November in the Sou th) is one th ird of the range
between the optimum tempera tur e a nd the
ult ima te upper incipient lethal temperature for the
most sensitive important species (or appropriate
life stage) that is norma lly found at tha t location at
th at tim e : or

(b) in the cooler mon ths (e.g ., mid-O ctober to mid
Apri l in the North, and December to Feb ruary in
the Sout h) is that elevated temperature from which
important species d ie when that elevated tem
peratu re is suddenly dropped to th e normal
ambien t tempe ra ture, with the limit being the
acclimation tem perature (minus a 2 C safety
factor), whe n the lower incipient lethal tem pera
ture equals the norma l ambient wa ter temperature
(in some regions this lim it ma y also be a pplicable
in summer) ; or

(c) during reproduction seasons (genera lly April-June
a nd September-October in the Nort h, and Ma rch 
Ma y and Oc tober-November in the Sout h) is that
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A hypo thetical electric power sta tion using lake wat er for
cooling is illustra ted as a typica l exa mple in Figu re 111-7.
This discussion concerns the ap plica tion of therma l criteria
to this typical situa tion.

The size of the power sta tion is 1,000 megawat ts elect ric
(l\l W.) if nu clear, or 1,700 M w, if fossil-fueled (oil, coal,
gas) ; and it releases 6.8 billion British Thermal Units
(BTl;) per hour to the aqua tic environment. This size is
representative of power sta tions currently being insta lled .
T emperature rise at the co ndensers woul d be 20 F with
coolin g wat er flo wing a t the rate of 1,520 cu bic feet / second
(fl' /see) or 682,000 gallons/ minute. Flow could be in
crea sed to reduce temperature rise.

T he schema tic Figure 111 -7 is d ra wn with two alternative
discharge arra ngements to illustrate the extent to wh ich
design features affect thermal impacts upon aqua tic life

USE OF TEMPERATURE CRITERIA

A nnua l Calendar
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30

Loca l requ irements for reproduction should su persede
all o the r requirem ents wh en they arc a pplicable. Detail ed
ecologica l a na lysis of both na tura l and man-modified
aquati c environment s is necessar y to ascertain wh en the se
requirements should apply.

l 66 j Stction Ill-r-Fresturata Aquatic l.ift and Wildlift

rime

tem perature that meets specific site requirements
for successfu l migrat ion, spawning, egg incu ba tion,
fry rca rinc, and other reproduct ive functions of
important species; or

(d) a t a specific site is found necessar y to preserv e
normal species diversity or preven t undes ira ble
growths of nuisan ce orga nisms.

2. The second limit is the tim e-d ependent maximum
temperature for short exposures as give n by the species
specific equ ation :
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" 'arm conden ser water ca n be carried from the sta tion It)

the la ke by (3) .1 pipe.'carrvinc water a t a hiuh Am..' veloci ty
or th) a ca na l in wh ich the ,..'a rm wat er flows slowly. There
is little coo ling in a ca nal. as measur em ent s at several
exi-airu; power sta tions have ..he wn. Wa u-r can he relea sed
to the lak e hv using a ny uf severa l combinations of wa ter
vclocitv a nd volume Ii.c., number uf ou tle ts! or out let
d imensions a nd loca tion s. T hese dcsiu n feat ures la ruclv
dete rmine the co nfieura tio n of the th ermal plumes illu s
rrnted in Figure 111 -7 rcsul tinu from eit her rapid dilution
..vith lake wan-r or from slow release as a su rface layl' r. The
;...o therm s were placed accordinu to l"Ompuh'r simula t ion
of ther mal dischnrue... (Pritchard 197 1) ~ 1: a nd rep res ent a
cond ition wi th out la ke cu rren t.. to aid mixing.

Exact confiqurmion of an ac tua l plume- depends u pon
ma ny fact or ... t-ome of whic h chnnm- -caso na llv or eve n
hourly) suc h as local patterns of currents, wind, an d bot tom
a nd shore topouraphv,

Analytical Slep.

Perspect ive of th e or eanisms in the wa ter bodv and of the
pertine nt nou-biolouical co nsiderat ions tchcmica l, hy
drological. hydrau lic) is an essential bce inninc . T his
perspective requi res a ce rtai n a moun t of liu-ra ture surn"y
or on site ...rud y if the informa tio n is not well know n. Two
steps arc pa rtic ula rly important :

I. ide ntification of the importa nt speci es and co m 
mu nity (prima ry production. ...pecies diversitv, t·IC.) tha t a rc
relevant to this site : and

2. determination of life patterns of th e important species
(seasona l distrihution, migrat ions. :'ipawning area..., nUNery
and rearing an·a.... sites of commercial o r spo rt lisht'rilos ).
This informatiu n should include as much :;opt."C ific in forma·
tion on ther ma l req uirl'ments as it is possihle to ohtain
from th e literat u re.

Other steps rel at e th e life pa tte rns a nd t.'n\'ironmc nta l
requirements of Ihe bio ta tu th e scurCl'S of potentiallherma l
dama~c from th e powt~r planl. These ...ICps can be ide nt ilil"d
wi lh specific a rea s in Fil{ure 111- 7.

Aquatic Areas Sensitive to Temperature Change

Five prin cipa l areas offe r potentia l for hiolo~ical damag-e
from th ennal cham::c~. la hell'l i ;\-E on Fit!url' 111- 7. (T hl're
a re olher area", a~s()ci a trd with rnl"Chanical or chemkal
effects tha i cannot be trea ted here; see the index.)

Area A The coolin~ walt°r as it pas"t's Ihrou~h th e intake~

inl ake piping CAl), conden:,ers. di~harg:e pipim:
(A~) or ca na l (o'\':!), a nd Ihermal plume ('-\ 1 or
A', ), carryin~ with it sma ll o rl{anisllls (:;ouch a s
ph ytoplankton. :luuplankton~ in \,t'rll'lJra te laf\·ac.
and fish l't:t;!I o r laf\'ae). Or~anisllls receive a
th ermal shock to lite full 20 F a hove ambien t
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tem perature with a duration th a t d epends upon
th e rate of WOl ler now and th e tempera ture drop
in the plume.

Area B " 'a ler of the plume alone tha t entrain.. huth
... ma ll a nd latuer of!~a nism~ {includ inu ..mall fish)
as it i .. diluted IH or 8 '). Orcani..ms rec eive
th erma l ..hock s from temperatures ranainc from
the di scha rge to the ambient temperature. de
pen dinu up nn whe re thcv a re en trai ned .

Area C Bent hic environmen t wlu-rc bottom orua ni...rns
(iuc lud inu fish l·t!gS) can In- heat ed chronica lly or
pc ricdica llv by the rlu-rma l plume (C or C:' ) .

Area [) The !Oli~htly warmed mixed wnn-r hod y Cur larue
!'ot"C: lllt'll( of it ) where nll onm ui..ms t'xpt' rit'netOa
~1 it.:I l1 ly warmer averaue tempera ture ( D ).

Ar ea E The di'l'ha rgc.~ ca na l in wh ich rc- idcn t or "t·a:'em.]I
popula tions rc..ide a t abnormallv hiuh n-m pcra 
tun-s 1[, ) .

Cooling Waf.r Entrainment

It is no t adequate to consider on ly therm al criteria for
'\,..ater bod ie... alone when la rue nu mbers of aqua tic or ua ni...ms
may he pumped rhr ouuh a power plant. Tlu- probabilitv
of a n o rga nism bciuu pumped rhroueh will depend up on
th e ra tio of the vol ume of ccoli ne wa ter in th e plan t to the
volume in IIw lake (or 10 the volume pas..inq th e plant in a
river or tidal fresh wa terl . Tidal environments Ibo rh
Ircshvva tcr a nd sa line ) oiler ercat cr potential for en train
rnen t than is a ppa n-m, since the sa me wa ter mass wi ll
move hack and fo rth pa st the plant man y rimes during the
lifetime of pclauic n°:,idence time of most or!Za ni$m~.

Thermal slux'k:; thai could he l·xpt.·rit·nced hy on:::anisms
entra ined at Ihe hypothetica l powt'r ...Iation arc ..hown in
Fi~'Urc I II - ll .

De trimental clfce ts of thcrmall-xposu res fl'cci\'cd durin~

cntrainml'n t can Ix.' j udged by usi n~ IIll' follO\\Oing equation
for short· lerm CXPOSUf(."s 10 ext reme tempera tun's:

Va luc.·s for a and h in thc c.'C] ualion for Ihe ...pl"Cilos of aC] uatic
o~anisms that arc likely tu Ill-' pumpt.·d wil h cooling wa tt.·r
may he obta inl"d from ;\ ppl'nd ix II , or thl' da ta ma y he
ohtained u:'iingthe met hods uf Hrctt l I952 }.::·:T hc pft· ....ailing
in ta ke tl'mpl'ralure would determine lhe acclimalion
tempera tUft.' t o bl' :~t'1l'r1 l'd from the ta ble.

For t.-xa mple. jU\:t'nill' lan::emouth ha!'s rna)' freq uent Ihe
ncar·~hore wattOrs of Ihis 100ke a nd bl- drawn int o thl" intakt~ o

To determint~ whethcr the hypolhetica l Iht.·nna l di "Chan;::N
( Fi~u ft.· 111 - 7) wou ld he d("trimcnta l for jU\'l'n ile hass. th e
followi ng analysis ca n he made (a ssuming, for exam ple.
tha t Ihe la ke is in " oio;con sin where Ihese hasic data for bass
a re availa ble) :

CrihTioli for jUH'n ilt· hass t ~" iscullsin ) whl'n in take



Heat and T rmp(1a,urt / 169

"C"'".I1

,.

"

("... n.l"n... ,

r ,p l"C '"

limt .\ lI n lmll ..l ll t ..un c lh n .)

;\1.... dlC'd ..II.... C... .II .. nl 19 , 0..;,..'"

FIGURE 111-8-Time Course oj Temperature Chante in Cooling Water PaJSin£ Through the £Sample Power Station with
TM'O Alternate Dischars:el. The Canal Is A.r.rumed to Flou: at a Rate of J Fr. Per Sec .

60

temperature (accl ima tion) is 70 F (2 1.11 C). (Da ta
from Appendix II-C).

time

Canal

Criterion applied to entrainme nt to end of discharge
can al (d ischarge tem pera ture is 70 F plus the 20 decree
rise in the con den sers or 90 F (32.22 C) . T he ther mal
plume would provide additional exposure abo ve the
lethal threshold , minus 2 C (29.5 C or 85 .1 F) of more
than four hours.

I~ IOIU .2U!t- o.u u cn .:: +-: 11

I ~8.1 5

Conclusion:

Juvenile bass would not survive to the end of the
d ischar ge canal.

Dilution

Criterion applied (Q entra inment in the system em-

46

playing rapid dilution.

I > 1.2
IOIJ4 .n u-o.n u(n.::+: .OH

I> !2.
- 7.36

Travel lime in piping lO discharge is assumed to be
I rnin., a nd tempera tu...: drop to below the lethal
thresho ld minus 2 C (29.5 C or 85. 1 F) is about 10 sec.
(Pritcha rd . 1971 ).'"

Conclusion

Juvenile bass would survive this thermal expo sure:

1~0.1 630

By using the equation in the followin g form,

lo~ (lime) =a+b (tem p.+ 2)

the length of lime Ihal bass could barely survive the
expected temperature rise could be calcul ated. thus
allowing- selection of an appropriate discharge: system .
For example:

loa (rime) = 34.3&19-0 .9789 (34.22)
lou (time) = 0.8669

rime =7.36
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Entrainment in the Plume

In this case, the bass would not su rvive thrcuah the first
IS-minute period. In other such ca lcu la tions, several steps
would have to be summed before unit y was reached Of not
reached , the plu me would not be den-iment al ).

Bo"om Orgonisms Impaded by the Plume

Bottom communities of invertebrat es. aleae, rooted
aqua tic pla nts, and many incuhat inc fish eq~s can be
exposed to warm plume water. particularly in sha llow
environments. In some circumsta nces the warming ca n he
continuous. in others it can he inte rmittent du e to cha nces
in plume confiuura tion with chan ges in cu rrents, winds.-or
o ther factors . C lea rly a thermal plume that strat ifies and
occupies only the upper pa rt of the water column will have
least effect on bottom biota .

Several a pproaches are useful in eva lua ting effec ts on the
cornrnunirv. Some have pred ictive capabili ty. wh ile others
are suitable lan;ely for iden tifying effects a fter they ha ve
occurred. The cr iterion for short-term exposures identi fied
relatively brief period s of detrimental hiah temperatures.
In stead of the organism passing through zones of elevated
temperatures. as in the previous exa m ples, the orga nism is
sed entary, a nd the thermal pu lse passes over it . De\'(:-Iupin~

fish e~gs may be very sensitive to such cb anees. A brief
pul se of high temperature that kills lar ge number s of orga
nisms may affect a bottom a rea for time periods far lonuer
than the imm edi ate exposure tim e. Repeat ed sublet ha l ex
posures ma y a lso he detrimental, a lthough the process is
more complex th an stra ight..for ward summation . .\ nah'sis
of sinele exposu res proceed s exactly as described for plum e
entrai nme nt.

The criterion for prolonged exposures is more ~enerally

a pplica ble. The max imum tolera ble weekly ave rage tem
pera ture ma y be determined by the organ isms present a nd
the phase of thei r life cycle. In ~lay. for exam ple. the
maximum heat tolerance temperature for the community
ma y be dete rm ined by incubat inc fish l'~~S or fish fry on the
bottom . In July it may be d etermined by the imp ort ant
resident invertebra te speck-s. ;\ well-de-i uncd thermal di s
cha rge should not require an extensive mixin g l one where
these criter ia arc exempted . Speci al criteria for reproductiv e
proces ses ma y have to he applied. a lthough thermal d is-

temperature, The number of orga nisms affected to some
d eg ree rna)' be si~nificamly greater th an the num be rs
actual ly pumped through the plant. T he route of maximum
thermal exposure for each plume is indicated in Figure
III-i hy a dashed line. This route should be a na lyzed to
determ ine the ma ximum reproducibl e effect.

Detrimental effect s of these exposures ca n a lso be judged
by usin~ th e criterion for short..term exposures to extrem e
temperatures . T he a na lytica l ste ps were outlined a bove for
cstimatlna the effec rs on uma ni sms tha t pass thruuu h the
therma l plume portions of the entrainment thermal pa ttern.
T here would have been no mortalities of the la rgemouth
bass from entra inment in the plum e with rapid dil ution. due
to the short dura tio n of exposure ta bou t ItJ seconds )..\ ny
bass that were en trai ned in the near-shor e portions of the
laraer plume. a nd remained in it. would have died in less

than 15 m inutes .

time..
IO I :& - b\ l~n p .n. :! 1 1

rim e..+ . + ...
IO'· ..h t ' e l.l l. . .... :!I I

rime,

Orcanisms mixed with the thermal plume durinc d ilut ion
will a lso receive thermal shoc ks, ulth ouuh the max imum
temperatures will !-:enera lly be k-ss than the di scharge

:. 7

T his wou ld he about 1_325 feet of canal flowint: at
3 ft / «:e.

It is a pparent that a lon g: discharue canal, a nonr ecircu
b ring coolin g: pond, a verv lone offsho re cine. Of del aved
dilution in a mixing: zone (~~Ich as the one promot ing: surface
('IKJlinq) cou ld prolong the dura tion of exposu re of pu m ped
' lI~a n isms a nd therehv increase the Iiketihood of dam age to
IIH'm. Precise information on the travel times of the coolinc
water in the discha rge system is need ed to conduct thi s
ana lysis.

T he ca lcu lat ions hav e" ien ored changing tempera tures in
:hc therma l plume. because the ca nal a lone was lethal . and
n ).o ling: in the plu me with rapid dilution was so rapid th at
thl"additional exposure was only for 10 seconds (assumed to
he: at the dischante tem perat ure the whole tim e). There
may he other circumstances under wh ich the ctfect of
decrea sinc exposure temperature in the plume may he
'If in tc n-st ,

Et fl'CB of ("h ,it n~inq tem peratures in the plume can he
estima ted hy su mmi nu th e effec ts of incremental expos ures
for short time periods (Fry e t a1. 1 946~ "1). For example. th e
surface cco linc plu me of Fiaures 111-7 a nd III -II could be
conside red to be composed of severa l short time spa ns, each
with a n ave rage tem perature, until the temperature had
dropped to the upper lethal thrr-shold minus 2 C for the
ju venil e bass. Each time per iod would be ca lculated as if
it were a sinqle exposure, an d the ca lcula ted values for a ll
rime periods would be summed a nd compa red with un ity,
as follows:

The su rface cooli ng plume of Figu re 111- 6 (exclusive of
the ca nal) could he considered Co consist of 15 min at
B9.7 F (32.06 C). 15 min a t 89.2 F (3 1.i B Ci. 15 min a t
BB.7 F (3 1.4 C ). 15 min a t IIB.2 F (3 1.22 C) . 15 min at
B7.B F (3 1.00 C). until th e leth al threshold for 70 F acclirna
tiun minus 2 C (1l5. 1 F) was reached. The calculation would
proc eed as foll ows :
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charzes shou ld be locat ed so that zones importa nt for
rcprod uction -e-miqrat ion, spawn ing, incu ba rion-c-nre not
used .

C riteria for species diversity prov ide a usefu l tool for
idemifvinc effec ts of therm a l chances a fter they have
occ u rred, part icu larl y the effects of su btle changes tha t are
a result of co m munity int erac tions rather th an physiological
res ponses hy one or more major species. Further researc h
ma y ide ntify cri tica l temperat ures or seq uences of tem
pera ture cha nces tha t cannot be exceede d a nd ma y thereby
provide a pred ictive capa bili ty as well. (Sec Appendix
11- 8 .)

Mixed Water Body (or major region thereof)

T his is the rca ion most commo nly considered in es
tablishinz wa ter qu ali ty sta ndards, for it generally includes
the major a re-a of th e wa ter bodv. Here the re-sults of the rm a l
add it ions a rc observed as small temperature increases over a
lar ue a rea (instead of high temperatures locally at the d is
cha rge poi nt ], a nd a ll heat sources bec ome integra ted into
the norma l a nn ua l tem perat ure cycle (F igu re 111 - 0 and
Fieu rc III- i insert).

Detrimen tal high tem pera tures in th is a rea (o r parts of
it) a rc defined hy the criteria for ma ximum temperatures
for prolonged exposu re (wa rm a nd cool months) for the
most sensit ive species or life stage occurring there, at each
time of yea r, and hy the criteria for reproduction .

For example, in the la ke with the hypot het ical power
sta tion, there ma y be 40 princip a l fi:-h spec ies, of which ha lf
arc considered im portan t. T hese species have spawning
tem pera tures ranuinu from 5 10 6 C for th e sauaer (.,'t ;;:,o

stediun (anadenJ' ) to 26. 7 C for the spotted bu llhead t Inoturus
sermcamhnsv. They a lso have a sim ila r ra nge of tem peratures

. required for l-qg incubation. and a ra nee of max imu m
tempera tures for prc lonecd CXPOSUfl-S of juveniles a nd
ad ult s. T he requ irem ent s, howeve r. may be met a ny time
within no rmal t ime spa ns, such as J anuary I to 24 for sauger
spawning, a nd ~Iarch 25 to April 29 for smallmou th bass
spawn ing. M axim um tem peratures for prolongcd exposures

HEAT AND TEMPERATURE

Ufl Allen . K . o . :md K . xu-awn (I 'IlIU), 1I" <lt tolera nce or cha n nel
e-:Jtfish 1i"",b. ·'H /, ll1I t ftl f !lf . in l 'r"Cu ,/i " E! f "I th, ~llt " "m/fll om.
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Heat and T ,mptMI"" / \ 7.\

m ay inc rease steadi lv throu ghout a spring period. T o
pred ict effects of thermal d ischarges the pertinen t tempera
tures for re productive activities and ma ximu m temperatura
for each life staqe ca n be plotted over a 12·month period
such as shown in Fig. I] 1- 6. A ma ximum an nua l tem pera
ture curve ca n beco me appa rent when sufficient biologica l
dat a are available . Mount (1970)'" gives an example of
this type of an alysis.

Discharge Canal

Ca na ls or ernbavment s tha t carry nearly undilu ted
cond enser cooling water ca n develop bio logica l co mmuni ties
that are a typica l of norm al seasona l com munities . I nterest
in these a reas does not gene ra lly de rive from concern for a
balan~ed ecosystem, but rat her from effects th a t the a ltered
communities ca n have on the entire aqua tic ecosystem.

The genera l criteria for nu isanc e orga nisms ma y be
a pp lica ble, In the discharge ca nal s of some existing power
sta tion!', extensive ma ts of temperature-to lera nt blue-green
a lgae grow and period icall y break away, adding a decem
posine oraan ic matter to the nearby shorelines.

T he winter cri terion for ma ximum tem pera tu res for
prolonged .exposures identifies the po tenti al for fish kills due
to rapid decreases in temperatu re . During cold seasons
part icul arly, fish are a tt racted to warmer water of a n
enclosed a rea, such as a discharge ca na l. La rge nu mbers
ma y reside there for su tlicient ly long periods to beco me
meta bol ical ly accl ima ted to th e wa rm wa ter. Fo r a ny
accl imation temperatu re there is a minimum tem pera ture
10 which the spec ies ca n be cooled rapid ly and still sun..ive
{lower inc ip ient lethal temperature). These numerical
com bina tions, wh ere data a re ava ila ble, a re foun d in
App end ix II- C. T here woul d he 50 per cent mor tali ty, for
exa mple, if lar gem ou th bass acclima ted in a discharge
ca na l to 20 C. were cooled to 5.5 C or below. If normal
wint er a mbient temperature is les s than 5.5 C, then the
winter maximum should be below 20 C, perh aps nearer
15 C. If it is d itlicult to ma intain th e lower temperatures,
fish should be excluded from the a rea .
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FISH TEMPERATURE DATA

Species: Coho sa1mon, Oncorhynchus kisutch

I. Lethal threshold:

Upper

acclimation
temperature

5
10
15
20
23

5
10
15
20
23

Icrvae juvenile adult
23
24(1 ) .2l.:!+3)
24
25
25

*Acc1. temp .
0.2
2
3
5

: 6

reference'
1
l,J

nknown
1
1

II. Growth:

Optimum and
[range]

larvae juvenile

15*
{5-17l **

2
6

*un1 imited food
**dependi ng upon season

III. Reproduct ion: optimum range rnonthts)

Migration 7-16 5
Spawning 7-13 Fall 3
Incubation

and hatch 8(2 ) ?-1l(7) 2,7

accIimotion
IV. Preferred: temperature larvae juvenile adult

Winter 13 4

I References on fo llowing page.

82



Coho salmon
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FISH TEMPERATURE DATA

Species: La ke trout, Sa Zve U nus namaz(cush

acclimation
I. Lethal threshold: temperature larvae

Upper

Lo.ver

juvenile adult reference'

II. Growth:

Optimum and
[range]

III. Reproduction:

Migration
Spawning
Incubation

and hatch

larvae

optimum

B(1)

juvenile

3-1 4(3)

0.3-10(3)

month(s)

Aug- Oec( 2) ~2~.~3 __

1,3

IV. Preferred:
acclimation
temperature larvae juvenile adult

12*
8-15**

*year1ing
**age un known

4

5

, References on following page.
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Lake trout
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FISH TEMPERATURE DATA

Species: La ke whitef i sh, Coregonus aZuveaformis

acclimation
I. Lethal threshold: temperature larvae

Upper
juvenile adult reference I

II. Growth:

Optimum and
[range]

larvae juvenile

III. Reproduct ion: opt imum r~ rnonthts)

Migration
Spawning 0.5 -10 Sept-Dec 2

Incubation
and hatch 3-8 - - --

accl imation
IV. Preferred: temperature larvae juvenile adult

~ 3

*2 year old

I References on following page.
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Lake whitefish
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FISH TEMPERATURE DATA

Species: Northern pi ke, E 30::: ZU(!i U 3

2

2

reference Iadultjuvenilelarvae
25,28*

25
27
30

18

acclimation
temperature

18
32 _lL-_ _
33 --=1'----__
33** 1

*At hatch and free swimming, re spe t~iv-e1=-y-
**U1tima te i ncip i ent level- ---

3*

I. Lethal threshold:

Upper

*At hat ch and free swimming

II. Growth:

Optimum and
[range]

larvae
21

(18-26 )

juvenile
26 2

2

III. Reproduct ion: optimum ran~ montnfs)

Migration
Spawning 4(4 )-18(3 ) Feb-J une(5) 3.4.5
Incubation

and hatch 12 7-19 2

acclimation
IV. Preferred: temperature larvae juvenile adult

24,26* 6

*Grass pic kerel and musky,
re spective ly

I References on following page.
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Northern Pike
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FISH TEMPERATURE DATA

Species: Ra i nbow trout , Salina gairodneri

I. Lethal threshold:

Upper

acclimation
temperature

18
19

larvae juvenile
27

adult

21

reference'
1
2

II. Growth: larvae

Optimum and
[range] [3(8) -20 111) 1

juvenile
17- 19 5

8 . II

III. Reproduction: optimum range rnontnts)

Migration
Spawning 9( 10) 5-13 (6 ) Nov- Feb 7 6, 7, 10

Incubation "Feb - J une 7

and hatch 5- 7(9) 5-13 (4 ) 4,9

acclimation
IV. Preferred: temperature larvae juvenile adult

/lot 9iven 14 3

13-20 13- 19 II

18&24 18&22. re sp . 12

I References on following page.
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Rainbow trout
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FISH TEMPERAT URE DATA

Species: Sockeye salmon, OncorhynchuB nerka

I. Letha l threshold:
acclir.iotion

juveni le reference'temperature larvae adult

Upper 5 22
10 23
15 24
20 25

LONer 5 0
10 3
15 4
20 5
23 7

II. Growth: larvae juvenile adult

Optimum and 15(5) 15(2)* 2, 5
[range] (]0-15 ) 4

(11 -17) 7

*Max . wi th excess food

III. Reproduct ion: opt imum range rnonthfs)

Migration 7-16 4

Spawning 7-13 Fall 6

Incubation
and hatch

accl imation
IV. Preferred: temperature larvae juvenile adult

Summer 15 3

I References 0 :1 follow ing page.
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Sockeye salmon
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