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In t roduct ion 

s t u d i e s  'on , . l e tha l  ' temperature e f f e c t s  ,. and:.requirements , f o r  optimal 

,J . . 
temperatures 'Sjy ..aqiiatf @' organisms. h ~ v e  .,increased in :  t h e  \-last 'decade ..due 

\ 
. . 

i' ,to. a natib'nal .conce'rn. azout watel" qua l i ty  ,.arid .pre-serxrati.on ..of t h e  '.environ- 

. ment .: Population :growth, .demand$: f o r  e l ec t r i . ca1  energy .and t h e  , in t roduct ion 
\ 

of .-nuclear geilerated '.power have c0ntribute.d . s i g n i f  t can t ly .  t o  t h i s  concern. 

Despif e , the s igni fzcant  "increase ' i n  ..r esearch i n :  t h i s  .a rea , .  our ' ab i . l i ty% 

t o  pqedict  o r ,  assess  t h e .  b io log ica l .  cost: o r  benef i t s -  of increasing. t h e  : 

temperature of a r i ~ e r  system .t.o a . , f i  shery! resource., .  . .  o r  , t o  .;the .aquat ic  

ecosyskem' as .  a'whole. has, ' not .  been suff.ici.ently, demonstrated. . The problem 

i s  ' complex; and:while . the  .general.. e f f e c t s  of . .elevated ,temperature i n  

i n c r e a s i n g  metabolic ,rates..  and'. , oxygen . '.requirement.s ,: mo.di.fring , s e n s i t i v i t y  

.. to. . toxf c :mat.erials and ' f f  sh  d t s e a s e . ~  '.are. we13, known, t h e  ":sum of;  these  

e f f e c t s ,  , u sua l ly  i n f e r r e d  .froni laboratory..  s tudies.  ,where. death ' i s  the. 

primary +'cri ter$a, ,  o f t e n  ,coritradic;ts the-c:ontitlue.d perpetuat ion o f .  f i s h  

pophla t i  6ns fli , c e r t a i n  ' a rea3 under . :na tqa i ;  cond'itf ons,. . '  

Dams :hsv,e ' inundated .mas.$', of ::th'e ,.spawning. .grounds . in  t h e  .main :s tem. 

, o f .  t h e  Cblumbi a,, 'and- v 2 r t u a l l r .  a.11 o f . ' t he  s.almon ..spawnihg .now. occurs i n  

t r i b u t a r y  , s t f e w  , Hence, most .of t h e  adu l t  f i s h  e n t e r i  ng the  Hanford 

. . reach of the-. ~ o ~ u m b i a . ,  a& traisiierks: bdund: for :  area! upstream, A ..small 

.spawning a r e a  s t i l l .  remai'ns. :I n t h e  "only ..free-flowing s t r e t c h .  I n  .sou.';h 

c e n t r a l  Washington i,, betGeen P r i e s t  Rapids'Dam . i d  Ringold. (20 km downstream 

from:the, r e a c t o r .  areas.) : hadr~mous :  s p e d  e s  .found 5 n. *he .Hanford reach 

a r e  . chinooks., ( ~ n d o ~ h ~ a . @ h u , s  ' tshawytscha-) ,: sockeye ( 0 .  - nerka) , coho . 

(0. - kfsukch)., .;ste.elhe'ad: :(~'&Amd. gair.dneri gairdneri . )  , shad ( ~ l o s a  

sap i  dissi-ma) , :.whit.el .s turgeon . ( ~ c i . ~ . e n s e r  transmontanus ).i: .and P a c i f i c  lanprey 



( ~ a m p e t r a .  trideritata).: ,  Over t h i r t y  :o ther  s p e c i e s  o f . .  freshwater  f i s h  

have been iden t i f ' i ed  .in.. t h e   anf ford, reach. , 

The approach ' taken ..,at .'Hanford . i n  study.ing t h e  ' p o t e n t i a l  ef:fects 

of heated react 'or disch%ges' - t o  t h e  ,Co l&ia - .~ i i ea .  .has. ,involved an . 

integrated.  :prograni o f .  labora tory  and ' . f i e ld  s tud ies  in. order: t o  deveLop 
. . 

temperature,. c r i t e r i a  f o r  -the' spe.cies 'of :.concern.. :. Our: research has . ,  

emphasi,ze'd . the '  chin'ook salmon -and. t h e  ' rainbow t r o u t  '.( ~ a l m o .  gaiydneri ) 

because of t h e i r  dominant 'economic ::imp,ortance C p  commer.ci&l .and. s p o r t  

f i s h e r i e s .  .and.  t h e i r ,  sens . i t iv i ty- : to  'waim'waters . The ,chinook. salmon 

: .  .,. a r e  . o f  p a r t i c u l a r  i n t e r e s t  s ince  they- spawn.'an@-:deve:lop iFedia te ly  

above and below . t h e  react0.r d i s c h a ~ g e s  ;: as. . juveni le  fi,sh. migra te .  

- downs t reb  ;through t h e  :Hanf ord: reach..of i t h e  ,Columbia. River ; and .as  

adu l t s  r e t u r n  : t o  : spawn in ,  t h e  :Hanford: reach- or-.: pass ,as - t r a n s i e n t s  . t o  

spawn in .  t h e  :.upper. t r i b u t a r i e s  .of : the .  Columbia River: 

There' are', however, many .other complex factors.,, man-made ,and 

.nat iral . ;  that...af f e c t  . ali8. c o n t ~ p l  t h e  .perpetuat.i on. .of ..,anadromous . f i s h  

populat ions;  temperature i s  but  one of those.  For t h e  l a s t  two years 

the  program has  been coordinatedlwith t h e  U.S. Federal  Water Qua l i ty  

~ b i n i s t . r n t , i o n  a n d  .the..UdS,: ~ure.Elu. o f  ~ommekcial Fisher ies  programs. 

.under tkie.lColumbia River .Thermal' Ef fec t s  Stu.dy .Committee. 

Reactor operat ions ' and ' . r iver  temperatures. 

One of t h e  primary reasons t h a t . t h e  Hanford Reservati,on was s e l e c t e d  

f o r  ' t h e  's i ' t ing o f .  the  plutonium .p roduc t ion~reac to r s  was t h e  a v a i l a b i l i t y  . 

of . large volumes .of ' . co ld  r i v e r  .water .  i n  t h e  Columb.ia River. The r e a c t o r  

areas  are, loca ted  :along t h e  ... r i g h t  bank of t h e  r i v e r  .near the  eas te rn  

.boundary ..of t h e  '620. square. .mile.. r e se rva t ion  ( ~ i g u r e  1). A h i s t o r y  of 



t h e  operat ion .shows . . .  ' t ha t  ' t he re .  .were. a.  . . tot 'al  . of- s i x ' r e a c t o r s  +operat ing.  . . 

, p r i o r  : t o  ' 1955 ,  ei.ght 'from 195.5 ..to 1964, .and '.a m a x i m y  .of ,.nine during 

196.4, . . A t  .present. ,  there :  a r e  . orily..:two , r e a c t o h  opera t ing  ( ~ i g u r e  2) . 
A .revi.ew o f .  the '  hist 'ory of ... Colyml.i:a;.Ri.+er t.emperatur.es shows t h a t  

with .the,.  const?uction o f -  dams: .and 'mul,tiple.'water- use 1.' t h e r e  'has. been 

a reduct ion  i n  .the.'m&mum temperatures. during .the lsummer;months 3. an 

e leva t ion  i n .  t h e  minimum temperatures during t h e  wintler months, with 

ve ry .  :li t t t e  'change i n  'the.. an,nual; mean. temperatu're. ',,(.~aske ;.and Gqebel , 

l 9 6 7 )  - However, t h e  operati .on .of::,the: 'dams has ; .created- *a  s h i f t  i n  t h e  . 

; t iming :of -the...seasorial cycle '  towards, . the , l a t e r :  monthst by, lengthening . . 

t h e  time. of water pass age. A Maximum temperatures\ formerly observed i n  

. e a r l y  August '.have.'moved some 3 0 .  days; anSd .,are now..'seen i n .  e a r l y  September. 

. . with. .the..completion.:of ::dams. .on : the:.co.luqbi& .R?a@r: - in  'C,anada. t h e .  paximum-.. 

temperatures. '&e ..expected. t o .  0 c . c . ~  in.. ' . late '  September.. 

The difference. .  i n  . . r b e r  . temperatures .between' P r i e s t  Rapids, D m  

.. . ( 20. km ahove. . the. reactor:'.area). a q d . : ~ i  chland.':(.4..5. . . km -downs.treq . . f fom t h e  : 

r eac to r  a r e a )  .... i s  t h e  ' r e s u l t  of .riot. .only r .eactor  .operations.;. b u t  * a l s o  of , 

hea t  . input  from o the r  ~sour.ces,. I n  1965, t h e .  r e a c t o r s .  were shutdown , 

for.crver.4n ' i l . ~y~ ,  i n  July and 'Aug.i;.llet. . ( . ~ i g u r e  3 ) .  The . thermal .,increment 
. . 

of .2.-3. % seen.dur ing t h i s . ' @ e r i o d : f s ' t h e  r e s u l t  of n a t u r a l  hea t  input  

as. . th.e water flows .from . P r i e s t  .Rapids. t.o the.,head o f .  t h e  McNary Pool 

.at  Rich land. 

. . . The. ekf luent  d ischarge . 'out fa l l s .  !of . . .  t h e  Hanford product.ion . , reac tors  

are: t y p i c a l l y  .located' on. t h e  . r i v e r  bottom a t  near ly  mid-channei, which 

may, ayerage '20 f e e t  i n  'depth.  Battelle-N.orthwes,t . i s  .employing severa l  

advanced. . techntiues ' t o  evaluate.. . the in te rac t ion .  .of.- t h e s e  discharges 



w i t h  t h e .  hi.ghly regula ted  regime . of',.the r iver . . : (~aske,  Templeton : and 

Coutant, 1969-1970). In f ra red  imagery plus  t h e  coordinated processing of 

tape  recorded s i g n a l s  from t h e  primary . . inf rared system a r e  t h e  : l a t e s t  

techniques being employed t o  determine t h e  zone of prompt mixing which 

normally extends l e s s  than 300 yds from t h e  point  of discharge. 

A hydroelec t r ic  p lan t  a t  P r i e s t  Rapids Dam causes- rou t ine  var ia-  

3 t i o n s  i n  r i v e r  flow from lows of 36,000 f t  / sec ,  t h e ' r e g u l a t e d  minimum, 

3 t o  d a i l y  peaks of 160,000 f t  /sec.  The temperature p a t t e r n  i n  t h e  

mixing zone of one r e a c t o r  discharge point  taken 'by remote imagery a t .  

3 3 3 r i v e r  flows of 41,000 f t  /sec ,  80,000 f t  / sec ,  and %110,000 f t  /sec 

a r e  shown i n  Figure 4. Estimates of t h e  cross s e c t i o n  a r e a  of t h e  

plume 60 f t  below .the discharge po in t  at-.  the ' lowest  flow r a t e ,  ind ica te  

t h a t  .only about 5% o f .  t h e  . t o t a l  r i .ver  :area 5s .  .enc'losed by t h e  AT. 10 C 

. . isotherm. 

Ef.fects,:.'of. .tenipe~atizre 'on adu l t s .  
. .  . 

. a )  ~ r a c k i h g  o f .  migrat ing .salmon 'and t r o u t  ' 

Blockage of spawning migrations i s  an oft-speculated e f f e c t  of 

thermal discharges on r i v e r  f i s h e s .  The Columbia a t  Hanford i s  an 

i ~ p o r t n n ~  mfgration route  f o r  chinook salmon and s tee lhead t r o u t  during 

Ju ly  through October when water . temperatures a r e  h lghes t  and t o  

determine i f  any s i g n i f i c a n t  thermal blockage occurs a t  t h i s  p o i n t ,  

a cooperat ive f i e l d  study was undertaken by Battelle-Northwest (BNW) 

and t h e  U.S. Bureau of Commercial F i s h e r i e s ,  S e a t t l e ' B i o l ~ ~ i c a l  

Laboratory (BCF) .  

Sonic t a g s  and..trackihg .equipment. developed by ECF were used 

to. follow f i s h  movements. . The tags. c o n s i s t  of a battery-powered, 

u1t.r~-sauna. transliiit . ter .housed.. i n  a polystyrene c a p s ~ l l e  . The 



capsule  i s  i n s e r t e d  i n t o  t h e  f i s h ' s  stomach through i t s  mouth and 

esophagus. The t a g s  emit a sequence of sound pu l se s  which can be 

heard  through t h e  r e c e i v i n g  system a t  d i s t ances  up t o  3 km under 

c e r t a i n  r i v e r  condi t ions .  Sepa ra t e  groups of f i s h  c a r r y  t a g s  of 

d i f f e r i n g  pu l se  p a t t e r n s , ,  which make it p o s s i b l e  t o  t e l l  whether 
. . 

t h e  f i s h  be ing  t r a c k e d  was a salmon o r  s t e e l h e a d  t r o u t ,  and approx- 

ima te ly .  when it had been tagged.  The t a g  l i f e  i s  approximately 

12 weeks. P o r t a b l e  t r a c k i n g  equipment. designed f o r  u se  i n  a sma l l  

boa t  c o n s i s t s  of a d i r e c t i o n a l  hydrophone,.transistorized r e c e i v e r  

and earphones. BNW crews recorded  l o c a t i o n s  o r  migra t ion  pa ths  of 

70 tagged f i s h  i n  August and September of 1967 and 368 between May 

and October 1968. 

Both spec i e s  migrated p r i n c i p a l l y  a long  shore  l i n e s ,  and t h e  
. . 

sunnier run  f i s h  were found most. o f t e n  a long  t h e  l e f t  bank oppos i t e  

t he ,  r e a c t o r s .  This tendency was s t r o n g e s t  dur ing  t h e  peak temperature 

p e r i o d  of  August and September. Add i t i ona l  a t t e n t i o n  was g iven  i n  

1966 by bo th  Bat tel le-Northwest  and Bureau of  Commercial F i s h e r i e s  

crews t o  determining t h e  e x t e n t  of t h e  shore  l i n e  p re fe rence  i n  

s t r e t c h e s  of  t h e  r i v e r  f u r t h e r  downstream. The d a t a  i n d i c a t e  s t r o n g  

p re fe rence  f o r  t h e  l e f t  bank i n  t h e  e n t i r e  a r e a  where t h e  r e a c t o r s  

a r e  l oca t ed .  Addi t iona l  d a t a  sugges t  t h a t  t h i s  b a s i c  p a t t e r n  a l s o  

e x i s t s  from Richland t o  P r i e s t  Rapids Dam. 

Two ana lyses  were used t o  a i d  i d e n t i f i c a t i o n  of p o s s i b l e  migra- 

t i o n  blockage by r e a c t o r  o u t f a l l s  o r  o t h e r  r i v e r  f e a t u r e s .  These were 

1) r a t e  of rnigrat i6n 'during t h e  pe r iod  o f  most a c t i v e  f i s h  mo,vernent 

through t h e  a r e a  i n  May and i n  J u l y  and August, a n d . 2 )  frequency of  



occurrence 'of ' ,  stati 'onary . o r  .. slowly-moving tagged.. f i s h '  per. . r i v e r  

ki lometer  ,pe r :  day.lof ,obserpat ion.  during t h e  ,pe r iod .  .of ; s l o w  .migraf%on 

i n  August , ' September. and -8ct ob'er,. 

' . ' 
' Fi.gure ,.5 iZlustr+tt is  :average. .@gratfcin. :rate?. .and, t h e  d a l l y  t 

frequencies'  .of X968 f i s h '  records . p e r  r i v e r  .,kilometem. . p l o t t e d  ,below 

the  :,corresponding,'.s&ct.i6ns; of .  river: . . i l l u s t r a t e d .  at : . . the . , top. The r i v e r  

o u t l i n e  also'. indi.ca+es :the. primary .patkiway..of. f i s h  m?gration .: The 

. . 
. bottom' histograni. in.df ca tes . ; a  . d i s t i & c t ,  nonuniform' d i s t r i b u t i o n  of f i s h .  . s .  . .  . 

ili thf  s. s t r e t c h  'of r i v e r  during -the . . p e r i o d  .of ,:analys.is i . . p . o  areas  a;re ' .  

notalile f o r  ,an ,abundance. of f i s h ,  . 1). immediately dowristream of t h e  : 

Notable f o r  a pauci ty  of records a r e ' a r e a s  immediately~below t h e .  

N-reactol; andl a 1 ,h s t r e t c h  below' the.  D-area.  Fish d i s t r i b u t i o n  

underwent ,conspicu~us.  s h i f t s  down,stre:am of.  t h e  ..K-rea.ctor during t h e  

I 
study per iod ,  ' as  i l l u s t r a t ' e d .  i n  the  ; top  two histograms ,. In l a t e  

August a. concentrat ion.  .of. f i s h  appear+ . . i n  about ,.the :f e s t  :kilometer 
: .. ' 

. below+'th< discharge ;. with few . f i s h .  being found ,.for: f 6 . y  ki lometers  

downstream of t h a t  point  ( t o p  histogram).  This concentrat ion s h i f t e d  

dovnstre,am in ,  ~ e p t e m b e r  ' untiE- maximum.abundance occirr,ed between 2 

andt  3 km .below . the o u t f a l l :  betweek 11 and .18 September (middle, 

histogram). 

Migration r a t e s ,  alth,ough. more d t f  f , icu$t. '  t . o ,  anaLyze on a ' r i v e r  

ki lometer  , b a s i s ,  i n d i c a t e  changes which appear t o  c o r r e l a t e  wi th  

frequencies noted above. The average migrat ion 'speeds f o r  both 

species  ind ica ted  on $he1 l i n e  graph of Figure 5 show peaks which 

occur ,wi th in  o r  a t  t h g  end of a zone wi th  r e l a t i v e l y  few s t a t i o n a r y  f i s h  



( e g g 9  ,%' kilometers 29; ,, 32.5, .36.5,) .. One" 'area',of . s l o w  ,mig.rattort, . .. km 35, 

corresponds ' an. .area ,with :high.:fish .abun$anc~,. ' More meaningful 

correlat i ,ons ,can .be. . identif$ed from t h e  i:incr.emental m i g ~ a t i o n  ' s p e d s  
' I 

of-  indivi,dual% f f  sh. . ' ~ i f f e r e n c e s ,  in. both. d is t r ibut i ,on .  .and; migration 

speed. may be, reasonably, a t t r i b u t e d :  t o  shore . l i n e  .fe.atuyes ,such- as  '! 
, 

s w t f t  , ,unprotected zones, (@ 37-.38). or5  ba,ckeddies, , ( .km,  28)., .or .tshey. 

may. be r e l a t e d  t o  reac to r  .operations. ' While. insufg ic ien t  data. a r e  '' 

ava i l ab le  a t  present  t o  positi.ve1y i d e n t i f y '  t h e  ,reasons'  f o r  . the. 

ammalies i n  .d i s t r ibu t ion  .and$ migratibn , ' rate ,. t h e  . study ir idtcates ' 
t h a t  'migration i s  n o t .  ,a f fec ted ,  t p  any, s i g n i f i c a n t  . . .degree ; A 

temperature-s.ens i t i v e .  soni:c...t ag. ulider ..development f o r  :use th$s. s e e r .  

w i l l  enable. us t o  r e l a t e  rat.es.:of .migrat ton to. sp.ecif ic  wa te r :  

temperatures 

b ) ,  Popula t ion census. of H a n f ~ r a ,  f &ll.:.chin?okt salmon 

One, :of, the: i n l t t a l  . f i e l d .  s t u d i e s  : s t a r t e a  on, .tkie :.H.anfqrh reach ;: 

' . i n '  1947 'was an annual aerial.  . .. census of. f a l l  chinook spawning  atso son, . 

1970 ) . .. The major . . ;spawnifig ,a reas  a r e  ,:both upstreaq., and- d y n s t , r e ~  of 

t h e  . r eac to r  akeas ' . . ( ~ i ~ & e ; .  6 ) .  . ' The d a t e  o f  the. ,  number of ..salm?n 

n e s t s  observed each ye.ar f o r  . the ,  l a s t  22 years , are. perh,aps "the. b e s t  

c i r c , m s t a n t i , a I  eyf dence o f  t h e  continued, vf abili-tiy $of ..the f a l l .  

chtnook ' populati-on ; tha t  : .spawn,s 'w i th in ,  , . .  . .  the! Hanford Reservat5on 

( ~ i g u r e  : ,7) .  Spawning was ',observed . i n  .,several years ,wi th in  .LO0 meters 
, . 

dawns$,reaq. from' an ecf luent .  out f a l l  ; The $marked i:rise ;f R r ~ p ~ b & i ' s  of 

spawn$,ng sa ,hon  duripg 1965 to. 1969 i s  not.~.consideredi..to be r e l a t e d  

. to. t h e  ; decre.ase , , in reactor:  .operat ion .durf ng ,that.:  per iod;  b u t  due 

t b  other' :  f ac to r s  . . .  such as, disp;lace,mer$,. from other  ..inundated main stem 



spaw~iing.. a reas .  . M a l y s i s .  of t h e  da ta  ' i nd ica ted  t h a t  t h e  r a t e  : of 

. increase . . in  t h e  upstream a r e a  was s i m i l a r  to.  t h a t  a t -  t h e  next 

downstreap' a rea .  Rela t ion  of  t h e  ,est imated.  n m e r s  , t o  environmental . . 

var iab les  :such a s  ' , r i v e r  temperaihr.e ;. f $ow and' wate r  e l eva t ion  : a t  ' t  

spawning - and. t o  t h e  number : of .operat ing.  r e a c t o r s  and: construe-tion o f . ,  

dams , indicates,  t h a t  t h e .  c r i t i c a ; l :  f a c t o r  i s  ,probably8 the: cons t ruct ion  

of dams, and inundation of ..main stem -.spawning a reas .  . Operation of t h e  i. . . 

r eac to r s  would appear to- have. had no .adverse e f f e c t  on t h i s  populat ion 

of salmon. 

c )  Thermal r e s i s t a n c e  of  adul ts ,  

Summertime tempera tures  of Columbia River water  a t  McNary Dam, 

about 113 km (70 mi les)  downstream from .Hanford r e a c t o r s  usuazly 

reach 22. C ' f o r  a few., days i n '  August.. ' This ,pe+ , t empera tu re  i s  w e l l  

below t h e  i n c i p i e n t  l e t h a l ' t e m p e r a t u r e  f o r  . j uven i l e  .chinook salmon 

(about 25, C )  e s t a b l i s h e d , b y B r e t t  (1952).  The appl icabi l i ty  o f  s t h i s  

thermal c r i t . e r ion  'was .quest ionable, ,  ..however, f o r  adu l t  . chinook 

migrating upr iver  a t  t h i s .  t ime,  'br f o r  a d u l t  c o h o  and s teblhead 

t r o u t  migrating i n .  September. No d a t a ,  were .avai lable.  on thermal ... 

r e s i s t a n c e  , o f , a d u l t s ,  s o   experiment,^. wer ,e : , in i t ia teds  i n  .our labor,atory '. 

  outa ant ,. i n  press  ) . . 

The experimental proc,edures, were s i m i l a r  t o  . those. used, f o r  

juveniles  by B r e t t  ' s : (1952). M a t q e  adu l t  .coho and stee,lhead weqe 

used, f o r  . they.were r e l a t i y e l y  abundant and of  manageaQle size' .  . 

, However, only undersized.  male : chinook .("j ackst,' ) were use.d .due, t o  

the  extr'em? s t z e  and.  d i f f i c u l t y  of ..handling .of .mature :.females.. 

Tes,t f i s h  .were. ob ta ined ,  from , the -  r i v e r  .,at . P r i e s t .  .Rapids Dam, , 



Acclri&ation :temperatwe. was ' . tha t  ' of the  r i v e r ,  18-19 C . . Due to i  

extensive handling f a c i l i t i e s  required  f o r  t e s t i n g  l a r g e  f i s h ,  experi- 

ment's :were. .conduct.ed over. a .  three-ye8r pefiod.  Fo;llowing , t r e n s f  e r  . 
of . . f i sh  to . : the- tes t '  temper.ature ,. t imes:  to ' .equi l ibr ium l o s s  ( E L )  

and. d.eath (D) .were. recorded,  ,for.. var5ous' temperatures 'between . . .  26 

and'  30 C.  Below .26 . c ;  obseryations were only. made: f q r  :dead' f i s h  ' 

a t .  i n t e r v d l s  . of about 2 hns ;. and, . the re fo re  . ,. no daka .we.re o b t q i ~ e d  

on E L ,  A l l  t e s t s ' w e r e  made'with "control:' . f ish.  he,ld a t  rkver . ;  

. .  temperature and.were : t e w n a t e d  a f t e r  1 week. 

Inc ip ien t  lethalatemperdtures f o r  s tee lhead an& chinook appeared 

t o  be near 21 t o  22 C ( ~ i g u r e  8 ) .  Data Here i n s u f f i c i e n t  t o  obta in  an 

est imate.  f o r  .coho. S i n c e ' t h e  t e s t s  'were .conducted over t h r e e  .years 

and :und'er: varying , thermal.  condit,ions.,. d i r e c t  ,comparisons. of r e s i s t a n c e  

could:be~made~only~.in..some.instance~,~ D a t a . f o r  .coho and.chi'nook:, 

. t e s t e d  ~s iqul tar i&ously .  i n  :1968, i n d i c a t e  t h a t  .coho were l e s s  r es f  s t a n t . ,  

between. 26;and. 30 C .  . Data. f o r  s t ee lhead .  and. .chinook;. t e s t e d  tdgether  

i n ,  1969, indica te .  t h a t  s t  ee lhead ' .we~e l e s s  ' res , i s tant . .  than chinook ' 

between. 22 .andr.26, c .. Relat iye  t o l e r a n c e s ,  o f .  s t ee lheaa  and. coho ' remain:, 

i i n c l e h  be,c&s,e '.of' .variat.ions. i n  chingnk d~t. ta  .betwe.en. years .  . The 

r e l a t i v e  thei-mal . resistan.ces of juveni le  and..large. f i s h  varfed. wtih 

t e s t  t ~ m ~ e r a t & e .  , ( ~ i g u r e .  9 ) . Juveni les  were more res i s t , an t  . ,at low 

l e t h a l  temperatures up t o  about.28.5 C ,  and adu l t s  were. more. r e s i s t a n t  
I 

above. that:!.Level; 

.Effects .  of temperature. :on eggs ..and j.uveniles. i n  '.the Hanford reach . 
.. .. . , 

The. need f o r  , inves , t iga t ing t h e  .,hazards, t o  f t s h e r y  ..res.ouraes from 

disch-ging .heated ef f , luents  i n t o  the' *Columbia River was >rec.ognized before 

t h e  reac to r s  were b u i l t  ( ~ o ~ t . e c ,  1959.). .; As  -early. as  .1945, young salmonids 



were reared  from.egg t o  . f inger l ing .  s i z e  i n  d i f f e r e n t  con.c,entratio,ns of 
8 

r e a c t o r  : e f f l u e n t  ,. t o  observe . t h e i r  .growth and ,mortal i ty.  ' The.predominant . 

c h a r a c t e r i s t i c s  of t h e  . . reactor  e f f luen t s . .  of  . b i o l o g i c a l  importance 'were 

shown t o  be h e a t ,  , . r ad ioac t iv i ty  and . .cer t  a i n  \corros ion- inhibt tor  chemicals. 

'add.ed t o  t h e  cooling.  water.. ' These. s t u d i e s  ind ica ted  . t h a t  effluents 

concentrat ions g r e a t e r  t h a n  :.4 percent  r e s u l t e d .  i n  ' m o r t a l i t y ,  .though 

accelerat.ion 'of .,growth' occurred . in  . a l l .  concentrat ions .up. to .  6'tpercent. 

due t o  t h e '  thermal .increment. ' Over .7 pe rcen t .  concentrat ion growth 

depression occurred due t o  t h e  toxi.ci, ty of t h e  . .corrosion-inhib,itor 

" 
hexavalent chrom$um i n  t h e  , e f f l u e n t .  No r a d i a t i o n  ,damage, :could be  

demonstrated a t  these  e f f l u e n t  ' concent ra t ions .  ( ~ a k a t a n i ,  1969). . 

Since t h e .  eggs .qn& young s t ages  of .,salmon :.and s t e e l h e a d  t ro ,u t  
, 

ar,e ' s e n s i t i v e  t o '  temperature changes., cons iderable ,  research  has .beell 

conducted .on t h e  e f f e c t s  .of '  thermal ilicrenients above b a s e ,  r i v e r  

t e m p e ~ a t u r e  on t h e  r a t e .  of deye.lopment,, growth and .mor ta l i ty  (Olson 

.. and ' Foster ,  1955 ; Olson and Nakatani , 1968) . $or .example., * i n  ..the,. 1966- 

67 ,season;  eggs were developed-and young.chinook salmon reared  over 170 

days unde? s e ~ e n . , t e r h p e r a t - ~ e  regime,s.- Each t e s t . . s e , r i e s  followed t h e  

seasonaX temperature p a t t e r n s  of t h e  ;r iver:  wi th  an in,,crement, of . 2  F 

over .  the '  next. lower.  temperature,  . giving. an , o v e r a l l  r ange ,  of ,.12 .F. ' 

Four groups . o f .  spawned, eggs were tested: from .October . through December. . . 
' 

Temperature increments exceeding 4 .F .above t h e  .base r h e r  t e m p e r a t u ~ e  ' ,  

of 54 F  caused s i g n i f i c a n t  mor ta l i  t y  i n  f i s h  hatched - from. spawn c o l l e c t e d  .. 

i n  October. By December, however, when t h e  base r i v e r  temperature was 

48. F; t he  ' spawxi t o l e r a t e d  - an .increment. of 12  F  .wi thou t  s igni f r icant  ' mor ta l i ty .  .: 

The increased water, temperatures a c c e l e r a t e d ,  f  i s h  .growth - in a l l .  l o t s . ,  : 



. . . . -11- 
- .  . . 

, t hese  Tn' the"+ l2  F . . t e s t  being .as ,  much :as .eight  ,.times heavier  .than1 those,  

i i i  the"+2 F t e s t .  ' .  Similar  t e s t s  ' . ser ies  .were. c&du.ct.ed i n  1969-70.. 

. . .  . 
, with a s i n g l e  ..'spawn ..from ,.steelhead- t r iout  with . s imi la r  . r e s u l t s  .. These. 

.. 
studi.es.. indica te .  t h a t  a ' s i g n i f i c a n t .  thermal..,increment, can be ' toleFated '  

by eggs du.ri,ng l a t  . f a l l  and..wibt e r  . seasons withoilt: de%lirnei?tal .&ffebts.. . 

Addi t ional ly ,  :the r e s u l t s  sh'ow t h a t ,  . the  .warmer . .conditions f a v o r ,  the - -  

survival. ' .of ".young. .salmon ..from ..the . . la te  ; spawners of . . f a l l  : run  chinook ' 

salmon. : The. quest.i  on. ;of :.whether larger.-si ze.d. migyarits. have. b e t t e r  

s u r v i v a l  i s  s t i l l  open t o  quest ion, though t h e r e  i s  s'ome evidence t h a t  

they have hzgher*. su rv iva l  r a t e s  : i f  o the r  condit ions a r e  ;equal  ( ~ a k a t a n i  ;. 

E f f e c t s  ..of - temperature on .dawnstream migrat ing juveni le  salmon.. 
. . . . 

The C o l w i a ,  River a t  Hanford .contains juveni le  chinook, salmon, 

f o r  adul ts :  spawn 'both  u p s t r e v  and downst.re& .of r e a c t o r  .,plumes 2: 

Juveni.les ,migrating downrf ver..may-experience. t h e  .high, temperatures, 

of the  ,plumes-'for b r i e f  %per iods , .  i f  t h e i r  path coincides 'with the,. 

e f f l u e n t  m%xf ng zone. . Studies.  have; considered s e v e r a l  ! r e h t e d :  

quest ions concerning. l e t h a l . :  temperature  relation,^ ..pf - j u v e n i l e  'chinaok, 

i n  ord,ec t o  def ine  responses t h a t  -could be  damagi-ng . t o  our f i she ry .  

resource.  These .were: 

(1) How does, the  . r e s i s t a n c e .  t o  acute- thermal...sho.ck of . loca l  ' chinook 

cornpaare with stocks studied,  by o the r s?  

( 2 )  Does. the  , developmental .temperature . regime ( e  ..g .., .:warmer ,? as i n ,  

spawning. a reas  downstream o f .  r eac to r s  ) ,  ' a f f e c t .  t h e  'respons.e 'o f  . 

, juveni le  :chinook t o  acute  thermal shock? 



. . ,  - 
(3.) ' ~ o e s  ' f i s h  . s i z e  (wi th in  the  ;range of; out-migkating . juven i l e s )  

aff.e'ct t h e  res$onse to: thermal ..shock? . 

( 4 ) .  How. do the,  r e s u l t s  o f .  two ty-pes '.of .t.oleranc'e, . tes$s ':cobpare,, ' e  . g :  ,: 
. , 

4 8 - h r . . ~ ~  . (mean: l e t h a l  !temperature) .and .thermal. r e s i s t ance?  m 

( 5 )  What ' a r e  t h e  r e l a t ionsh ips  between times t o  l o s s  of equil ibrium 

and .physio logica l  .death under -thermal. s t r e s s ?  . .  

( 6 )  To what. ex ten t  does delayed 'mor ta l i ty  follow equil ibrium l o s s  

( i n i t i a l l y . . r e v e r s i b i e )  a t  var$:ou.s .shock temperatures? 

( 7 ) .  How .do : exposures. t o  increas ing ,or decrea5ing temperatures,, a s  

experienced i n  a ..thermal .hischarge .:area; compare ..with 'expos.ves. 

' t o  constant . temperatures? 

' 

Summaries of these  ,s tudies:  have been p u b l i s . h e d . . ( ~ ~ ~  ' 1968, 

.. 1969). 

One example, ,however., w i l l  : i n d i c a t e  .the. approach .we. heve t a k e n .  

, . It i s  a ;compar?.son of : t imes t o  equil ibrium . l o s s  '.an$ death. '  Fish 

subjec ted  : t o " t h e m a l  .shock..above. the '~ ' l e tha l : . , l eve l .  c h a r a c t e r i s t i c a l l p  
- 

show. equi l ibr ium , loss be fo re ,  the  genera l ly  ,acbepted.  thermal. death ;, , 

point .  Heat ' death of cold-bl~od'ed organisms . has .been, observed. t o  

follow a'common.pattern . . which includes, ,  i n  sequence, . l o s s , o f ~ e q u i l i -  

b r i m ,  coma,:and physio logica l , ,dea th .  ~ h e s e :  obseryations have been 

made with s e v e r a l  'speci'es of fishes., and,.with :amphibians 'and r e p t i l e s .  

They.probably ,hold,  i n  essence,  f d r  .lower forms ' a s  . y e l l .  The ea r ly  

s t ages  of heat  death ; while .not . "death" i n  .themselves ; may !:.lead' t o  

death through . - ( . l j  immobilization i n  t h e  ' a r e a  . o f :  adveqse . temperature 

(which .may prolong .exposur.e., unt i .1  death .  , r e s u l t s  ) on (.2.) ,... st imulat , ion ,of 

predatory a c t i v i t y  upon- th.e heat- injured .organisms;.. .,% Both, r e s u l t s .  
\ 



have been .observed i n  . the.  f i e l d  .and:,.in labpkatory  experiments .  For 

f i e l d  a p p l i c a t i o n ,  t h e r e f o r e ,  t h e  thermal  dose which w i l l '  induce 

equi"1ibrium l o s s  i s  .perhaps:,more impor tan t .  , than ..is : t h e  . .  dose . r equ i r ed  

f o r  :death. Equil ibr ium . loss .  data:, howevkr , ha~e :no t .  been ; 

. . 

repoi-ted..in h e m a l ' . r e s i s  tarice experiments.  .This 'us  t o  

examine our d a t a  f o r  a p o s s i b l e  c o n s i s t e n t  r e l a t i o n s h i p  between e q u i l i -  

brium l o s s  and death.- It was lhoped t h a t  t h i s  r e l a t i o n s h i p  might b e  

app l i ed  as a conversion f a c t o r  t o  o b t a i n  equ i l i b r ium l o s s  t imes  from 

deat?n ..times a v a i l a b l e  ' i n  t he .  l i t e r a t u r e .  

Geometric mean t imes .  t o  . equ i l i b r ium . l o s s  ( E L )  :and .death (D) 

d i d  not i f i t  t h e  : l i n e a r ;  semilog model of B r e t t  (1952) .. Cubic 'models 

provided .  a much b e t t e r  f t t  . f o r  a l l  .pooled  d a t a  f o r , .  j u v e n i l e  chinook, .  

( ~ i ~ u r e  1 0 ) .  They were a l s o  more,appropriate'forgroups of ,  s i b l i n g .  

chinook .with i d e n t i c a l ;  r e a r i n g  h i s t o r y  ' (Coutant 'and. Dean,, i n  ~ r e s s . ) .  

EL. The r a t i o  -, was ,no t  constant ' ,  but.  va r t ed ,  w i t h .  t e s t  t empera ture  : ,  
D 

( ~ i g u r e  11). A cubic model was a l so .  f i t t e d  t o  t h i s  v a r i a t i o n ,  provid ing  

a q u a n t i t a t i v e  desc . r ip t ion  ' t h a t  i s  s u i t a b l e .  f o r  incbus ion  i n  mathemati- 

c a l , m o d e l s ' o f . p o t e n t i a l  e f f ec t s : i n ' t h ' e , rma l  plumes. 

b ) Thermal. shuck ' arid preqat ion 

Loss o f .  equ i l i b r ium i s  an o@vious 'behaviora l  , r e sponse .  t o  a 

s u b l e t h a l  : exposure ..:to a l e t h a l  temperature ,;with p o t e n t i a l l y  l e t h a l .  

r e s u l t s  i n  a , p reda t ion  s i tua t ion . .  The . b e h a v i o r e l .  changes of shocked i 

f i s h  ,at : - f r a c t i o n s  of  thermal~.doses~~suff.icient t o  cause l o s s .  of . .  

equ i l i b r ium might n o t ,  however, be  d e t e c t a b l e ,  v i s u a l l y ,  bu t  :might 

be  r e f l e c t e d  .by t h e  degr,ee of. predati ,on when compared t o  un t r ea t ed  

c o n t r o l  f i s h .  



A seri .es .  of experiments .was .devised,  t o  t e s t  . . d i f f e r e n t i a l  predat ion  

. rates..,. . Two. groups ' of . P i i h ,  one thermally. t r e a t e d  :and the ' lother  ' n o t ,  

were. offered'~simultaneously,..to. !a group :.of . ac t ive  ,predators  a t  , t h e  ' 
ac.climation temperatkes: .  .When.:about ha l f ,  of: . the , . in i t . ia l  charge of .  prey, 

f i s h  remains ,' t h e  . f i sh  .are :separated ..and .percentages :of .: shocked and .: 

. .  . .  
c o n t r o i  fLsh .remaining .&el deterniiried.. ' This ..sequence ' o f ,  exposure . a t  ' 

high temperature and ..predation a-t; ..lower..temperature s.imulated . i n  

s i m p l i f i l d  .form, the ;  scqkence . a t .  Hanford ,, where ' juveniles  passing 

through t h e  ;thermal: plume :may be subjec ted  : t o  .predators lurking : t h e  

.cooler. reaches : immediately down st re.^. 
I 

Results  of repeated'  t e s t s  .allow c a l c u l a t i o n  :of ,.a r a t i o , o f  

instantaneous predation , r a t e s , .  (Bams ,: ,1967). . High r a t i o s  : ind ica te  :. 

s ign i f i ca ,n t ly  . . increased. .succeptibi l i ty . o f .  t rea ted:  . f i s h  t o  predation.,  

Figure. 12 i l l u s t r a t e s  , , r a t ios  f o r  juven i l e  chinook ,. shocked a a t  '..28, c , 

with and without recovery before  ' p reda t ion  ( A  and , B ,  r e s p e c t i v e l y ) .  ' .  

Regression l i n e s  quanti,fy- th'e . response.  f o r  p r e d i c t i v e  purposes. 

The thermal dose t h a t  f i r s t  i n i t i a t e s  d i f f e r e n t i a l  predat ion  was 

about 10% of t h e  median equi l ibr ium l o s s  dose, when no recovery was, 

allowed   outa ant , i n  press  ). 

The thermal e q o s u r e s  j u s t  , ; i n i , t i a t ing  d i f l f e r e n t i a l  predat ion  

a t  t h r e e  ,temperatures .were . determined fo r .  rainbow. t r o u t  , i n  another , .  

s e t  of experiments ' ( ~ i g u r e  13)  6 Geometric. :mean '.times. t o  equ i l ib r ium.  

l o s s  ,.and death .were. determined for: t h e ,  same ,,group of . . f i s h ,  and, the6 

pattern.of:time-dependency with  yar2ous temperatures ' h e l d ' f o r  a l l : . ,  

three,  responses. These d i f f e r e n t i a l . p r e d a t i o n  t e s t s  ind ica ted  a 



s t r e s s  ' reac t ion  . a t .  about- :ll%-.'of. t h e  durat50n. of:.exposqe. needed f o r  . 

death. Thus ,. the..  same ' p r e d i c t i v e  :model deve,loped :from thermal . . 

death.'could. .be used t o  se t - .p lant  .operating ;lim$ts 'based upon 

sublethail  : . s t r e s s  condition,.  

c )  .Effects .  o f  r e a c t o r '  plumes ,, 
Fore p red ic t  i y e  purposes ;: it i s  convenient t o  .considel' j uveni,le 

downstre.am..migraqts being c a r r i e d  i n  deep, water -by . t h e  f 1,ow o f .  t h e  .: 

r i v e r  t o  t h e , ' o u t l e t  of % t h e  e f f l u e n t  and thenc.e.through t h e . ,  

c e n t e r l i n e  of .the plume being exposed . to  maxilhum temperatures;. ' The 

u i d i l u t e d  . e f f l u e n t  ' o f :  the. . re ,ac tors  i s .  hot  .,enough " to  be ' , l e t h a l ;  t o  

f i s h ;  however, it, i s  not , obvious whether:, s i g n t f  i c a n t '  numbers o f . ,  

downstream migrants 'actnaUy- .experience exposures,' t h a t  a r e .  extreme 
. ... 

. enough t d -  k i l l  them b e c a u ~ e  of the  na tu r=  of thk ,hydrau l i c .  cha rac te r i s -  

t i c s  of the..plume. .. The e f f luen t .  does, ' n o t .  e x k t  i n  6 :smooth. flow , .. . 

condi.ti:on (Figure . ;4) ,  .but :appears a t  t h e  : su r face  over  a r e l a t i v e l y  

wide. a rea -  a s ,  pe r iod ic  ,.and' turbule l i t '  upwellings .- Each of these  ' 

upweilings expands a t *  a .  rat ,e .  comps;rablie, po t h e  :r&b. of flaw. dowristream. . 

IaFlj- at .I;he,s lowek f l o w  rat ts . 
. Since f i s h  'may be  d i s t r i b u t e d  thr.oughout . t h e  river,:cross s e c t i o n ,  

a few: might 'be .swept, i n t o  t h e  ,mixing . t r a n s i t i o n  :zones and .be .;exposed 

t o  sudden thermal., increases,.  ' I n  1968 and. 1969 f ie ld ,expeciments  were 

i n i t i a t e d  with . the.  objec t ives .  of determining i f  ,., under .conditions 

o f .  na tu ra l :  migrat ion,  passage ' through t h e  :a reas  o f*  reac to r  .discharge. 

k i l l e d  young salmon, and,  t o  examine , t h e  , temperature levels ,  ?nd ,,exposure . 

durat ions ,. which a r e  .encountered by t h e  f i s h .  



In; one such study. young' chinook salmon,.. the.  progeny of -,adult 

s tock i rom ' the  Columbia. River land subsequently r ea red  fr.om eggs i n  

. t he  :Batte.lle-Northweqt ' hatchery.; were d r i f t e d  through ' the,  r e a c t o r  : 

plume &ea i n  l i v e  boxes.. Test .ar id. :control  f i $ h  were subseqvently 

held. f o r  .'24 .ho~&s, i n  1968 and..? days- . i n  3 6 9  .at  ambi.ent r i v e r  .- 

tempec.?turesb dowlistream from t h e  .; openattng r e a c t o r s ,  'chekkeh f o r  

m o r t a l i t i e s  arid. r e l e a s e d .  I n  the.,spri.ng s e r i e s  . t h e  .ainb'ient ' river: 

temperatures. a r e  low. and .%he- extent  of tempera tq .e  ' r i s . e  does ' no t  

appear to.  be s u f f i c i e n t .  t o  cause . m o r t a l i t i e s .  ~ v e n . : i n . t h e  l a t e  

s h e &  .and.' e a r l y  f a l l  when ainbient. . r . iver  temperatures; . .  , .are ' h igher ,  

m o r t a l i t i e s  .were. not  s i g n i f i c a n t  ;- Only i n  one t e s t ,  c a r r i e d  .out i n  
< 

1969 a t  a , v e r y  .low flow (40 ,000 .c f s )  was . s i g n i f i c a n t , m o r t g l i t y  

.recorded. The .maximum temperature increment . on - t h i s  occasion was '; 

i n  .exces.s of ,.22 C in. t h e  ,mixing zone ' (Figwe,  1 4 ) .  
I 

I n  c e r t a i n  r e a c t o r  a r e a s '  shore l i n e  i n t e r g r a v e l  seepage of 

heated water .from ' t h e  e f f l u e n t  . r e t e n t i o n  bas ins  -does occur ,  and d r i f , t  

t e s t s  through t h e s e  areas  showed $s ign i f i can t ,  m o r t a l i t i e s .  We ,have: 

no evidence, however:, t h a t  *young r i v e r  . , f i sh  . a c t i p e l y  swim,.,int o . these ,  

. n3eq.s o f .  high - temperat~rre.  and ' low -current v e l o c i t i e s  ; 

Effec t s  . of temperature on Yish d iseases  

Columnaris- has .been endemic i n  t h e  r i v e r  manjr.years,prior t o  

Hanford'Operations, the. :et iological-  agent ,  Chondro.coccus columnaris .. 

be i r i g , pos i t i ve ly . i den t i f i ed , i n  1942 (Fish  .and'Rucker, 1943);  S tudies  . 

were' i n i t i a t e d :  i n  1959, t o  determime e f . f e c t s ,  ,of .  temperature and . ,  

r a d i a t i o n  on t h e  incidence and, f n f e c t i v i t y  of Cp columnaris , . . ( ~ u j  i.hara, 

Olson .and ,Fos t e r  ,. 1960). Laboratory and f i e l d  studi.esr have, shown ' t h a t  ' 



the. . i n f e c t i o n  o f .  , f i$h.  w i t h  : columnaris .bec.omes ev ident  when, the .  water  : 

t e iper&ures ' .  r i i e - - a%ove  10  .C (-50 F) arid: decIines' ;when..the temperature ' . 

.decreases.. Basic, l i b o r & t o r y  s t u d i e s  o n .  .ant\ibody prdduct ion  and hxbunk 

reslionse.'. t o  C. columnaris i n d i c a t e d  t h a t  .agg-1ut.igating - .an t ibodies  :.in 

fish..'b;lood. s e r a  a g a i n s t  .columnaris .  p roviaed  ,a technique  'for f i e l d  

sur,veys, (F'uj i h a r a  ,.. Olson : and Nakatani , 1965 ) . ~eas.urement . ,  o f  a g g l u t i n a t i n g  . 

t i t r e s  ' i n .  blood s e r a  o f  Columbia River  ... f i s h  .showed'.a cyc l i c .  pa t t , e rn  dur ing  

t h e  y e a r .  Res idua l  .ant ib .odies  . a r e  c a r r i e d  by f i d h  dur ing  ' the.  co ld  p e r i o d  

of  w i n t e r  and' s p r i n g  .with ,a sha rp  . i n c r e a s e  i n  t i t r e s  and i n f e c t i o n  i n .  

the. summer and , f a l l  ,.  he:. f i e l d  . s tud ie s  . i n d i c a t e d  . t h a t  . t h e .  f i s h  : ladders:  

at Columbia Rive,r .dam. s i t e s - -may  be, f o c a l  ' p o i n t s  . f o r  exposure an$, in f ,ec t  ion  

s i n c e .  r e s i d e n t  coarse  . f i s h  i n  : the.  l adde r s  ' show . h i g h e r  . inc idence  and .  

i n f e c t i o n  of columnaris.  .S ince  . . the.anadromous salmon have . ; to  pass  : 

thr'ough . t h e  ' l a d d e r s ,  t h e i r  p o t e n t i a l  f o r  exposure i s  extremely -h igh .  , 

Data on t h e  : i nc idence  of  columnaris i n  t h e  Snake River ,  a t r i b u t a r y  

' e n t e r i n g  t h e  'Columbia .River  belbw .R%chland,: .aboae ' t h e .  r e a c t o r s  and .  

d i r e c t l y  .beiow t h e  . . r eac to r s  a l l  i n d i c a t e .  a .. s i m i l a r  s easona l  cyc le :  

There i s ' n o  evidence of  an  enhanced degree of inc idence  o r  i n f e c t i o n  

f n t hose  samples Lakeh beluw Lhe r e a c t o r  'opti-at5ons arcu. 

Thermal e f f e c t s  model l ing 

The l abo ra to ry  d a t a  ..,on the..  the-ai .  r e s i s t a n c e  of f i s h  . i s  'predominately 

concerned.with tempera ture ,exposure ,  a n d ' t o g e t h e r . w i t h  t h e  tempera ture . .  

d a t a . , i n  t h e  .mixing zone below t h e  d ischarge  , p o i n t  i s  be ing  deireloped 

i n t o  a . p r e d i c t i v e  :modex of  t h e  . p o t e n t i a l  haza;rds . ' to ,  downstream migratory 

f i s h .  The mpde1,can p r e d i c t  t h e  m o r t a l i t y  . o f , . j u v e n i l e  salmon',under 

condi t ions  of f l u c t u a t i n g  temperatures  ; such a s  t h o s e '  t h a t  -0cc.r in ,  

many r e a c t o r  p l a n t  o u t l e t s .  



Ear1y'::att &pts !in. .dekeloping. .the:. model. 'ic-onsidered : inc.rement a 1  

death . . ra tes  t o  be: add i t ive  .over t h e .  range o f  t h e  : f l u c t u a t i n g  the rmal , ,  

experience;,  This was - re f ined  s o  t h a t  the. ' . rate:  of temperature'.change 

of f i s h  t-issue'  was c0nsidere.d r e l a t i v e  t o .  t h e  ex te rna l  w a t e r ,  temperature , 

Since :.we have now ' demonstrated : tha t  : behavioral. .  s t r e s s  . can bei.signif,icant 

. . 4 .. at. .  teiiperature regimes near .  t o  . lo% of tha t ,  . required t o  k i l l  f i s h ,  . t h e  

modkl can now.ref lec t  t h i s  f a c t o r .  , It ;is :importan$ t o  remember, 
. . . . 

/ however, t h a t ,  a t  . t h i s  , l e v e l  we have no evidence t o  ..quantify t h i s  a s  

a  r a t e  of predation,  but  r a t h e r  as  a.measured s t r e s s  t h a t ' c o u l d  have 

ecological  consequences. 

These models can be used i n  t h e  i n i t i a l .  planning s tages  of indus- 

t r i a l  and. municipal r e l e a s e .  :stcuctures. t o  p red ic t  . the  po%ent ia l  . l o s s ,  o f .  

f i she ry  resources as a r e s u l t  of a  proposed. engineering. design. It . is  ., 

-proposed: t o .  extend t h i s .  system t o  examine other aspects  .of ec.ologic,al: 

damage besides t h a t .  of : f i sh .  u l t ima te ly ,  these; s tud ies  w i l l  pe'kqit: 

the.: .delineatipn .of desirkd boundary). condit ions of. an e f f l u e n t  d i s+arge ,  

no t .  only ;.as :regards thermal . re leases  ; but  : a l s o  chemical 'and agri.cultwra1 

toxicants ,  s i n c e . s i m i l a r  r e s i s t ance  pa t t e rns  have been. shown b y . f i s h  : 

g q o s  ed tan tanxi  c mater ia l s ,  

Summary and' d iscuss ion 
$ 

This review of the  pe r t inen t  . laboratory a n d . f i e l d  s tud ies  : 

and t h e i r  findi.ngs.on t h e  e f f e c t s  .of: thermal discharges from t h e  

plutonium production reac to r s  a t  Hanford ind ica tes  t h a t  t h e r e ,  i s  no . .  

demonstrable .e f fec t  on t h e  f i s h e r y  , resource . Consideration .of!. t h e  

labora tory  experiments and f i e l d  d a t a .  i n .  t h e  l i g h t  ..of - the .  seasonal  thermal,  

cy.cle of the  r i v e r  temperature.  ( . ~ i ~ u r e  3 )  and,  i n  . r e l a t i o n  . t o .  t h e  seasonal  

l i f e  s t age  of salmon. and, t r o u t  present  i n  t h e  . r ive r  ind ica tes  , t h a t  . t h e  r i v e r .  



teniperatures . could  .be  h ighe r  . .during the,. pe r iods  ,of. l a t e  " f a l l ,  win6er and . ,  

s p r i n g  wi thout  causing . . s i gn i f i can t  .damage t o  . the  'development, of young..,. 

salmon; The un inh ib i t ed 'mig ra t ion  of : salmon".and'  t nou t  . .pas t .  t h e .  r e a c t o r s  
! 

and.  t h e  ' cqntinued increas .e  ,..in . the .  s i .ze  of. t h e  'spawning 'populat, ions 

near  t h e .  r e a c t o r s  ' . ind ica te  . t h a t .  the '  r e a c t o r  .dJs:char.ges '.haye ' not  

. . adverse ly  a f f ec t ed . . t he  environment f o r  t h e  . f i s h  specfes .  o f  most, 

concern. During t h e .  summer -months, t h e  ; tempera ture  of t h e  :Columbia. 

River  has always '.been above t h e  .optimum f o r  ~ ~ a l m o ~ i d s ' ~ ~ , e s ~ e c i a l l ~ ~ ~ i n  ., 

, r e l a t i  on : t o  t he ,  gene ra l i zed  ,."optimum1' temperatures  der ived  .,from, l abo ra to ry  ' 

experiments.  Although a temperature . o f  60 F i s  o f t e n  recommended as an, . 
upper l i m i t  f o r  . adu l t  salmon i n  r o u t e  t o  t h e i r  spawning grounds :.(u,s: 

b 

Fi,sh and Wild l i fe , ,  1967) ,  . recorded  temperatures  . f o r  t h e  , Columbi.a, show: 

t h a t . 6 0  F has)a lways  been exceeded during t h e  summer months. 

Even though : the  s t u d i e s  ou t l ?ned .he re  i n d i c . a t e . t h a t  . . there.  i s  l T t t l e .  

o r  no evidence of d i r e c t  damage from a ' c l u s t e r  of r e a c t o r s  on a l a r g e  
I 

r i v e r ,  t h e  ,problem of  eva lua t ing  and a s s e s s i n g  t h e  t o t a l  e c o l o g i c a l  

e f f e c t  of s m a l l ~ i n c r e m e n t s  ..of h e a t ' a d d e d  t o  r i ve r s , ,  .lakes,, e s t u a r i e s  

and ' c o a s t a l  waters- d e f i e s  a .  d i r e c t  . . d e f i n i t i v e  .answer.,because. of gaps 

f ri our '  lrnowledge about. t h e  e f f e c t s " o f .  s u b t l e  . pe r tu rba t ions  of tempera ture .  

. . 
on o t h e r  eco log ica l  parameters .  : .  

We .hope t h a t  - t h e  bas  i c  p r i n c i p l e s  . t h a t  . we have.' developed f o r  

s tudying  the.. d i r e c t  e f f e c t s  ' i n .  r e a c t o r  mixing zones. w i l l  b e  , app l i ed  on a,: 

broader: b a s i s ,  s i n c e  we b e l i e v e  t h a t  ' t h e . ; b e s t .  p r a c t i c a l  method of 

i n v e s t i g a t i o n  o f ,  t h e s e  problems i s  t h e  d i r e c t  approach ,of .working on-, 

. s i t e  :with . l o c a l  f i s h .  spec i e s  .and 1 o c a l . w a t e r .  



 o ow ever , s tudies ,  on t h e  1 d i r e c t  e f  Fects' o f  thermal: ;increments a r e  
: 

b a s i c a l l y .  only- requi red  . f o r  mixing zpnes .,and" t o  enable.'.mbre e f f i c i e n t  , . . .. ,. . . 

out f a l l s  t o  ' b e ,  designed: .and' deve:Iope!.: i n '  order  t o  p r o t e c t  .. b o t h ,  r e s iden t  . .  . - 
and'-migratory. species '  of f2sh. . .  With.'more. and more of 'the wor ld ' s  

2 ., 

avai1able"water.  res.ources. being used . to  sat i .sfy.  t h e  demands. of - increas-  

ing  populat ions,  g r e a t e r ,  emphagi:s,. . in.  the, f u t u r e  w i l l '  have t o  b e  given 

\ 
. t o  t h e  sum of t h e  > e f f e c t s .  of t o t &  :water .use ;upon,the, ecosystem. The 

. . 
.) : . 

r e t u r n  .of , .heated.water  fram energy p l a n t s  i s  but  .one of these. .  
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Figure 3.  .Seasonal  cyc l ing  of Columbia River temperature above and 
below H ~ n f o r d  (1965-1966), and r e l a t i o n s h i p  with chinook salmon. 
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a )  41,000 c f s ,  b) 80,000 c f s  and c )  110,000 c f s .  
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Figure 5 .  PrirLscipal migrat ion rou te  of sonic  tagged chinook salmon and 
s t ee lhead ,  f requencies  of po in t  l c c a t i o n s ,  and average migrat ion 
speeds. 
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~ i ~ u r e  6. Spawning a r e a s  o f  chinook salmon i n . t h e  Hanford a r e a .  
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Figure 7 .  Chinook salmon census of redds above and below t h e  r e a c t c r  
a reas  a t  Hanford. . . . . 
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Figure 8. Geometric mean times ( t )  t o  equi l ibr ium l o s s  ( E L ) '  and death 
of a d u l t  s teelhead.  t r o u t ,  1969, wi th  95% confidence l i m i t s .  
A regress ion  l i n e  f o r  1969 chinook da t a  i s  included f o r  
com2arison. 
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F i g u r e  9. Sunmary of the rmal  r e s i s t a n c e  of j u v e n i l e  and a d u l t  coho 
salmon and j u v e n i l e  and " jack"  chinook salmon. 
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Figure .lo: Cubic models of mean times t o  equi l ibr ium l o s s  
(dashed)  .'and death ( s o l i d s )  of a l l  juveni le  chinook. f o r  which 
data ,  were. ava i l ab l e .  ' Confidence l i m i t s  a r e  shown f o r  both 
poi  a t  s . and. l i n e s .  . . 
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T E M P E R A T U R E ,  O C  , 

gure 11. ( A )  Rela t ionship  between geometric mean equi l ibr ium l o s s  (EL) 
and death ( D )  t imes f o r  a l l  j uven i l e  chinook f o r  which d a t a  
were a v a i l a b l e .  Means and 95% confidence i n t e r v a l s  a r e  shown 
f o r  most t e s t  temperatures .  The curve r ep re sen t s  a  cubic  
model f o r  t h e  daba. ( D )  Coe f f i c i en t  of v a r i a t i o n  f n r  r a t i o s  
a t  var ious  t e s t  temperatures .  ( ~ r o m  C .  C .  Coutant and J .  M .  
Dean, m s .  submit ted f o r  p u b l i c a t i o n ) .  
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Figure 12. Ratios  of  ins tan taneous  p reda t ion  r a t e s  f ollowirig var ious  \ 

dura t ions  of exposure of j uven i l e  chinook salmon t o  28 C ;  
( A )  no recovery,  ( B )  one-half hour recovery.  Rat ios  a r e  . 

shown f o r  i n d i v i d u a l  t e s t s  and t h e  combined r a t i o s  f o r  each 
' exposure dura t ion .  



Figure 13. Rela t ionships  among t h r e e  e f t ' ec t s  of acute  thermal  shock t o  
15 C accl imhtcd juven i l e  ra.inbow t r o u t .  
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Figure 1 4 .  Maximum thermal  exposure of j uven i l e  salmonids during l i v e  
box d r i f t s  through e f f l u e n t  discharges in 1969 ( temperature 
c r i t e r i a  adopted from B r e t t ,  1952) .  




