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ABSTRACT 

. . 
F i e l d  i n v e s t i g a t i o n s  t o  eva lua t e  t h e  e f f e c t s  o f  hea t ed  r e a c t o r  

d i scharges  on juven i l e  salmonids , p a s s i n g  seaward through t h e  c e n t r a l  
I 

Columbia River  a t  Hanford were conducted from March t o  September, 1968 

and 1969. Tes t  f i s h  h e l d  . in  l iveboxes were d r i f t e d  through t h e  d ischarge  
. . 

a reas  whi le  t h e  encountered thermal  dose ( i . e . t empera ture  i n c r e a s e  and 

exposure d u r a t i o n )  was monitored. Some m o r t a l i t i e s  r e s u l t e d  i n  shore-  

l i n e  d r i f t s  through a reas  r e c e i v i n g  hea t ed  water  v i a  i n t r a g r a v e l  seepage 

from e f f l u e n t  r e t e n t i o n  bas ins .  M o r t a l i t i e s  dur ing  d r i f t s  through t h e  . 

main d ischarge  plumes i n  midr iver  were i n s i g n i f i c a n t  except  under l a t e  

summer condi t ions .  The c o n t r a s t i n g  e f f e c t s  between t h e  two s i t e s  were 

due p r imar i ly  t o  d i f f e r e n c e s  i n  e f f l u e n t  mixing pat ' terns.  Environmental 

f e a t u r e s  r e g u l a t i n g  thermal  e f f e c t s ,  which v a r i e d  over t h e  migra t ion  

season,  were p r e v a i l i n g  r i v e r  temperatures  ( 4-20' .C  ) aria d ischarges  

3 (40,000 - 200,000 f t  / s e c ) .  Four s easona l  combinations occurred  i n  

sequence with i n c r e a s i n g  p o t e n t i a l  f o r  thermal damage: l o w  temperature 

and low d ischarge  ( e a r l y  s p r i n g ,  low temperature - high  d ischarge  ( l a t e  

sp r ing ) , '  h igh temperature - high d ischarge  ( e a r i y  summer), and h igh  

temperature - low d ischarge  ( l a t e  summer). ~ i v e n i l e  salmonids produced 

i n  t h e  Hanford a r e a  migra te  seaward from A p r i l  t o  J u l y  when low r i v e r  

4 temperatures  a n d ( o r )  h igh  d ischarges  a r e  f avo rab le ,  b u t  delayed migrants  
/, (b 

o r i g i n a t i n g  above Hanford encounter  l e s s  favorable  condi t ions  i n  July 
b 

and' August. 
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. . RELATION TO HEATED EFFLUENTS I N  THE CENTRAL COLUMBIA RIVER . . 

INTRODUCTION 

Plutonium production r e a c t o r s  on t h e  Atomic Energy Comiss ion ' s  

Hanfor'd Reservation above ,Richland, Washington use Columbia River water 
. . . ..  . .  . 

a s  a coolant .  The d ive r t ed  water ,  when re turned t o  t h e  r i v e r , ' h a s  been 

heated t o  t h e  extent  t h a t  prolonged exposure t o  t h e  unmodified e f f l u e n t  

would be l e t h a l  t o  most species  of freshwater  f i s h .  However, t h e  c e n t r a l  

Columbia with i t s  l a r g e  flow volumes and cold  cu r ren t s  has ' t h e  physica l  

capaci ty  t o  absorb r e l a t i v e l y  v a s t  amounts of  heat . '  A s  a r e s u l t  r i v e r  

temperatures a t  P r e i s t  Rapids Dam, above Hanford, and a t  Richland, below. 

Hanford, normally d i f f e r s  by l e s s  than 2-3 degrees. The a reas  o f  g r e a t e s t  

hazard t o  juveni le  salmon a r e  i n  t h e  immediate v i c i n i t y  of  t h e  e f f l u e n t  

d ischarges  where i n i t i a l  mixing occurs and temperatures a r g  h ighes t .  

Heated e f f l u e n t s  a t  Hanford i s s u e  pr imar i ly  from submerged o u t f a l l s  

' l oca ted  near  midri.ver. Some a reas  along t h e  south bank of t h e  r i v e r  where 

t h e  r e a c t o r s  a r e  loca ted  a l s o  rece ive  heated water v i a  i n t r a g r a v e l  seepage 

from shore l ine  r e t e n t i o n  bas ins  and from t e s t  d i sposa l  of e f f l u e n t  i n t o  t h e  

. . 
ground. Temperatures a t  t h e  discharge po in t s  , r i s e  sharply  before  t h e  

, , 

e f f l u e n t s  become dispersed i n  t h e  rece iv ing r i v e r . w a t e r .  These areas  a r e  

p o t e n t i a l l y  l e t h a l  t o  young salmon by exposing a por t ion  of t h e  migrat ing 

f i s h  t o  "thermal shock" a s  they  pass seaward through t h e  c e n t r a l  Columbia 

. each spr ing  and summer. Result ing m o r t a l i t i e s  could occur i n  t h r e e  ways, 

. . depending on t h e  extent  of thermal exposure and t h e  thermal r e s i s t a n c e  of 

t h e  species  involved, namely: 1 )  immediate, d i r e c t  l o s s e s ;  2 )  delayed, '  

l a t e n t  l o s s e s ;  and 3) i n d i r e c t  l o s s e s  through predat ion ,  d i sease ,  and . . 

lowered r e s i s t a n c e  t o  environmenlal s t r e s s . '  Under f i k l d  conditd.ons d u r i n g  
. . 



t h i s  s tudy,  ' only .immediate and. delayed m o r t a l i t i e s  could be  s t a i s f a c t o r i l y  . 
. . 

determined. 
. . 

This r epor t  presents  observations and d a t a  obtained during l ivebox 

d r i f t s  of caged juvenile  .salmonids through e f f l u e n t  discharges a t  Hanf ord 
. . 

i n  1968 and 1969. The objec t ives  were t o :  1) determine i f ,  under 

simulated n a t u r a l  condit ions , pass age through areas  of therma2 discharge 

k i l l e d  young salmonids and 2 )  examine t h e  phys ica l  parameters ,  i . e .  

temperature l e v e l s  and exposure dura t ions ,  t h a t  were encountered i n  s i t u  

by the  f i s h .  The information presented he re in  has been. assembled' i n  

. . 
d e t a i l  i n  i n t e r n a l  r epor t s  of l i m i t e d  d i s t r i b u t i o n  ( ~ e c k e r  and Coutant,  

1969 ; Becker , Coutant and,  P ren t i ce  , 1971) , and a r e  b u t  one p o r t i o n  of 

an i n t e g r a t e d  program of labora tory  and f i e l d  s t u d i e s  t o  evaluate  t h e  

b i o l o g i c a l  consequences of t h e  Hanford opera t ions .  

IQYT'ERIALS AND METHODS 

General procedures involved t h e  placement of  juveni le  salmonids 

i n  l iveboxes and d r i f t i n g  t e s t  groups through e f f l u e n t  mixing zones; 

con t ro l  groups were t r e a t e d  s i m i l a r l y  b u t  d r i f t e d  i n  paths avoiding 

thermal exposure. Thc e.xperiment.a.1 f i s h  cons is ted  pr imar i ly  of egg-sac 

f r y  and 0-age chinook salmon Oncohrhyncllus tshawyts cha) , b u t  included 

some y e a r l i n g  coho salmon (2. k i s u t c h )  and y e a r l i n g  rainbow t r o u t  o r  

s t ee lhead  ( ~ a l m o  g a i r d n e r i  ) when ava i l ab le  . Th'e methods described he re in  

a r e  based pr imar i ly  on the  r e f ined  1969 f i e l d  opera t ions .  The d r i f t  s i t e s  

and r e a c t o r  discharge loca t ions  a re  shown,. i n  Figure 1. 

, , 

The d r i f t  procedures can be s~mma.rized as fol lows:  1) Fish were 

r e t a ined  i n  f l o a t i n g  accl imation pens downstream from t h e  heated  



 discharge^ f o r  s e v e r a l  days t o  permit p r e d r i f t  accl imation t o  r i v e r '  . . ,  

condit ions;  2 )  ' ~ r o u p s  of t e s t  f i s h ,  usua l ly  cons i s t ing  of 20-25 

ind iv idua l s ,  were placed i n  liveboxes a t t ached  t o  >each s i d e  of a d r i f t  

boat ;  3 )  Groups of con t ro l  f i s h  were proport ioned similarly i n  a second : 

d r i f t  boat ;  4 )  The d r i f t s  were conducted by guiding t e s t  f i s h  through 

e f f l u e n t  mixing zones and con t ro l  f i s h  through unmodified areas  a t  r i v e r  

flow r a t e s ;  5 )  Any immediate m o r t a l i t i e s  a t  t h e  end of the  d r i f t s  were 

noted; 6 )  Tes t  and con t ro l  f i s h  were he ld  s i x  days p o s t d r i f t  i n  f l o a t i n g  

pens s i t u a t e d  downstream and inshore of  the  mixing zones, and examined 

d a i l y  f o r  delayed m o r t a l i t i e s ;  7 )  Survivors w e r e  r e l eased .  

2 
A l ivebox consis ted  of a t u b u l a r  metal frame about 46 cm covered 

by a rubberized mesh with 1/2-inch diamond'perforat ions.  Small f r y  were 

placed i n  conta iners  constructed of p l a s t i c  window screen wi th in  each 

l ivebox,  s ince  they could pass through t h e  rubberized mesh, while l a r g e  

f inger l ings  were permit ted t o  move f r e e l y . )  Fish were d r i f t e d  e i t h e r  

near  t h e  su r face  o r  a t  a 3 meter depth. The depth of subsurface d r i f t s  

was curl'Ll.olled b y  i l ss ta l l i i lg  a 20 ft. pipe ,  w l ~ i c l ~  could be s h i f t e d  from 

a h o r i z o n t a l  t o  a v e r t i c a l  p o s i t i o n ,  t o  the  s i d e  of each d r i f t  boat  and 

the  l ivebox was r a i s e d  o r  lowered by a and rope apparatus. The . . 
' , 

s e n s i t i v e  probe of a thermal recorder was i n s e r t e d  i n  each l ivebox.  The 

probe (NO. 49, Yellow Springs Instrument company) had a time constant  of 

1.7 seconds, i. e .  t h e  time requi red  t o  r e g i s t e r  63 percent  of a sudden 

. , temperature change. Temperatures were read  d i r e c t l y  on multirange Tele- 

. . Thermometers ( ~ o d e l  46 TU, YSI ) ,  and permanent records of temperature 

f l u c t u a t i o n s  were made on s t r i p  cha r t  r ecorde r s . .  
. . 



I . . 

D r i f t s  commenced above t h e  heated  e f f l u e n t  discharges and terminated 

below t h e  "thermal p'ulses", which ind ica ted  f l u c t u a t i n g  ' temperatures of 

t h e  primary mixing zones a s  w e l l  a s  exposure of f i s h  t o  mixing discharges;  

D r i f t s  were conducted a t  r a t e s  equivalent  t o  su r face  flow through a reas  

represent ing  maximum mixing temperatures,  determined v i s u a l l y .  The f o c i  

o f '  discharge plumes i n  midchannel appeared a s  i n t e r m i t t a n t  b o i l s  breaking 

t h e  r i v e r  su r face ,  while seepages were evident  a s  areas  of  t r i c k l i n g  water 

and r i s i n g  vapors along the  shore. I n  order  t o  encounter t h e  most s t r i g e n t  

condi t ions ,  most d r i f t s  were conducted during e a r l y  morning hcurs t o  
. . 

correspond with minimum d a i l y  r i v e r  discharges a s  regula ted  above m an ford 

a t  P r i e s t  Rapids Dam, a hydroe lec t r i c  p r o j e c t .  

BIOLOGICAL AND ENVIRONMENTAL CONSIDERATIONS 

F i e l d  s t u d i e s  t o  evaluate thermal e f f e c t s  on t r a n s i t o r y  f i s h  

populat ions such as t h e  young of anadromous salmon must consider  

b i o l o g i c a l  and environmental f e a t u r e s .  To 'do-otherwise  would p resen t  

da ta  i n  .an erroneous l i g h t ,  mask i t s  f u l l  ecolug1,cal i inplicat ion and 

n u l l i f y  much otherwise valuable information.  Two q u a l i t a t i v e  considera- 

t i o n s  were of paramount importance i n  t h i s  s tudy.  F i r s t ,  t h e  p r e c i s e  

t iming of t h e  annual seaward migrat ion of young salmonids i n  the  

c e n t r a l  Columbia and, second, the  t r a n s i t i o n  of  r i v e r  temperatures and 

discharge volumes during the  migrat ion season. 

Seaward Migration Timing 

The timing of the  annual seaward migrat ion of young chinook salmon 

i n  r e l a t i o n  t o  poss ib le  e f f e c t s  of thermal discharges ( ~ e c k e r ,  1970) 

i s  e s s e n t i a l l y  a s  follows. I n  e a r l i e r  years  before  f u l l  implementation 

/ 

of the  upr ive r  r e s e r v o i r  complex, juveni le  chirlook passed through t h e  



. . 

 anfo ford' a r e a  dur ing  t h e  s p r i n g  and e a r l y  summer. I n  1955, f o r  example, 

t h e  migra t ion  showed two p e a k s ,  ' t h e  f i r s t  (most ly f r y )  occu r r ing  i n  

March and A p r i l  and t h e  second (mostly f i n g e r l i n g s )  i n  June  and J u l y  

( ~ a i n s  and Smith, 1964).  However, . f i s h  o r i g i n a t i n g  above P r i e s t  Rapids 

Dam at  t h e  p re sen t  t ime pass  through Hanford at a l a t e r  d a t e ,  p r i m a r i l y  

i n  J u l y  and August (Pa rk ,  1969).  .Cons t ruc t ion  o f  h y d r o e l e c t r i c  dams 

and f i l l i n g  of r e s e r v o i r s  dur ing  t h e  p a s t  decade i s  assumed t o  b e  

r e spons ib l e  f o r  t h e  de lay  s i n c e  f i s h  migra t ion  r a t e s  a r e  reduced i n  t h e  

r e l a t i v e l y  s l a c k  water  h a b i t a t  of impoundments (~aymond , 1968, 1969 ) . 
~ a t a  'obtained when s e i n i n g  juven i l e  chinook f o r  food s t u d i e s  ( ~ e c k e r  , 

1971) i n d i c a t e  t h a t  t hose  f i s h  pro.duced i n  t h e  Hanford s e c t i o n  r e t a i n  

t h e i r  h i s t o r i c a l  migra t ion  p a t t e r n  and t h a t  most have passed  downriver 

i n t o  t h e  McNary Dam impoundment (below Hanford) by mid-July; s i n c e  t h e  

Hanford s e c t i o n  (93 km long)  remains f ree- f lowing ,  t h e r e  i s  no b a s i s  

t o  b e l i e v e  t h a t  t h i s  normal t iming  has  been a l t e r e d .  

Juven i l e  chinook now l eav ing  t h e  c e n t r a l  Columbia, t h e r e f o r e ,  can 

be  sepa ra t ed  i n t o  two components on. t h e  b a s i s  of migra t ion  p a t t e r n  

( ~ i ~ u r e  2 ) .  Those produced i n  t h e  Hanford environs r e t a i n  t h e i r  

h i s t o r i c a l  t iming  whereas t hose  o r i g i n a t i n g  above Hanford i n  t r i b u t a r i e s ,  

h a t c h e r i e s  and spawning channe1.s may be impeded up t o  two months. The 

delayed migrants  encounter  l a t e  season  environmental condi t ions  i n  J u l y  

and August ( i . e .  w a r m  temperatures  and low f l o w s ) ,  which l a r g e l y  were 

. . avoided i n  e a r l i e r  yea r s .  

Temperature and Discharge Volumes 
Y 

The annual  cyc les  of temperature and d ischarge  i n  t h e  c e n t r a l  Columbia 

remain e s s e n t i a l l y  s i m i l a r  from y e a r  t o  y e a r ,  wi th  temperatures  r i s i n g  

dur ing  t h e  s p r i n g  and r i v e r  flows i n c r e a s i n g ' t h e n  decreas ing  dur ing  t h e  



. . 

'annual spate .  However, weekly and d a i l y  v a r i a t i o n s  i n  discharge volumes, 

.' . now occur from regula tory  re l eases  a t  upr ive r '  dams. ' I n  1969, t h e  s p r i n g  

r i s e  i n  r i v e r  temperatures followed t h e  u s u a l . p a t t e r n  ( ~ i g u r e  2 ) .  

Temperatures were wel l  below pre fe r red  l e v e l s  f o r  juveni le  salmon i n  

March and Apr i l  when young chinook emerged from t h e  g rave l  of  t h e  r i v e r  
' -  

bed, en te red  t h e  p re fe r red  range of 12-14' C ( ~ r e t t ,  1952) where thermal 

condit ions a r e  presumably near optimum i n  l a t e  May and e a r l y  June,  and 

extended i n t o  the .upper  zone of thermal to le rance  i n  J u l y  and August. 

I n  1968 and 1969, mean weekly water  temperatures peaked i n  l a t e  J u l y ,  

August and e a r l y  September with maximum d a i l y  temperatures b r i e f l y  

reaching 19 .1  and 19.7' C i n  the  two y e a r s ,  r e spec t ive ly ,  a t  P r i e s t  

Rapids and 19.7 and 20.6O C a t  Richland. 

An upper i n c i p i e n t  l e t h a l  l e v e l  of 25.1' C has been e s t a b l i s h e d  

f o r  young chinook and coho salmon i n  t h e  labora tory  ( B r e t t ,  1952) ,  b u t  

t h i s  l e v e l  i s  being redef ined f o r  Columbia River f i s h .  However, 

temperatures exceeding 20' C may w e l l  be considered suboptimum f o r  

sus ta ined  s u r v i v a l  of juvenile  salmonids i n  t h e  r i v e r  ecosystem. It 

was l a t e r  proposed ( B r e t t ,  1960) t h a t  t h e  upper l i m i t  of r equ i red  temp- 

e ra tu rco  f o r  any species  n f  fish should not exceed t h a t  which would 

c u r t a i l  a c t i v i t y  below 3/4 of optimum, and a  "freedom" of  3' C (5.5' F )  

below the  u l t ima te  l e t h a l  l e v e l  was recommended. Temperatures i n  t h e  

c e n t r a l  Columbia r a r e l y  exceed 22' C and.have never been recorded near  

t h e  25' C l e t h a l  l e v e l .  

River discharges i n  1969 (Figure  2 )  began t o  increase  about 6 weeks 

e a r l i e r  than i n  1968, because of cons t ruct ion  r e l e a s e s  from Lake Roosevelt 

behind Grand Coulee Dam f a r  above Hanford, and high flows were sus ta ined  
. . 



. .. 

f o r  a  longer period.  Discharges dec reased- rap id ly  i n  J u l y ,  a s  u s u a l ,  and 

low flows prevailed,  i n  August and e a r l y  sept&mber. Since t h e  d a t a  .' 

i l l u s t r a t e d  i n  Figure 2 a r e  based on weekly means, t h e y  f a i l  t o  r e v e a l  

e f t h e r  weekly o r  d a i l y  f l u c t u a t i o n s  t h a t  occur from flow regu la t ion  a t  

p r i e s t  ' ~ a ~ i d s  Dam immediately above Hanford. ~ 1 6 ~ s  a r e  usua l ly  reduced 

on weekends and increased during t h e  week t o  s a t i s f y  consumptive demands 

f o r  hydroe lec t r i c  power. For s imi la r  reasons,  flows a r e  decreased a t  

n ight  and increased during t h e  dey. Weekend v a r i a t i o n s  occas ional ly  . 

r e s u l t  i n  changing t h e  l e v e l  of t h e  r i v e r  flowing through t h e  Hanford 

sec t ion  up t o  5 f t  i n  a  12  hr  period.  

Mean d a i l y  discharges a t  P r i e s t - R a p i d s  Dam from March th rough .  

Apr i l ,  1969 a r e  i l l u s t r a t e d  i n  Figure 3. Day t o  day f l u c t u a t i o n s  were 

l e s s  pronounced i n  A p r i l ,  May and e a r l y  June because increased runoff  

from snow melt (combined with Grand Coulee releases ' )  provided a ' s e a s o n a l  

surplus  of r i v e r  water.  I n  March and l a t e r  i n  August, however, t h e  

a v a i l a b l e  water was conserved i n  t h e  P r i e s t  Rapids r e s e r v o i r  and weekend 

decreases i n  discharges were more:extreme. . . 

The importance of r i v e r  d ischarges  during t h e  migrat ion of young 

salmonids through FTa.nford i s  t h a t  t h e y  inf luence  t h e  ex ten t  of  poss ib le  

thermal exposure i n  mixing zones. For rel .at  ive ly  const  ant  e f f l u e n t  

volumes, high flows d i l u t e  and d i spe r se  t h e  heated e f f l u e n t  more 

e f f i c i e n t l y  than low flows. Moreover, with high d ischarge  volumes 

the ,  migrat ing populat ion spreads over a  wider hor izon ta l  a r e a  and t h e  

proport ion of  f i s h  t h a t  may i n v o l u n t a r i l y  e n t e r  t h e  mixing zones is  

presumably reduced. . . .  
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. . 
Summary ' of ' Data 

The d r i f t s  were.conducted during two c r u c i a l  per iods  f o r  evaluat ing  
. . 

thermal e f f e c t s :  t h e  e a r l y  spr ing ,  when r i v e r  temperatures were low 

and f i s h  were small  (35-50 mm l ong) ,  and t h e  summer, when r i v e r  temperatures 
, 

w e r e h i g h  and t h e  f i s h  were l a r g e  (70-95'mm long) .  These per iods  (Figure 3 )  

-were ,c,har.act.erized by low fzows and were separated by t h e  annual sp r ing  
t 
\ 

spa te  (d ischarges  >200,000 c f / s e c )  when ni t rogen supersa tura t ion  i n  t h e  

r i v e r  inse r t ed  a s t r e s s  f a c t o r  t h a t  tended t o  b i a s  thermal e f f e c t .  s t u d i e s .  

Accumulated da ta  on t h e  thermal experience of d r i f t e d  f i s h , . d r i f t  

l o c a t i o n s ,  temperature and exposure dura t ions ,  and r e s u l t i n g  f i s h  

su rv iva l  o r  mor ta l i ty  r a t e s  form an expansive a r r a y  of  t a b l e s  and f i g u r e s  

t h a t  a r e  provided i n  d e t a i l  i n  Battelle-Northwest r e p o r t s  ( ~ e c k e r  and 

Coutant , 1969;  Becker , Coutant and Pren t i ce  , 1971). It i s  mandatory t o  

condense t h i s  in for ma ti^^ f o r  p resen ta t ion  here.  

f o r  t h e  1968 and 1969 d r i f t s  a r e  summarized i n  F i y e s  4 and 

5, r e spec t ive ly ,  where t h e  base r i v e r ,  temperature i s  given on t h e  

ordinate  and t h e  maximum temperature encountered by d r i f t  groups i s  on 

t h e  absc i s sa .  The diagonal  l i n e  r ep resen t s  an assumed u l t ima te  i n c i p i e n t  

l e t h a l  l e v e l  of 25'.0° C and is  t h e  sum of any combination of o rd ina te  

and absc i s sa  readings.  ~aximum- temperatures ( thermal shock) f a l l  e i t h e r  

i n  t ,he xnne o f  thermal t ~ l e r a n c e  os the zone of thermal r e s i s t a n c e .  

Although temperatures i n  t h e  zone of  thermal r e s i s t a n c e  a r e  u l t i n a t e l y  

l e t h a l ,  young salmon can t h e o r e t i c a l l y  survive  i n  t h i s  zone f o r  a 

l i m i t e d  t ime,  which i s  e s s e n t i a l l y  a f lmction of t h e  'd is tance  of t h e  

exposure temperature beyond t h e  inc ip ien t  l e t h a l  l e v e l  ( ~ r ~ ,  1964). 



. . 

No s i g n i f i c a n t  l o s s e s  occurred during t h e  1968 sp r ing  d r i f t s  - 

( ~ i ~ u r e  4 ) .  The 1969 sp r ing  d r i f t s  were s c a n t i l y  represented  (Figure ' 5 )  ' 

because of heavy l o s s e s  involvi,ng t e s t  and c o n t r o l  f i s h  from "gas 

bubble disease" during t h e  p o s t d r i f t  r e t e n t i o n  per iod  i n  l a t e  Apr i l  

and May; t h i s  was a  consequence of high n i t rogen  l e v e l s  i n  t h e  r i v e r  

t h a t  r e s u l t e d  from increased discharges over sp i l lways  a t  P r i e s t  

Rapids Dam a t  an e a r l i e r  than usual  time. Although exposures t o  
i 

p o t e n t i a l l y  l e t h a l  temperatures (thermal shock) occurred during t h r e e  

1969 s p r i n g ' d r i f t s  through ' a  shore l ine  seepage a r e a  below t h e  BC 

r e a c t o r ,  t h e  exposure dura t ion  ( thermal dose) 'was s u f f i c i e n t  t o  

cause thermal m o r t a l i t y  i n  only one t e s t  group. Temperatures and 

exposures i n  a l l  d r i f t s  through midriver  plumes were i n s u f f i c i e n t  t o  

cause thermal mor ta l i ty .  Mit iga t ing  environmental condi t ions ,  i . e .  

low base r i v e r  temperatures (4 .0  - 8.0' C )  and increas ing r i v e r  d ischarges ,  

were t h e  primary reasons f o r  t h e  genera l  l a c k  of  thermal deaths  during 

t h e  spr ing  d r i f t s .  

s i g n i f i c a n t  l o s s e s  occurred a u u r ~ g  ..Lli~-ee groupo of t e c t  f i s h  

d r i f t e d  during t h e  summer of 1968 (Figure 4 ) .  These d r i f t s  involved 

prolonged exposure t o  heated water (up t o  40 min) from shore l ine  

seepages, bu t  t h e  maximim exposure temperature reached t h e  zone 6f thermal 

a r 'esistance i n  only one a r e a ,  below t h e  BC r e a c t o r .  None of t h e  1968 

s m e r  d r i f t s  through midriver  p l m e s ,  where passage was r a p i d  and 

exposures were b r i e f ,  caused therma1, losses .  F o u r , s m e r  d r i f t s  i n  

1969 r e s u l t e d  i n  neer t o t a l  mor ta l i ty ,  two through an inshore l eak  by 

the  ;< r eac to r s  and two through the  main K plumes i n  midriver  ( ~ i g u r e  5 ) .  

However, a  l e t h a l  thermal dose did not r e s u l t  i n  t h e  major i ty  of d r i f t s  

through t h e  K r e a c t o r  & l w ~ e ,  a l b e i t  cnvironmentil  condit.j.crns were 



extreme, i . e .  r e l a t i v e l y  high base r i v e r  temperatures and low r i v e r  

d ischarges  ( ~ i ~ u r e  2 ) .  Exposure dura t ions  were normally . too  s h o r t  t o  
. . . . 

cause m o r t a l i t i e s  even when maximum ' temperatures exceeded t h e  

a r b i t r a r y  25 C l e t h a l  l i m i t . '  I n  1968 and 1969 combined, t h r e e  summer 

d r i f t s  where t h e  f i s h  encountered peak temperatures only i n  t h e  to le rance  

zone caused high m o r t a l i t y  f o r  reasons inadequately known. 

Shore l ine 'versus  Midriver'Dischaz'ges 

=The physica'l parameters of  drifts conducted through shore l ine  

' a reas  r ece iv ing  heated e f f l u e n t  cont ras ted  with those  through t h e  
. . . .  . 

midriver  plumes. These d i f fe rences  were . r e l a t e d  t o  thermal e f f e c t s  
. . 

among t e s t  f i s h .  Generally peak temperatures were higher and exposure 
. . 

dura t ions  were longer i n  shore l ine  d r i f t s  and thus  seepage areas  held 

a g r e a t e r ,  p o t e n t i a l  f o r  causing f i s h  death .  

Shorel ine d r i f t s  were charac ter ized  by 1 )  prolonged exposures of 

t e s t  f i s h  t o  mixing e f f luen t , .because  of a slow d r i f t  r a t e  r e s u l t i n g  

from r e s t r i c t e d  downriver flow; 2 )  high thermal doses,  because of a 

reduced mixing r a t e  of t h e  e f f l u e n t  i n  t h e  rece iv ing r i v e r  water; and 

3) gradual  temperature dec l ines ,  because of an extended primary mixing 

zone. I n e r t i a l  e f f e c t s  along t h e  shore c1earl.y con t r ibu te  t o  reduce 

t h e  e f f i c i ency  of t h e  mixing process.  

Midriver d r i f t s  through t h e  main discharge plumes were charac ter ized  

by 1) b r i e f  exposures of t e s t  f i s h  t o  mixing e f f l u e n t ,  because of a 

r ap id  d r i f t  r a t c ;  2 )  low thermal doses,  hecaiise of an increased mixing 

r a t c  of t h e  e f f l u e n t ;  and 3 )  rep id  temperature dec l ines ,  because of 

a shortened primary mixing zone. Exposures t o  peak plume temperatures 

i n  midriver  d r i f t s  usua l ly  occurred within a few minutes of i n i t i a l  

contact.. Recorded ' e x p ~ s u r e s  t o  f l u c t u a t i n g  temperatures,  whidh indica ted  

t h e  t r a n s i t i o n  zone below t h e  plumes, occurred wi th in  t e n  minutes even a t  



minimum r i v e r  flows. Af ter  i n i t i a l  contac t  with t h e  plumes, t h e  

i n t e n s i t y  and . f luc tua t ion  of e f f l u e n t  temperatures dropped r a p i d l y  

t o  harmless l e v e l s .  

DISCUSSION 

Morta l i ty  of juveni le  salmonids under simulated migrat ion condit ions 

i s  p r imar i ly  a  funct ion  of thermal experience,  i . e .  temperature inc rease  . 

and exposure dura t ion  (= thermal dose) .  These in teg ra ted  funct ions  

determine t h e  l e t h a l  e f f e c t ,  i f  any, of  "thermal shock" a s  t h e  f i s h  pass  

downriver through t h e  e f f l u e n t  mixing zones. .Clearly i f  t h e  temperature 

is. s u f f i c i e n t l y  high and t h e  exposure dura t ion  i s  s u f f i c i e n t l y  long,  any 

species  of f i s h  shocked by heat  w i l l  be k i l l e d .  The p r e c i s e  r e l a t i o n s h i p  
. .  . . . . .  . 

has been determined i n  labora tory  experiments, but  extension of t h e s e  

d a t a  t o  f i e l d  condi t ions  i s  quest ionable because temperature f l u c t u a t i o n s  

occur randomly in  t h e  mixing zones before  thermal s t a b i l z z a t i o n  occurs. 
, 

Moreover, unknown i n t r i n s i c  f a c t o r s  a r e  o f t e n  opera t ive  in' f i e l d  s i t u a t i o n s  

t11a.t; a r c  l a r g e l y  reduced nr  e.l.i.minated i n  con t ro l l ed  l abora to ry  s t u d i e s .  

An i d e a l  evaluat ion  program ( f o r  t h e r m a l ' e f f e c t  s t u d i e s )  must combine 

labora tory  and f i e l d  d a t a  i n  order  t o  ob ta in  ecologica l  meaning with 

r e spec t  t o  t h e  su rv iva l  value f o r  a  species  (Mihursky and Kennedy, 1967).  

Environme~ta l  condi t ions  when juven i l e  salmonids a r e  migrat ing 

c l e a r l y  inf luence  thermal experience, p o t e n t i a l  or  r e a l i z e d .  The two 

most Gi~portant  feature^ i n  t h e  cent,ral Columbia River a r e  p reva i l ing  

r i-rer  temperatures and d ischarges ,  which annually range from about 

3 4 t o  20.0' C znd 40,000 t o  280,000 f t  / s ec ,  r e spec t ive ly .  On t h e  

bas i s  of our obsel-vations and experiments, t h e  p o t e n t i a l  hazard t o  

; migrat ing f i s h  from heated d ischarges  apparent ly  inc reases  from March 

through August. 
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. . . . .. . .. .. . .  .. . . . .  . .. .. .... . .. . . 
. .~ov.Tempera ture  . -  'LOW 'Disdharge. ( M a r c h - ~ ~ r i l )  

River temperatures and flow volumes a r e  low during e a r l y  spr ing .  
. . 

Chinook f r y  f i r s t  emerge from tfie g rave l  i n  t h e  Hanford environs a t  t h i s  

' . t ime. Many weakly strimning f r y  a re  apparent ly  c a r r i e d  downriver, t h u s  . 
. .  . 

contr ibut ing  t o  an e a r l y  seaward migrat ion a s  de tec ted  by Mains and 

,Smith (1964). Other f r y  appear i n  inshore areas, f o r  v a r i a b l e  per iods  

of feeding and growth before depar t ing  seaward ( ~ e c k e r ,  1971).  The 

1-5vebox d r i f t s  . reveal  .only one 2nstmc.e o f '  excess2ve. m o r t a l i t y  during 

e a r l y  spr ing  when f i s h  were passed through a shore l ine  seepage a rea ,  

. . 
but no l o s s e s  from midriver  plumes. The absence of l e t h a l  e f f e c t s ,  

e i t h e r  immediate, d i r e c t  l o s s e s  o r  delayed, l a t e n t  l o s s e s  from thermal 

dose, i s  due l a r g e l y  t o  p reva i l ing  low r i v e r  temperatures.  

Surface mixing p a t t e r n s  of t h e  K r e a c t o r  plWe a t  flows of 41,000 

and 80,000 c f / s e c ,  taken by i n f r a r e d  imaging (Jaske ,  Templeton and 

. . Coutant, 1970) a r e  shown i n  Figure 6. Maximum thermal increments cover 

. a broader surface  a r e a  behind t h e  plume a t  t h e  lower flow, and t h e  

width of th.c 1-6' C AT.mixing zone ext.ending downrives i s  wider. I f  

base r i v e r  temperatures a r e  low, a s  i n  e a r l y  sp r ing ,  incl-emenis s u f f i c i e n t  

t o  cause death e x i s t  only i n  t h e  plume focus. I f  nidriv-er c u r r e n t s  a r e  

r ap id ,  a s  i n  t h e  c e n t r a l  Colmbia ,  exposure t o  maximum temperatures 

would necessa r i ly  be b r i e f  and usua l ly  import merely a s u b l e t h a l  thermal 

. . 
dose. Exposure, a t  l e a s t  of  confined f i s h ,  t o  high temperatures i n  

shore l ine  a r e a s  i s  longer and deaths may resill t . 
Low Temperatures - High .DisChArgeS ' (bTaY-Jwe) 

A r i s e  i n  r i v e r  temperature t o  about 16' C occurs i n  l a t e  sp r ing  
. . 

and e a r l y  summer, but  high r i v e r  discha.rges a l s o  accompany t h i s  r i s e .  
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Many juveni le  salmonids a r e  passing seaward and f i s h  a r e  abundant i n  
. . 

inshore feeding a reas  a t  Hanford. Although r ive r . .  temperatures a r e  near 

/ .  optimum., d issolved nitro'sen becomes an a d d i t i o n a l  environmental hazard 
. . 

when surplus  water is  passed over t h e  spi l lways of hydroe lec t r i c  dams, 

as had been t h e  case i n  recent  yea r s  (Ekel,' l * ~ ) .  

Surface mixing p a t t e r n s  of t h e  K plume r e a c t o r  plume a t  a flow of 

3 
. . .  

110,000 f t  /sec a r e  a l s o  shown i n  Figure '  6. Maximum tenpera tu re  increments 

,(6-9" C AT)  occur only a t  t h e  discharge focus ,  and t h e  width of t h e  
3 . . 

.mixing zone extending downriver is  narrow. However, r i v e r  flows during 

sp r ing  runoff  norrnally exceed t h i s  l e v e l  twofold acd a c t u a l l y  peaked 

3 abave 270,'000 ft / sec  i n  1968 and 1969. Extreneljr high flows p r o t e c t  

migrants from thermal exposure i n  a plume by r a p i d l y  d i spe r s ing  heated 

e f f l u e n t s  i n  t h e  v a s t  water mass. 
. . . . . , . . . . . . 

'High 'Temperatures ' -  'High 'Discharges ' ( ~ u r i e - ~ u l ~ )  

'River temperature exceed t h e  p re fe r red  temperatures f o r  young 

salmonids i n  e a r l y  summer, but discharge.volumes normally remain 

high u n t i l  mid-July. High nitrogen l e v e l s  p e r s i s t  u n t i l  r i v e r  flows 

dccrcagc. Most f i s h  produced Iii 'L;lle ,Hallro~-d reach,  aclhering Lo t h e i r  

snc ien t  migrat ion p a t t e r n ,  pass ciownriirer towards t h e  sea  by mid-July . 
Eigh discharges mi t iga te  aga ins t  excessive l o s s e s  of migrants  during 

, ' t h i s  period.  Our d r i f t  da ta ,  however, i n d i c a t e  t h a t  shore l ine  

seepages remain p o t e n t i a l l y  l e t h a l  because flow i n e r t i a  redxces mixing 

e f f i c i e n c y  of e f f l u e n t s  along t h e  shore and prolongs f i s h  exposure. 

High Temperztures - 'Los DiScherges . ( ~ u g i ~ s t , - ~ e ~ t e m b e i - )  

~ i ~ h  t e z p e r l t u r e s  (near  20" C )  and low discharges  (<103,000 f%3/sec)  

p r e v a i l  i n  ' l a t e  saxiies. Whereas most. juveni le  chinool; prcduced fro17 



n a t u r a l  spawning. a t  Hanford have depar ted  ( ~ e c k e r ,  1970, 1971) ,  a 

delayed passage of young salmon produced above Hanford may cont inue  

through August (pa rk ,  1969);  'presumably t h e s e  f i s h  do no t  l i n g e r  i n  

t h e  free-f lowing Hanford s e c t i o n  b u t  pass  through a t  a r a t e  approximating 

t h e  c u r r e n t  flow. Some l o s s e s  of d r i f t e d  f i s h  from thermal  dose i n  t h e  

plumes d i d  occur dur ing  l a t e  summer, p a r t i c u l a r l y  dur ing  - low flows on 

3 weekends when s u r f a c e  mixing p a t t e r n s  simi'lar t o  t hose  a t  41,000 f t  / sec  

( ~ i ~ u r e  6 )  p reva i l ed .  ' Temperature l e v e l s ,  dur ing  l a t e  summer a r e  h igh  . 
. . 

r a t h e r  than  low a s  i n  e a r l y  s p r i n g ,  and when t h e  base  , r i v e r  tempera ture  

i s  18' C ,  increments of 7O C and above w i l l  expose migrants  e n t e r i n g  

t h e  d ischarges  t o  l e t h a l  thermal  l e v e l s .  Then whether o r  no t  m o r t a l i t y  

1 

occurs depends on t h e  du ra t ion  of  exposure. 

Thus a p o t e n t i a l  f o r  thermal  m o r t a l i t y  c l e a r l y  e x i s t s  i n  l a t e  

summer, and t h e  delayed migrants  o r i g i n a t i n g  above. Hanford a r e  most , 

vulnerable .  Yet s i g n i f i c a n t  l o s s e s  of t e s t  f i s h  occurred only dur ing  

two plume d r i f t s  i n  midr iver ,  presumably because of r e l a t i v e l y  b r i e f  

exposures to .mixing  e f f l u e n t s .  ' Shore l ine  seepages were. more hazardous 

under l a t e  summer cond i t i ons ,  b u t  we have no evidence t h a t  unconfined,  

. . l a r g e  juven i l e  f i s h ,  i f  p r e sen t  i n  t h e  r i v e r ,  would e i t h e r  l i n g e r  i n  

these warllled ai-tag and bc  I r i l l ed .  

' . General Conclusions. 

Our s t u d i e s  permit  some gene ra l i zed  conclusions about thermal  

.. , 
e f f e c t s  of  r e c e n t  Hanford opera t ions  on seaward migra t ing  salmonids.  

C lea r ly  t h e s e  conclusions a r e  based  on b i o l o g i c a l  and environmental  

f e a t u r e s  p e c u l i a r  t o  t h e  c e n t r a l  Columbia River .  An i n t e r p r e t a t i o n  of 



. t h e  r e l a t i o n s h i p  of environmental c h a r a c t e r i s t i c s  t o  p o t e n t i a l  thermal  
. . 

hazard t o  j u v e n i l e  salmonids i s  presented  i n  F igure  7. Hazard i n c r e a s e s  
. . 

as r i v e r  tempera tures  r i s e  end d i scha rges  drop.  Most j uven i l e  salmcnids 

produced i n  t n e  free-flowing Ranford s e c t i o n  'migrate seaward from A p r i l  

t o  Zuly under corresponding cond i t i ons  o f  r e l a t i v e l y  f avo rab le  r i v e r  , 

' temperatures  and h igh  r i v e r  d i scha rges .  Condit ions f o r  delayed mig ran t s  

a r e  l e s s  f avo rab ie .  

The the'rmal hazard r ep re sen ted  by a midstream plume appears  t o  be  

l e s s  t han  a s h o r e l i n e  d ischarge .  P o t e n t i a l  hsrm depends upon ambient 

r i v e r  cond i t i ons  ( tempera ture  end d i scha rge )  and  whether t h e  f i s h  

a c t u a l l y  e c t e r  t h e  focus of  a plume be fo re  mixing reduces  e f f l u e n t  

tempera tures  t o  s u b l e t h a l  l e v e l s .  During a c t i v e  mig ra t ion ,  J u v e n i l e  

chinook i n  t h e  c e n t r a l  Columbia p r e f e r  t h e  s u r f a c e  zone ( 44% pass  

w i t h i n  30 i n  of t h e  s u r f a c e )  and, a l though t h e  f i s h  a r e  h o r i z o n t a l l y  

d i s t r i b u t e d  ac ros s  t h e  e n t i r e  r i v e r ,  t h e  g r e a t e s t  concen t r a t ions  pas s  

. , near  t h e  shore  ( ~ a i n s  and Smith, 19614). In- t h e  c e n t r a l  Columbia, 
/ 

t h e r e . m i d r i v e r  c u r r e n t  v e l o c i t i e s  exceed t h e  swimniing'speed of  young 

salmonids; c o l l i s i o n  wi th  d i s c h a r g e s ' e f f l u e n t s  may be unavoidable f o r  

a t  l e a s t  some f i s h .  The propor t ion  o f  migrants  e n t e r i n g  t h e  mixing 

zone of a p lme  i s  u ~ l l u l o ~ i i  b u t  this pl-cpol-tion i 3  probc,bly c n s l l  d.ue 

t o  t h e  low r a t i o  of  e f f l u e n t  volun?~ t o  t o t a l  water  mass. The nunber 

of f i s h  t h a t  enco-mter l e t h a l  tempera tures  near  t h e  focus  of a plume 

i s  l i k e l y  even l e s s ,  s i n c e  p lane  tempera tures  g e n e r a l l y  l o s e  80 pe rcen t  

of AT. w i th in  5 se'conds c f  d i scharge .  . If l e t h e 1  temperature;:; =e 

e n c o ~ n t e r e d  i n  t h e  i n i t i a l  n~oment of t h e r n ~ a l  shock, exposure t i , n e  is  
. . 

normally s c  'crief t h z t  t h e r e  i s  l i t t l e  e f f e c t  on s e n s i t i v e  f i s h  t i s s u e s  

i n  most f i e l d  s i t u a t i o n s .  
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. . 

Shorel ine , seepages, i n  c o n t r a s t ,  represent  a p o t e n t i a l l y  l e t h i  
. . 

a r e a  t o  juveni le  salmonj.ds r ega rd less  of  any ex ten t  of  ' f i s h  avoidance 

o r  of e x i s t i n g  r i v e r  temperature end discharge.  These seepage e r e a s  a r e  

. . 
unique t o  t h e  Banford s i t e ,  and a r e  now g r e a t l y  reduced a f t e r  r e a c t o r  

. . 

closures .  (The EC rea.ctor  was c losed i n  t h e  spr ing  of 1969. ) Shorel ine 

.dischsrges of unmodified >-=actor e f f l u e n t s  should be avoided a t  any 

fu tu re  nuclear  power f a c i l i t j e s  donstructcd on t h e  Colum3ia lil-rer and 

o the r  streams . u t i l i z e d  by cold-adapted salmonids. 

In any s i t u a t i o n  where heated e f f l u e n t s  f a i l  i n  t h e  ragge of  Tethal  

. . 
temperatures and mor t s l . i t i e s  of f i s h  can occur, t h e r e  i s  reason f o r  

concern. Our l ivebox d r i f t s  have demonstrated t h a t  t h i s  does not 

necessa r i ly  n1ea.n t h a t  t h e  r i s k  of e l e t h a l  thermal dose i s  excess ive ,  

bu t  only t h a t  l o s s e s  nay oceur under c e r t a i n  b i o l o g i c a l  and environmental- 

condi t ions .  We have attempted t o  c l .a r iLy t h e .  condi t ions  p reva i l ing  

i n  t h e  c e n t r a l  Columbia River i n  1968 and 1969. 
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. Figure  2. Mean weekly water  tempera tures  i n  t h e  c e n t r a l  Columbia 
. . River  at P r i e s t  Rapids Dam (above ~ a . n f o r d )  and Richland . 

(below r an ford) p l u s  d ischarge  volumes at P r i e s t  Rapids 
i n  1969. 
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Figure  5'. Maximmi thermal  exposures o f  j u v e n i l e  sa lmonids  du r ing  
l i vebox  d r i f t s  through e f f l u e n t  d i scha rges  a t  Hanford 
i n  1969. (Arrows po in t  t o  d r i f t s  where s i g n i f i c a n t  
m o r t a l i t y  occurred,  i . e .  t h e  m a j o r i t y  of f i s h  d i e d ) .  
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Figure 7. Diagrammatic p r e s e n t a t i o n  of  t h e  p o t e n t i a l  thermal  
hazard t o  migra t ing  j u v e n i l e  salmonids. i n  r e l a t i o n  
t o  t h e  annual tempera ture  and d ischarge  cyc l e  i n  t h e  
c e n t r a l  Columbia River .  






