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ABSTRACT

Simulation models were designed to represent the movements of juvenile and

adult sockeye salmon (Oncorhynchus  nerka) through Bristol Bay. T h e  f i r s t  m o d e l

d e s c r i b e s  t h e  t i m i n g  a n d  d i s t r i b u t i o n  o f  t h e  f i s h  o n  a  p e r  r i v e r  b a s i s ;  t h e

s e c o n d  t h e  l o c a l  m o v e m e n t s  o f  t h e  s a l m o n  a s  t h e y  c o m e  i n t o  c o n t a c t  w i t h  a n  o i l

s p i l l . P a r a m e t e r s  i n  t h e  m o d e l s  w e r e  c h o s e n  t o  m a x i m i z e  t h e  p o t e n t i a l  e f f e c t s

o f  t h e  d e s c r i b e d  s p i l l s  a n d  t h e  s p i l l s  w e r e  a s s u m e d  t o  o c c u r  a t  t h e  p e a k

m i g r a t i o n  t i m e s  o f  t h e  j u v e n i l e s  a n d  o f  t h e  a d u l t s . A v o i d a n c e  o f  t h e  s p i l l

c o m m e n s u r a t e  w i t h  a v a i l a b l e  t h e o r e t i c a l  s t u d i e s  w a s  a l l o w e d  t h e  s a l m o n ,

s i m u l a t i o n s  w e r e  a l s o  r u n  w i t h  n o  a v o i d a n c e  t o  p r o v i d e  u p p e r  a n d  l o w e r

bounds of contamination and mortality.

A tanker accident releasing 240,000 bbl of No. 2 diesel fuel off of

and

p r e d i c t e d

e i t h e r

P o r t  Moller or  Por t  Heiden was predicted to  cause morta l i t ies  of  7 to 35% of

the juveniles migrating through the area at the time of the spill, which would

r e p r e s e n t  3  t o  1 3 %  o f  t h e  t o t a l  m i g r a t i n g  j u v e n i l e  p o p u l a t i o n . A t  t h e  s a m e

t i m e  3  t o  18% o f  t h e  s u r v i v i n g  j u v e n i l e s  i n  t h e  s p i l l  a r e a  o r  1  t o  6 %  o f  t h e

total population were predicted to be tainted at above 0.6 ppm. From 2 to 18%

of adults passing through the tanker spill area were predicted to die, which

represented  1  to  5% of t h e  w h o l e  p o p u l a t i o n . Mortalities could be twice as high

a s  t h e s e  m e a n  v a l u e s  f o r  a d u l t s  r e t u r n i n g  t o  t h e  Ugashik R i v e r  a s  t h e s e  w o u l d  b e

c l o s e r  t o  s h o r e  i n  t h e  a r e a  o f  t h e  s p i l l .

Tainting levels could reach 3 to 7% of the population migrating through the

spill area or 1 to 2% of the whole population. T h e  p e r c e n t s  t a i n t e d  w e r e  a g a i n

s p e c i f i c  t o  t h e  r i v e r  o f  r e t u r n  a n d  t h e  d e g r e e  o f  t a i n t i n g  o n  t h e  f i s h i n g  g r o u n d s

o f f  t h e  v a r i o u s  r i v e r s  i s  s t r o n g l y  d e p e n d e n t  o n  t h e  t r a v e l  t i m e  f o r  t h e  a d u l t s
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b e t w e e n  t h e  s p i l l  a r e a  a n d  t h e  f i s h i n g  g r o u n d s . T h u s  u n d e r  t h e  a s s u m p t i o n  o f

no c h a n g e  in c h e m i c a l  c o m p o s i t i o n  o f  t h e  oil o v e r  t h e  d u r a t i o n  o f  t h e  s p i l l ,

u p  t o  3 0 %  o f  t h e  a d u l t s  r e t u r n i n g  t o  t h e  Ugashik R i v e r  f i s h i n g  g r o u n d s  o n  a n y

one day could  be tainted at above 0.6 ppm after passing through a spill off of

Port Heiden, and up to  9% of  those re turn ing fo l lowing a  sp i l l  o f f  o f  Port Moller

could b e  t a i n t e d .

S i m u l a t e d  e f f e c t s  o f  a  b l o w o u t  o f  c r u d e  o i l  o f  2 0 , 0 0 0  bbl/day w e r e  m u c h

l o w e r  with e x p e c t e d  m o r t a l i t i e s  r e a c h i n g  a  m a x i m u m  of ?% for j u v e n i l e s  i n  the

a r e a  o f  t h e  P o r t  Moller b l o w o u t  a n d  t a i n t i n g  l e s s  t h a n  1 %  i n  a l l  i n s t a n c e s .

R e s u l t s  f r o m  t h e s e  s i m u l a t i o n s  a r e  h i g h l y  d e p e n d e n t  o n  t h e  p h y s i c a l  l o c a t i o n

o f  t h e  oi

increased

are great’

s p i l l  a n d  i t s  p r o j e c t e d  m o v e m e n t s . E f f e c t s  o n  a d u l t s  a r e  g r e a t l y

f o r  s p i l l s  l o c a t e d  f u r t h e r  i n t o  B r i s t o l  B a y ,  a n d  e f f e c t s  o n  j u v e n i l e s

y  i n c r e a s e d  f o r  s p i l l s  o c c u r r i n g  c l o s e r  t o  s h o r e .
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INTRODUCTION

T h e  m o s t  valuab’

t h r o u g h  B r i s t o l  B a y

e  c o n c e n t r a t i o n s  o f  s a l m o n (Oncorhynchus  spp.) i n  A aska pass

o n  t h e i r  w a y  t o  a n d  f r o m  t h e  B e r i n g  S e a  a n d  P a c i f i c  O c e a n .

S o c k e v e  s a l m o n  (0. n e r k a )  a r e  t h e  m o s t  a b u n d a n t  o f  t h e  B r i s t o l  Bay  s a l m o n .-. ..,.–- .— —,

c o m p r i s i n g  8 9 %  o f  t h e  a d u l t  r e t u r n s  s i n c e  1 9 5 1  ( R o g e r s  1 9 7 7 ) .  T h e y  a r e  also t h e

s p e c i e s  f o r  w h i c h  m o s t  B r i s t o l  B a y  d a t a  a r e  a v a i l a b l e . T h e  l i f e  h i s t o r i e s  o f

B r i s t o l  B a y  s o c k e y e  s a l m o n  a r e  v a r i a b l e , b u t  c a n  b e  g e n e r a l i z e d  a s  f o l l o w s  f r o m

R o y c e  e t  al. (lg68)~/.

I n  A u g u s t  a n d  S e p t e m b e r  t h e  adults s p a w n  i n  t h e  e x t e n s i v e  B r i s t o l  B a y  r i v e r

s y s t e m s . T h e  r e s u l t i n g  f r y  e m e r g e  m a i n l y  i n  t h e  f o l l o w i n g  J u n e  a n d  m o v e  t o  a

l a k e  w h e r e  t h e y  s p e n d  1  o r  2  w i n t e r s . T h e y  m i g r a t e  o u t  o f  t h e  lakes f o l l o w i n g

t h e  b r e a k u p  o f  l a k e  i c e ,  m a i n l y  i n  J u n e ,  a n d  i n t o  B r i s t o l  B a y . T h e i r  l e n g t h

a t  t h i s  p o i n t  r a n g e s  o n  a v e r a g e  f r o m  7  t o  1 2  c m ,  d e p e n d i n g  o n  a g e  a n d  r i v e r

s y s t e m . M o s t  o f  t h e  s o c k e y e  s a l m o n  s p e n d  2  o r  3  y e a r s  ( 6 0 - 8 0 %  s p e n d  2  y e a r s )  a t

s e a  s o  t h a t  a t  m a t u r i t y  t h e y  a r e  u s u a l l y  f+, 5 ,  o r  6  y e a r s  o l d . I n  t h e  f i r s t  f e w

months as they migrate through Bristol Bay they feed mainly on larval fish and

euphausi  i d s  a n d  r e m a i n  w i t h i n  5 4  k m  o f  t h e  s o u t h e r n  s h o r e  (Straty 1 9 7 4 ) . I t  i s

p o s t u l a t e d  t h a t  t h e y  r e m a i n  i n  t h e  B e r i n g  S e a  u n t i l  a t  l e a s t  a u t u m n ,  p r o b a b l y

r e a c h i n g  t h e  w e s t e r n  B e r i n g  S e a  b e f o r e  p r o c e e d i n g  s o u t h w a r d s  i n t o  t h e  N o r t h

P a c i f i c  O c e a n  a n d  t h e  S u b a r c t i c  c u r r e n t . B y  t h e  n e x t  s p r i n g  a n d  s u m m e r  ( t h e

b e g i n n i n g  o f  t h e i r  s e c o n d  o c e a n  y e a r )  t h e y  a r e  i n  t h e i r  c h a r a c t e r i s t i c  s u m m e r

m i g r a t i o n  w i t h  the Alaska s t r e a m  a l o n g  t h e  s o u t h  s i d e  o f  t h e  A l e u t i a n  I s l a n d s ,

t h e i r  d i s t r i b u t i o n  e x t e n d i n g  u p  t o  18s  k m  o f f s h o r e , b u t  w i t h  t h e  m a j o r  a b u n d a n c e s

~/ O r i g i n a l  r e f e r e n c e s  f r o m  R o y c e  e t  a l .  w i l l  n o t  b e  g i v e n  h e r e .

4 6 7



w i t h i n  !56 k m . A t  t h i s  p o i n t  t h e  f i s h  h a v e  g r o w n  t o  a n  a v e r a g e  3S c m ,  a n d  a r e

f e e d i n g  a c t i v e l y  o n  v a r i o u s  c r u s t a c e a n s  ( p r i m a r i l y  euphausi  i d s )  a n d  l a r v a l  f i s h .

I n  t h e  o f f s h o r e  r e g i o n s , s q u i d  f o r m  a  m a j o r  p a r t  o f  t h e i r  d i e t  i n  a d d i t i o n  t o

t h e  l a r v a l  f i s h  a n d  c r u s t a c e a n s  ( L e B r a s s e u r  1 9 6 6 ) .  T h e  s a l m o n  r e p e a t  t h i s

e l o n g a t e d  e a s t - w e s t  c o u r s e , w h i c h  e x t e n d s  f r o m  a b o u t  l o n g .  165°E to 140”W,

o n c e  o r  t w i c e  b e f o r e  r e t u r n i n g  t o  t h e  e s t u a r i e s  o f  t h e i r  n a t a l  r i v e r s  i n  B r i s t o l

B a y . T h e  r e t u r n s  e x t e n d  f r o m  a b o u t  J u n e  2 0  t h r o u g h  J u l y  2 5 ,  w i t h  t h e  p e a k

i n  r e t u r n s  v a r y i n g  f r o m  J u l y  2  t o  J u l y  9  i n  d i f f e r e n t  y e a r s . O n  r e t u r n ,  t h e

f i s h  w h i c h  h a v e  s p e n t  2  y e a r s  a t  s e a  a v e r a g e  51 to 53 c m ,  a n d  a r e  t h o r o u g h l y

m i x e d  w i t h  t h o s e  w h i c h  h a v e  s p e n t  3  y e a r s  a t  s e a  a n d  a v e r a g e  57 to 59 c m .

D u r i n g  t h e s e  m i g r a t i o n s , t h e i r  r a t e  o f  m i g r a t i o n  h a s  i n c r e a s e d  f r o m  a n  e s t i m a t e d

18 k m / d  i n  t h e  f i r s t  y e a r  t o  3 1  kmjd i n  t h e  s e c o n d  y e a r  a n d  a g a i n  t o  4 6  t o  S6 k m / d

i n  t h e  f i n a l  3 0  t o  6 0  d a y s  a t  s e a .

T h e  a b o v e  g e n e r a l i z e d  l i f e  h i s t o r y  d e s c r i p t i o n  c o n c e a l s  t h e  v a r i a b i l i t y

w i t h i n  t h e  B r i s t o l  B a y  s a l m o n ; t h u s  a s  l a t e  a s  M a y  1  i n  t h e i r  f i n a l  y e a r  t h e y

h a v e  b e e n  i d e n t i f i e d  ( b y  s u b s e q u e n t  r e c a p t u r e s  o f  m a r k e d  f i s h )  f r o m  2 2 0 0  k m  w e s t

o f  B r i s t o l  B a y  ( o f f  t h e  K a m c h a t k a  P e n i n s u l a ) , t o  2 2 0 0  k m  t o  t h e  e a s t  ( i n  t h e

c e n t r a l  G u l f  o f  A l a s k a ) . D e s p i t e  t h i s  w i d e s p r e a d  d i s t r i b u t i o n  t h e  r e t u r n  t i m i n g

i s  f i n e l y  d e l i m i t e d .

A n n u a l  r u n  s i z e s  r a n g e d  f r o m  2 . 4  t o  5 3 . 1  m i l l i o n  b e t w e e n  1951  a n d  1 9 7 4 ,

m u c h  o f  t h i s  v a r i a b i l i t y  b e i n g  c a u s e d  b y  t h e  c y c l i c a l  v a r i a b i l i t y  i n  r e t u r n s

t o  t h e  Iliamna L a k e  i n  t h e  N a k n e k / K v i c h a k  d i s t r i c t  ( R o g e r s  1 9 7 7 ) .  The same

a u t h o r  e s t i m a t e s  t h e  a v e r a g e  n u m b e r  o f  s o c k e y e  s m e l t s  l e a v i n g  t h e  l a k e  s y s t e m s

o f  t h e  f o u r  m a j o r  r

o f  v a r i a t i o n  o f  t h e

n u m b e r  o f  r e t u r n i n g

v e r s  f r o m  1 9 5 0  t o  1 9 7 4  a t  2 0 9  m i l l i o n . T h e  c o e f f i c i e n t

n u m b e r  o f  s m e l t s  e m i g r a t i n g  ( 1 . 2 9 )  w a s  ’ g r e a t e r  t h a n  t h a t  f o r

a d u l t s  ( 0 . 7 5 ) .
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in s i x  o f  t h e  y e a r s  1 9 5 0 - 1 9 7 4  t h e  c o m b i n e d  e s t i m a t e  o f  n u m b e r s  o f  p i n k

(~. gorbuscha)  a n d  c h u m  (Q. keta) s a l m o n  j u v e n i l e s  ( a v e r a g e  n u m b e r s  5 7  a n d  37

m i l l i o n , r e s p e c t i v e l y )  w a s  g r e a t e r  t h a n  t h a t  e s t i m a t e d  f o r  t h e  s o c k e y e  s a l m o n

s m e l t s . U n f o r t u n a t e l y , t h e  a n a l y s i s  o f  t h e  e f f e c t s  o f  t h e  h y p o t h e t i c a l  o i l  s p i l l

o n  t h e s e  s p e c i e s  i s  p r e c l u d e d  b y  t h e  l a c k  o f  c o n s i d e r a t i o n  o f  t h e  d i s t r i b u t i o n

of  o i l  i n  n e a r s h o r e  w a t e r s .

CHARACTERISTICS OF STOCKS

Adult Migrations Through Bristol Bay

The timing and numbers of adult salmon returning to Bristol Bay have been

summarized by Rogers (1977, 1984);

statistics used to index abundance

h e  e m p h a s i z e s  t h a t  t h e  c a t c h

m a y  n o t  a c c u r a t e l y  m e a s u r e  t o t a l  a b u n d a n c e

b e c a u s e  f i s h i n g  e f f o r t  h a s  b e e n  v a r i a b l e . C a t c h e s  u n t i l  1 9 5 1  w e r e  c o m p r i s e d

o f  9 5 %  s o c k e y e  s a l m o n . S i n c e  1 9 5 1  t h i s  p e r c e n t a g e  h a s  d e c r e a s e d  t o  a b o u t  8 9 % .

T h e i r  e s t i m a t e d  a b u n d a n c e  h a s  r a n g e d  f r o m  2  t o  o v e r  6 0  m i l l i o n  f i s h  s i n c e  1 9 5 1 ,

t h e  h i g h  a n n u a l  v a r i a b i l i t y  b e i n g  p a r t l y  a  c o n s e q u e n c e  o f  c y c l i c  v a r i a b i l i t y

i n  r u n s  t o  Iliamna L a k e  i n  t h e  N a k n e k - K v i c h a k  d i s t r i c t . F r o m  1 9 5 6  t o  1 9 7 7

a v e r a g e  a b u n d a n c e  of t h e  m a i n  a g e  g r o u p s  w a s  15.4 mi l l ion f ish. S i n c e  1 9 7 7

t h e  a v e r a g e  a b u n d a n c e  h a s  i n c r e a s e d  t o  3 6 . 6  m i l l i o n  f i s h . O n  a v e r a g e ,  54%% o f

t h e  a d u l t  s o c k e y e  s a l m o n  r e t u r n i n g  t o  B r i s t o l  B a y  r e t u r n  t o  t h e  N a k n e k - K v i c h a k

d i s t r i c t  a l t h o u g h  t h i s  d i s t r i c t ,  o n  a v e r a g e , p r o d u c e s  o n l y  3 6 %  o f  t h e  outmigrating

s o c k e y e  s a l m o n . T h e  m a j o r i t y  o f  t h e  r e t u r n i n g  a d u l t s  h a v e  s p e n t  1  o r  2  y e a r s  i n

f r e s h w a t e r , and  2  or  3 y e a r s  a t  s e a . S i n c e  1952,  on average, 50% spent  1  year

i n  f r e s h w a t e r  ( r a n g e  1 9  t o  8 9 % )  a n d ,  o n  a v e r a g e , 5 7 %  s p e n t  2  y e a r s  a t  s e a  ( r a n g e

2 8  to 7 7 % ) . tlean l e n g t h s  o n  r e t u r n  a r e  d e p e n d e n t  o n  t h e  a g e  o f  t h e  f i s h ;  a n n u a l

m e a n s  h a v e  r a n g e d  f r o m  4 8 . 5  - 5 2 . 5  c m  f o r  adults o f  a g e  1.2 t o  5 6 . 5  -  5 9 . 5  for

age 2 . 3 . T h e  a v e r a g e  m e a n  l e n g t h s  t e n d  t o  s h o w  a  n e g a t i v e  c o r r e l a t i o n  w i t h  r u n
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s i z e  a n d  h a v e  b e e n  a t  t h e  h i g h e r  e n d  o f  t h e  q u o t e d  r a n g e  s i n c e  1 9 7 7  ( R o g e r s  1 9 8 4 ) .

R o g e r s  s u g g e s t s  t h a t  t h e  i n c r e a s e  i n  a b u n d a n c e  a n d  t h e  h i g h e r  a v e r a g e  l e n g t h s  i n

r e c e n t  y e a r s  a r e  a s s o c i a t e d  w i t h  h i g h e r  w i n t e r  t e m p e r a t u r e s  w h i l e  t h e  f i s h  w e r e

a t  s e a .

R e t u r n  t i m e s  o f  a d u l t  s a l m o n  t o  B r i s t o l  B a y  f o l l o w  a  v e r y  c o n s i s t e n t  p a t t e r n

w i t h  8 0 %  o f  t h e  r u n  p a s s i n g  t h e  f i s h e r y  o v e r  a  1 2 . 9  d a y  p e r i o d  ( S D  1.58 d a y s )

f r o m  1 9 5 6  t o  1 9 7 6  ( B u r g n e r  1 9 8 0 ,  F i g .  4  ) . T h e  m e a n  t i m e  o f  r e t u r n  o v e r  t h e

s a m e  p e r i o d  w a s  J u l y  4 ( e x t r e m e s  J u n e  2 8  -  J u l y  1 0 ;  S D  2.92 d a y s ) ;  f i f t y  p e r c e n t

of this

Adak-Co’

B r i s t o l

about 6

a n n u a l  v a r i a b i l i t y  i n  t i m i n g  c a n  b e  e x p l a i n e d  b y  t h e  c o r r e l a t i o n  w i t h

d  B a y  a i r  t e m p e r a t u r e s  (Burgner 1 9 8 0 ) . A d u l t s  s t a r t  a r r i v i n g  a t  o u t e r

B a y  ( P o r t  Moller) a r o u n d  J u n e  1 5  i n  a n  a v e r a g e  y e a r  a n d  i t  t a k e s  t h e m

d a y s  t o  m i g r a t e  t h e  3 0 0  k m  t o  t h e  i n n e r  f i s h i n g  d i s t r i c t s .  T a g g i n g  o f

c o r r e s p o n d e n c e  b e t w e e n  t h e  t i m e s

i n  B r i s t o l

d  r a t e

t h e  t i m e s  o f  r e c o v e r y

t o  m o v e  a t  a  m o r e  r a p

r e t u r n i n g  a d u l t s  h a s  i n d i c a t e d  a  s e q u e n t i a l

o f  t a g g i n g  i n  t h e  A l e u t i a n  I s l a n d s  a r e a  a n d

B a y ,  w i t h  a  t e n d e n c y  f o r  t h e  l a t e r  m i g r a n t s

( H a r t t  1 9 6 6 ,  c i t e d  b y  R o y c e  1 9 6 8 ) .

S t r a t y  ( 1 9 7 5 )  c o l l a t e d  t h e  a v a i l a b l e  i n f o r m a t i o n  o n  t h e  d i s t r bution and

m o v e m e n t s  o f  a d u l t  s o c k e y e  s a l m o n  f r o m  e x p e r i m e n t a l  f i s h i n g  a n d  f r o m  m a r k  a n d

r e c a p t u r e  d a t a . A d u l t  s o c k e y e  w e r e  n o t  c a u g h t  i n s h o r e  w i t h  e x p l o r a t o r y  f i s h i n g ,

a t  l e a s t  u n t i l  e a s t  o f  C a p e  Seniavin. T h e s e  d a t a  c o r r o b o r a t e  c o n c l u s i o n s  o f

H a r t t  ( 1 9 6 6 ,  c i t e d  b y  S t r a t y  1 9 7 5 )  t h a t  a d u l t  s o c k e y e  b o u n d  f o r  B r i s t o l  B a y

f r o m  t h e  P a c i f i c  O c e a n  t r a v e l e d  n o r t h  i n t o  t h e  B e r i n g  S e a  b e f o r e  t u r n i n g  e a s t

i n t o  B r i s t o l  B a y . E x p l o r a t o r y  f i s h i n g  f u r t h e r  s u g g e s t e d  t h a t  a d u l t  s o c k e y e

c r o s s  t h e  S.E. B e r i n g  S e a  s h e l f  i n  t w o  b a n d s ,  o n e  n o r t h  a n d  o n e  s o u t h  o f  t h e

Pribilof I s l a n d s . T h e  B r i s t o l  B a y  s t o c k s , w i t h  t h e  p o s s i b l e  e x c e p t i o n  o f  r e t u r n s

t o  t h e  W o o d  R i v e r  S y s t e m , w e r e  e x p e c t e d  t o  b e  m o r e  a b u n d a n t  i n  t h e  s o u t h e r n  b a n d .
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Offshore distribution of adult salmon within the Port Moller/Port Heiden

a r e a  h a s  b e e n  s t u d i e d  u s i n g  e x p l o r a t o r y  g i l l n e t  f i s h i n g  ( S t r a t y  1 9 7 5 ) .  I  h a v e

reanalyzed the  data  taken on a  t ransect  f rom Port  Moller t o  C a p e  N e w e n h a m

(161 °30’w) in 1 9 6 5  a n d  1s66 ( 1 2  s e t s ) , and on a transect from Cape Seniavin

to Cape Newenham in 1939 (16 sets) (Table 1). The midpoint of the offshore

distribution (largest catch) is marked and the proportion of the total catch

in e a c h  s e r i e s  c a u g h t  a t  e a c h  l o c a t i o n  c o m p u t e d  ( d a t a  f r o m  t h e  6/27 - 7/7 s e r i e s

i n  1 9 3 9  w e r e  o m i t t e d  b e c a u s e  o f  t h e i r  a p p a r e n t  bimodality). The  d a t a  s e t  w a s

divided into the northern and southern halves of the distribution and the proportions

c a u g h t  p l o t t e d  a g a i n s t  d i s t a n c e  f r o m  s h o r e  ( F i g .  1  ) .  R e g r e s s i o n s  f o r  t h e  t w o

s e t s  i n t e r s e c t e d  a t  6 3  k m  o f f s h o r e , i n d i c a t i n g  t h e  a v e r a g e  l o c a t i o n  f o r  t h e

c e n t e r  o f  t h e  d i s t r i b u t i o n . S i m i l a r l y  t h e  x  i n t e r c e p t s  o f  t h e  t w o  r e g r e s s i o n s

a t  1 3  a n d  1 7 8  k m  i n d i c a t e  t h e  i n s h o r e  a n d  o f f s h o r e  l i m i t s  o f  t h e  d i s t r i b u t i o n ,

r e s p e c t i v e l y .

A d u l t  s o c k e y e  salmon  w e r e  t a g g e d  f r o m  1 9 5 7  t o  1 9 6 5  b y  U . S .  a n d  J a p a n e s e

r e s e a r c h e r s  i n  o n e  a r e a  f r o m  t h e  Pribilof I s l a n d s  s o u t h  t o  t h e  A l e u t i a n  I s l a n d s

a n d  i n  a n o t h e r  a r e a  i n  o u t e r  B r i s t o l  B a y  b e t w e e n  C a p e  S e n i a v i n  a n d  P o r t  H e i d e n .

The rivers to which the tagged fish returned were tabulated and the results

analyzed by Straty (1975) to determine if the different stocks migrated at

distinct distances from the southern shore. T o  s u m m a r i z e  h i s  r e s u l t s  I h a v e

s u b d i v i d e d  t h e  t w o  a r e a s  i n t o  n o r t h  ( o f f s h o r e )  a n d  s o u t h  ( i n s h o r e ) :  O  t o  175  k m

a n d  2 2 5  t o  3 5 0  k m  f r o m  s h o r e  f o r  t h e  a r e a  o n  t h e  o u t e r  s h e l f ,  a n d  O  t o  3 0  k m

a n d  7 5  t o  1 2 5  k m  f r o m  s h o r e  f o r  t h e  a r e a  i n  o u t e r  B r i s t o l  B a y .
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Table 1. Catches of adult sockeye salmon from exploratory gill net fishing as a function o~
distance from shore. Data as summarized by Straty (1975).

Location Date Distance from Number Midpoint of Proportion from
shore (km) distribution midpoint to one el

South Norl

161°30’W 6/24-7/6, 1965
Port Moller

to
Cape Newenham

6 / 2 4 - 7 / 6 ,  1 9 6 6

Cape Seniavin 6 / 2 7 - 7 / 7 ,  1 9 3 9
t o

Cape Newenham

7/10-7/14, 1939

7 / 1 7 - 7 / 2 3 ,  1 9 3 9

108
8 3
70
65
45
35

122
9 7
8 8
7 5
6 0
30

217
162
119
80
49
17

194
163
129

9 9
6 6

147

5
4 6
4 3
8 2
5 6
27

6
11
14
52
29
9

5
2

55
20

100
16

11
12
65

1 2 2
8 5

10—

* 0 . 3 2
0 . 2 2
0 . 1 0

* 0.43
0.24
0.07

? 0.10
0 . 5 1
0 . 0 8

* 0.41
0.29

0. (
0.1
0.1
0.:

0 . (
0 . (
0.1
O*1

0 . (
0 . (
0.2
0.1

O*C
0 . (
0.1
0.4

O.c
115 17 O.c
82 145 * 0 .58 0.:
49 80 0.32
15 0 0 . 0
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RIVER OF RETURN

Nushaqak N a k - K v i = Ugash i k

A r e a  1 - Pribilofs s o u t h  t o  A l e u t i a n s

5 5 2 2
2 3 17

South
North ;

Ch i -square =  6.10ss; p>O.10

Area 2 - Cape Seniavin to Port Heiden

South 4 5 5
North 4 ; 1 0

Chi-square = 6.8096; 0.10>p>o.0!5

N e i t h e r  d a t a  s e t  s h o w e d  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  c o n t r i b u t i o n  o f  t h e

s t o c k s  f r o m  t h e  d i f f e r e n t  r i v e r s  w i t h  c h a n g i n g  d i s t a n c e  f r o m  s h o r e ,  s u g g e s t i n g

t h a t  t h e  a d u l t s  a r e  m i x e d  a t  t h e s e  t w o  t a g g i n g  l o c a t i o n s . T h e  n u m b e r s  o f

r e t u r n s  a r e  s m a l l ,  h o w e v e r ,  a n d  f i s h  t a g g e d  i n  t h e  n o r t h e r n  a r e a  o f  o u t e r

B r i s t o l  B a y  h a d  v e r y  f e w  r e t u r n s  t o  t h e  Egegik  a n d  Ugashik r i v e r s ,  s u g g e s t i n g

t h a t  a d u l t s  r e t u r n i n g  t o  t h e s e  r i v e r s  m a y  a l r e a d y  h a v e  s t a r t e d  t o  s e p a r a t e  o u t

f r o m  t h e  r e m a i n i n g  a d u l t s , a n d  t o  m o v e  i n  a  m o r e  s o u t h e r l y  d i r e c t i o n  t o w a r d s

t h e i r  n a t a l  s t r e a m s .

S t r a t y  ( 1 9 7 5 )  a l s o  r e p o r t s  t h e  r e c a p t u r e  o f  f i s h  t a g g e d  w i t h i n  a n d  a d j a c e n t

t o  t h e  f o u r  f i s h i n g  a r e a s  i n  i n n e r  B r i s t o l  B a y  f r o m  1 9 5 5 - 1 9 5 7  a n d  1 9 5 9 .  A d u l t

s o c k e y e  w e r e  f a i r l y  w e l l  s e g r e g a t e d  a t  t h e  f i s h i n g  a r e a s ,  t h e  p r e d o m i n a n t  t a g

r e t u r n s  c o m i n g  f r o m  t h e  n e a r e s t  r i v e r s . T h e r e  w a s ,  h o w e v e r ,  a  s p r e a d i n g  o u t

o f  t h e  d i s t r i b u t i o n  a r o u n d  a  r i v e r ; t h u s  r e t u r n s  t o  t h e  U g a s h i k  R i v e r  c a m e

from fish tagged further out in the bay (as far as the Cinder River) and from

t h e  i n n e r  b a y  ( t o  m i d w a y  b e t w e e n  t h e  E g e g i k  a n d  N a k n e k  r i v e r s ) . F i g u r e  2 2

f r o m  S t r a t y  (19?5) i s  r e p r o d u c e d  h e r e  ( F i g . 2  )  a n d  r e p r e s e n t s  a n  o v e r a l l  s u m m a r y

o f  t h e  h y p o t h e s i z e d  d i s t r i b u t i o n s  o f  t h e  a d u l t  s o c k e y e  s a l m o n  i n  B r i s t o l  B a y
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Figure 2. --Migration pathways of adult sockeye salmon returning to
Bristol Bay. (Figure 22 from Straty (1975), reproduced
w i t h  p e r m i s s i o n  o f  a u t h o r . )
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as determined from tagged fish. Some interpolations were necessary in the

middle of the inner Bay where no tags had been released. T h e  l a c k  o f  r e t u r n s

t o  t h e  Kvichak a n d  Naknek  r i v e r s  f r o m  f i s h  t a g g e d  c l o s e  t o  s h o r e  n e a r  t h e

Ugashik a n d  E g e g i k  r i v e r s , s u g g e s t s  t h a t  t h e  Kvichak a n d  N a k n e k  f i s h  r e m a i n e d

i n  t h e  m i d d l e  o f  i n n e r  B r i s t o l  B a y  u n t i l  c l o s e  t o  t h e i r  h o m e  r i v e r s . T h i s

c o r r o b o r a t e s  t h e  e a r l i e r  d a t a  f o r  t h e  Ugashik R i v e r  w h i c h  i n d i c a t e d  t h a t  t h e

a d u l t s  d i d  n o t  m o v e  d i r e c t l y  t o w a r d  t h e  s h o r e  u n t i l  t h e y  w e r e  i n  t h e  p r o x i m i t y

o f  t h e i r  n a t a l  r i v e r .

D i r e c t  i n t e r p r e t a t i o n  o f  t h e  r e s u

r a t e  o f  a b o u t  5 0  k m / d  t h r o u g h  B r i s t o l

t h a t  m i g r a t i o n  i s  n o t  i n  a  s t r a i g h t  1

A t l a n t i c

o b s e r v e d

o f  w h i c h

t s  f r o m  a d u l t  t a g g i n g  i m p l i e s  a  m i g r a t i o n

B a y . H o w e v e r ,  s e v e r a l  s t u d i e s  i n d i c a t e

n e  d u r i n g  t h i s  p e r i o d . A d u l t  c h u m  a n d

s a l m o n  (Salmo salar) returnina t o  t h e i r  st)awnina s t r e a m s  h a v e  b e e n.— —r 4- .

( u s i n g  u l t r a s o n i c  t e l e m e t r y )  t o  u n d e r g o  v e r t i c a l  m i g r a t i o n s ,  t h e  f r e q u e n c y

i n c r e a s e s  a s  t h e y  c l o s e  o n  t h e  c o a s t  (Ichihara a n d  Nakamura 1 9 8 0 ,

Westerberg 1983). T h e  l a t t e r  a u t h o r  s u g g e s t s  t h a t  t h e s e  v e r t i c a l  m i g r a t i o n s  a r e

u s e d  t o  t r a v e r s e  t h e  f i n e  s t r u c t u r e  o f  t h e  c o a s t a l  e n v i r o n m e n t  a n d  i d e n t i f y  t h e

n a t a l  r i v e r  w a t e r  i n  t h e  v e r t i c a l  s t r a t i f i c a t i o n  u s i n g  t h e i r  h i g h l y  d e v e l o p e d

o l f a c t o r y  s e n s e . T h e  d i r e c t i o n  o f  m o v e m e n t  o f  t h e i r  n a t a l  r i v e r  w a t e r  r e l a t i v e

t o  a d j a c e n t  l a y e r s  w o u l d  p r o v i d e  i n f o r m a t i o n  o n  t h e  n e c e s s a r y  d i r e c t i o n  o f

movement . S i m i l a r  v e r t i c a l  m i g r a t i o n s  o c c u r  i n  t h e  o p e n  o c e a n ,  a n d  s o  o t h e r

f a c t o r s  m a y  a l s o  b e  i n v o l v e d .

L a t e r a l  v a r i a b i l i t y  i n  m i g r a t i o n  d i r e c t i o n  o f  A t l a n t i c  s a l m o n  w a s  o b s e r v e d

by Westerberg (1983) and Brawn (1982), the latter finding migration suspended

in the estuary for up to 3 1 /2  months . I t  i s  p o s s i b l e  t h a t  t h e s e  o b s e r v a t i o n s

o n  r e t u r n i n g  a d u l t s  c a p t u r e d  i n  f r e s h  o r  b r a c k i s h  w a t e r ,  a n d  r e l e a s e d  f u r t h e r

476



o u t  i n  t h e  e s t u a r y  m a y  h a v e  b e e n  e x p e r i m e n t a l  a r t i f a c t s ;  h o w e v e r ,  Groot et a l .  (1975)

who observed possible estuarine movement with the tides for sockeye salmon

r e t u r n i n g  t o  t h e  F r a s e r  R i v e r , s u g g e s t e d  t h i s  w a s  n o t  t h e  c a s e  a n d  c i t e s  s i m i l a r

e x p e r i m e n t s  b y  M a d i s o n  e t  a l . ( 1 9 7 2 ) ,  w h e r e  s o c k e y e  s a l m o n  r e l e a s e d  9 3  k m  f r o m

t h e  r i v e r  m o u t h  m i g r a t e d  a c t i v e l y  t o w a r d s  t h e  r i v e r . S m i t h  e t  a l .

o b s e r v e d  A t l a n t i c  s a l m o n  a d u l t s  a n d  grilse t o  m a i n t a i n  a  relativel~

h e a d i n g  i n d e p e n d e n t  o f  b o t h  s p e e d  a n d  d i r e c t i o n  o f  t i d a l  f l o w .  T h

s u p e r i m p o s e d  o n  t h e  c h a n g i n g  t i d a l  f l o w  l e d  t o  a n  o v e r a l l  elipsoid

t o w a r d s  t h e  c o a s t .

T h e s e  s t u d i e s  s u g g e s t  t h a t  a l t h o u g h  m i g r a t i o n  o f  a d u l t  s o c k e y e

(1981)

c o n s t a n t

s  m i g r a t i o n

movement

s a l m o n  t h r o u g h

B r i s t o l  B a y  m a y  b e  f a i r l y  d i r e c t  ( a t  l e a s t  i n  t h e  h o r i z o n t a l  p l a n e ) ,  o n  a r r i v a l

n e a r  t h e i r  n a t a l  r i v e r  e s t u a r y  m i g r a t i o n  could b e c o m e  p a s s i v e  a s  t h e  a d u l t s

delay upstream migration. In this situation the adults would be particularly

susceptible to contamination by oil in the area.

Timing of Smelt Outmigrations

T h e  t i m i n g  o f  o u t m i g r a t i o n  o f  s m e l t s  f r o m  t h e  r i v e r s  d e t e r m i n e s  t h e  t i m e  a t

w h i c h  t h e y  e n t e r  B r i s t o l  B a y , a n d  a s s u m i n g  a  c o n s t a n t  r e l a t i o n s h i p  b e t w e e n

m i g r a t i o n  r a t e  a n d  f i s h  s i z e , t h e  s i z e  o f  t h e  f i s h  a t  outmigration d e t e r m i n e s

t h e i r  i n i t i a l  m i g r a t i o n  r a t e . T o g e t h e r  w i t h  t h e  s p r e a d  o f  t h e  r u n  o v e r  t h e

t i m e , t h e s e  f a c t o r s  d e t e r m i n e  t h e  p r o p o r t i o n  o f  a n  outmigration  t h a t  w i l l  b e

e x p o s e d  t o  a  s p e c i f i e d  o i l  s p i l l . Eggers and Rogers (1978; their Appendix 1)

describe the collection of the smelt data and its condensation to a useful format

f o r  s i m u l a t i o n  f o r  f o u r  r i v e r s  e n t e r i n g  B r i s t o l  B a y :

“ D a t a  w e r e  c o n d e n s e d  f r o m  h o u r l y  c o u n t s  t o  a n  e v e n i n g  i n d e x  c o u n t ,  a  d a i l y

i n d e x  c o u n t , a n d  a  r a n d o m  s i t e  c o u n t  w h e r e  a v a i l a b l e . T h e  i n d e x  c o u n t  w a s
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g e n e r a t e d  b y  p l a c i n g  a n  ‘Iindex netll ( t y p i c a l l y  a  f y k e  n e t  w i t h  a  c o d  e n d )  i n

t h e  r e g i o n  o f  t h e  s t r e a m  b e d  w h e r e  t h e  m a j o r i t y  o f  s m e l t s  w e r e  b e l i e v e d  t o  p a s s ,

a n d  s a m p l i n g  o v e r  a  2 - 6  h o u r  p e r i o d  o f  p e a k  d a i l y  m i g r a t i o n . T h e  d a i l y  o r

2 4 - h o u r  c o u n t  w a s  p e r f o r m e d  b y  c o u n t i n g  m i g r a t i n g  s m e l t s  p a s s i n g  t h r o u g h  t h e

i n d e x  n e t  o v e r  a  2 4 - h o u r  p e r i o d . R a n d o m  s i t e  c o u n t s  r e q u i r e d  a.set o f  f i v e  o r

s i x  f y k e  n e t s  p l a c e d  u n i f o r m l y  a c r o s s  t h e  s t r e a m  b e d . At t h e  b e g i n n i n g  o f  t h e

p e r i o d  o f  p e a k  m i g r a t i o n , s o m e t i m e  b e t w e e n  2 0 0 0  a n d  0 2 0 0 ,  a  n e t  w a s  s e l e c t e d

r a n d o m  a n d  s m e l t s  p a s s i n g  t h r o u g h  w e r e  c o u n t e d  f o r  a n  h o u r ;  t h e n  t h e  p r o c e s s

a t

w a s  r e p e a t e d  u n t i l  t h e  e n d  o f  t h e  m i g r a t i o n

A l s o  r e c o r d e d  w e r e  t h e  a v e r a g e  s n o u t  to

m i l l i m e t e r s , t h e  n u m b e r  o f  f i s h  s a m p l e d  f o r

p e r c e n t a g e  o f  f i s h  i n  a  s e c o n d  s a m p l e  w h i c h

r i v e r  s y s t e m  a s  w e l l  a s  t h e  s a m p l e  s i z e  f o r

T h e  Ugashik s a m p l e s  [ t o t a l  c o u n t s ]  w e r e

p e r i o d .

f o r k  t a i l  l e n g t h  o f  t h e  s m e l t s  i n

t h e  l e n g t h  c a l i b r a t i o n s ,  a n d  t h e

h a d  s p e n t  o n e  y e a r  i n  t h e  l a k e  a n d

a g e  c a l i b r a t i o n s .

t a k e n  a t  a  p o i n t  1S0 y e a r d s  b e l o w

t h e  o u t l e t  o f  t h e  l o w e r  Ugashik L a k e . T h e  Naknek  s a m p l i n g  [ t o t a l  c o u n t s ]  w a s

p e r f o r m e d  8 - 3 / 4  miles  be low the  out le t  o f  Nakek  Lake. T h e  K v i c h a k  s a m p l e s  [ i n d e x

c o u n t s ]  w e r e  o b t a i n e d  4  m i l e s  d o w n s t r e a m  f r o m  t h e  Iliamne L a k e  o u t l e t . The

W o o d  R i v e r  s a m p l i n g  [ i n d e x  c o u n t s ]  w a s  d o n e  a t  M o s q u i t o  P o i n t .

T h e  d a t a  w e r e  o b t a i n e d  f r o m  f o u r  m a j o r  s o u r c e s :  A l a s k a  D e p a r t m e n t  o f  F i s h

a n d  G a m e  l e a f l e t s ;  A l a s k a  D e p a r t m e n t  o f  F i s h  a n d  G a m e  t e c h n i c a l  r e p o r t s ;  F i s h e r y

B u l l e t i n s ;  a n d  r e c o r d s  c o m p i l e d  b y  D r .  D o n a l d  E. R o g e r s ,  F i s h e r i e s  R e s e a r c h

i n s t i t u t e , U n i v e r s i t y  o f  W a s h i n g t o n . ”

C o n t i n u e d  s a m p l i n g  s i n c e  t h e  c o n c l u s i o n  o f  Eggers a n d  R o g e r s  (1978) r e p o r t

h a s  i n c l u d e d  s o n a r  c o u n t s  o f  a b s o l u t e  n u m b e r s  o n  s o m e  r i v e r s .  A n  i n d e x  o f

a b u n d a n c e  w a s  e s t i m a t e d  f o r  t h e  K v i c h a k  R i v e r  f r o m  1 9 7 1  t o  1 9 7 6  w i t h  a  f y k e
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net at the same time that sonar counts were made; there was little correlation

between the two measures (r=O. jg; p>O.20, n=6). T h e  s o n a r  c o u n t s  w e r e  a d d e d

t o  t h e  d a t a  b a s e  o f  Eggers a n d  R o g e r s  ( 1 9 7 8 )  w h i c h  w a s  u p d a t e d  t o  i n c l u d e  t h e

m o r e  r e c e n t l y  a v a i l a b l e  d a t a . D a t a  w e r e  p r o v i d e d

s o u r c e s  a s  d e t a i l e d  p r e v i o u s l y .

T h e  t i m i n g  o f  outmigration o f  t h e  s m e l t s  vari(

a g e  c l a s s e s , a n d  b e t w e e n  y e a r s . Egegik  a n d  Ugash’

f i r s t ,  f o l l o w e d  b y  t h o s e  f r o m  t h e  N a k n e k - K v i c h a k ,

b y  D r .  R o g e r s  f r o m  t h e  s a m e

s  b e t w e e n  r i v e r s ,  b e t w e e n

k  s m e l t s  e n t e r  B r i s t o l  B a y

a n d  t h e n  t h o s e  f r o m  t h e

W o o d  (Nushagak)  R i v e r . S m e l t s  m i g r a t e  o v e r  a  s h o r t e r  t i m e  p e r i o d  f r o m  t h e

Ugashik or Kvichak  r i v e r s  t h a n  f r o m  t h e  N a k n e k  o r  W o o d  r i v e r  s y s t e m s  b e c a u s e

t h e r e  a r e  f e w e r  s o c k e y e  r e a r i n g  l a k e s  i n  t h e  f o r m e r  s y s t e m s . A n n u a l  t i m i n g

o f  s m e l t  m i g r a t i o n s  i s  s t r o n g l y  i n f l u e n c e d  b y  s p r i n g  w e a t h e r  c o n d i t i o n s ,  e . g . ,

t i m e  o f  i c e  b r e a k u p  i n  t h e  l a k e s  a n d  r i v e r s . Sunvnary  s t a t i s t i c s  f o r  t h e  f o u r

m a j o r  r i v e r s  a r e  g i v e n  i n  T a b l e  2  .

L a r g e r  s m e l t s  a r e  l i k e l y  t o  m i g r a t e  o u t  o f  a  l a k e  e a r l i e r  i n  t h e  outmigration

p e r i o d ,  t h u s  t h e  s m e l t s  w i t h  2  y e a r s  o f  f r e s h w a t e r  l i f e  a r e  l i k e l y  t o  m i g r a t e

o u t  e a r l i e r  t h a n  t h o s e  s m e l t s  w i t h  o n l y  o n e  y e a r . T h u s  t h e r e  i s  a  t e n d e n c y

f o r  t h e  s i z e  o f  t h e  s m e l t s  t o  d e c r e a s e  o v e r  t h e  p e r i o d  o f  o u t m i g r a t i o n .  T h i s

d e c r e a s e  c a n  b e  o f f s e t ,  h o w e v e r ,  b y  t h e  e x t r a  g r o w t h  i n  f r e s h w a t e r  d u r i n g  t h i s

d e l a y  o f  m i g r a t i o n . T h e  f o l l o w i n g  u n w e i g h e d  r e g r e s s i o n s  i l l u s t r a t e  t h e  c h a n g e

i n  m e a n  l e n g t h s  o f  t h e  o u t m i g r a n t s  f o r  t h e  f o u r  r i v e r s  u n d e r  c o n s i d e r a t i o n

i n  1 9 8 2 .

4 7 9



T a b l e  2 . --Summary of outmigrations of sockeye salmon smelts from four rivers

e n t e r i n g  B r i s t o l  B a y .

a) Abundance, Age and Size

River Kvi chak Naknek Ugash i k

Fyke N e t

1 9 5 8 - 1 9 7 5
( 1 5 )

(<;!70)

5 6
( 2 8 )

91
( 4 )

114
( 5 )

Ugash i k

1 9 5 8 - 1 9 7 4

5 / 2 4
( 5 / 1 6 - 6 / 2 )

5 / 3 1
( 5 / 2 7 - 6 / 1 2 )

6 / 1 0
( 6 / 4 - 6 / 2 0 )

17

Wood

S o n a r

1 9 7 5 - 1 9 8 2
(8)

65
(34-lo6)

( ;:)

8 2
( 6 )

9 6
( 3 )

Wood

1 9 5 1 - 1 9 6 6
1 9 7 5 - 1 9 7 6

6 / 1 2
( 6 / 2 - 6 / 2 6 )

6 / 2 4
(6/lo-7/?~

7 / 7
( 6 / 1 5 - 7 / 2 :

2 4

G e a r Sonar Fyke N e t

Years (n) 1 9 7 1 - 1 9 8 3
(13)

1 9 5 7 - 1 9 7 6
( 2 0 )

T o t a l  s m e l t s  x  1 06

(range)L/
130

( 1 6 - 2 6 9 ) (<1~25)

4 5
( 2 1 )

P e r c e n t a g e  I
( S .  D .  a n n u a l  m e a n s )

L e n g t h  I
(S .  D .  annual  means)

88
(5)

101
(6)

108
(8)

L e n g t h  II
(S .  D .  annual  means)

113
( 4 )

~ r a n g e  g i v e n  b e c a u s e  n u m b e r s  n o t  n o r m a l l y  d i s t r i b u t e d .

b) T i m i n g

R i v e r

Y e a r s  ( n )

Kv i chak

1$15S-1976

Naknek

1958-1975

6/4
(5/28-6/9)

1 0 %  m i g r a t i o n
( range)

5/30
( 5 / 2 1 - 6 / 1 0 )

5 0 %  m i g r a t i o n
( r a n g e )

6 / 2
( 5 / 2 3 - 6 / 1 1 )

6 / 1 2
( 6 / 3 - 6 / 2 1 )

9 0 %  m i g r a t i o n
( range)

6 / 9
( 5 / 2 7 - 6 / 2 4 )

6/29
( 6 / 1 3 - 7 / 1 0 )

D u r a t i o n  o f  m i d d l e  8 0 % 10 22
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R i v e r

K v i c h a k

Ugashik

Wood

Naknek

I
II

I
II

I
II

I
I I

Number

22
24

3
3

12
12

4 7
3 8

1  ntercept

A—

86.40
108.36

9 0 . 7 4
1 1 9 . 9 1

7 5 . 5 8
9 1 . 1 0

9 3 . 7 3
112.95

2!QW
B—

- 0 . 1 1
- 0 . 4 2

-1.13
-4.43

0 . 1 4
0 . 1 7

0 . 0 2
- 0 . 1 2

R—

- 0 . 6 8
- 0 . 7 7

0.62:*
0 . 4 9

0 . 0 9
- 0 . 2 4

;~ -  p<o.05

-L .L .!.,. ,. ,. - p<o. ool

Juvenile Sockeye Salmon Outmigrations Through Bristol Bay

Sockeye salmon juveniles migrating thrcugh Bristol Bay come principally

from the Kvichak, Naknek, Wood, Egegik, and Ugashik river systems. Early reports

s u g g e s t e d  t h a t  t h e i r  d i s t r i b u t i o n  i n  B r i s t o l  B a y  w a s  d i s c o n t i n u o u s  w i t h  a l l  t h e

smelts passing Cape Seniavin between 31 and 56 km from shore, and most 35 to 38 km

f r o m  s h o r e  (Aspinwall a n d  Tetsell 1 9 6 6 ;  c i t e d  b y  S t r a t y  1 9 7 4 ) .  H a r t t  ( 1 9 8 0 )

c o n c l u d e d  f r o m  h i s  a n a l y s i s  o f  1 8 8  p u r s e  s e i n e  s e t s  m a d e  i n  B r i s t o l  B a y  f r o m

1956 to 1970 that substantial numbers of juvenile sockeye salmon were present

throughout the summer (July to September) between 1600W and 164°W with the

distribution extending up tc about 78 km from the southern shore. The most

e x t e n s i v e  w o r k  o n  t h e  j u v e n i l e  s o c k e y e  m i g r a t i o n s  i n  t h i s  a r e a  w a s  c o n d u c t e d

b y  S t r a t y  a n d  J a e n i c k e  f r o m  1 9 6 6  t o  1 9 7 1 . T h i s  w o r k  h a s  b e e n  r e p o r t e d  s e v e r a l

t i m e s ; t h e  f o l l o w i n g  i n f o r m a t i o n  i s  t a k e n  f r o m  S t r a t y  ( 1 9 7 4 ) .
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Srnolts r e a c h  B r i s t o l  B a y  s e v e r a l  d a y s  a f t e r  l e a v i n g  t h e  l a k e  o u t l e t s ,  a n d

a r e  p r e s e n t  a c r o s s  t h e  w i d t h  o f  t h e  i n n e r  Bay?’ i n  t h e  e a r l y  a n d  l a t e  s u m m e r .

T h e y  a r e  m o s t  a b u n d a n t  o n  t h e  s o u t h e a s t  s i d e  o f  t h e  i n n e r  a n d  o u t e r  B a y  w i t h

a b u n d a n c e  d e c l i n i n g  w i t h  d i s t a n c e  f r o m  t h i s  s h o r e ;  n o  j u v e n i l e s  w e r e  f o u n d

f u r t h e r  t h a n  5 6  k m  o f f s h o r e  i n  t h e  o u t e r  B a y  a n d  m o s t  w e r e  w i t h i n  4 0  k m .

J u v e n i l e s  f r o m  t h e  W o o d  R i v e r  i n  t h e  n o r t h e r n  i n n e r  B a y  m o v e  s o u t h w a r d s  a c r o s s

t h e  i n n e r  B a y  a n d  t h e n  c o n t i n u e  t h e i r  m i g r a t i o n  a l o n g  t h e  s o u t h e a s t e r n  s h o r e

w i t h  t h e  s m e l t s  f r o m  t h e  o t h e r  r i v e r s , r e m a i n i n g  w i t h i n  5 6  k m  o f  s h o r e  p e r h a p s

a s  f a r  a s  Unimak. S p e c i f i c  d a t a  o n  t h e  d i s t r i b u t i o n  o f  o t h e r  n o r t h  s h o r e  s t o c k s

a r e  n o t  a v a i l a b l e ;  h o w e v e r  S t r a t y  ( 1 9 7 4 )  c o n c l u d e d  t h a t  t h e i r  m i g r a t i o n  p a t t e r n s

w o u l d  l i k e l y  b e  s i m i l a r  t o  t h o s e  o r i g i n a t i n g  f r o m  t h e  W o o d  R i v e r .

I n  s o u t h e a s t e r n  A l a s k a  t h e  b a n d  o f  j u v e n i l e  s o c k e y e ,  p i n k ,  a n d  c h u m  s a l m o n

a l o n g  t h e  c o a s t a l  b e l t  w a s  v e r y  n a r r o w  ( H a r t t  1 9 8 0 )  ;  t h e  m e a n  c a t c h e s  w e r e  4 3 4

w i t h i n  7  t o  1 7  k m  o f  s h o r e , 2 6 7  b e t w e e n  2 0  a n d  3 0  k m ,  a n d  1 . 3  b e t w e e n  4 2  a n d

50  km. H a r t t  s p e c u l a t e d  t h a t  t h i s  c l o s e  c o a s t a l  a s s o c i a t i o n  w a s  c a u s e d  b y  t h e

c o n t i n e n t a l  s h e l f  w h i c h  n a r r o w s  t o  l e s s  t h a n  3 7  k m  i n  t h e  s a m p l i n g  a r e a ;  t h e

w i d t h  o f  t h e  b a n d  o f  j u v e n i l e s  i n  t h e  n o r t h e r n  a r e a  o f  t h e  G u l f  w a s  w i d e r ,

c o m m e n s u r a t e  w i t h  t h e  w i d e  c o n t i n e n t a l  s h e l f  ( R o y c e  e t  a l . ,  1 9 6 8 ) . B y  compar

the data for Bristol Bay as reported by Straty do not indicate a similar d e c l

i n  a b u n d a n c e  w i t h  d i s t a n c e  f r o m  s h o r e  w i t h i n  t h e  4 0  k m  w h e r e  t h e y  w e r e  m o s t

3 /
a b u n d a n t .—  N e i t h e r  H a r t t  n o r  S t r a t y  r e p o r t s  o n  t h e  d i s t r i b u t i o n  o f  j u v e n i l e s

c l o s e  i n s h o r e , a l t h o u g h  S t r a t y  d i d  c a t c h  j u v e n i l e  s o c k e y e  s a l m o n  w i t h i n  P o r t

s o n ,

ne

~/ S t r a t y  ( 1 9 7 4 ) d e f i n e s  i n n e r  B r i s t o l  B a y  a s  t h a t  p o r t i o n  o f  t h e  B a y  e a s t  of
a  l i n e  d r a w n  f r o m  P o r t  H e i d e n  t o  H a g e m e i s t e r  I s l a n d .

~/ P r e l i m i n a r y  d a t a  f r o m  1 9 8 4  s u r v e y s  s u g g e s t  t h a t  a b u n d a n c e s  o f  s o c k e y e  s a l m o n
w i t h i n  t h e  f i r s t  4 0  k m  m a y  d e c l i n e  w i t h  i n c r e a s i n g  d i s t a n c e  f r o m  s h o r e  i n
B r i s t o l  B a y  ( S t e v e  P a r k e r ,  FRI, U n i v .  W a s h i n g t o n ,  S e a t t l e ,  W A  98]95: p e r s .
comm. )
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Moller b a y . M a n z e r  (19s6) s a m p l e d  t h e  m o v e m e n t s  o f  j u v e n i l e  P a c i f i c  s a l m o n

a l o n g  C h a t h a m  Sound a n d  t h e  a p p r o a c h e s  t o  t h e  Q u e e n  C h a r l o t t e  S t r a i t s ,  a n d

c o n c l u d e d  t h a t  t h e  j u v e n i l e  s o c k e y e  s a l m o n  w e r e  p r e s e n t  “on the beaches”

( i .  e . ,  c a u g h t  w i t h  t h e  b e a c h  s e i n e )  i n  J u n e  a n d  J u l y , but  found that  by mid-August

t o  e a r l y  S e p t e m b e r  t h e  o n l y  r e c a p t u r e s  w e r e  t a k e n  o v e r  d e e p  w a t e r ,  i m p l y i n g  t h a t

o f f s h o r e  m o v e m e n t  h a d  o c c u r r e d  ( b u t  o n l y  i n t o  t h e  a r e a  w h e r e  H a r t t  a n d  S t r a t y

c o n d u c t e d  a l l  t h e i r  s a m p l i n g ) . S t r a t y  s u g g e s t s  t h a t  o f f s h o r e  m o v e m e n t  b e g i n s  i n

B r i s t o l  B a y  o n c e  t h e  j u v e n i l e s  r e a c h  P o r t  Moller, a l though he  does  not  p r e s e n t

data to substantiate this. I t  is  cer ta in  that  a t  s o m e  t i m e  i n  t h e  a u t u m n  o r

w i n t e r  t h e  j u v e n i l e  s o c k e y e  m u s t  l e a v e  t h e i r  c o a s t a l  a r e a s  s i n c e  a g e  0 . 1  s o c k e y e

( p r e s u m a b l y  o f  B r i s t o l  B a y  o r i g i n )  h a v e  b e e n  c a p t u r e d  i n  t h e  c e n t r a l  B e r i n g  S e a

in F e b r u a r y  a n d  M a r c h  (Bakkala 1969, a s  c i t e d  b y  S t r a t y  1 9 7 4 ) .

J u v e n i l e  s o c k e y e  s a l m o n  w e r e  s c h o o l e d  a s  t h e y  p a s s e d  t h r o u g h  B r i s t o l  B a y ,

w i t h  p e r h a p s  a  m o r e  c o n t a g i o u s  d i s t r i b u t i o n  i n  t h e  i n n e r  B a y . T h e y  w e r e  f o u n d

m o s t  a b u n d a n t  i n  t h e  t o p  3  m  o f  t h e  w a t e r  c o l u m n  a t  d a y t i m e  w i t h  p e r h a p s  a  f e w

as deep as 6 m. T h i s  a g r e e s  w i t h  t h e  v e r t i c a l  d i s t r i b u t i o n s  o f  j u v e n i l e  s a l m o n ,

i n c l u d i n g  s o c k e y e  s a l m o n , i n  t h e  s o u t h e r n  S t r a i t s  o f  G e o r g i a  (Barraclough a n d

P h i l l i p s  1 9 7 8 ) . Birtwell a n d  H a r p o  ( 1 9 8 0 )  i n d i c a t e  t h a t  j u v e n i l e  c h u m  s a l m o n

w e r e  s u r f a c e  o r i e n t a t e d  d u r i n g ”  t h e i r  s t u d y  a n d  s o m e  o f  t h e  j u v e n i l e s  w o u l d

e n t e r  s u r f a c e  w a t e r s  p o l l u t e d  with pulp m i l l  e f f l u e n t ,  e v e n  w h e n  c o m p a r a t i v e l y

c l e a n e r  d e e p e r  w a t e r s  w e r e  a v a i l a b l e . T h e s e  r e s u l t s  s u g g e s t  t h a t  s u r f a c e

o r i e n t a t i o n  o f  t h e  j u v e n i l e  s m e l t  m a y  b e  o b l i g a t o r y  a t  t h i s  s t a g e  o f  t h e i r

l i f e  h i s t o r y  a n d  i t  i s  n o t  s t a l l  c e r t a i n  t h a t  t h e y  w o u l d  a t t e m p t  t o  a v o i d  a n

o i l  s p i l l  t h r o u g h  v e r t i c a l  m i g r a t i o n .
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G r o w t h  o f  t h e  j u v e n i l e  s o c k e y e  s a l m o n  in  Br isto l  Bay is  not  wel l  def ined and

c o m p a r a b l e  data a r e  n o t  a v a i l a b l e  f o r  o t h e r  s y s t e m s  b e c a u s e  o f  t h e  j u v e n i l e s

r a p i d  s e a w a r d  m i g r a t i o n  ( e . g .  H e a l e y  1978). T h e  j u v e n i l e s  a v e r a g e  3 5  c m  a t  t h e

b e g i n n i n g  o f  t h e i r  s e c o n d  s u m m e r  ( R o y c e  e t .  a l .  1 9 6 8 ) ,  i m p l y

2 5  c m  ( 0 . 7  mmd-l) i n  t h e  y e a r  s i n c e  t h e i r  e n t r y  i n t o  Bristo

h o w e v e r , s e a s o n a l  f l u c t u a t i o n s  i n  g r o w t h  r a t e s  ( c f .  a n n u a l

n g  a  g r o w t h  o f

B a y  a t  a b o u t  1 0  c m ;

g r o w t h  r i n g s  o n

salmon scales)  suggest  rates higher than the mean in the f i rst  summer and

c o r r e s p o n d i n g l y  l o w e r  r a t e s  i n  t h e  f o l l o w i n g  w i n t e r . Straty (1974) found the

typical widely-spaced marine growth rings on juveniles to be absent until  they

e n t e r e d  o u t e r  B r i s t o l  B a y , i m p l y i n g  l i t t l e  o r  n o  g r o w t h  i n  t h e  i n n e r  B a y . W i t h

t h e  a s s u m p t i o n  o f  n o  g r o w t h  i n  t h e  i n n e r  B a y  h e  c o n c l u d e d  t h a t  j u v e n i l e s  f r o m

the  Wood River  may have  increased in  length  by  50% over  4  weeks i n  t h e  o u t e r

B a y ,  a n d  t h o s e  f r o m  t h e  K v i c h a k  R i v e r

o u t m i g r a t i o n  t o  b e  a b o u t  1 0  c m ,  t h i s

G i v e n  t h e  s e a s o n a l  v a r i a t i o n s  i n  g r o w

by 100% over 8 weeks. Assuming size at

-1
r e p l i e s  a  d a i l y  g r o w t h  r a t e  o f  1.8 m m d  .

h  i n c l u d e d  i n  t h e  m e a n  a n n u a l  g r o w t h  r a t e

-1
of 0.7 mmd , t h i s  e s t i m a t e  fromStraty’s (1974)  paper  does n o t  a p p e a r  u n r e a s o n a b l e .

T h e r e  i s  a  s e p a r a t i o n  b e t w e e n  t h e  t i m e  o f  e n t r y  o f  t h e  m a j o r  s t o c k s  e n t e r i n g

B r i s t o l  B a y , w i t h  5 0 %  o f  t h e  s m e l t s  o n  a v e r a g e  p a s s i n g  t h e  l a k e  o u t l e t s  o f  t h e

Ugashik, K v i c h a k , Naknek,  and Wood r ivers  by May 31, June  2 ,  June  ?2 ,  and  June  24 ,

r e s p e c t i v e l y  ( R o g e r s  1 9 7 7 ) . T h e r e  i s  a n n u a l  v a r i a b i l i t y  a r o u n d  t h e s e  a v e r a g e

t i m i n g s . T h i s  o r d e r  w o u l d  b e  m a i n t a i n e d  t h r o u g h o u t  t h e  j u v e n i l e s  p a s s a g e  t h r o u g h

B r i s t o l  B a y  i f  t h e y  m i g r a t e d  a t  s i m i l a r  s p e e d s .  S o m e  i n f o r m a t i o n  o n  t h e  r a t e  o f

m i g r a t i o n  f o r  t h e  d i f f e r e n t  s t o c k s  c a n  b e  o b t a i n e d  f r o m  c o m p a r i n g  t h e  t i m e  o f

r e l e a s e  o f  m a r k e d  f i s h  w i t h  t h e i r  t i m e  o f  r e c a p t u r e . S t r a t y  (1974, T a b l e  1 4 . 5 )

p r o v i d e s  d a t a  o n  t h e  t i m e  a n d  place  o f  r e l e a s e  a n d  r e c a p t u r e  f o r  2 6  j u v e n i l e

s o c k e y e  s a l m o n  m a r k e d  w i t h  f l u o r e s c e n t  p i g m e n t , a l t h o u g h  t i m e  o f  r e l e a s e  i s  n o t
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exact as it covered an extended period. T h e s e  d a t a  a r e  t a b u l a t e d  i n  T a b l e  3  ,

a n d  t h e  m i g r a t i o n  r a t e  o f  e a c h  f i s h  e s t i m a t e d . T h e  a b s o l u t e  m i g r a t i o n  r a t e

i n  c e n t i m e t e r s  p e r  s e c  i n c r e a s e d  w i t h  i n c r e a s i n g  s i z e  o f  t h e  f i s h  ( F i g .  3 )  a n d

t h e  a v e r a g e  r e l a t i v e  m i g r a t i o n  r a t e  i n  b o d y  l e n g t h s  p e r  s e c o n d  w a s  0 . 9  (S.E. 0 . 4 ) .

R e l a t i v e  m i g r a t i o n  r a t e s  w i t h i n  a  s t o c k  r a n g e d  o v e r  a  w i d e r  i n t e r v a l  ( e . g . ,

Ugashik 1 9 7 0 :  0 . 2  t o  1 . 6 )  t h a n  d i d  t h e  m e a n s  b e t w e e n  s t o c k  a n d  y e a r  ( 0 . 7  t o  1 . 4 ) ,

t h u s  t h e r e  w a s  n o  i n d i c a t i o n  o f  interstock d i f f e r e n c e s  i n  r e l a t i v e  m i g r a t i o n  r a t e .

T h e  r e l a t i o n s h i p  b e t w e e n  t h e  a b s o l u t e  m i g r a t i o n  r a t e  a n d  b o d y  l e n g t h  i n d i c a t e s

t h a t  t h e  r i v e r s  p r o d u c i n g  l a r g e r  s m e l t s  w o u l d  h a v e  j u v e n i l e s  w i t h  a n  o v e r a l l

h i g h e r  a b s o l u t e  m i g r a t i o n  r a t e . S i m i l a r l y ,  t h e  l a r g e r  a g e  2  s m e l t s  w o u l d  m i g r a t e

f a s t e r  t h a n  t h e  s m a l l e r  a g e  1  s m e l t s . T h e s e  s i z e  d i f f e r e n c e s  w i l l  c a u s e  e i t h e r

i n t e r m i n g l i n g  o r  s e p a r a t i o n  o f  t h e  s t o c k s  m i g r a t i n g  t h r o u g h  B r i s t o l  B a y ,  d e p e n d i n g

o n  the a c t u a l  s t o c k s  a n d  a g e  c l a s s e s  c o n c e r n e d .

A  s e c o n d  f a c t o r  a f f e c t i n g  s t o c k  i n t e r m i n g l i n g  w o u l d  b e  a  c h a n g e  i n  s p r e a d

.
o f  t h e  s t o c k s  a s  t h e y  m o v e d  a l o n g . T h e  a g e  2  s m e l t s  a r e  l a r g e r  a n d  i n  g e n e r a l

m i g r a t e  o u t  s o o n e r  t h a n  t h e  a g e  1  s m e l t s  s o  a n  i n c r e a s e  i n  s p r e a d  o f  t h e  m i g r a n t s

f r o m  e a c h  r i v e r  i s  t o  b e  e x p e c t e d . A  c o m p a r i s o n  o f  t h e  t i m e s p a n  o v e r  w h i c h

t h e  s m e l t s  w e r e  m a r k e d  w i t h  t h e  t i m e s p a n  o v e r  w h i c h  t h e y  w e r e  r e c a p t u r e d  w i l l

d e t e c t  a n y  c h a n g e s  i n  d i s t r i b u t i o n , a l t h o u g h  t h i s  w i l l  b e  a n  u n d e r e s t i m a t e  a s

it is unlikely t h a t  s a m p l i n g  w o u l d  c o v e r  t h e  e n t i r e  d i s t r i b u t i o n  of the j u v e n i l e s .

T h e  s t a n d a r d  d e v i a t i o n  o f  t h e  d i s t r i b u t i o n  o f  m a r k i n g  d a t e s  w a s  c o m p u t e d  f o r

e a c h  r i v e r  a n d  y e a r  f o r  w h i c h  t h e r e  w e r e  r e c a p t u r e s ,  u n d e r  t h e  a s s u m p t i o n  t h a t

t h e  r e p o r t e d  s p r e a d  i n  m a r k i n g  e n c o m p a s s e d  9 5 %  o f  t h e  j u v e n i l e s  (4SD). S a m p l e

s t a n d a r d  d e v i a t i o n s  o f  t h e  d i s t r i b u t i o n  o f  r e c a p t u r e s  w e r e  c o m p u t e d  a n d  c o m p a r e d

t o  t h o s e  a t  m a r k i n g  ( T a b l e  4). On average, the standard deviation in the

s a m p l e s  w a s  i n c r e a s e d  b y  a  f a c t o r  o f  4 . 8  o v e r  t h a t  a t  r e l e a s e . T h e r e  w a s
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Table 3 . Times and placee of release and recapture for 26 juvenile sockeye salmon marked with f Iuorescent pigment, end eetimates of their Btraight-line rate of migration
(deta fr.m Straty 1974).

Distance Absolute Absolute Estimated
Point of Point of 1 D a t e  o f

Relative Mean migration rates
travelled Date of Elapsed z

Year
migrat ion migration Age of fish size

releaee (km)
migrations Stocks Recapture

recapture releaee recapture time (d) rate (km/d) rate ( cmlsec  ) fish (yr) (cm) rate (l/see) locations

Wood

1967 K vichak P. Moller 440
Ugashik

:;:-;;11
P. Moller 290
P. Moller 290 5/27-30
Cold Bay 415

1969
5127-30

Naknek P. Heiden 225 5130-6/ 14
Egegik 95 5130-6114
P. Heiden 225 5/30-6/14
P. Moller 360 5130-6/14
P. Moller 360 5130-6114
P. Holler 360 5/30-6/ 14
P. fioller 360 5/30-6/14
Cold Bay 400 5/30-6114
Egeglk 120 6114-7J 1
Egegik 120 6/14-7/1
Egegik 120 6114-711
P. Heiden 225 6/14-7/1
P. Heiden 225 6114-711
P. Heiden 225

1970
6114-711

Ugashik P. Moller 290 5117-615
P. Holler 290 511?-615

.P P. Moller 290 51t7-615
m P. Moller 290
m

5/17-6/5
P. Moller 290 5117-615

Wood P. Moller 36o 616-6/22
P. Moller 360 f.~-:j:j
P. Moller 36o

714
719
7/19
917
6127
7/6
7/13
7117
7127
8/2
812
8/26
6/30
716
719
7/13
8/11
8/15
6/13
6/15
6/23
9/13
9/13
8/11
:3;;

31
42
52

103
21
30
37
41
51
53
53
77
8

14
17
21
50
54
17
19
27

109
109
58
63
78

1.$.2
6.9
5.6
4.0

10.7
3.2
6.1
8.8
7.1
6.8
6.8
5.2

15.0
8.6
7.1

10.7
4.5
4.2

17.0
15.3
10.7
2.7
2.7
6.2

::;

16.4
8.0
6.5
4.7
12.4
3.7
7.0
10.2
8.2
7.9
7.9
6.0

17.4
9.9
8.2
12.4
5.2
4.8

19.7
17.7
12.4
3.1
3.1
7.2
6.6
5.3

2
1
2
1
1
1
1
1
1
2
1
1
1
1
1
1
1
1
2
2
2
2
1
1
1
1

11.8
9.2
11.5
9.2
9.6
9.6
9.6
9.6
9.6
11.2
9.6
9.6
8.3
8.3
8.3
8.3
8.3
8.3

12.5
12.5
12.5
12.5
9.7
8.3
8.3
8.3

;::
0.6 0.7
0,5
1.3
0.4
0.7
1$1 0.8
0.9
0.7
0.8
0.6
2.1
1.2
1.0 1.2
1.5
0.6
0.6
1.6
1.4 0.9

:::
0.3
0.9
0.8 0.8
0.6

0.8

0.8

1.4

0.9

1~ Approximate locations. See Straty (1974), Table 14.5 for more detail.
Frcm midpoint of marking period.
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y = -1.9658+ 1.1120(x)
n = 26; r = 0.37; p <0.05
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Body length (cm)

F i g u r e  3. - - A v e r a g e  m i g r a t i o n  r a t e s  o f  m a r k e d  j u v e n i l e  s o c k e y e

salmon from r i v e r  t o  r e c a p t u r e  i n  B r i s t o l  B a y . ( D a t a

f r o m  S t r a t y  1 9 7 4 . )
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Table 4. Spread in timing of groups of juvenile sockeye salmon at release and recapture in Bristol Bay (data from Straty
1974).

River of Recapture Number of Timespan Elapsed times Mean elapsed ‘R sR/sm
Year release location juveniles of marking (d) Sml to recaptured cd) time (d)

1967 Ugashik P. Moller 2 3 0 . 7 5 4 2 ,  5 2 47 7.1 9.5

1969 Naknek P. Heiden 2 16 4.0 21, 37 29 11.3 2.8
P. Moller 4 16 4 . 0 4 1 ,  5 1 ,  5 3 ,  5 3 4 9 5 . 7 1 . 4

Wood Egegik 3 17 4.25 8, 14, 17 13 4.6 1.1
P. Heiden 3 17 4.25 21, 50, 54 42 18.0 4.2

1970 Ugashik P. Moller 5 19 4.75 17, 19, 27, 109, 109 5 6 4 8 . 3 1 0 . 2
Wood P. Moller 3 16 4.0 58, 63, 78 66 10.4 2.6

1 Timespan of subsequently recaptured fish assured to cover 95% (4.S.D.)  of release distribution.
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r e s u

( 9 . 5

stocks  ranged from 1.1 to 4.2 and did not appear to

t rave led (F ig . 4 ), suggesting that the spreading of

derable variability in  th is  increase factor ,  the  maximum two values

t i n g  f r o m  Ugashik  R i v e r  f i s h  r e c a p t u r e d  a t  P o r t  Moller i n  1 9 6 7  a n d  1 9 7 0

a n d  1 0 . 2 ,  r e s p e c t i v e l y ) . I n c r e a s e  f a c t o r s  f o r  t h e  W o o d  R i v e r  a n d  N a k n e k

n c r e a s e  w i t h  t h e  d i s t a n c e

t h e i r  d i s t r i b u t i o n s  o c c u r r e d

t h e  Ugashik R i v e r  s t o c k s

o n  p a t t e r n s ;  h o w e v e r ,  e f f e c t s

s o o n  a f t e r  m a r k i n g . T h e  i m p l i e d  h i g h e r  s p r e a d i n g  o

c o u l d  i n d i c a t e  s t o c k - s p e c i f i c  d i f f e r e n c e s  i n  m i g r a t

o f  t h e  s a m p l i n g  d e s i g n  c a n n o t  b e  e l i m i n a t e d .

Sockeye juveniles were found by purse seining to be most abundant in inner

B r i s t o l  B a y  f r o m  l a t e  M a y  t h r o u g h  e a r l y  A u g u s t  ( 2  -  2  1 / 2  mos); a f t e r  e a r l y

A u g u s t  t h e  m a j o r  s t o c k s  w i l l  b e  f u r t h e r  s e a w a r d  (Straty 1 9 7 4 ) .  T h e s e  c o n c l u s i o n s

a g r e e  w i t h  t h e  e s t i m a t e s  o f  d i s t r i b u t i o n  d e r i v e d  f r o m  m a r k e d  f i s h . Thus ,

a p p l y i n g  a  m i g r a t i o n  r a t e  o f  0 . 9  L / s e e  t o  t h e  f i s h  e m i g r a t i n g  f r o m  t h e  l a k e

o u t l e t s  ( d a t a  f r o m  R o g e r s  1 9 7 7 )  ,  s u g g e s t s  t h a t  5 0 %  o f  t h e  s m e l t s  f r o m  t h e

Ugashik,  N a k n e k ,  K v i c h a k ,  a n d  W o o d  r i v e r s  w o u l d  b e  p a s t  P o r t  H e i d e n  ( i . e . ,  o u t

o f  t h e  i n n e r  B a y )  b y  J u l y  1 ,  19, 2 7 ,  a n d  A u g u s t  1 3 ,  r e s p e c t i v e l y . Straty

f u r t h e r  s u g g e s t s  t h a t  t h e  m i g r a t i o n  r a t e  i s  f a s t e r  t h r o u g h  t h e  i n n e r  B a y  w h e r e

t h e  s t o m a c h  f u l l n e s s  o f  t h e  c a p t u r e d  s m e l t s  i s  l e s s ,  a n d  w h e r e  n o  m a r i n e  g r o w t h

w a s  d e t e c t e d . H o w e v e r , t h e r e  i s  n o  c o r r e l a t i o n  b e t w e e n  t h e  r a t e  o f  m i g r a t i o n

a n d  t h e  d i s t a n c e  t r a v e l e d  b y  t h e  r e c a p t u r e d  j u v e n i l e s  (r=O.06, n = 2 6 ,  p>O.50).

T h e  p u r s e  s e i n e  c a t c h e s  i n  1969 (Straty 1 9 7 4 ,  T a b l e  1 4 . 2 )  a p p e a r e d  h i g h e r  a t

P o r t  Moller i n  b o t h  J u n e - J u l y  a n d  A u g u s t , b u t  n o  s a m p l e  s t a t i s t i c s  a r e  g i v e n .
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Bristol Bay. (Data from Straty 1974. S y m b o l s

d e n o t e  river of release; shading point of

recapture.)
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T h e  i m p l i e d  h i g h e r  c a t c h e s  c o u l d  i n d i c a t e  a  l o n g e r  r e s i d e n c e  a r o u n d  P o r t  Moller

c a u s i n g  t h e  i n c r e a s e d  a v a i l a b i l i t y  o f  t h e  j u v e n i l e s  t o  t h e  s a m p l i n g  g e a r ,  b u t

t h e  d a t a  a r e  n o t  d i f f e r e n t  f r o m  t h o s e  e x p e c t e d  i f  t h e  j u v e n i l e s  m i g r a t e d

c o n t i n u o u s l y  a t  0 . 9  L / s e e . G i v e n  t h e  a v a i l a b l e  d a t a ,  t h e r e

e v i d e n c e  to c o n c l u d e  t h a t  t h e  m e a n  m i g r a t i o n  r a t e  i s  s l o w e r

s o c k e y e  s a l m o n  i n  t h e  i n n e r  B a y . It s e e m s  l i k e l y ,  h o w e v e r ,

o u t  o f  t h e  f i s h  b e t w e e n  m a r k i n g  i n  t h e  r i v e r s  a n d  r e c a p t u r e

s o o n  a f t e r  s a l t w a t e r  e n t r y , i m p l y i n g  t h a t  s o m e  o f  t h e  juveni’

i s  i n s u f f i c i e n t

f o r  t h e  j u v e n i l e

t h a t  t h e  s p r e a d i n g

t e m p o r a r

variabi 1

j u v e n i l e

n  t h e  B a y  o c c u r s

e s  m a y  r e s i d e

ly n e a r  t h e  r i v e r  e s t u a r y  w h i l e  o t h e r s  m i g r a t e  a w a y  d i r e c t l y .  S i m i l a r

t y  i n  m i g r a t i o n  p a t t e r n s  u p o n

c h u m  s a l m o n  ( B a x  1983, 1 9 8 4 ) .

O n  t o p  o f  t h e s e  s e a s o n a l  v a r i a t i o n s  i n  a b u n d a n c e  o f  s m e l t s  i n  B r i s t o l  B a y

sal twater  entry  have been observed for

t h e r e  m a y  a l s o  b e  a n n u a l  v a r i a t i o n s . S t r a t y  s u g g e s t s  t h a t  i n  a  c o l d  y e a r

m i g r a t i o n  r a t e  c o u l d  b e  d e c r e a s e d  ( c f . M o h r  1 9 6 9 ,  B r e t t  a n d  G l a s s  1 9 7 3 ) .  T h u s ,

i n  1971 w h e n  t h e  l o n g  t e r m  s u r f a c e  t e m p e r a t u r e  a n o m a l y  i n  t h e  s o u t h e a s t e r n

B e r i n g  S e a  w a s -2.l°C ( c o m p a r e d  t o  0 . 8  i n  1969, Ingraham,  NWAFC,  p e r s o n a l

c o m m u n i c a t i o n )  , S t r a t y  r e p o r t s  t h e  a b s e n c e  o f  j u v e n i l e  s o c k e y e  s a l m o n  o f f

P o r t  Moller i n  l a t e  J u n e  a n d  J u l y , t h e  a r e a  w h e r e  i n  1 9 6 9  t h e  j u v e n i l e s  w e r e

i n d i c a t e d  t o  b e  m o s t  a b u n d a n t  a t  t h i s  t i m e . T h i s  d e l a y  w o u l d  h a v e  b e e n  a t

l e a s t  p a r t l y  c a u s e d  b y  t h e  d e l a y e d  outmigration  f r o m  t h e  l a k e s  ( t h e  t i m e s  o f

50% outmigration w e r e  9  a n d  4  d a y s  l a t e r  f o r

1 9 7 1  t h a n  i n  1 9 6 9 ;  R o g e r s  1 9 7 7 ) ,  a l t h o u g h  i t

c o u l d  a c c o u n t  f o r  t h e  v i r t u a l  a b s e n c e  o f  t h e

t h e  Kvichak a n d  N a k n e k  r i v e r s  i n

s e e m s  u n l i k e l y  t h a t  t h e s e  d e l a y s

j u v e n i l e s  o f f  P o r t  Moller i n  early

J u l y . T h e r e  i s  a  s i g n i f i c a n t  p o s i t i v e  r e l a t i o n s h i p  b e t w e e n  t h e  6 0  m i n  s u s t a i n e d

s w i m m i n g  s p e e d  ( V )  o f  s o c k e y e  salmon s m e l t s  a n d  t h e  a m b i e n t  t e m p e r a t u r e  ( T ) :

V =  3 . 0 5  +0.17T; n  = 2 3 ,  r  =  0 . 7 0 ,  p  < 0 . 0 0 1  ( d a t a  f r o m  B r e t t  a n d  G l a s s  1 9 7 3

f o r  s m e l t s  b e t w e e n  1  a n d  5 5  g r a m s ) . L o n g  t e r m  m e a n  m o n t h l y  s u r f a c e  t e m p e r a t u r e s
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o v e r  t h e  B e r i n g  S e a  s h e l f  n o r t h  o f  t h e  A l e u t i a n s  r a n g e  f r o m  a p p r o x i m a t e l y

5 . 5  i n  J u n e  t o  1 0 . 0  i n  A u g u s t  w i t h  a  m e a n  f o r  t h e  f o u r  m o n t h s  o f  a p p r o x i m a t e l y

8.5 (Ingraham,  personal communication). Thus, i f  m e a n  t e m p e r a t u r e s  d u r i n g  t h e

migrat

speeds

o n  w e r e  9 . 3  i n  9 6 9  a n d  6 . 4  i n  1971, t h e  m a x  m u m  6 0  m i n  s u s t a i n e d  s w i m m i n g

w o u l d  h a v e  b e e n  4 . 6  a n d  4 . 1 ,  o r  a  d i f f e r e n c e  o f  a p p r o x i m a t e l y  1 0 % .

t  t h e  m i g r a t i o n  r a t e s  o f  t h e  s a m e  s i z e  f i s h  c o u l d  h a v e

b e e n  1 0 %  s l o w e r  i n  1 9 7 1  t h a n  1 9 6 9  d u e  t o  t h e  c o l d e r  w a t e r  t e m p e r a t u r e s  i n

It is p o s s i b l e  t h e n  t h i

B r i s t o l  B a y .

O n  t o p  o f  t h e s e  t w o  f a c t o r s  w e  n e e d  t o  c o n s i d e r  t h e  e f f e c t s  o f  d e c r e a s e d

s m e l t  s i z e  a t  o u t m i g r a t i o n  i n  c o l d  y e a r s : t h e  s m e l t s  o u t m i g r a t i n g  f r o m  t h e

K v i c h a k  w e r e ,  o n  a v e r a g e , 1 0 . 1  c m  i n  1 9 6 9 ,  b u t  o n l y  9 . 1  c m  i n  1 9 7 1 ,  a  d e c r e a s e

o f  10%. T o g e t h e r  w i t h  t h e  t e m p e r a t u r e  d e c r e a s e  i n  r e l a t i v e  s w i m m i n g  s p e e d

t h i s  c o u l d  l e a d  t o  a n  a b s o l u t e  d e c r e a s e  i n  s w i m m i n g  s p e e d  o f  a b o u t  2 0 % ,  a t  l e a s t ,

until the size at outmigration is no longer the principal determinant of the

juveniles length. This reduced migration speed would apply to juveniles already

d e l a y e d  b y  u p  t o  a t  l e a s t  9  d a y s  i n  m i g r a t i o n . T o g e t h e r  t h e s e  t h r e e  f a c t o r s  c o u l d

h a v e  p r o d u c e d  t h e  d e l a y s  s u g g e s t e d  i n  1 9 7 1 . T h e  l o n g e r  r e s i d e n c e  i n  B r i s t o l

B a y  i n  c o l d  y e a r s  w o u l d  i n c r e a s e  t h e  c h a n g e s  o f  e x p o s u r e  t o  a n  o i l  s p i l l ,  a n d

t h i s  w o u l d  o c c u r  a t  t h e  s a m e  t i m e  t h a t  t h e  j u v e n i l e s ’  a b i l i t y  t o  c o p e  w i t h

t h e  e f f e c t s . E l i m i n a t i o n  o f  o i l  w o u l d  a l s o  b e  r e d u c e d  d u e  t o  t h e  l o w e r

t e m p e r a t u r e s  ( K e r n  e t  al. 1979, M o l e s  e t  a l .  1 9 7 9 ,  T h o m a s  a n d  R i c e  1 9 7 9 ) .
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Relationship Between Smelt and Adult Abundances

O f  crucial concern i n  t h e  e s t i m a t i o n  o f  j u v e n i l e  s o c k e y e  s a l m o n  o i l - i n d u c e d

m o r t a l i t i e s  i s  t o  w h a t  e x t e n t  t h e s e  m o r t a l i t i e s  w i l l  b e  e v i d e n c e d  i n  t h e  r e s u l t a n t

a d u l t  p o p u l a t i o n . I f ,  f o r  e x a m p l e , t h e  a b u n d a n c e  o f  t h e  a d u l t  p o p u l a t i o n  i s

d e t e r m i n e d  a t  s o m e  l a t e r  t i m e  ( p e r h a p s  o n l y  a  f i x e d  n u m b e r  c a n  s u r v i v e  t h e

f i r s t  w i n t e r  a t  s e a ) , t h e n  o i l - i n d u c e d  m o r t a l i t i e s  m i g h t  b e  c o n s i d e r e d  to h a v e

l i t t l e  e f f e c t  o n  s u b s e q u e n t  a d u l t  r e t u r n s  u n l e s s  t h e  n u m b e r  o f  s m e l t  w a s

d e c r e a s e d  b e l o w  s o m e  l o w e r  l i m i t . A n  a l t e r n a t i v e  a s s u m p t i o n  w o u l d  b e  o n e  o f

n o  d e n s i t y  d e p e n d e n t  m o r t a l i t y :  t h a t  i s , f o r  e v e r y  x %  d e c r e a s e  i n  t h e  s m e l t

p o p u l a t i o n  t h e r e  w o u l d  b e  a  c o r r e s p o n d i n g  x %  d e c r e a s e  i n  t h e  a d u l t  p o p u l a t i o n .

R o g e r s  ( 1 9 8 0 )  c o n c l u d e d  t h a t  d e n s i t y  d e p e n d e n t  f a c t o r s  w e r e  i m p o r t a n t  f o r

B r i s t o l  B a y  s o c k e y e  s a l m o n  d u r i n g  t h e i r  l a s t  s u m m e r  a t  s e a ,  a n d  r e p o r t e d  a

n e g a t i v e  c o r r e l a t i o n  b e t w e e n  t h e  a b u n d a n c e  a t  t h i s  t i m e  a n d  t h e  w e i g h t  o f  t h e

r e t u r n i n g  a d u l t s . H e  p o s t u l a t e d  t h a t  t h i s  d e n s i t y - d e p e n d e n t  g r o w t h  o c c u r r e d

w h e n  t h e  m a t u r i n g  s o c k e y e  a r e  c o n c e n t r a t e d  n o r t h  o f  t h e  A l e u t i a n  I s l a n d s  o n

t h e i r  m i g r a t i o n  b a c k  t o  B r i s t o l  B a y . R o g e r s  ( 1 9 8 4 )  a l s o  r e p o r t s  a  c o r r e l a t i o n

b e t w e e n  t h e  a b u n d a n c e  o f  B r i s t o l  B a y  a d u l t  r e t u r n  a n d  t h e  t e m p e r a t u r e  w h i l e  t h e

f i s h  w e r e  a t  s e a , e s p e c i a l l y  t h e  w i n t e r  m o n t h s . H e  p o s t u l a t e s  t h a t  t h i s

r e s u l t s  f r o m  t h e  adults d i s t r i b u t i o n  i n  t h e  G u l f  o f  A l a s k a  c o m p r e s s i n g  i n  c o l d

y e a r s ,  m a k i n g  t h e m  m o r e  v u l n e r a b l e  t o  p r e d a t i o n  b y  m a r i n e  m a m m a l s .

R o g e r s  ( 1 9 7 7 ,  a n d  u n p u b l i s h e d  d a t a )

A l a s k a  D e p a r t m e n t  o f  F i s h  a n d  G a m e  p r o v

l e a v i n g  f o u r  p r i n c i p a l  r i v e r s  i n  Bristo

Ugashik -

sampled  w

B e g i n n i n g

a n d  t e c h n i c a l  d a t a  r e p o r t s  f r o m  t h e

d e  d a t a  o n  e s t i m a t e d  s m e l t  n u m b e r s

Bay - Kvichak, N a k n e k ,  W o o d ,  a n d

a n d  t h e  r e s u l t i n g  r u n  s i z e s . U n t i l  t h e  1 9 7 0 ’ s  t h e  o u t m i g r a n t s  w e r e

t h  f y k e  n e t s  a l t h o u g h  n o t  a l l  r i v e r s  w e r e  s a m p l e d  i n  a l l  y e a r s .

i n  t h e  1 9 7 0 ’ s  t h e  censusing c h a n g e d  o v e r  t o  s o n a r  c o u n t s  w h i c h  w e r e
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considered to be more accurate. Sonar counts began in 1971 for the Kvichak,

1$)73 for t h e  W o o d ,  a n d  1982 f o r  t h e  E g e g i k  a n d  N a k n e k .  T h e  n u m b e r  o f  s m e l t s

m i g r a t i n g  d o w n  t h e  K v i c h a k  w e r e  e s t i m a t e d  w i t h  b o t h  f y k e  n e t  a n d  s o n a r  f r o m

1971 to 1976; there was no significant correlation between the estimates from

the two methods (r=O.39, p>O.20, n=6); however, sample size was small. O b v i o u s l y

t h e  l a c k  o f  a n y  c o r r e l a t i o n  b e t w e e n  s m e l t  a b u n d a n c e  a n d  s u b s e q u e n t  a d u l t  r e t u r n s

m a y  b e  a s  m u c h  a  f u n c t i o n  o f  s a m p l i n g  v a r i a b i l i t y  a s  t h e  l a c k  o f  a  r e a l

c o r r e l a t i o n .

W i t h  t h e  a b o v e  p r o v i s o  I  h a v e  r e g r e s s e d  t h e  e s t i m a t e d  n u m b e r  o f  a d u l t s

r e s u l t i n g  f r o m  a  y e a r ’ s  outmigration o n  t h e  e s t i m a t e d  n u m b e r  o f  s m e l t s  outmigrating.

T h e  r e g r e s s i o n s  w e r e  p e r f o r m e d  o n  e a c h  r i v e r  f o r  s m e l t s  w h i c h  h a d  s p e n t  o n e

y e a r  i n  f r e s h w a t e r , s m e l t s  w h i c h  h a d  s p e n t  t w o  y e a r s  i n  f r e s h w a t e r ,  a n d  t h e

c o m b i n e d  e s t i m a t e s . T h e  d a t a  a r e  p r e s e n t e d  f o r  f y k e  n e t  c o u n t s  a n d  f o r

sonar counts in Table 5 .

I n  a l l  i n s t a n c e s  w h e r e  t h e r e  w a s  a  s i g n i f i c a n t  r e l a t i o n s i p  b e t w e e n  s m e l t s

a n d  a d u l t s  t h e  r e l a t i o n s h i p  w a s  s t r o n g e r  f o r  t h e  s m e l t s  w h i c h  h a d  s p e n t  2  y e a r s

i n  f r e s h w a t e r ,  a n d  t h e  i n d i c a t e d  s l o p e  a p p e a r e d  h i g h e r ,  s u g g e s t i n g  t h a t  2-yr-

o l d  s m e l t s  a r e  m o r e  l i k e l y  t o  r e t u r n  a s  a d u l t s  t h a n  l-yr-old s m e l t s ,  a n d  t h a t

v a r i a b i l i t y  i n  s u r v i v a l  i s  likely t o  b e  l e s s  f o r  t h e  2-yr-old s m e l t s . T h e  t w o

d a t a  s e t s  w h e r e  t o t a l  s m e l t  e s t i m a t e s  w e r e  s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  a d u l t

returns were the Kivichak River sonar counts (

f y k e  n e t  c o u n t s  ( 1 9 5 8 - 1 9 7 4 ) .  E s t i m a t e d  s l o p e s

t h a t ,  o n  a v e r a g e , between 9 and 17% of the smo

971-1981)  a n d  t h e  Ugashik R i v e r

r a n g e d  f r o m  0 . 0 6  t o  0 . 4 ,  indicat n g

t s  s u r v i v e d  t o  r e t u r n  a s  a d u l t s .

T h i s  a n a l y s i s  a s s u m e d  a  l i n e a r  r e l a t i o n  b e t w e e n  s m e l t s  a n d  a d u l t s  ( n o

a s s u m p t i o n  w a s  m a d e  t h a t  t h e  r e g r e s s i o n  l i n e  w o u l d  p a s s  t h r o u g h  t h e  o r i g i n ,

h o w e v e r )  ,  a n d  p o t e n t i a l l y  o t h e r  f o r m s  o f  c u r v e  m a y  b e  m o r e  a p p r o p r i a t e .  T h e
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Table 5. Relation between abundance (or index of abundance) of outrnigrat”ng smelts and
resultinx ahlndance of returninp, acl~llts (data m~lltiplied by 10 -k before
analyses).

River Years Gear used to Freshwater Sample a b rl
sample smelts age size

Kvichak

Wood

Naknek

Ugashik

1 9 5 5 - 1 9 7 6 Fyke net2 1
2

All

1971-1981 Sonar 1
2

A l l

1 9 5 5 - 1 9 7 0 Fyke net3 1
2

All

1 9 7 5 - 1 9 8 1 S o n a r 1
2

A l l

1 9 5 7 - 1 9 7 7 Fyke net 1
2

All

1958-1974 Fyke net 1

22
22
22

11
11
11

15
15
15

7
7
7

21
21
21

15

- 6 0 . 1
- 4 6 . 2

- 1 2 6 . 9

7 3 . 2
- 2 8 . 6

- 3 0 6 . 0

110.6
10.6

132.1

112.5
29.3

1 2 4 . 2

7 8 . 9
1 2 0 . 0
2 3 5 . 4

11.9

0.05
0.07
0.06

0 . 0 6
0.11
0.11

<0.01
0.02

<0.01

0.04
0.02
0.04

0.02
<0.01
-0.03

0 . 0 6
2 15 3 .5 0.09

A l l 15 24.6 0.06

0 .814** *
0 .849** *
0 .805** *

0.662*
0 .962** *
0 .844**

0.141
0.509*
0.105

0.718
0.452
0.618

0.105
0.00
0.173

0.590*
0 .941** *
0 .666**

1 * = 
p < 0 . 0 5 ; ** = p <0.01; *** = p <0.001

2 
24 hr index count.

3 2 hr index count in 100’s.
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data are plotted in Fig. 5. There is not sufficient evidence to justify

f i t t i n g  a  m o r e  s o p h i s t i c a t e d  m o d e l , p e r h a p s  w i t h  t h e  e x c e p t i o n  o f  t h e  W o o d  R i v e r

s t o c k  w h e r e  p e r c e n t a g e  r e t u r n s  w e r e  i n d i c a t e d  t o

s m e l t  n u m b e r s .

D a t a  f o r  t h e  N a k n e k  R i v e r  i n d i c a t e d  l i t t l e  r e

and adult numbers. I f  the Naknek R i v e r  s m e l t - a d u

b y  t h e  e f f e c t s  o f  t h e  K v i c h a k  R i v e r  s o c k e y e ,  t h e n

have decreased wi th  increasing

ationship between smelt numbers

t survival rates were swamped

a multiple regression analysis

w o u l d  y i e l d  a n  i m p r o v e d  m o d e l . N e i t h e r  t h e  i n c l u s i o n  o f  Kvichak s m e l t  n u m b e r s ,

n o r  K v i c h a k  a d u l t  n u m b e r s  a s  i n d e p e n d e n t  v a r i a b l e s  r e s u l t e d  i n  a  s i g n i f i c a n t

m o d e l  ( T a b l e  6 ) . N o  s i g n i f i c a n t  i m p r o v e m e n t  i n  f i t  w a s  n o t e d  f o r  t h e  W o o d

R i v e r  s t o c k s  u s i n g  a  s i m i l a r  m o d e l .

T h e  c l e a r  c o r r e l a t i o n  b e t w e e n  s m e l t s  a n d  r e t u r n i n g  a d u l t s  f r o m

a n d  Ugashik  r i v e r s  i n d i c a t e  t h a t  i f  a n  o i l  s p i l l  e f f e c t e d  m o r t a l i t y

s o o n  a f t e r  censusing w e  c o u l d  e x p e c t  a  m e a n  l o s s  o f  1 r e t u r n i n g  adu’

6  s m e l t s  l o s t  f r o m  t h e  Ugashik  ( 9 5 %  C l .  2 - 1 0 ) ,  a n d  a  m e a n  l o s s  o f

h e  Kvichak

on the smelts

t f o r  e v e r y

r e t u r n i n g

a d u l t  f o r  e v e r y  1 1  s m e l t s  l o s t  f r o m  t h e  K v i c h a k  ( 9 5 %  C l ,  6 - 1 6 ) . T h e s e  r a t i o s

w o u l d  d e c r e a s e  t h r o u g h o u t  t h e  l i f e  s p a n  o f  t h e  s o c k e y e  s a l m o n  a s  t h e  p r o b a b i l i t y

o f  s u r v i v i n g  t o  r e t u r n  a s  a n  a d u l t  i n c r e a s e d . T h e  f o r m  o f  t h i s  c h a n g e  i n  r a t i o

i s  s i g n i f i c a n t  - i f  i t  i s  l i n e a r  t h e n  t h e  r e s u l t  o f  o i l - i n d u c e d  m o r t a l i t y  o n

juveniles in Bristol Bay would be similar to mortalities on the smelts. If,

o n  t h e  o t h e r  h a n d ,  t h e  f o r m  o f  m o r t a l i t y  d e c l i n e s  e x p o n e n t i a l l y  a s  s u g g e s t e d  b y

the high coastal mortalities of pink salmon (Parker 1968) and the high estuarine

mortalities of chum salmon (Bax 1983) , then the loss of a specified number of

juveniles in Bristol Bay could have a considerably greater impact than the loss

o f  t h e  s a m e  n u m b e r  o f  s m e l t s . There is reason to believe that early m a r i n e

m o r t a l i t i e s  a r e  h i g h  f o r  B r i s t o l  B a y  s o c k e y e  s a l m o n ;  p r e d a t i o n  b y  Be~ukka whales

in Kvichak B a y  w a s  e s t i m a t e d  a t  6 m i l l i o n  s m e l t s  o r  5 %  o f  t h e  t o t a l  r u n . The

i n d i c a t i o n s  a r e  t h a t  a n y  o i l - i n d u c e d  m o r t a l i t i e s  o n  t h e  j u v e n i l e s  w o u l d  o p e r a t e

o n  t h e  s u r v i v o r s  o f  a n  a l r e a d y  t h i n n e d  p o p u l a t i o n .
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Figure 5 continued
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Figure 5 continued
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Table 6 . Relation between total abundance (or index of abundance) of smelts
migrating for the Wood and Naknek river systems and the resulting
total abundance of adults, taking the abundance of Kvichak River
smelts or adults into consideration.

River Years Sample Independent a b r
size variable

Naknek 1 9 5 7 - 1 9 7 6 2 0 Kvichak smelts
Naknek smelts

Wood 1955-1970

20 Kvichak adults
Naknek smelts

15 Kvichak smelts
Wood smelts

15 Kvichak adults
Wood smelts

2 1 1 . 0 0 . 2 0 1 . 2 7 6
- 0 . 0 4 9 . 2 7 6

2 1 7 . 0 < - 0 . 0 1
- 0 . 0 2 . 1 1 4

1 3 . 9 - 0 . 0 9
<0.01 . 1 7 6

1 2 9 . 1 0 . 0 1
< 0 . 0 1 . 1 4 1

5 0 0



REACTIONS TO, AND EFFECTS OF, 01 L

Avoi dance

Sub

factors

where f

ethal e f fects  in  genera l , and avoidance in particular,  are diff icult

to measure satisfactori ly. In all  except isolated field circumstances

sh have chosen between a polluted and a nonpolluted area and are

subsequently accurately censused, e.g. , adult salmon returning to their natal

r i v e r s , it  is not practical to attempt to measure avoidance in the f ield. The

alternative method, laboratory measures of avoidance, suffers from an unknown,

but probable, lack  of  appl icabi l i ty  to  f ie ld  s i tuat ions.

It  is fortunate that the salmon, wi th  the i r  wel l -def ined l i fe  h is tory  and

migratory  pat terns  are  m o r e  a m e n a b l e  t o  m e a s u r e m e n t s  o f  a v o i d a n c e  t h a n  o t h e r

fish s p e c i e s , a n d  b o t h  l a b o r a t o r y  a n d  f i e l d  s t u d i e s  o f  a v o i d a n c e  h a v e  b e e n

conducted. The long history of raising juvenile salmon in hatcheries makes them

a logical choice for laboratory studies, while the precise homing of the adult

salmon to restricted areas which can be routinely censused,  i.e., their natal

streams and rivers, makes them a logical choice for field studies.

The 50% avoidance level of smelt and presmolt coho salmon in the laboratory to

an approximation of the water soluble fraction of Prudhoe Bay crude was reported as

1.9  to  3 .7  mg/1,  r e s p e c t i v e l y , in freshwater by Maynard and Weber (1981). Avoidance

to the mixture was at a lower concentration than avoidance to any one of the

individual components, suggesting an interaction between the different components

in the WSF. Rice (1973] has shown the dependence of the avoidance response of

p i n k  s a l m o n  f r y  o n  t i m e  o f  y e a r ,  a n d / o r  s a l i n i t y ,  a n d / o r  temperature (the “

experimental design did not distinguish between these possible effects). Thus ,

hatchery-reared pink salmon fry exposed to Prudhoe Bay crude showed avoidance

at 497 ppm in freshwater at5°C on the 5th of June (no avoidance at 96 hr TLM),
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avoidance at 16.o ppm in seawater at 7.5°C on the same date (1/13 of 96 hr TLM),

and avoidance at 1.6 ppm in seawater at 11.5°C on August 27th (1/69 of 96 hr TLM).

T h e s e  o i l  c o n c e n t r a t i o n s  r e p o r t e d  b y  R i c e  a r e  t h e  t o t a l  c o n c e n t r a t i o n  o f  o i l

a d d e d  t o  w a t e r ,  w h i c h  w a s  t h e n  s h a k e n  a n d  t h e  d i s s o l v e d  f r a c t i o n  r e m o v e d  a n d

added to the test tank so the concentrations to which the f ry  were exposed were

c o n s i d e r a b l y  l e s s  t h a n  r e p o r t e d . Maynard and Weber (1981) ruled out

t e m p e r a t u r e  a s  t h e  i n f l u e n c i n g  f a c t o r , a n d  c o n c l u d e d  t h a t  s m e l t i n g  c o h o  salmon

w e r e  t w i c e  a s  s e n s i t i v e  a s  presmolts. Sprague and Drury  (1969)  repor ted  tha t

the avoidance of rainbow trout and Atlantic salmon to pollutants (detergent,

chlor ine , a n d  p h e n o l )  w a s  s p e c i f i c  t o  t h e  p o l l u t a n t ;  t h u s  p h e n o l  w a s  n o t  a v o i d e d

a t  s u b l e t h a l  l e v e l s ,  a n d  t h e  f i s h  w e r e  a c t u a l l y

l e v e l  o f  c h l o r i n e . S i m i l a r l y ,  Westlake e t  a l . ,

p r e f e r e n c e  o r  a v o i d a n c e  t o  t r e a t e d  r e f i n e r y  e f f ’

w h i c h  w o u l d  h a v e  l e d  t o  s u b l e t h a l  p h y s i o l o g i c a l

a t t r a c t e d  t o  t h e  4 d  s u b l e t h a l

( 1983)  f o u n d  n o

u e n t  p r e s e n t  a t

e f f e c t s . The re

o f  r e d u c e d  a c t i v i t y  a t  t h e  h i g h e r  c o n c e n t r a t i o n s  o f  e f f l u e n t . Morrow (1974)

s i g n i f i c a n t

c o n c e n t r a t i o n s

w e r e  i n d i c a t i o n s

a l s o  r e p o r t e d  a t t r a c t i o n  o f  s o c k e y e  a n d  c o h o  s a l m o n  f r y  t o  t h e  o i l  i n l e t  d u r i n g

m o r t a l i t y  s t u d i e s  a t  4 . 8  a n d  1 2 . 1  p p m  o f  Prudhoe  B a y  c r u d e  ( s a m e  r e p o r t i n g  o f

c o n c e n t r a t i o n s  a s  u s e d  b y  R i c e , a b o v e ) ,  b u t  t h i s  m a y  h a v e  b e e n  a n  a r t i f a c t  o f

t h e  t a n k  d e s i g n . S i m i l a r  a t t r a c t i o n  w a s  r e p o r t e d  f o r  c h i n o o k  s a l m o n  b y  B e a n

et al. (197.4; cited by Maynard and Weber  1981). It is possible that changes i n

acitvity l e v e l , m e d i a t e d  t h r o u g h  t h e  e f f e c t s  o f  h y d r o c a r b o n s  o n  t h e  c e n t r a l

n e r v o u s  s y s t e m  c o u l d  lead t o  i n d i r e c t  a v o i d a n c e . P l a i c e  l a r v a e  e x p o s e d  t o

h o r i z o n t a l  g r a d i e n t s  o f  oil dispersa~ts in  a  fluvarium, t e n d e d  to t h e  c l e a n

w a t e r  c h a n n e l  a t  a l l  t i m e s ,  b u t  a s  a  r e s u l t  o f  a n  o r t h o k i n e t i c  r e s p o n s e

( i n c r e a s e d  s w i m m i n g  a c t i v i t y )  n o t  c h e m o t a x i s  ( W i l s o n  1 9 7 4 ) .  H e r r i n g  l a r v a e

i n  t h e  s a m e  s t u d y  s h o w e d  n o  a v o i d a n c e  o f  v e r t i c a l  g r a d i e n t s  b u t  r e m a i n e d  i n  t h e

d i s p e r s a n t  l a y e r  u n t i l  n a r c o t i z e d , t h e n  s a n k  i n t o  c l e a r  w a t e r  w h e r e  t h e y

r e c o v e r e d  b e f o r e  s w i m m i n g  u p  a g a i n  i n t o  t h e  d i s p e r s a n t  l a y e r .
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There are no studies of the avoidance of juvenile salmon to petroleum

products during active migration; however, there have been several studies

on the avoidance of other pollutants. T h e  h i g h  v a r i a b i l i t y  a s s o c i a t e d  w i t h

s a m p l i n g  j u v e n i l e  s a l m o n , e n g e n d e r e d  b y  t h e i r  h i g h l y  c l u m p e d  d i s t r i b u t i o n ,  c a n  frequently

r e s u l t  i n  n o  r e j e c t i o n  o f  t h e  n u l l  h y p o t h e s i s  o f  n o  a v o i d a n c e  o f  a n  a r e a ;  t h u s

a p p a r e n t  l a c k  o f  a v o i d a n c e  t o  p o l l u t a n t s  i n  t h e  f i e l d  i s  o f t e n  m o r e  a  r e f l e c t i o n

of the diff icult ies of sampling than a real distributional event. Poulin and

Oguss (1981) c o n c l u d e d  t h a t  t h e r e  w a s  l a t e r a l  a v o i d a n c e  o f  p u l p  m i l l  e f f l u e n t

in Neroutsus  In le t ,  Br i t ish  Columbia ,  but  Birtwell and Harbo (198o)  w h o  s t u d i e d

t h e  e f f e c t s  o f  p u l p  m i l l  e f f l u e n t  o n  t h e  m i g r a t i o n  o f  j u v e n i l e  P a c i f i c  s a l m o n

at Port Alberni and Port Mellon in Brit ish

continuous avoidance of the surface waters

outflow, even though it was at acutely tox

la t ter  authors  s tudied the  vol i t ional  ver t

Columbia, found no evidence of

in the proximity of the effluent

c  leve ls . Using live boxes the

cal distribution of juvenile chum

s a l m o n  in polluted areas, where fish staying above 3 m would die and those

staying below 3 m would survive. They found that  a l l  f i s h  w e r e  o b s e r v e d  b e l o w

3 m, but mortality was 2 5 % , indicating that some of the juveniles had at  some

s t a g e  e n t e r e d  t h e  u p p e r ,  t o x i c  3  m . Birtwell a n d  H a r b o  c o n c l u d e d  t h a t

II .  . . p e r h a p s  t h e  i n h e r e n t  r e q u i r e m e n t s  o f  t h e  j u v e n i l e  s a l m o n  t o  e n t e r  s u r f a c e

w a t e r s  o v e r c a m e  t h e  a v o i d a n c e  r e s p o n s e  t o  a c u t e l y  t o x i c  e f f l u e n t  c o n c e n t r a t i o n s ,

r e s u l t i n g  i n  m o r t a l  i t y . ” Salo e t  a l . , (1979) recorded avoidance of juvenile

chum salmon to glacial tills from dredging at 35 to 190 mg/1 whereas t h e

96 hr LC50 ranged  from 15.8  to 32.gmg/l. The same authors  suggested,  although

the data are not conclusive, that avoidance of the same materials in the field

occurred at 2.o to 9.8 mg/1. In  a  la ter  repor t  (Salo et al., 1980) a v o i d a n c e

of  nearshore  habi ta t  d is turbed by  dredging or  o f fshore  pi le  dr iv ing by migrat ing
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juvenile chum salmon was observed. in both cases the measured response was not

an all or nothing response~ rather it was dependent on the individual fish and

the habi ta t  in  w h i c h  t h e y  w e r e  s t u d i e d . T h e  i m p o r t a n c e  o f  i n d i v i d u a l  v a r i a t i o n

i n  a v o i d a n c e  r e s p o n s e  t o  p o l l u t a n t s  w a s  a l s o  r e m a r k e d  o n  b y  Bohle ( 1 9 8 2 ) ,  w h o

o b s e r v e d  j u v e n i l e  c o d  ( G a d u s  morhua)  i n  a  t r i  l o b e d  a q u a r i u m  t o  a v o i d  p e t r o l e u m——

h y d r o c a r b o n s  a t  5 0  t o  100 mg/ml, b u t  w i t h  s o m e  e x c e p t i o n s .

I n  c o m p a r i s o n  t o  t h e  s t u d i e s  o n  j u v e n i l e s  w h i c h  i n c l u d e  c o n t r o l l e d  l a b o r a t o r y

e x p e r i m e n t s , t h e  f e w  s t u d i e s  o f  a v o i d a n c e  o f  p o l l u t a n t s  b y  a d u l t  s a l m o n  h a v e

b e e n  c o n d u c t e d  i n  t h e  f i e l d .  Westerberg ( 1 9 8 3 )  o b s e r v e d  r e t r o g r a d e  m o v e m e n t  b y

ultrasonically tagged adult Atlantic salmon released in a polluted branch of

the Lule estuary (dredging and eff luents from a steelworks and a coke-oven p lant ) ,

w h e r e a s  t a g g e d  a d u l t s  r e l e a s e d  i n  a n  u n p o l l u t e d  b r a n c h  o f  t h e  s a m e  e s t u a r y  s h o w e d

a  s l o w ,  b u t  u p s t r e a m ,  p r o g r e s s . S i m i l a r l y ,  Elson e t  a l . ,  ( 1 9 7 2 )  s u g g e s t e d

a v o i d a n c e  b y  A t l a n t i c  s a l m o n  o f  a  b r a n c h  o f  t h e  u p p e r  M i r a m i c h i  e s t u a r y

p o l l u t e d  p r i m a r i l y  w i t h  p u l p  m i l l  e f f l u e n t , a l t h o u g h  t h e  d a t a  w e r e  n o t  d e f i n i t i v e .

P e r h a p s  t h e  b e s t  s t u d y  t o  d a t e  o n  t h e  e f f e c t s  o f  p o l l u t a n t s  o n  a v o i d a n c e  o f

salmonids i s  t h a t  o f  W e b e r  e t  a l . , ( 1 9 8 1 ) ,  w h o  m e a s u r e d  t h e  a v o i d a n c e  o f

r e t u r n i n g  a d u l t  P a c i f i c  s a l m o n  ( 9 9 %  c o h o  s a l m o n )  t o  p a r a l l e l  f i s h  l a d d e r s  o n

t h e i r  n a t a l  s t r e a m . A v o i d a n c e  t o  t h e  l a d d e r  p o l l u t e d  w i t h  a  c l o s e  a p p r o x i m a t i o n

to  the  WSF o f  P r u d h o e  B a y  c r u d e  r e a c h e d  5 0 %  w h e n  t h e  c o n c e n t r a t i o n  r e a c h e d

3.2 mg/1 at the top and

adults ascending the po’

Y=50.  11-8.04x (correlat

m i d d l e  o f  t h e  l a d d e r . T h e  r e g r e s s i o n  o f  p e r c e n t  o f

luted l a d d e r  o n  t h e  c o n c e n t r a t i o n  o f  h y d r o c a r b o n s  w a s

o n  c o e f f i c i e n t =  0 . 9 2 ) .

A v o i d a n c e  o f  p o l l u t a n t s  b y  a d u l t  s a l m o n  i s  o b v i o u s l y  a  r e a l  a n d  m e a s u r a b l e

q u a n t i t y . I n  t h e  a b o v e  s t u d i e s , t h e  a v o i d a n c e  h a s  b e e n  m e a s u r e d  i n  r e s t r i c t e d

w a t e r w a y s  c o m p a r e d  t o  t h e  c o a s t a l  o r  o p e n  o c e a n s  a n d  i t  c o u l d  b e  a r g u e d  t h a t
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the  a v o i d a n c e  i s  p e c u l i a r  t o  t h e s e  e n v i r o n m e n t s ;  h o w e v e r ,  i t  n e e d s  b e  r e m e m b e r e d

that this avoidance was measured for f ish which were at the end of a long

m i g r a t i o n  a n d  w o u l d  b e  e x p e c t e d  t o  h a v e  t h e  m a x i m u m  m i g r a t o r y  m o m e n t u m . T a k i n g

b o t h  o f  t h e s e  f a c t o r s  i n t o  a c c o u n t , i t  w o u l d  a p p e a r  r e a s o n a b l e  t o  c o n c l u d e  t h a t

avoidance in  the  coasta l  waters  would  occur at o r  b e f o r e  t h e  c o n c e n t r a t i o n s

r e c o r d e d  b y  W e b e r  e t  a l . ,  ( 1 9 8 1 ) . T h i s  c o n t r a s t s  w i t h  t h e  N a t i o n a l  Academy o f

S c i e n c e ’ s  (1983) r e p o r t  w h i c h  c o n c l u d e d  t h a t  t h e r e  w a s  l i t t l e  e v

t h e  c l a i m  t h a t  a d u l t  s a l m o n  c a n  a v o i d  s p i l l s ;  h o w e v e r ,  t h e y  w e r e

c o n s i d e r  t h e  m o r e  r e c e n t  w o r k . T h i s  c o n c l u s i o n  m o d i f i e s  t h a t  o f

d e n c e  t o  s u p p o r t

u n a b l e  t o

T h o r s t e i n s o n

and Thorsteinson (1982), studying a hypothetical spill, who concluded that

II . ..adult salmon. . . m i g r a t e  t h r o u g h  s u r f a c e  l a y e r s  b u t  w o u l d  a v o i d  l e t h a l

c o n c e n t r a t i o n s  o r  m o v e  r a p i d l y  t h r o u g h  s u b l e t h a l  c o n c e n t r a t i o n s . . . ” ,  i n  t h a t  s o m e

a v o i d a n c e  i s  a n t i c i p a t e d  t o  o c c u r  a t  s u b l e t h a l  c o n c e n t r a t i o n s  o f  o i l .

T h e  a v o i d a n c e  o f  p o l l u t a n t s  b y  j u v e n i l e  salmon in  coasta l  waters  is  less

e a s y  t o  c o n j e c t u r e . A v o i d a n c e  i n  t h e  v e r t i c a l  d i r e c t i o n  w a s  w e l l  d e m o n s t r a t e d

b y  Birtwell and  H a r b o  (198o), a v o i d a n c e  i n  t h e  h o r i z o n t a l  d i r e c t i o n  w a s  s u g g e s t e d

b y  t h e  s t u d i e s  o f  S a l o  e t  a l . , (1979, 1980), although avoidance was not complete

i n  e i t h e r  i n s t a n c e ; t h e  l a c k  o f  c o m p l e t e  v e r t i c a l  a v o i d a n c e  o f  t o x i c  p u l p  m i l l

e f f l u e n t  l e d  t o  m o r t a l i t i e s  o f  2 5 %  o f  t h e  t e s t  f i s h . M a y n a r d  a n d  W e b e r  (1981)

found 50% avoidance of smelt  and presmolt  coho salmon in the laboratory at

c o n c e n t r a t i o n s  o f  d i s s o l v e d  h y d r o c a r b o n s  w i t h i n  t h e  r a n g e  w h e r e  5 0 %  a v o i d a n c e

w a s  f o u n d  f o r  t h e  a d u l t  coho. I n  b o t h  c a s e s ,  h o w e v e r ,  i t  i s  n o t  c l e a r  t h a t

t h e r e  i s  a  s t r i c t l y  l i n e a r  r e l a t i o n s h i p  b e t w e e n  a v o i d a n c e  a n d  h y d r o c a r b o n

c o n c e n t r a t i o n . N o  m e a s u r e m e n t s  o f  a v o i d a n c e  o f  75% o r  g r e a t e r  w e r e  m a d e  f o r

t h e  a d u l t  c o h o  a n d  i t  i s  n o t  c e r t a i n  t h a t  t h e  l i n e a r  r e l a t i o n s h i p  p r o p o s e d  b y

W e b e r  e t  a l . , w o u l d  a p p l y  a t  t h e  h i g h e r  l e v e l s  o f  p o l l u t a n t s  r e q u i r e d  t o  p r o d u c e

t h e s e  l e v e l s  o f  a v o i d a n c e . For both the juveniles and adults it will be assumed

that maximum avoidance is 90%, i.e., 10% of  the  populat ion will n o t  a t t e m p t

t o  a v o i d  p o l l u t e d  w a t e r s .
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Rates of Uptake and Deputation

T h e  c o n c e n t r a t i o n  a n d  s u b s e q u e n t  e l i m i n a t i o n ,  o r  d e p u t a t i o n ,  o f  h y d r o c a r b o n s

f r o m  t h e  s a l m o n  i s  o f  i n t e r e s t  f o r  t w o  r e a s o n s : t a i n t i n g  f r o m  h y d r o c a r b o n s

w i t h i n  t h e  m u s c l e ,  a n d  l e t h a l  o r  n o n - l e t h a l  s t r e s s  r e s u l t i n g  f r o m  u p t a k e  i n t o

o t h e r  o r g a n s ,  f o r  e x a m p l e , t h e  l i v e r  a n d  g a l l  b l a d d e r . A c c u m u l a t i o n  r a t e  i s

n o t  t h e  s a m e  f o r  t h e  m u s c l e s  a n d  o r g a n s ; m a x i m u m  l e v e l s  o f  n a p t h a l e n e s  w e r e

f o u n d  i n  t h e  l i v e r  o f  adult A t l a n t i c  s a l m o n  e x p o s e d  t o  a p p r o x i m a t e l y  4 0 - 5 0  p p b

c r u d e  o i l  i n  a  f l o w  t h r o u g h  v e s s e l  a f t e r  7  h r  ( a t  4 2  p p m  o r  1 0 0 0  t i m e s  e x t e r n a l

c o n c e n t r a t i o n )  , whi le  the  maximum levels  in  the  muscle  were  a f ter  6 -8  d

(0.5 ppmor 10 t imes external concentration; Brandl et al . ,  1976).  Organoleptic

analyses also indicated that maximum muscle tainting occurred at 6-8 d; no

mortalit ies occurred. D e p u t a t i o n  b e g a n  a t  a n  e a r l i e r  s t a g e  i n  t h e  l i v e r ,  r e d u c i n g

n a p t h a l e n e  l e v e l s  t o  2 - 3  p p m  a f t e r  6 - 8  d,  t h e  t i m e  o f  m a x i m u m  l e v e l s  i n  t h e

m u s c l e ,  w h i c h  i n  t u r n  d e p u r a t e d  t o  0 . 0 2  p p m  a f t e r  3 9  d . 1  e m p h a s i z e  t h a t  d u r i n g

d e p u t a t i o n  t h e  s a l m o n  w e r e  s t i l l  e x p o s e d  t o  t h e  f l o w - t h r o u g h  w a t e r  p o l l u t e d  a t

40-50 ppb, although the concentrations of the more volatile hydrocarbons had

decreased. Roubal et a l .  ( 1 9 7 8 )  e x p o s e d  j u v e n i l e  coho s a l m o n  t o  0 . 9 - 1 . 0  p p m  o f

t h e  W S F  o f  P r u d h o e  B a y  c r u d e  i n  f l o w - t h r o u g h  c o n t a i n e r s  o v e r  6  w e e k s . Testing

the f ish after 2,  3,  5,  and 6 weeks indicated maximum leve ls  in  the  muscle  a t

5 weeks (10.35 +/- 1.83 ppm, overall bioconcentration 10; bioconcentration of

napthalenes  117). No hydrocarbons  were  de tec ted  in the muscle after 1 week

d e p u t a t i o n  i n  c l e a n  w a t e r . T h e  d i f f e r e n c e  i n  t i m e s  o f  m a x i m u m  b i o c o n c e n t r a t i o n

b e t w e e n  t h e  t w o  s t u d i e s  m a y  b e  d u e  t o  t h e  l o s s  o f  t h e  m o r e  v o l a t i l e  a r o m a t i c s

i n  B r a n d l  e t  a l . , (1976) experiment; however , i t  i s  n o t  c l e a r  t h a t  s i m i l a r ,

t h o u g h  s m a l l e r , l o s s e s  d i d  n o t  o c c u r  i n  Roubal e t  a l . , ( 1 9 7 8 )  s t u d y .  h e x t r e m e

example of this effect of experimental design is provided by Rice et al. ,  (1977),
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who concluded the maximum bioconcentration in the gills, gut, and muscle of

pink salmon fry exposed to  No. 2  f u e l  o i l  t o  o c c u r  a f t e r  1 0  h r ,  d e c r e a s i n g  b y

2 4  h r . H o w e v e r , a f t e r  9 6  h r  t h e  c o n c e n t r a t i o n  o f  o i l  i n  t h e  e x p o s u r e  w a t e r  h a d

d e c r e a s e d  t o  o n l y  2 0 %  of’its o r i g i n a l  l e v e l ,  n e g a t i n g  t h e s e  r e s u l t s .  E x p e r i m e n t a l

d e t e r m i n a t i o n  o f  d e p u t a t i o n  r a t e s  i s  f u r t h e r  c o m p l i c a t e d  b y  c o m p o u n d  s p e c i f i c

v a r i a b i l i t y  i n  d e p u t a t i o n ; s o m e  n a p t h a l e n e s  a n d  h i g h e r  m o l e c u l a r  w e i g h t  a r o m a t i c s

c a n  r e m a i n  a f t e r  o t h e r  c o m p o u n d s  h a v e  d e c l i n e d  t o  u n d e t e c t a b l e  l e v e l s  ( L e e  1 9 7 7 ,

Connell a n d  M i l l e r  1981).

None of the above studies addressed the uptake pathways for the oil into the

f l e s h ;  h o w e v e r , N A S  ( 1 9 7 5 )  c o n c l u d e d  t h a t  f o r  a n i m a l s  w i t h  r e s p i r a t o r y  s u r f a c e s  i n

c o n t a c t  w i t h  s e a w a t e r , t h e  p a r t i t i o n i n g  b e t w e e n  a n i m a l  a n d  w a t e r  m a y  b e  t h e  m o s t

i m p o r t a n t  a v e n u e  f o r  u p t a k e  a n d  l o s s  o f  h y d r o c a r b o n s ;  t h i s  a v e n u e  s u p e r s e d e s

a n y  f o o d  w e b  m a g n i f i c a t i o n . Morrow (1974) found no significant mortalities of

y o u n g  coho a n d  s o c k e y e  s a l m o n  f o r c e  f e d  w i t h  1  g  o i l  p e r  1 0 0  g  b o d y  w e i g h t  p e r

d a y . T h e  r e l a t i v e  l a c k  o f  i m p o r t a n c e  o f  f e e d i n g  t o  o i l  u p t a k e  m a y  b e

a p p l i c a b l e  t o  j u v e n i l e  s a l m o n ; c o h o  s m e l t s  w e r e  r e p o r t e d  t o  s t o p  f e e d

3 2 0  p p b  o f  C o o k  I n l e t  W S F  (Thorsteinson a n d  T h o r s t e i n s o n  1 9 8 4 )  .

T h e  c r u d e  o i l  u s e d  i n  t h e  e x p e r i m e n t s  o f  Brandl e t  a l . ,  ( 1 9 7 6 ) ,  Wi

e s p e c i a l l y

n g  a t

s

o r i g i n a l l y  l e f t  o p e n  f o r  3  d  t o  s i m u l a t e  t h e  c h a n g e s  i n  a n  o f f s h o r e  o i l  s p i l l

w h i l e  a p p r o a c h i n g  t h e  c o a s t , a n d  s u b s e q u e n t l y  c o n s t a n t l y  r e c i r c u l a t e d ;  t h u s  t h e

c h a n g e  i n  t h e  a r o m a t i c  c o n t e n t  o f  t h e  o i l  o v e r  t h e  c o u r s e  o f  t h e  e x p e r i m e n t  m a y

h a v e  a p p r o x i m a t e d  t h a t  o c c u r r i n g  d u r i n g  t h e  w e e k s  f o l l o w i n g  a  s i n g l e - s o u r c e  o i l

s p i l l . B i o c o n c e n t r a t i o n  o f  n a p t h a l e n e s  i n  t h i s  s t u d y  w a s  1 0  a f t e r  o n e  w e e k ,

w h i c h  d o e s  n o t  s e e m  u n r e a s o n a b l e  c o m p a r e d  t o  Roubal et al., (1978) values

f o r  bioconcentration o f  napthalenes o f  3 4 , 49, and 117 after 2, 3, and 5 weeks,

r e s p e c t i v e l y .
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Studies on juvenile Pacific salmon indicate that most deaths that occur

d u r i n g  9 6  hr bioassays, o c c u r  d u r i n g  t h e  f i r s t  1 2  o r  2 4  h r s  ( M o r r o w  1 9 7 4 ,

R i c e  e t  a l . , 1 9 7 5 ,  Moles et  a l . ,  1 9 7 9 ) . Thus, f o r  p i n k  s a l m o n  f r y  e x p o s e d  t o

N o .  2  f u e l  o i l , t h e  2 4  hr T L m ,  a t  0 . 8 9  p p m ,  w a s  n o t  d i s s i m i l a r  f r o m  t h e  9 6  h r

TLm, at 0.8 ppm (Rice et al., 1977). Similarly, sublethal responses, including

c o u g h i n g ,  a n d  i n c r e a s e d  opercular  rates occur  wi th in  the  f i rs t  12  hr  of

e x p o s u r e  a n d  s u b s e q u e n t l y  d e c l i n e  ( T h o m a s  a n d  R i c e  1 9 7 5 ,  c i t e d  b y  P a t t e n  1 9 7 7 ;

Rice  e t  a l . ,  1977) . Brocksen and Bailey (1973) measured the increase in respiration

of  juveni le  chinook sa lmon exposed to  5  ppm benzene  in  a  cont inuous flow

r e s p i r o m e t e r , a n d  f o u n d  t h e  m a x i m u m  a t  4 8  h r ;  a f t e r  1 0  d  i n  c l e a r  w a t e r  t h e

rate had returned to initial level.

There appear to be two phases of oil uptake in the juvenile salmon, with the

sensit ivity of the f ish decreasing dur~ng exposure as the detoxif ication or

excretion rate increases with the increasing activity of the enzymes in the

l iver  that  metabol ize  aromat ic  hydrocarbons (Moles  e t  a l . ,  1 9 8 1 ) .  O t h e r  w o r k e r s

c i t e d  b y  t h e s e  a u t h o r s  h a v e  s h o w n  t h a t  t h e r e  i s  a n  i n c r e a s e  i n  a r y l  h y d r o c a r b o n

hydroxylase in coho salmon after their exposure to crude oil  or aromatic

hydrocarbons. Rice et al . (1977)  speculate that there is a large energy

requirement on init ial  exposure to oil , in order to synthesize the large

quantities of enzymes needed to metabolize hydrocarbons into excretable forms,

and if the fish are not overwhelmed by this initial exposure they can rid them-

selves of the toxic compounds. There may sti l l  be sublethal effects after this

initial exposure due to the continued elevated metabolism, requiring ‘Increased

food intake which puts the fish at a disadvantage in the struggle for survival”

( 1 o c .  c i t . ) .
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Oil Induced Mortalities

Delineation of the percent mortalities caused by different concentrations

of oil is complicated by varying experimental designs and the different measure-

m e n t  t e c h n i q u e s  u s e d  t o  e s t i m a t e  t h e  o i l  c o n c e n t r a t i o n s  (IR, U V ,  o r  G C ) .  F u r t h e r

c o m p l i c a t i o n s  a r i s e  w h e n  c o n s i d e r i n g  f i s h  a t  d i f f e r e n t  l i f e  h i s t o r y  s t a g e s ,

a n d / o r  a t  d i f f e r e n t  t e m p e r a t u r e s .

S e n s i t i v i t y  o f  j u v e n i l e  c h u m ,  p i n k , a n d  s o c k e y e  s a l m o n  t o  o i l  w a s  i n c r e a s e d

i n  a  m o r e  s a l i n e  e n v i r o n m e n t  ( C a r d w e l l  1 9 7 3 ,  R i c e  e t  a l . ,  1 9 7 5 ,  M o l e s  e t  a l . ,

1 9 7 9 ) ;  h o w e v e r ,  t h i s  i n c r e a s e  i n  s e n s i t i v i t y  m i g h t  b e  n e g a t e d  a f t e r  m o r e  t h a n

s e v e r a l  w e e k s  a c c l i m a t i o n  i n  s e a w a t e r  ( M o l e s  e t  a l . ,  1 9 7 9 ) ,  o r  e v e n  r e v e r s e d

( R i c e  1 9 7 3 )  . This increased sensitivity might be a function of increased

p h y s i o l o g i c a l  s t r e s s  d u r i n g  s a l t w a t e r  a d a p t a t i o n  (Moles et  a l . ,  1979) ,  or  by

i n c r e a s e d  g u l p i n g  o f  w a t e r  i n  r e s p o n s e  t o  t h e  h y p e r o s m o t i c  e n v i r o n m e n t  (Cardwell

1973) . D e c r e a s e s  i n  a m b i e n t  t e m p e r a t u r e  a l s o  i n c r e a s e d  t h e  s e n s i t i v i t y  o f  p i n k

s a l m o n  f r y  e x p o s e d  t o  toluene i n  s a l t w a t e r  ( K e r n  e t  a l . ,  1 9 7 9 ,  c i t e d  b y  M o l e s

et al., 1979 ) . I n t e r s p e c i f i c  d i f f e r e n c e s  i n  s e n s i t i v i t y  o f  P a c i f i c  s a l m o n  t o

the  water  so luble  f ract ion of  d iese l  o i l  were  noted by Cardwell (1973). Oil

composition affects mortalities; no significant mortalities occurred for young

c o h o  a n d  s o c k e y e  s a l m o n  e x p o s e d  t o  c r u d e  o i l  w e a t h e r e d  f o r  3 0  d ,  w h e r e a s  s i g n i f i c a n t

m o r t a l i t i e s  o c c u r r e d  f o l l o w i n g  e x p o s u r e  t o  t h e  f r e s h  o i l  ( M o r r o w  1 9 7 4 ) .

T i m e  s p a n s  o v e r  w h i c h  o i l - i n d u c e d  m o r t a l i t i e s  o p e r a t e  a r e  m o r e  r a p i d  t h a n

t h e  t i m e  s p a n s  f o r  t a i n t i n g . Thus, although experimental results are often

recorded as the concentration necessary to produce 50% mortalities after 96 hr

( 9 6  h r  T l m  o r  L C  5 0 ) ,  t h e  m a j o r i t y  o f  m o r t a l i t i e s  o c c u r  w i t h

2 4  h r s  (Cardwell 1 9 7 3 ,  M o l e s  e t  a l . ,  1 9 7 9 ,  M o l e s  e t  a l . ,  1 9 8

1977) . L e s s  t h a n  o n e  p e r c e n t  o f  t h e  m o r t a l i t i e s  o f  c o h o  f r y

n  t h e  f i r s t  1 2  o r

,  R i c e  e t  a l . ,

e x p o s e d  t o  v a r i o u s
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c o n c e n t r a t i o n s  o f  toluenes a n d  n a p t h a  lenes o c c u r r e d  a f t e r  9 6  h r  ( M o l e s  e t  a l .  ,

1981) ,  and Davis (1976) reported no differences between mortalit ies of Pacific

s a l m o n  f r y  e x p o s e d  t o  k r a f t  p u l p  m i l l  e f f l u e n t  f o r  2 0 0  d ,  a n d  m o r t a l i t i e s  f o r

t h o s e  e x p o s e d  f o r  o n l y  9 6  h r .  W o o d w a r d  e t  al. (1981), h o w e v e r ,  f o u n d  t h e  s u r v i v a l  of

c u t t h r o a t  t r o u t  e x p o s e d  t o  5 2 0  p p b  W y o m i n g  c r u d e  o i l  f o r  9 0  d  t o  b e  o n l y  5 2 % ,

w h e r e a s  t h e  9 6  h r  T l m  w a s  2 . 4  p p m ;  l e s s  t h a n  2 %  m o r t a l i t i e s  w e r e  r e p o r t e d  f o r

9 0  d  e x p o s u r e s  a t  100-450  p p b .

T h e  a b o v e  s t u d i e s  h a v e  c o n c e n t r a t e d  o n  t h e  d i r e c t  u p t a k e  o f  o i l  f r o m  t h e

w a t e r ,  a n d  d o  n o t  r e p o r t  a n y  e f f e c t s  o f  f e e d i n g  o n  o i l e d  o r g a n i s m s . I t  i s

,  p o s s i b l e  t h a t  t h e  g u l p i n g  o f  hyperosmotic w a t e r  o b s e r v e d  b y  CardWell (1973)

w o u l d  s u p e r c e d e  a n y  f e e d i n g  e f f e c t s ; M o r r o w  ( 1 9 7 4 )  f o u n d  n o  s i g n i f i c a n t  m o r t a l i t i e s

o f  y o u n g  c o h o  a n d  s o c k e y e  s a l m o n  f o r c e  f e d  w i t h  1 g  o i l  p e r  1 0 0  g  b o d y  w e i g h t

p e r  d a y . T h i s  l a c k  o f  d o c u m e n t a t i o n  o f  t h e  e f f e c t s  o f  f e e d i n g  m a y  p r o v e  t o  b e

i n c o n s e q u e n t i a l  i f , a s  Thorsteinson a n d  Thorsteinson ( 1 9 8 2 )  i n d i c a t e ,  j u v e n i l e

sail

a va

p a t -

a n y

on  (coho) s t o p  f e e d i n g  a t  3 2 0  p p b  o f  t h e  W S F  o f  C o o k  I n l e t  c r u d e .

S e v e r a l  e s t i m a t e s  o f  t h e  9 6  h r  Tlm o f  j u v e n i l e  s a l m o n  e x p o s e d  t o  o i l  a r e

lable i n  t h e  l i t e r a t u r e ,  w i t h  v a r i a b i l i t y  b e t w e e n  t h e  s t u d i e s  a t  l e a s t

ly a c c o u n t e d  f o r  b y  t h e  d i f f e r e n t  a n a l y t i c a l  m e t h o d s . I  a m  n o t  a w a r e  o f

s t u d i e s  o n  o i l - i n d u c e d  m o r t a l i t i e s  f o r  a d u l t  s a l m o n . S i n c e  m o s t  m o r t a l i t i e s

o c c u r  d u r i n g  t h e  f i r s t  2 4  h r  o f  e x p o s u r e , a distinction between flow-through

a n d  s t a t i c  e x p e r i m e n t s  d o e s  n o t  s e e m  n e c e s s a r y . R e s u l t s  f r o m  t h e  p u b l i s h e d

s t u d i e s  o n  P a c i f i c  s a l m o n  a r e  r e p r o d u c e d  i n  T a b l e  7  .  E s t i m a t e s  o f  t h e  9 6  h r

T lm for  sockeye sa lmon smel ts  exposed to crude oil  vary from 1.0 to 4.0 ppm,

the lowest value being for smelts in seawater after a 6 d accl imat ion per iod

d e s i g n e d  t o  s i m u l a t e  t h e  s e q u e n t i a l  i n c r e a s e  i n  s a l i n i t i e s  e x p e r i e n c e d  b y

n a t u r a l l y  m i g r a t i n g  s m e l t s . T h e  9 6  h r  T l m  i n  f u e l  o i l  N o .  2  w a s  s l i g h t l y  l o w e r

a t  0 . 8  p p m . W i t h  t h e  e x c e p t i o n  o f  t h e  d a t a  f r o m  R i c e  e t  a l . ,  ( 1 9 7 5 )  r e s u l t s
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f r o m  a l l  s t u d i e s  a r e  w i t h i n  a n  o r d e r  o f  m a g n i t u d e  ( R i c e  e t  a l .  ,  r e p o r t  i n  t h e i r

c o n c l u s i o n s  t h a t  t h e  9 6  h r  Tlm w a s  6  p p m ,  b u t  t h i s  d o e s  n o t  f o l l o w  f r o m  t h e  d a t a

t h e y  p r e s e n t  e a r l i e r  i n  t h e i r  p a p e r ) . D r .  A d a m  Moles o f  t h e  A u k e  B a y  L a b o r a t o r y ,

N O A A ,  p r o v i d e d  m e  w i t h  d a t a  o n  m o r t a l i t i e s  o f  o u t m i g r a n t  s o c k e y e  s a l m o n  e x p o s e d

to  vary ing levdls of  Prudhoe Bay crude o i l  and Fuel  Oi l  No.  2  in  seawater . T h e s e

d a t a  a r e  r e p r o d u c e d  i n  Tablet a n d  F i g u r e 6 ,  w h e r e  a  r e g r e s s i o n  h a s  b e e n  f i t t e d .

M o r t a l i t i e s  w e r e  a p p r o x i m a t e l y  a n  o r d e r  o f  m a g n i t u d e  h i g h e r  f o r  s a l m o n  e x p o s e d

t o  F u e l  O i l  N o .  2 ,  c o m p a r e d  w i t h  f i s h  e x p o s e d  t o  t h e  s a m e  c o n c e n t r a t i o n  o f

P r u d h o e  B a y  c r u d e .
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Table 80 Mortalities  Of outmigrant  sockeye salmon exposed to varying levels
of Prudhoe Bay crude and fuel oil in seawater. Data provided by
Adam Moles (NOAA) from static tests. Concentrations measured with
GC.

Initial Number of Mortalities
concentration N 24 hr 48 hr 72 hr 96 hr

(ppm)

5.05
3.57
2.50
1.81
1.40
0.70
0

0 . 6 0 0
0 . 4 5 0
0 . 3 3 9
0 . 2 5 7
0 . 1 6 1
0 . 0 8 0
0

10
10
10
10
10
10
10

10
10
10
10
10
10
10

Prudhoe Bay Crude in Seawater

10 10
10 10
10 10

6 7
6 6
2 2
0 0

Fuel Oil in Seawater

10 10
10 10

6 8
4 7
2 3
0 0
0 0

10
10
10

7
7
2
0

10
10
10

8
3
0
0

10
10
10

7
7
2
0

10
10
10

8
5
0
0
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5

0

Prudrue Bay
crude oil in
seawater

y = 4.1457 (x); r2 = 0.99

1 2 3 4 5

Fuel oil in
seawater

y = -0.9396+ 33,57 (x); rz = 0.99

0.1 0.2 0.3 0.4 0.5 0.6

Concentration of oil (ppm)

Figure 6. - - N u m b e r  o f  s o c k e y e  s a l m o n  s m e l t s  d y i n g  ( o u t  o f
1 0 )  f o l l o w i n g  e x p o s u r e  t o  o i l  i n  s t a t i c
s e a w a t e r  t e s t s  f o r  9 6  h r . D a t a  f r o m
Adam Moles (NOAA).
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Tainting by Petroleum Products

There have been many reports of tainting in fish flesh following t h e i r

e x p o s u r e  t o  p e t r o l e u m  p r o d u c t s ,  a lthough  the prec ise  re la t ionship  between the

implicated petroleum product and the subsequent tainting has rarely been defined.

In fact,  there are several instances of “oily taints” being falsely attr ibuted

to petroleum when the source was in fact dimethyl sulphide (DMS), resulting

from the thermal decomposition of dimethy l-propiothetin (DMP),  which occurs

n a t u r a l l y  i n  phytoplankton. DMS is the source of the well-known “petroleum

odou r” of  canned sa lmon (Motohiro 1962, cited by Howgate et al . ,  1 9 7 7 ) ,  t h e

“blackberry” condition of Labrador coastal cod, and the “gunpowder” condition

of fish in certain Norwegian and Greenland waters (Ackman et al., 1967, c i t e d

by Howgate et al., 1967).

The degree of tainting following exposure to petroleum products may depend

on the type of petroleum involved. Thus, Kerkhoff (1974, cited bylMC01977)

reports that the middle distillate fraction of crude oil, e.g., diesel fuel,

contains many of the odorous components present  in the crude, and whilst diesel

oil in water can be detected nasally at 0.!5 ppb, fuel and crude oils can only

be detected at 0.1 to 0.5 ppm (Martin 1970, cited bylMCO 1977) . Reports of

ta int ing have fo l lowed spi l ls  of  d iesel  fue l . A spil l  of 2,200 tons of diesel

oil  near Finnsnes, northern Norway, resulting from the grounding of a tanker

in 1973,  was spread by wind and currents in the Gisund,  a narrow strait. In

the ensuing two months fishermen reported the smell and taste of oil in the

f i s h  - cod, saithe, haddock, herring, f lounder, sea trout,  and salmon. Two

months after the spill sampled fish were tasted by a trained taste panel a n d

the flesh tested with gas chromatography and mass spectrometry. The results

were  in  agreement  wi th  the  repor ted ta int ing;  leve ls  o f  h y d r o c a r b o n s  w e r e  s t i l l
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in the order of 150-200 ppb in the 1

of diesel oil were no longer present

a t  t h e  s i t e  (Palmork a n d  Wilhelmsen

ver of the cod even though the components

i n  t h e  s a m p l e s  o f  w a t e r  a n d  s e d i m e n t s  t a k e n

9 7 4 ,  cited by iMCO 1 9 7 7 ) .  Eleven d a y s

af ter  a  spi l lage of  d iesel  o i l  in to  a  r i v e r  c o n t a i n i n g  b r o w n  t r o u t  “ b o t h

the fish after cooking and the hydrocarbon fraction isolated from the uncooked

fish were found to smell and taste in a manner reminiscent of the fuel oil”

(Mackie et  a l .  ,  1972). A “very crude” estimate of the contamination in the

trout flesh was 300 ppm. Fol lowing the  Torrey  Canyon o i l  sp i l l ,  ta int ing of

mackerel and sea trout was reported; however, t h e r e  i s  s o m e  q u e s t i o n  a s  t o

w h e t h e r  t h e  t a i n t i n g  r e s u l t e d  f r o m  t h e  o r i g i n a l  s p i l l  o r  f r o m  t h e  p e t r o l e u m

dispersants used to clean up the spill (Simpson 1968, cited bylMCO 1977).

Several laboratory studies further delineate the hydrocarbons responsible

for tainting as the napthalenes and perhaps the benzenes. Anderson and Neff

(1974, cited by IMCO 1977) e x p o s e d  t h e  killi fish, Fundulus simulus, to the

water soluble fraction of No. 2 fuel oil in synthetic sea water for 2 to 24 hr,

a n d  t h e n  t r a n s f e r r e d  t h e m  t o  o i l - f r e e  s e a w a t e r  r e c i r c u l a t e d  t h r o u g h  a c t i v a t e d

c h a r c o a l . T o t a l  n a p t h a l e n e s  w e r e  a c c u m u l a t e d  v e r y  r a p i d l y  w i t h  t h e  m a x i m u m

t i s s u e  c o n c e n t r a t i o n  r e a c h i n g  23 t i m e s  t h e  e x p o s u r e  c o n c e n t r a t i o n  (1.9 p p m )

a f t e r  2  h o u r s . D e p u t a t i o n  o f  t h e  t o t a l  n a p t h a l e n e s  r e s u l t e d  i n  u n d e t e c t a b l e

levels after 14 d and complete deputation within 3 to k weeks. An extensive

study by Shumway and Palensky  (1973) , in which rainbow trout were exposed to

individual organics in a flow-through chamber, indicated no further significant

increases in the mean off-f lavor index after 1.7 h r s . Significant losses in

f l a v o r  i m p a i r m e n t  o c c u r r e d  a f t e r  6.5  hrs  in  f resh water ,  wi th  no d e t e c t a b l e

impairment of f lavor remaining after 33.5 h r s . Howgate et al . , ( 1977) r e p o r t e d

an oily taint in plaice kept for 1 to 2 days on oiled sediment. The equivalent

oil concentration in their flesh at this time was approximately 160 ppm which did

n o t  c h a n g e  o v e r  t h e  n e x t  8  d a y s  t h e  f i s h  w e r e  r e t a i n e d  o n  t h e  o i l e d  s e d i m e n t .
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A well  e x e c u t e d  s t u d y  d e s i g n e d  t o  s i m u l a t e  t h e  e f f e c t s  of an oil  spil l

weathered for several days on entrained fish was conducted by Brandl et al.,

(1976)  . One hundred saithe (3-400 g), and 50 salmon (100 g) were kept in a

flow through vessel (turnover rate 30 rein) for 68 d, during which time they

were not fed . The water,  oil , and the liver and muscle of the fish were analyzed

using gas chromatography coupled with mass spectrometry.

of individual fish wrapped in aluminum foil and steam bo

was conducted by a taste panel of trained personnel. Ta

Organoleptic analysis

led in separate pans

nting in the salmon

was first observed after 4 d exposure to the water contaminated with an average

40 to 50 ppb hydrocarbon. The tainting became obvious after 6 d, had returned

to the 4 d level after 13 d and after 30 d was identical with the controls.

The saithe on the other hand had a sl ight indication of a taint after 22 d, but

n o  t r a c e  o f  a  t a i n t  a f t e r  2 8  d . The only components of significant concentration

found in the fish were napthalenes and benzene compounds, the latter being too

volat i le  for  quant i ta t ive  determinat ion; the authors suggest that the benzenes

and benzene compounds were present at levels roughly equivalent to those of the

napthalenes. The concentration of napthalenes reached a maximum of 0.5 ppm

after 6 to 8 d for the salmon muscle (bioconcentration of 10), and depurated

to 0.03 ppm after 39  d . The liver of the salmon showed higher concentrations

of napthalenes, r e a c h i n g  a  m a x i m u m  of 42 ppm (bioconcentration of 1000) after

7 hr, decreas ing to  2  to  3 ppm after 6 - 8  d . The saithe showed a similar trend

over time for concentrations of napthalenes in the muscle and the liver, with

maximum concentrations of 0.09 ppm and 10 ppm, respectively. T h e  a u t h o r s  c o n c l u d e

t h a t ,  t h e r e f o r e , a concentration of 0.3 ppm naptha lenes is  necessary  for

tainting to be observed.
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T h e  0 . 3  p p m  t a i n t i n g  t h r e s h o l d  l e v e l  s u g g e s t e d  b y  Brandl e t  a l .  ,  1 9 7 6  i s

a n  o r d e r  o f  m a g n i t u d e  l o w e r  t h a n  t h e  o t h e r  a v a i l a b l e  e s t i m a t e s  a s  r e v i e w e d  b y

IMC01977 which range from 5 ppm of gas oil in spiked tissue from muscles (Kerkhoff

197’4), to k to 12 ppm of diesel oil components in lobster (Paradis and Ackman  1975) ,

t o  10 t o  3 0  p p m  o f  c r u d e  o i l  i n  s p i k e d  t i s s u e  ( W h i t t l e  a n d  Mackie 1974). H o w e v e r ,

Shunway and Palensky (1973) found that the threshold tainting levels for 3 4

organics i n  r a i n b o w  t r o u t  r a n g e d  o v e r  5  o r d e r s  o f  m a g n i t u d e ,  f r o m  0 . 4  p p b  f o r

2,4- Dichlorophenol to 95 p p m  f o r  f o r m a l d e h y d e .  S o m e  c o m p o u n d s ,  e . g . ,  a c e t o n e ,

d i d  n o t  e v e n  i m p a i r  f l a v o r  a t  l e v e l s  u p  t o  1 0 0 0  p p m .  T h e  s a m e  a u t h o r s  c o n c l u d e d

‘ t h a t  t h e  f l a v o r  i m p a c t  o f  o r g a n i c  c o m p o u n d s  a r e  n o t  a d d i t i v e ,  a l t h o u g h  s o m e

i n t e r a c t i o n s  m a y  o c c u r . IMC01977 also cites a personal communication that a

trained taste panel could detect no further increases in tainting above 200

t o  3 0 0  p p m  o f  c r u d e  o i l  i n  s p i k e d  t i s s u e .

T h e  i m p o r t a n c e  o f  t a i n t i n g  t o  conxnercial  f i s h e r i e s  f o l l o w i n g  e x p o s u r e  o f  t h e

r e s o u r c e  t o  h y d r o c a r b o n s  w i l l  d e p e n d  n o t  o n l y  o n  t h e  s e v e r i t y  o f  t h e  c o n t a m i n a t i o n

i t s e l f ,  b u t  a l s o  o n  t h e  r a t e  o f  u p t a k e  a n d  t h e  r a t e  o f  d e p u t a t i o n . T h e s e  f a c t o r s

h a v e  b e e n  c o n s i d e r e d  i n  a n  e a r l i e r  s e c t i o n . A n o t h e r  c o m p o n e n t  o f  t a i n t i n g  i s

d i f f u s i o n  o f  t a i n t e d  f i s h  t h r o u g h  a  l a r g e r  p o p u l a t i o n .  T h u s  a  k e r o s e n e - l i k e  t a i n t

i n  t h e  s e a  m u l l e t  (Mugil cephalus)  t h o u g h t  t o  b e  d u e  t o  t h e i r  e x p o s u r e  t o  r e f i n e r y

e f f l u e n t s , r e s u l t e d  i n  t h e  c o n d e m n a t i o n  o f  7 8  s h o r t  t o n s  n e a r  B r i s b a n e  ( G r a n t

1969, c i t e d  b y  lMCO 1 9 7 7 ) ;  t h e  t a i n t e d  f i s h  w e r e  s p r e a d  o v e r  1 0 0  m i l e s  o f  c o a s t

m i n g l i n g  w i t h  u n t a i n t e d  f i s h , r e s u l t i n g  i n  t h e  c o n d e m n a t i o n  o f  e n t i r e  c a t c h e s

(Connell 1974,  c i ted  byl MCO 1 9 7 7 ) . F o r  t h i s  r e a s o n  t h e  a v e r a g e  t a i n t i n g  i n  a

p o p u l a t i o n , e s p e c i a l l y  a  h i g h l y  m i g r a t o r y  p o p u l a t i o n  l i k e  t h e  P a c i f i c  s a l m o n ,

i s  a n  i n s u f f i c i e n t  m e a s u r e  o f  t a i n t i n g ;  p r o p o r t i o n s  o f  t h e  p o p u l a t i o n  t h a t  w o u l d

b e  t a i n t e d  a n d  t h e  d e g r e e  o f  t a i n t i n g  o f  t h e s e  d i f f e r e n t  p r o p o r t i o n s  w i l l  b e

r e q u i r e d  f o r  e f f e c t i v e  d e c i s i o n  m a k i n g .
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A d d i t i o n a l  S u b l e t h a l  E f f e c t s

M a n y  s u b l e t h a l  e f f e c t s  o f  o i l  ( a n d  o t h e r  p o l l u t a n t s )  o n  s a l m o n  i d s

s u g g e s t e d , b u t  i t  i s  o f t e n  u n c l e a r  t o  w h a t  e x t e n t  t h e s e  e f f e c t s  w o u l d

have been

r e s u l t  i n

a  d e c r e a s e  i n  t h e  o v e r a l l  f i t n e s s  o f  t h e  p o p u l a t i o n . R e d u c e d  g r o w t h  r a t e s  o f

j u v e n i l e  c o h o  s a l m o n  i n  t h e  l a b o r a t o r y  f o l l o w e d  t h e i r  e x p o s u r e  t o  3 2 %  o f  t h e i r

LC50 o f  toluene a n d  n a p t h a l e n e  ( M o l e s  e t  a l . , 1981 ) ,  a n d  r e d u c e d  g r o w t h  r a t e s

a r e  e x p e c t e d  f o r  o u t m i g r a n t  s o c k e y e  s a l m o n  e x p o s e d  t o  o i l  c o n c e n t r a t i o n s  a s  l o w

a s  1 0 0  p p b  ( M o l e s ,  p e r s o n a l  c o m m u n i c a t i o n ) . G r o w t h  r a t e s  o f  flatfish i n  t h e  a r e a

a t  t h e  t i m e  o f  t h e  A m o c o  Cadiz s p i l l  w e r e  r e d u c e d  (Gundlach e t  a l . ,  1 9 8 3 ) ,  t h u s

t h i s  e f f e c t  i s  n o t  r e s t r i c t e d  t o  l a b o r a t o r y  s i t u a t i o n s . T h e  e f f e c t s  o f  a  r e d u c e d

grcwth r a t e  a r e  n o t  c l e a r  s i n c e  g r o w t h  c o m p e n s a t i o n  m a y  o c c u r  a t  a  l a t e r  t i m e

(Mount 1 9 6 8 ,  c i t e d  b y  S p r a g u e  1 9 7 1 ) ;  h o w e v e r , r e d u c e d  g r o w t h  r a t e s  i n i t i a l l y  w o u l d

c a u s e  t h e  j u v e n i l e s  t o  b e  s u s c e p t i b l e  t o  s i z e  s e l e c t i v e  p r e d a t o r s  o v e r  a n

e x t e n d e d  p e r i o d  o f  t i m e . A d d i t i o n a l  s u b l e t h a l  e f f e c t s  s u c h  a s  a  d e c r e a s e  i n

r e s p o n s i v e n e s s  t o  f r i g h t  s t i m u l i  (Cardwell 1 9 7 3 ) ,  o r  t h e  d e v e l o p m e n t  o f  e y e

l e s i o n s , t o  w h i c h  salmonid  e y e s

W o o d w a r d  e t  a l . ,  1 9 8 1 ) ,  w o u l d  a ’

T h o r s t e i n s o n  a n d  T h o r s t e i n s o n  ( ’

a r e  p a r t i c u l a r l y  s u s c e p t i b l e  ( H a w k e s  1 9 7 7 ,

s o  i n c r e a s e  s u s c e p t i b i l i t y  t o  p r e d a t o r s ;

9 8 2 )  r e p o r t  t h a t  i n c r e a s e d  p r e d a t i o n  o f  c o h o

s a l m o n  o n  j u v e n i l e  c h u m  s a l m o n  o c c u r r e d  d u r i n g  t h e i r  f i r s t  t h r e e  d a y s  o f  e x p o s u r e

t o  C o o k  I n l e t  c r u d e  o i l ,  b u t  t h e  d a t a  s o u r c e  i s  n o t  p r o v i d e d . D e v e l o p m e n t  o f  e y e

l e s i o n s  c o u l d  a l s o  lead t o  b e h a v i o r a l  c h a n g e s  l e a d i n g  i n  turn to i n c r e a s e d

p r e d a t i o n ;  t h u s , M a c e  (1983) f o u n d  t h a t  i n  a  y e a r  w h e n  p o o r  n u t r i t i o n  l e d  t o

visual deficiencies in juvenile chinook salmon the rate of bird predation on

these fish over a 2 km r iver ine  outmigration increased f rom 10-12% to  21-32%.
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If chemoreception  i s  r e d u c e d  i n  s a l m o n  i d s  f o l l o w i n g  t h e i r  e x p o s u r e  t o  o i l ,

a s  f o u n d  f o r  t w o  e s t u a r i n e  f i s h  (Solangi 1981) , t h e n  t o g e t h e r  w i t h  a  r e d u c e d

v i s u a l  a c u i t y  t h i s  c o u l d  c h a n g e  s c h o o l i n g  b e h a v i o r  ( t h o u g h t  t o  b e  a n  i m p o r t a n t

a n t i - p r e d a t o r  m e c h a n i s m )  a n d  o t h e r  b e h a v i o r a l  m e c h a n i s m s  n e c e s s a r y  t o  t h e  h i g h l y

e v o l v e d  m i g r a t o r y  a n d  r e p r o d u c t i v e  b e h a v i o r  i n  salmonids. M o o r e  a n d  D w y e r  ( 1 9 7 4 )

c o n s i d e r  t h a t  f e e d i n g ,  r e p r o d u c t i o n ,  a n d  s o c i a l  b e h a v i o r s  i n  f i s h  c a n  be d i s r u p t e d

b y  “ s o l u b l e  a r o m a t i c  derivative!’ c o n c e n t r a t i o n s  a s  l o w  a s  1 0 - 1 0 0  p p b ,  h o w e v e r ,

t h e i r  d a t a  s o u r c e s  a r e  n o t  c l e a r . D i s r u p t e d  s c h o o l i n g  b e h a v i o r ,  i n c l u d i n g  s w i m m i n g

t o  t h e  s u r f a c e ,  a n d / o r  t h e  s o u r c e  o f  t h e  oil in bioassays h a v e  b e e n  r e p o r t e d  b y

s e v e r a l  r e s e a r c h e r s . M i g r a t i o n  p a t t e r n s  could  be  d isrupted,  wi th  the  possib i l i ty

of an increased spatial  overlap with predators, i f  t e m p e r a t u r e  p r e f e r e n c e s  w e r e

affected by exposure to oil as noted by Oligivie and Anderson (1965, cited by

Sprague 1971) f o r  A t l a n t i c  s a l m o n  e x p o s e d  t o  D D T .  H o w e v e r ,  Salo et al. (1983)

f o u n d  t h a t  t h e  b r i e f  e x p o s u r e  o f  r e t u r n i n g  a d u l t  c h i n o o k  s a l m o n  t o  c r u d e  o i l  a t

c o n c e n t r a t i o n s  r e p r e s e n t a t i v e  o f  o c e a n i c  s p i l l s  h a d  n o  d e t e c t a b l e  e f f e c t  o n  t h e i r

h o m i n g  a b i l i t i e s  o v e r  t h e  f i n a l  7  k m  o f  f r e s h w a t e r  m i g r a t i o n .

E x p o s u r e  o f  t h e  a d u l t s  t o  o i l  m i g h t  a f f e c t  t h e  v i a b i l i t y  o f  s u b s e q u e n t  o f f s p r i n g ;

t h u s ,  Gundlach e t  a l . (1983)  report  that  following the  A m o c o  C a d i z  s p i l l  f l a t f i s h

s h o w e d  a n  i n c r e a s e  i n  r e p r o d u c t i v e  p a t h o l o g i e s  i n  a d d i t i o n  t o  r e d u c e d  g r o w t h ,  a n d

t h a t  t h e r e  w a s  a n  a l m o s t  c o m p l e t e  a b s e n c e  o f  j u v e n i l e s  i n  t h e  y e a r  f o l l o w i n g  t h e

s p i l l . B u r d i c k  e t  a l . ( 1964) found tha t  t r o u t  f r y  f r o m  p a r e n t s  e x p o s e d  t o  D D T

d i e d  a t  a  c e r t a i n  s t a g e  i n  t h e i r  d e v e l o p m e n t  d u e  t o  D D T  r e c e i v e d  f r o m  t h e i r

p a r e n t s  i n  t h e  y o l k . C o n t r a s t i n g  w i t h  t h e s e  s t u d i e s  i s  t h a t  o f  Itodgkins e t  a l .

( 1 9 7 7 )  w h o  f o u n d  t h a t  t r o u t  f e d  1 g  o f  P r u d h o e  B a y  c r u d e  o i l  p e r  kg f o o d  f o r

6 - 7  m o n t h s  b e f o r e  m a t u r i t y  s h o w e d  n o  c h a n g e s  i n  r e p r o d u c t i v e  t i m i n g ,  f e r t i l i t y ,

f r y  s u r v i v a l , o r  i n  t h e  g r o s s  m o r p h o l o g y  o f  t h e  f r y .
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Exposure of salmon ids to oil in the water can result

(i. e., increased respiration - Brocksen and Bailey 1977,

a  d e c r e a s e  i n  t h e  glycogen r e s e r v e s  i n  t h e  l i v e r  (Hawkes

i n  a n  i n c r e a s e d  m e t a b o l i s m

Rice et al., 1977) and

1977) . T h i s  c o u l d  b e

e s p e c i a l l y  s i g n i f i c a n t  f o r  r e t u r n i n g  a d u l t  s a l m o n  w h i c h  a r e  o n  a  f i x e d  e n e r g y

b u d g e t  ( n o  f u r t h e r  f o o d  i n t a k e )  i n  t h e  f i n a l  s t a g e s  o f  t h e i r  m i g r a t i o n  a n d  c a n  b e

e x p e n d i n g  e n e r g y  a t  a  r a t e  e q u i v a l e n t  t o  8 0 %  o f  t h a t  a t  t h e  m a x i m u m  s w i m m i n g  s p e e d

(Brett 1965) . Sockeye salmon are recorded as using 78-96% of their protein and

31-61% of their fat r e s e r v e s  b y  c o m p l e t i o n  o f  s p a w n i n g  ( I d l e r  a n d  C l e m e n s  1 9 5 9 ) .

Their stamina, necessary in  the  f ina l  migrat ion might  be  reduced;  Adams ( 1 9 7 5 )

f o u n d  t h e  s t a m i n a  o f  b r o o k

than controls following an

0.5-5 ppm hydrocarbons. R{

significant for the juveni

( 3 2 0  p p b  f o r  c o h o  s a l m o n  -

t r o u t  (Salvelinus fontinalis) t o  b e  s i g n i f i c a n t l y  l e s s

e x p o s u r e  o f  2  a n d  3  w e e k s  t o  a  1 4 . 3  p p b  l e a d ,  a n d

d u c e d  s t a m i n a  a n d  a n  i n c r e a s e d  m e t a b o l i s m  m i g h t  b e

e s  w h i c h  s t o p  f e e d i n g  a t  l o w  c o n c e n t r a t i o n s  o f  o i l

Thorsteinson a n d  Thorsteinson 1982) and  i n d e e d  f e e d i n g

m i g h t  b e  t h e  m o s t  s e n s i t i v e  i n d i c a t o r  o f  t h e  s u b l e t h a l  e f f e c t s  o f  p o l l u t i o n  i n

salmon (Bull and Mclnerney 1974).

R e d u c t i o n s  i n  t h e  a b i l i t y  t o  w i t h s t a n d  f u r t h e r  s t r e s s  f o l l o w i n g  t h e  e x p o s u r e

o f  e s t u a r i n e  f i s h  t o  o i l  w a s  n o t e d  b y  Solangi ( 1980 ) ,  a n d  a n  e p i d e m i c  o f  l e t h a l

u l c e r a t i o n  o f  A t l a n t i c  s a l m o n , p r o b a b l y  t r i g g e r e d  b y  a  s u r g e  o f  C u  -  Zn p o l l u t i o n

a n d  h i g h  w a t e r  t e m p e r a t u r e s  n o t e d  b y  Pippy and Hare  ( 1 9 6 9 ,  c i t e d  b y  S p r a g u e  1 9 7 1 ) .

T h i s  r e d u c e d  r e s i s t a n c e  t o  i n f e c t i o n  c o u l d  a l s o  r e s u l t  f r o m  a n  a l t e r e d  microflora

o n  t h e  e p i d e r m i s  a s  n o t e d  f o r  s t r i p e d  m u l l e t  e x p o s e d  t o  c r u d e  o i l  (Giles et  a l . ,

1978, cited b y  W o o d w a r d  e t  a l . ,  1 9 8 1 ) .

I t  i s  d i f f i c u l t  t o  e v a l u a t e  t h e  i m p o r t a n c e  o f  s u b l e t h a l  e f f e c t s  o f  o i l  o n

s a l m o n . I n  y e a r s  o r  a r e a s  w h e r e  t h e  f i s h  a r e  e x p o s e d  t o  f e w  c o n c u r r e n t ,  o r

s u b s e q u e n t , s t r e s s e s  t h e i r  i m p o r t a n c e  m i g h t  b e  r e d u c e d ,  a l t h o u g h  p e r m a n e n t
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his to log ica l  changes such as  eye  les ions  would  be  expected to  be  cont inuously

detrimental. Maurin  (1981) considered the medium and long term damage of the

A m o c o  Cadiz s p i l l  t o  b e  m o r e  i m p o r t a n t  t h a n  t h e  i m m e d i a t e  e f f e c t s ,  a n d  i n d e e d

f o r  t h e  r e t u r n i n g  s a l m o n  a  c e s s a t i o n  o f  h a r v e s t i n g  f o l l o w i n g  r e p o r t s  o f  t a i n t e d

f i s h  c a n  b e  h y p o t h e s i z e d  a s  a n  i m p o r t a n t  m e d i u m  a n d  l o n g  t e r m  e f f e c t  o f  a n  o i l

s p i l l .
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INTRODUCT

Juven

OVERVIEW OF SIMULATIONS

ON

le and adult sockeye salmon are present at specific areas in Bristol

B a y  f o r  o n l y  a  s h o r t  t i m e  e a c h  y e a r , a n d  c o n s e q u e n t l y  i t  w o u l d  b e  i n a p p r o p r i a t e

t o  a r b i t r a r i l y  s e l e c t  a  s i n g l e  t i m e  o f  t h e  y e a r  i n  w h i c h  t o  s i m u l a t e  t h e  e f f e c t s

ofanoil s p i l l . I n s t e a d  t w o  m o d e l s  w e r e  u s e d  t o  s i m u l a t e  t h e  m a x i m u m  e f f e c t s

o f  a  s p e c i f i c  o i l  s p i l l  s c e n a r i o  o n  t h e  m i g r a t i n g  s a l m o n . T h e  f i r s t  s i m u l a t i o n

e s t i m a t e s  t h e  m a x i m u m  p r o p o r t i o n  o f  t h e  B r i s t o l  B a y  s o c k e y e  s a l m o n  t h a t  c o u l d  b e

a t  t h e  l o n g i t u d e  o f  t h e  s p i l l  a r e a  o v e r  a  1 0  d  p e r i o d ,  a n d  t h e  s e c o n d  s i m u l a t i o n

e s t i m a t e s  t h e  p r o p o r t i o n  o f  t h e  p o p u l a t i o n  p a s s i n g  t h r o u g h  t h e  s p i l l  a r e a  i n

1 0  d  t h a t  w o u l d  be a f f e c t e d  b y  t h a t  s p i l l . T o g e t h e r  w i t h  d a t a  o n  t h e  i n s h o r e / o f f s h o r e

d i s t r i b u t i o n  o f  t h e  s a l m o n , these two simulations provide an estimate of the

m a x i m u m  i m p a c t  o f  a  s p e c i f i c  o i l  s p i l l  s c e n a r i o . P a r a m e t e r i z a t i o n  o f  t h e  m o d e l s

t e n d s  t o w a r d s  m a x i m i z i n g  p o t e n t i a l  e f f e c t s  o f  t h e  o i l  s p i l l  w h e n  d a t a  a r e

ambiguous

PRESENCE

Juveniles

B o t h  s i m u l a t i o n s  a r e  r u n  s e p a r a t e l y  f o r  t h e  a d u l t s  a n d  j u v e n i l e s .

N SPILL AREA

A v a i l a b l e  d a t a  f r o m  t h e  s a m p l i n g  o f  j u v e n i l e  s o c k e y e  s a l m o n  i n  B r i s t o l  B a y

( S t r a t y  1974, H a r t t  1 9 8 0 )  i n d i c a t e  s u b s t a n t i a l  n u m b e r s  o f  j u v e n i l e s  i n  t h e  I n n e r

B a y  f r o m  l a t e  M a y  t o  e a r l y  A u g u s t , a n d  i n  t h e  O u t e r  B a y  f r o m  a s  e a r l y  a s  J u n e  t o

a t  l e a s t  S e p t e m b e r  ( n o  d a t a  a r e  a v a i l a b l e  f o r  d i s t r i b u t i o n s  a f t e r  S e p t e m b e r ) .

A n n u a l  v a r i a t i o n s  i n  t h e  t i m i n g  o c c u r  w i t h i n  t h e  a b o v e  r a n g e s .  W h i l e  t h e s e  d a t a

i n d i c a t e  t h e  p e r i o d  o f  t h e  y e a r  d u r i n g  w h i c h  a n  o i l  a c c i d e n t  c o u l d  be e x p e c t e d

to exert a direct effect on the juveniles migrating through Bristol Bay, they

are insufficient to estimate the proportion of the juveniles potentially affected.
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Data on the timing and numbers (or relative numbers) of sockeye salmon smelts

leaving the Kvichak, Naknek, Ugashik, a n d  W o o d  r i v e r s  a r e  a v a i l a b l e  f o r  m o s t  y e a r s

f r o m  1 9 5 5  to p r e s e n t  ( R o g e r s  1977). T h e s e  d a t a  t o g e t h e r  w i t h  t h e  m i g r a t i o n  r a t e

o f  t h e  j u v e n i l e s  t h r o u g h  B r i s t o l  B a y  d e r i v e d  f r o m  Straty’s ( 1 9 7 4 )  d a t a  o n  m a r k e d

f i s h ,  c a n  b e  u s e d  t o  s i m u l a t e  t h e  t i m e  t h a t  s p e c i f i c  p r o p o r t i o n s  o f  j u v e n i l e

s o c k e y e  s a l m o n  f r o m  e a c h  r i v e r  p a s s  d e s i g n a t e d  a r e a s  o n  t h e  s o u t h e a s t e r n  s h o r e

of Bristol Bay in any of the years for which data are available.

T h e  a b o v e  a p p r o a c h  w a s  u s e d  b y  E g g e r s  a n d  R o g e r s  (1978)  a n d  I  h a v e  m o d i f i e d

a n d  r e p a r a m e t e r i z e d  t h e i r  o r i g i n a l  s i m u l a t i o n  i n  t h i s  s t u d y . I n  t h i s  s i m u l a t i o n

t h e  p r o p o r t i o n s  o f  t h e  t o t a l  s m e l t  o u t m i g r a t i o n  p a s s i n g  t h e  c o u n t i n g  s t a t i o n  i n

a n y  5 d  p e r i o d  a r e  r e a d  i n ,

n u m b e r s , t h e i r  m e a n  s i z e  an{

r e t u r n s  t o  t h e  B r i s t o l  B a y

t h i s  t i m e . C o m p u t a t i o n s  i n

a n y )  o u t m i g r a t i n g  f r o m  e a c h

t o g e t h e r  w i t h  a n  e s t i m a t e  ( o r  i n d e x )  o f  t h e  t o t a l

a g e  c o m p o s i t i o n . A d d i t i o n a l l y , t h e  e s t i m a t e d  a d u l t

n s h o r e  f i s h e r y  f r o m  t h e s e  outmigrants  a r e  i n p u t  a t

t h e  s i m u l a t i o n  s t a r t  a t  M a y  1 5 ,  w i t h  t h e  s m e l t s  ( i f

r i v e r  w i t h i n  t h e  1 0  d  p e r i o d  t o  M a y  2 4  e n t e r i n g

B r i s t o l  B a y  a t  t h e  e s t u a r y  o f  t h e i r  n a t a l  s t r e a m . M i g r a t i o n  t h r o u g h  t h e  B a y  i s

s i m u l a t e d  a s  a  s t r a i g h t  l i n e  m i g r a t i o n  ( n o  d i m e n s i o n s  o f  o f f s h o r e  o r  v e r t i c a l

d i s t r i b u t i o n  a r e  i n c l u d e d )  along t h e  s o u t h e a s t e r n  s h o r e .  S i m u l a t e d  m i g r a t i o n s

o f  t h e  W o o d  R i v e r  s m e l t s  i n c l u d e  t h e  i n i t i a l  s o u t h e r l y  m i g r a t i o n  t o  r e a c h  t h e

southeastern  shore  descr ibed by  St ra ty  ( 1 9 7 4 ) .

F o r  t h e  s i m u l a t e d  t i m e  p e r i o d s  b e g i n n i n g  M a y  2 5  a n d  s u b s e q u e n t l y ,  s m e l t s

f r o m  e a c h  r i v e r  e n t e r  B r i s t o l  B a y  a t  t h e  e s t u a r y  o f  t h e i r  natal r i v e r  w h e n  t h e

s i m u l a t i o n  t i m e  c o r r e s p o n d s  t o  t h e i r  p a s s a g e  p a s t  t h e  c o u n t i n g  s t a t i o n .  A n y

s m e l t s  w h i c h  e n t e r e d  t h e  s i m u l a t i o n  i n  p r e v i o u s  t i m e

- 1s t r a i g h t  .line m i g r a t i o n  r o u t e  a t  0 . 9  BLsec and the

convenience Naknek estuary is defined as O km; locat

s t e p s  a r e  m o v e d  a l o n g  t h e

r  n e w  l o c a t i o n  r e c o r d e d . F o r

o n s  f u r t h e r  i n t o  t h e  B a y
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(including the Wood R i v e r )  a r e  n e g a t i v e  a n d  t h o s e  f u r t h e r  o u t  o f  t h e  B a y  a r e

p o s i t i v e . T h e  d i s t a n c e  m o v e d  i n  a n y  t i m e  s t e p  will d e p e n d  o n  t h e  s i z e  o f  t h e

j u v e n i l e s . D a t a  i n p u t  t o  t h e  s i m u l a t i o n  i n c l u d e  t h e  m e a n  s i z e  o f  t h e  s m e l t

o u t m i g r a n t s  f r o m  e a c h  r i v e r  a n d  y e a r , a n d  s i n c e  n o  c o n s i s t e n t  t r e n d  i n  s i z e

o v e r  t h e  d u r a t i o n  o f  t h e  o u t m i g r a t i o n  w a s  f o u n d  i n  e a r l i e r  a n a l y s e s ,  i t  w i l l  b e

a s s u m e d  t h a t  t h i s  m e a n  s i z e  i s  e q u a l l y  a p p l i c a b l e  t o  a l l  p o r t i o n s  o f  t h e  out-

m i g r a t i o n . S t r a t y  ( 1 9 7 4 )  c o n c l u d e d  t h a t  n o  ( o r  v e r y  l i m i t e d )  g r o w t h  o c c u r r e d

i n  i n n e r  B r i s t o l  B a y , b u t  t h a t  i n  t h e  o u t e r  B a y  g r o w t h  c o u l d  r e s u l t  i n  a  d o u b l i n g

- 1
of  f ish  s ize  in  8  w e e k s . F o r  a  1 0 0  m m  f i s h  t h i s  s u g g e s t s  a  g r o w t h  r a t e  o f  1.8 m m d  .

I n  t h i s  s i m u l a t i o n  o n c e  t h e  m i g r a t i o n  o f  a  g r o u p  o f  j u v e n i l e s  h a s  t a k e n  t h e m  p a s t

P o r t  H e i d e n  a n d  i n t o  t h e  o u t e r  B a y  t h e i r  s i z e  i s  c o n s i d e r e d  t o  i n c r e a s e  b y  18 m m

f o r  e a c h  1 0  d  p e r i o d .

A t  a n y  t i m e s t e p  i n  t h e  s i m u l a t i o n , a n d  f o r  a n y  y e a r ’ s  outmigration  d a t a ,  t h e

d i s t r i b u t i o n  o f  t h e  i n d i v i d u a l  p r o p o r t i o n s  o f  t h e  outmigration b y  r i v e r  a n d  a g e

c l a s s  a r e  a v a i l a b l e  a s  a  f u n c t i o n  o f  t h e i r  d i s t a n c e  a l o n g  t h e  m i g r a t i o n  r o u t e

t h r o u g h  B r i s t o l  B a y  ( F i g .  7 ) . F r o m  t h e s e  o u t p u t s  i t  i s  a  s i m p l e  m a t t e r  t o

c o m p u t e  t h e  t i m e  a n d  m a g n i t u d e  o f  t h e  m a x i m u m  p r o p o r t i o n  t h a t  w o u l d  b e  a t  a

d e s i g n a t e d  a r e a  o v e r  a  1 0  d  p e r i o d  i n  a n y  y e a r , e i t h e r  b y  r i v e r  a n d  a g e  c l a s s ,

o r  a s  t h e  c o m b i n e d  m a x i m u m  p r o p o r t i o n  f o r  a l l  r i v e r s ,  w h e r e  t h e  p r o p o r t i o n s  f r o m

i n d i v i d u a l  r i v e r s  a r e  w e i g h t e d  b y  t h e  n u m b e r s  o f  t h e  r e s u l t i n g  a d u l t  r e t u r n s .

A d u l t s

The timing of adult sockeye salmon returning to Bristol Bay is both w e l l  d e f i n e d

a n d  l i m i t e d  t o  a  s h o r t  t i m e  p e r i o d . E i g h t y  p e r c e n t  o f  r u n  p a s s e d  t h e  f i s h e r y

o v e r  a  1 2 . 9  d  p e r i o d  (S.D., 1.58  d )  f r o m  1 9 5 5  t o  1976 (Burgner 1 9 8 0 ) ;  m e a n  t i m e  o f

r e t u r n  o v e r  t h e  s a m e  p e r i o d  w a s  J u l y  4  ( e x t r e m e s  J u n e  28-JUIY 1 0 ;  S . D . ,  2 . 9 2  d ) .
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ml

F i g u r e  7. - - S i m u l a t e d  a b u n d a n c e s  o f  j u v e n i l e  s o c k e y e  s a l m o n

migrating through Bristol Bay. (No allowance

00

m a d e  f o r  m o r t a l  i t y . )
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I n  a  y e a r  w h e n  t h e  r e t u r n  t i m i n g  w a s

d u r a t i o n  o f  r e t u r n s ) ,  8 0 %  o f  t h e  r u n

a p p r o x i m a t e l y  o v e r  a  1 0  d  p e r i o d .  M ’

t h e y  e n t e r  o u t e r  B r

B r i s t o l  B a y  a p p e a r s

a r r i v a l s  a t  P o r t  Mo

h i g h l y  a g g r e g a t e d  ( l o w e r  9 5 %  C .  L .  f o r

w o u l d  p a s s  t h e  f i s h e r y  o v e r  a  9 . 8  d ,  o r

gration of the adult salmon from the time

stol Bay until they reach the fishing districts in inner

reasonably  d i rect  (300  km in  6 d ,  wi th  the  sequence  of

ler corresponding to that at  the fishing districts),  so

o i l  s p i l l  s c e n a r i o  a r e a s .

mulation t o  e s t i m a t e  t h e

these data on return timings are applicable to the

This district run timing obviates the” need for a s’

p r e s e n c e  o f  a d u l t  s o c k e y e  s a l m o n  i n  t h e  s p i l l  area:

EFFECTS OF OIL SPILL ON MIGRATING SALMON

E f f e c t s  o f  t h e  o i l  s p i l l  s c e n a r i o s  d e v e l o p e d  b y  SAI o n  a d u l t  a n d  j u v e n i l e

s o c k e y e  s a l m o n  a r e  s i m u l a t e d  u s i n g  o n e  m o d e l  w i t h  o n l y  m i n o r  r e p a r a m e t e r i z a t i o n

f o r  t h e  t w o  l i f e  h i s t o r y  s t a g e s  ( e . g . ,  m i g r a t i o n  d i r e c t i o n ,  f i s h  s i z e ,  i n s h o r e

d i s t r i b u t i o n ) . A  g e n e r a l  d e s c r i p t i o n  o f  t h e  s i m u l a t i o n  f o l l o w s  a n d  i s  i l l u s t r a t e d

i n  F i g . 3. F i s h ,  o r  s c h o o l s  o f  fish~~ a r e  a s s i g n e d  t o  t h e  s q u a r e s  i n  t h e  g r i d

i n  p r o p o r t i o n  t o  t h e i r  h i s t o r i c  p r o b a b i l i t y  o f  o c c u r r e n c e ,  w i t h  t h e  m a x i m u m

probability rece iv ing 5  f

a n d  will b e  t r e a t e d  i n d i v

t h e  s t a t i s t i c a l  m e a n s .  a n d

F o r  e a c h  f i s h  i n  e a c h

e i g h t  a d j a c e n t  s q u a r e s  ( F

a n d  o i l  c o n c e n t r a t i o n s  a r

sh for each square. Each fish is recorded indiv

dually throughout the simulation. Final output

accompanying variances of these fish.

dual  ly

s as

t i m e s t e p  a  w o r k i n g  g r i d  i s  s e t  u p  c o m p o s e d  o f  t h e

gs.8 a n d  9). V a l u e s  f o r  p r o b a b i l i t i e s  o f  o c c u r r e n c e

t r a n s f e r r e d  f r o m  t h e  m a i n  g r i d  t o  t h o s e  w o r k i n g  g r i d s

at each timestep. The probabil ity of migration in the direction of any of the

1/ The individual units of fish biomass move independently of one another and can—
be considered as individuals or highly cohesive schools.
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a d j a c e n t  s q u a r e s  i n  t h e  w o r k i n g  g r i d  i s  c o m p u t e d  a t  t h i s  t i m e . T h e  t i m e s t e p

i n  t h e  s i m u l a t i o n  i s  s e t  t o  e q u a l  t h e  t i m e  t a k e n  f o r  a  f i s h  t o  m o v e  t o  a n

a d j a c e n t  s q u a r e  ( i . e . , t h e  l e n g t h  o f  a n  i n d i v i d u a l  s q u a r e  (2 k m ) ,  d i v i d e d  b y  t h e

m i g r a t

s q u a r e

histor

o n  s p e e d  i n  km/hr). A t  e a c h  t i m e s t e p  t h e  f i s h  m u s t  m o v e  t o  a n  a d j a c e n t

t h e  s e l e c t i o n  o f  t h e  s q u a r e  b e i n g  d e p e n d e n t  o n  t h e  p r o d u c t  o f  t h e

c a l  p r o b a b i l i t i e s  o f  o c c u r r e n c e , t h e  p r o b a b i l i t i e s  o f  m i g r a t i o n  i n  t h e

direction of each square, and the probabilities of avoidance of the ambient oil

c o n c e n t r a t i o n  ( i f  a n y )  i n  e a c h  s q u a r e .

T w o  p a r a m e t e r s  a r e  r e q u i r e d  i n  t h i s  s i m u l a t i o n  t o  c o m p u t e  t h e  p r o b a b i l i t y  o f

m i g r a t i o n  i n  a n y

s p r e a d  a r o u n d  t h

m i g r a t i o n  d i r e c t

d i r e c t i o n  - t h e  p r e f e r r e d  m i g r a t i o n  d i r e c t i o n  ( A N G L E )  a n d  t h e

s  p r e f e r r e d  d i r e c t i o n . I n  t h e  s i m p l e s t  i n s t a n c e  t h e  p r e f e r r e d

o n  i s  s e t  c o n s t a n t  a l l  o v e r  t h e  g r i d ;  p a r a l l e l  t o  t h e  s h o r e  a n d

o u t  o f  B r i s t o l  B a y  f o r  t h e  j u v e n i l e s  ( 2 2 5 0 ) ,  p a r a l l e l  t o  t h e  s h o r e  a n d  i n t o

B r i s t o l  B a y  f o r  t h e  a d u l t s  (45”). F o r  a  m o r e  i n v o l v e d  s i m u l a t i o n  a r e a ,  e . g . ,

m

d

s

g r a t i o n  i n t o  a n d  o u t  o f  Ugashik B a y ,  a  g r i d  c o n t a i n i n g  t h e  p r e f e r r e d  m i g r a t i o n

r e c t i o n  f r o m  i n d i v i d u a l  s q u a r e s  i s  r e a d  i n . T w o  o p t i o n s  a r e  a v a i l a b l e  t o

mulate t h e  s p r e a d  a r o u n d  t h e  p r e f e r r e d  m i g r a t i o n  d i r e c t . T h e  f i r s t  o p t i o n

( d i r e c t  m i g r a t i o n )  p e r m i t s  n o  s p r e a d  a r o u n d  t h e  p r e f e r r e d  d i r e c t i o n ,  a n d  c o n s e q u e n t l y

n o  a v o i d a n c e  o f  a n  o i l  s p i l l . T h e  s e c o n d  o p t i o n  a s s i g n s  p r o b a b i l i t i e s  o f  m i g r a t i o n

(COMPROB)  i n  a n y  d i r e c t i o n  o f  t h e  c o m p a s s  (COMPAS)  f r o m  t h e  f o l l o w i n g  e q u a t i o n :

coMpRof.3 =  ((DIFuSN - ICOMPAS-ANGLE l)/DIFUSN)DpOwER; m i n  0 . 0 1

w h e r e  b o t h  t h e  t o t a l  a n g l e  o f  d i f f u s i o n  (DIFUSN) a n d  t h e  g r a d i e n t  o f  p r o b a b i l i t i e s

(DPOWER)  c a n  b e  a d j u s t e d . E x a m p l e s  o f  t h i s  e q u a t i o n  a r e :

( i )  DIFUSN =  1 8 0 . .—” -.—— ( i i )  DIFUSN =  1 8 0 .1
3 12 0 . 0 5 <O.O1]

DPOWER =  1 . 3 9:19 0 . 0 5 DPOWER =
0.19, $3 . 2 8 0 . 1 2

ANGLE=  2 2 5 .
:0 m

ANGLE = .

w h e r e  t h e  p r o b a b i l i t i e s  i n  e a c h  i n s t a n c e  h a v e  b e e n  r o u n d e d  d o w n  t o  s u m  t o  1 . 0 .
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There are insufficient data available to describe the small-scale coastal

migration patterns of Pacific salmon. It is a common observation that the

juveniles are to be found within a short distance of the shoreline, but movement

of individual fish or fish schools  wi th in  th is  area  is  not  deta i led . V e r t i c a l

migration patterns of returning adult chum and Atlantic salmon have been described

b y  Ichihara a n d  N a k a m u r a  ( 1 9 8 0 )  a n d  W e s t e r b e r g  ( 1 9 8 3 ) ,  a n d  i n d i c a t e  t h a t  t h e

m i g r a t i o n  r o u t e  o f  r e t u r n i n g  a d u l t  s a l m o n  w o u l d  n o t  b e  a d e q u a t e l y  d e s c r i b e d  b y

a  s t r a i g h t  l i n e . For  ne i ther  the  juvenile nor  the  adul t  sockeye sa lmon are

e m p i r i c a l  d a t a  s u f f i c i e n t  t o  e s t i m a t e  t h e  d e g r e e  o f  d i f f u s i o n  a r o u n d  t h e  p r e f e r r e d

( o r  m e a n )  m i g r a t i o n  d i r e c t i o n . A v a i l a b l e  d a t a  i n d i c a t e  t h a t  b o t h  a d u l t  a n d

j u v e n i l e  s o c k e y e  s a l m o n  m i g r a t e  a p p r o x i m a t e l y  p a r a l l e l  t o  t h e  s o u t h e a s t e r n

Bristol

respect

could S

only the upper

T h e  l o w e r

w h e n  t h e  swimm

B a y  s h o r e l i n e  a n d  t h a t  t h e i r  m e a n  m i g r a t i o n  r a t e  i n t o  a n d  o u t  o f  t h e  B a y ,

v e l y ,  i s  0 . 9  BL/sec. Many combinations of swimming speed and diffusion

mulate these migration charatteri$tics; in this simulation I  have defined

and lower limits of swimming speed.

i m i t  o f  s w i m m i n g  s p e e d  w o u l d  b e  0 . 9  BL/sec u n d e r  d i r e c t  m i g r a t i o n

ng speed would equal the mean migration rate. Under this condition

no avoidance of the spill would be possible. An upper limit to swimming s p e e d

was d e f i n e d  f r o m  t h e  t h e o r e t i c a l  s t u d i e s  o f  Weihs  ( 1 9 7 5 ) ,  T r u m p  a n d  L e g g e t t  ( 1 9 8 0 ) ,

a n d  W a k e m a n  a n d  Wohlschlag  (1981)  w h i c h  s u g g e s t  a  m a x i m u m  l i k e l y  s w i m m i n g  s p e e d  o f

2  BL/sec. I n  c o m b i n a t i o n  w i t h  a  t o t a l  a n g l e  o f  d i f f u s i o n  (DIFUSN) of  180” i n

e i t h e r  d i r e c t i o n  a n d  a  g r a d i e n t  o f  p r o b a b i l i t i e s  (DPOWER)  s e t  a t  1 . 3  ( s e e  ( i }

a b o v e )  this s w i m m i n g  s p e e d  o f  2  BL/sec w i l l  p r o d u c e  t h e  d e s i r e d  m e a n  m i g r a t

r a t e  o f  0 . 9  BL/sec. U n d e r  t h e  a b o v e  a s s u m p t i o n s  t h i s  c o m b i n a t i o n  w i l l  r e s u

i n  t h e  m a x i m u m  p o s s i b l e  a v o i d a n c e  o f  t h e  s p i l l  i n  t h i s  s i m u l a t i o n .

on

t
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I n  t h e  s i m p l e s t  s i t u a t i o n  w h e r e  t h e r e  w a s  n o  o i l  i n  t h e  a d j a c e n t  s q u a r e  a n d

the historical probability of occurrence was equal for all squares, the above

f o r m u l a t i o n s  w o u l d  d e t e r m i n e  t h e  p r o b a b i l i t y  o f  m o v e m e n t  i n  a n y  d i r e c t i o n .  M o r e

i n v o l v e d  s i t u a t i o n s  a r i s e  w h e n  t h e  histor

e q u a l  i n  a l l  d i r e c t i o n s . T h e s e  historica’

w o r k i n g  g r i d  f r o m  t h e  m a s t e r  g r i d . The i  r

c a l  p r o b a b i l i t y  o f  o c c u r r e n c e  i s  n o t

p r o b a b i l i t i e s  a r e  r e a d  i n t o  t h e

d e r i v a t i o n  i n  t h e  m a s t e r  g r i d  i s  b a s e d

o n  t h e  d i s t a n c e  o f  e a c h  s q u a r e  f r o m  t h e  s h o r e l i n e , s i n c e  h i s t o r i c a l  c a t c h  d a t a

s u g g e s t  t h a t  t h e  a b u n d a n c e  o f  j u v e n i l e s  i s  c o n s t a n t  f r o m  t h e  c o a s t l i n e  t o  4 0  k m

o f f s h o r e , thereaf ter  dropping to  zero  a t  54  k m  o f f s h o r e  ( S t r a t y  1 9 7 4 ) ,  a n d  t h a t

t h e  a b u n d a n c e  o f  a d u l t s  i n c r e a s e s  f r o m  z e r o  a t  1 3  k m  t o  a  m a x i m u m  a t  6 4  k m

o f f s h o r e , thereafter dropping to zero at 178 km (Straty 1975). These funct ions

a r e  i l l u s t r a t e d  i n  F i g  1 0 .

T h e  l a s t  f a c t o r  t h a t  w o u l d  a f f e c t  t h e  m i g r a t i o n  d i r e c t i o n  i s  t h e  p r e s e n c e  o f

o i l  i n  a n y  o f  t h e  a d j a c e n t  s q u a r e s . O i l  c o n c e n t r a t i o n s  f r o m  t h e  m a s t e r  g r i d

f o r  t h e  a p p r o p r i a t e  t i m e s t e p  a r e  t r a n s f e r r e d  t o  t h e  w o r k i n g  g r i d .  A v o i d a n c e

( A V O I D )  o f  t h a t  l e v e l  o f  c r u d e  ( O I L )  i s  d e t e r m i n e d  f r o m  r e g r e s s i o n  f u n c t i o n s

f i t t e d  t o  t h e  d a t a  ofkleber et al., ( 1 9 8 1 )  f o r  t h e  a d u l t s :

AVOID = 0.16*OIL

and to the data of Maynard et

AVOID = 0 . 2 9 5  * O I L

;  m a x  0 . 9 0

a l . , ( 1 9 8 1 )  f o r  t h e  j u v e n i l e s :

;  max  0 . 9 0

M a x i m u m  a v o i d a n c e  i s  l i m i t e d  t o  0 . 9 0  i n  b o t h  i n s t a n c e s , b e c a u s e  t h e r e  a r e  i n d i c a t i o n s

o f  v a r i a b i l i t y  i n  t h e  a v o i d a n c e  r e s p o n s e  o f  i n d i v i d u a l

s o u r c e s  p r o v i d e  n o  d a t a  o n  p o t e n t i a l  a v o i d a n c e  a b o v e  O

N o  c o m p a r a b l e  d a t a  a r e  a v a i l a b l e  f o r  t h e  p o t e n t i a l

o f  f u e l  o i l . I  a s s u m e  t h a t  t h e  s e v e n f o l d  g r e a t e r  s e n s

f i s h ,  a n d  t h e  t w o  a b o v e

7 5 .

a v o i d a n c e  o f  c o n c e n t r a t i o n s

t i v i t y  t o  f u e l  o i l  c o m p a r e d

5 3 2
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F i g u r e  10. - - F u n c t i o n s  d e s c r i b i n g  t h e  r e l a t i v e  p o s s i b i l i t i e s

o f  o c c u r r e n c e  o f  s o c k e y e  s a l m o n  w i t h  d i s t a n c e

f r o m  s h o r e  b e t w e e n  P o r t  H e i d e n  a n d  P o r t  Moller

i n  B r i s t o l  B a y .
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t o  c r u d e  o i l  a s  m e a s u r e d  b y  t h e  p r o b a b i l i t i e s  o f  m o r t a l i t y  ( d e s c r i b e d  l a t e r )

c a n  b e  t r a n s f e r r e d  d i r e c t l y  t o  t h e  p r o b a b i l i t i e s  o f  a v o i d a n c e . T h u s  i n  t h e

s i m u l a t i o n  f u e l  oil will b e  a v o i d e d  w i t h  a  s e v e n f o l d  g r e a t e r  p r o b a b i l i t y  t h a n

c r u d e  o i l  a t  t h e  s a m e  c o n c e n t r a t i o n .

T h e  t h r e e  p r o b a b i l i t y  d i s t r i b u t i o n s  d e s c r i b e d  a b o v e  -  m i g r a t i o n  d i r e c t i o n ,

h i s t o r i c a l  p r o b a b i l i t y  o f  o c c u r r e n c e ,  a n d  a v o i d a n c e  o f  o i l  -  a r e  m u l t i p l i e d

t o g e t h e r  a n d  t h e  p r o d u c t  r o u n d e d  t o  e q u a l  1 . 0  ( F i g s .  8  a n d  9 ). Based on this

final probability distribution the fish is randomly assigned to one of the adjacent

squares. If the square to which the fish has been moved contains oil then this

oil i s  t a k e n  u p  i n t o  t h e  f l e s h  i n  a  p r e s c r i b e d  m a n n e r  a n d  i n  e i t h e r  c a s e  a n y

e x i s t i n g  o i l  i n  t h e  f l e s h  i s  depurated. U p t a k e  o f  o i l  a n d  i t s  d e p u t a t i o n  a r e

b a s e d  o n  t h e  e x p e r i m e n t s  o f  Brandl et  a l . ( 1 9 7 6 )  w h i c h  m e a s u r e d  u p t a k e  t o ,  a n d

d e p u t a t i o n  f r o m ,  t h e  f l e s h  o f  A t l a n t i c  s a l m o n  c o n t a i n e d  i n  a  f l o w - t h r o u g h  c h a m b e r

d e s i g n e d  t o  r e p l i c a t e  t h e  o i l  c o n c e n t r a t i o n s  f o l l o w i n g  a n  a c t u a l  o i l  s p i l l .  I n

t h e  a b s e n c e  o f  a n y  e v i d e n c e  t o  t h e  c o n t r a r y ,  t h e s e  r a t e s  o f  u p t a k e  a n d  d e p u t a t i o n

a r e  c o n s i d e r e d  i d e n t i c a l  f o r  t h e  j u v e n i l e s  a n d  a d u l t s . U p t a k e  o f  o i l  t o  t h e

f l e s h  o v e r  t h e  c o u r s e  o f  a  s i n g l e  t i m e  s t e p  i s  equal t o  t h e  p r o d u c t  o f  t h e

e x t e r n a l  c o n c e n t r a t i o n  a n d  t h e  b i o c o n c e n t r a t i o n  r a t e  p e r  t i m e s t e p . A  b i o c o n c e n t r a t i o n

r a t e  o f  3 . 0  i s  s u i t a b l e  t o  s i m u l a t e  t h e  r e s u l t s  o f  B r a n d l  e t  a l .  ( 1 9 7 6 ) . T h i s

b i o c o n c e n t r a t i o n  r a t e  ii i n c r e a s e d  t o  2 1 . 0  f o r  f u e l  o i l ,  t h e  j u s t i f i c a t i o n  f o r

this adjustment having been presented previously.

D e p u t a t i o n  r a t e s  a s  a p p r o x i m a t e d  f r o m  Brandl  et al. (1976) results will include

c o m p e n s a t i o n  f o r  t h e  l o s s  o f  t h e  m o r e  v o l a t i l e  c o m p o n e n t s  f r o m  t h e  d i s s o l v e d  a n d

emuls i f ied  o i l  which is  not  a l lowed for  in the oil spi l l ’  scenar ios  p r o v i d e d . The

major facet of deputation which is set to increase by 3% per day from zero on the

day of f irst contact with oil  to a maximum of 90% loss  of  o i l  per  day  a f ter  30  days ,
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simulates the increase in  appropr ia te  enzyme act iv i ty  by  the  a f fected f ish .

T o g e t h e r  t h e  e x p r e s s i o n s  f o r  u p t a k e  a n d  d e p u t a t i o n  p r o d u c e  m a x i m u m  c o n c e n t r a t i o n s

of oil in the flesh after 7 days, with maximum bioconcentrations  of 11 and 77 for

crude

the f

These

where

a n d  f u e l  o i l , r e s p e c t i v e l y  ( F i g .  11). I n t e r n a l  c o n c e n t r a t i o n s  o f  o i l  i n

e s h  d e c r e a s e  t o  50% o f  t h e  o r i g i n a l  a m b i e n t  l e v e l s  a f t e r  a p p r o x i m a t e l y  30 d a y s .

two expressions determine the amount of  ta int ing predicted by the simulat ion,

any  f i sh  w i th  an  in te rna l  f l esh  concen t ra t ion  g rea te r  than ,  o r  equa l  to ,

0 . 6  p p m  i s  c o n s i d e r e d  t a i n t e d .

D i r e c t  m o r t a l i t y  f r o m  e x p o s u r e  t o  o i l  i s  h a n d l e d  s e p a r a t e l y  f r o m  t h e  u p t a k e  a n d

d e p u t a t i o n  o f  o i l  t o  t h e  f l e s h . W h i l e  s e v e r a l  r e s e a r c h e r s  h a v e  d e s c r i b e d  t h e

m o r t a l i t y  o f  j u v e n i l e  s a l m o n  a t  v a r i o u s  o i l  c o n c e n t r a t i o n s ,  n o  p u b l i s h e d  s t u d i e s

a r e  a v a i l a b l e  r e l a t i n g  t h e s e  m o r t a l i t i e s  t o  c o n c e n t r a t i o n  l e v e l s  i n  t h e  v a r i o u s

o r g a n s . A c c o r d i n g l y  i n  t h i s  s i m u l a t i o n  I  r e p r e s e n t  o i l - i n d u c e d  m o r t a l i t i e s  a s  a

d i r e c t  f u n c t i o n  o f  t h e  e x p o s u r e  h i s t o r y  o f  t h e  f i s h  r a t h e r  t h a n  a t t e m p t i n g  t o

s i m u l a t e  t h e  u p t a k e  o f  o i l  t o  s e n s i t i v e  o r g a n s  a n d  t h e  i n t e r n a l  l e t h a l  l e v e l s .

A  f r e q u e n t  m a n n e r  o f  r e p o r t i n g  o i l - i n d u c e d  m o r t a l i t i e s  i n  e x p e r i m e n t a l  s i t u a t i o n s

i s  a s  t h e  e x t e r n a l  c o n c e n t r a t i o n  t h a t  w i l l  c a u s e  5 0 %  m o r t a l i t i e s  a f t e r  9 6  h r ,

t h i s  d e s p i t e  t h e  f a c t  t h a t  m o s t  m o r t a l i t i e s  t h a t  a r e  g o i n g  t o  o c c u r  i n  a  96 h r

e x p o s u r e  w i l l  h a v e  o c c u r r e d  i n  t h e  f i r s t  2 4  h o u r s . I n  t h i s  s i m u l a t i o n  t h e  m e a n

e x p o s u r e  c o n c e n t r a t i o n  o v e r  t h e  p r e v i o u s  2 4  h r  p e r i o d  i s  c o m p u t e d  a n d  t h e

p r o b a b i l i t y  o f  m o r t a l i t y  a t  t h i s  m e a n  e x p o s u r e  l e v e l  c o m p u t e d  a c c o r d i n g  t o

f u n c t i o n s  d e r i v e d  f r o m  Moles ( u n p u b l i s h e d  d a t a ) .

( i )  F U E L  O I L P(MORTALITY) =0.09396+  3.357(XCON)

(ii) CRUDE OIL P(MORTALITY) = 0 . 4 1 4 5 7  (XCON)

w h e r e  X C O N  i s  t h e  m e a n  e x t e r n a l  c o n c e n t r a t i o n  o f  o i l  i n  p p m  e x p e r i e n c e d  b y  t h e

f i s h  o v e r  t h e  p r e v i o u s  2 4  h r s  (Fig.12 ) . T w o  c o n s t r a i n t s  a r e  p l a c e d  o n  t h e s e
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F i g u r e  il - - - F u n c t i o n s  d e s c r i b i n g  t h e  bioconcentration a n d

d e p u t a t i o n  o f  c r u d e  o i l  i n  t h e  t i s s u e s  o f  s a l m o n

e x p o s e d  t o  a  n a t u r a l l y  w e a t h e r i n g  o i l  s p i l l .

(Bioconcentration f a c t o r s  f o r  N o .  2  d i e s e l  o i l

a r e  7  t i m e s  h i g h e r  t h a n  t h o s e  f o r  c r u d e  o i l . )
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c a l c u l a t i o n s  t o  p r e s e r v e  i n d e p e n d e n c e  i n  t h e  m o r t a l i t y  p r o b a b i l i t i e s  b e t w e e n

24 h r  p e r i o d s . F i r s t l y ,  t h e  p r o b a b i l i t y  o f  m o r t a l i t y  i s  c o m p u t e d  o n l y  a t  t h e

e n d  o f  d i s t i n c t  2 4  h r  p e r i o d s  ( i . e . ,  a t  24, 48, ““., 240 hrs), a n d  SeCOndlY t h e

p r o b a b i l i t y  o f  m o r t a l i t y  i s  c o m p u t e d  o n l y  i f  t h e  c u r r e n t  m e a n  e x p o s u r e  c o n c e n t r a t i o n

i s  g r e a t e r  t h a n  t h a t  i m m e d i a t e l y  p r e d a t i n g  i t . I n  c o n j u n c t i o n  w i t h  t h i s

c a l c u l a t e d  p r o b a b i l i t y  o f  m o r t a l i t y ,  a  r a n d o m  n u m b e r  g e n e r a t o r  i s  u s e d  t o  decide

the fate of the f ish. When a fish is considered dead, it is removed from future

t imesteps and is  exc luded f rom a l l  summary stat is t ics  (e .g . ,  for  ta int ing) .

T h i s  s i m u l a t i o n  o f  o i l - i n d u c e d  m o r t a l i t i e s  c o m p l e t e s  t h e  s i m u l a t i o n  f o r  t h e

i n d i v i d u a l  f i s h  i n  t h i s  t i m e s t e p ,  a n d  t h e  s i m u l a t i o n  n o w  p r o c e e d s  t o  t h e  n e x t

f i s h  ( F i g .  8 ) . W h e n  t h e  m i g r a t i o n  s i m u l a t i o n s  t a k e  a  f i s h  o u t s i d e  o f  the m a i n

g r i d ,  t h e  f i s h  i s  f l a g g e d  a n d  i n  f u t u r e  t i m e s t e p s  u n d e r g o e s  d e p u t a t i o n  o n l y .  A t

t h e  e n d  o f  e a c h  t i m e s t e p  s o m e  f i s h  w i l l  h a v e  l e f t  t h e  g r i d  a n d  m u s t  b e  r e p l a c e d .

A t  t h e  s a m e  t i m e  f i s h  w i l l  h a v e  m o v e d  a w a y  i

w h i c h  t h e y  w o u l d  e n t e r  t h e  g r i d . A c c o r d i n g ’

r e p l e n i s h e d  a t  t h e  e n d  o f  e a c h  t i m e  s t e p  s o

r o m  t h e  s q u a r e s  o n  t h e  p e r i m e t e  ( s )  a t

y  t h e s e  p e r i m e t e r  s q u a r e s  a r e

a s  t o  e q u a l  t h e  m a x i m u m  n u m b e r n d i c a t e d

by t h e i r  a s s o c i a t e d  h i s t o r i c a l  p r o b a b i l i t y  o f  o c c u r r e n c e  ( w h e r e  t h e  m a x i m u m

p r o b a b i l i t i e s  i n  t h e  g r i d  w o u l d  r e c e i v e  5  f i s h ) . T h e  s i m u l a t i o n  i s  n o w  r e a d y  t o

p r o c e e d  t o  t h e  n e x t  t i m e s t e p .

5 3 8



RESULTS

PRESENCE IN AREA

Juveni  les

Simulat ions were  run for  a l l  years  f rom 1955 to 1982 for  which there  were  data ,

a n d  the m a x i m u m  p e r c e n t a g e  o f  t h e  j u v e n i l e s  f r o m  e a c h  r i v e r  o c c u r r i n g  i n  t h e  a r e a

o f  t h e  s p i l l  o v e r  a  1 0  d  p e r i o d  d e t e r m i n e d . N o  d i f f u s i o n  o f  t h e  j u v e n i l e s  w a s

a l l o w e d  f o r  i n  t h e  s i m u l a t i o n  s i n c e  a l t h o u g h  d a t a  f r o m  Straty (1974) i n d i c a t e s  a

t h r e e f o l d  s p r e a d  i n  d i s t r i b u t i o n  u p o n  s a l t w a t e r  e n t r y ,  n o  i n f o r m a t i o n  i s  a v a i l a b l e

o n  t h e  final s h a p e  o f  t h e  d i s t r i b u t i o n . D a t a  o n  p i n k  s a l m o n  m i g r a t i n g  f r o m  t h e

Bells Cools River system suggest a saltatory movement (Healey 1967); data from

chum salmon migrating through Hood Canal indicate a multimodal distribution

(Bax 1983). The spread of the juveniles will be the same through both the

P o r t  H e i d e n  a n d  P o r t  Moller s p i l l  a r e a s  w i t h  t h e  a b o v e  s i m p l i f i c a t i o n ;  a b s o l u t e

n u m b e r s  w i l l  b e  h i g h e r  i n  t h e  P o r t  H e i d e n  s p i l l  a r e a  w h i c h  i s  c l o s e r  t o  s h o r e  t h a n

the P o r t  Moller s p i l l  a r e a .

R e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  9 . F o r  i n d i v i d u a l  r

o f  t h e  o n e  y e a r  olds t h a n  t h e  t w o  y e a r  o l d s  w e r e  a t  t h e

o v e r  a  1 0  d  p e r i o d  d u e  t o  t h e  g r e a t e r  l e n g t h  a n d  t h u s  m

v e r s  a  h i g h e r  p e r c e n t a g e

l a t i t u d e  o f  t h e  spill a r e a s

grat ion speed of  the

t w o  y e a r  o l d s  l e a d i n g  t o  a  m o r e  d i f f u s e  d i s t r i b u t i o n . J u v e n i l e s  f r o m  t h e  Kvichak

R i v e r  h a d  t h e  m o s t  c l u m p e d  d i s t r i b u t i o n , a n d  t h u s  t h e  g r e a t e s t  p e r c e n t a g e s  a t

the  la t i tude of  the  spi l l  a reas  a t  any one t ime ( 65  or  5 9 % ;  T a b l e  9). T h o s e  f r o m

t h e  N a k n e k  R i v e r  w e r e  t h e  m o s t  d i f f u s e  ( 4 0  or 37%). T h i s  v a r i a b i l i t y  in d i s t r i -

b u t i o n  o f  t h e  m i g r a n t s  b e t w e e n  r i v e r s  i s  c a u s e d  b y  d i f f e r e n c e s  i n  t h e  n u m b e r  o f

i n d e p e n d e n t  r e a r i n g  a r e a s  o n  e a c h  r i v e r .

Only 10 years of data were available when the model was run to simulate the

m a x i m u m  w e i g h t e d  p r o p o r t i o n  of the sumned  juveni les  f rom the four  r ivers  at  the
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Table 9. Mean and standard errors of the maximum percent of the outmigration
present within the east and west boundaries of the simulation grids
over a 10 d period. Data encompasses 1955 to 1982 as available.

% (SE) in latitude of grid over 10 d
River Age n Tanker accident Blowout

Kvichak 1. 24 65 (11) 87 (8)

2 . 24 59 (12) 77 (9)

Naknek 1. 21 40 (8) 60 (12)

2 . 21 37  ( lo ) 56 (13)

Ugashik 1. 14 62 (14) 79 (8)

2 . 14 44 (7) 71 (11)

Wood 1. 13 49 (12) 68 (11)

2 . 13 4 1  ( l o ) 6 2  ( 1 3 )

Combined 1. 10 36 (7) 54 (11)
Rivers

2. 10 47 (16) 65 (16)
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la t i tude of  the  spi l l  a reas . Between 36 and 6s% of the juveniles from four of

the principal sockeye salmon rivers in Bristol Bay were simulated to be at the

s p i l l  a r e a s  l a t i t u d e s  ove,r a  1 0  d  p e r i o d  ( T a b l e  g).

Median simulated times and the range in simulated timing of the maximum

proportions at the latitude of the spill areas are given in Table 10. The range

in timings was approximately 2 months in both areas; early June to early August

at Port Heiden, and mid June to mid August at Port Moller.

Actua l  propor t ions of  the  outmigration present in a spill area over a 10 d

period are determined by the proportion at the latitude of the spil l  area (a

function of the longshore distribution) and the inshore/offshore distribution.

In all  four s c e n a r i o s  ( t a n k e r  s p i l l / b l o w o u t  a t  P o r t  H e i d e n / P o r t  Moller) t h e  o u t e r

boundsry  of  the gr id is  at  a  greater  distance from s h o r e  t h a n  t h e  r e p o r t e d  e x t e n t

of  the  juveni les  d is t r ibut ion. Thus all passing juveniles would be within the

offshore boundary of the spil l  area. The inshore boundaries of the spill areas

encompass the shoreline with the exception of the tanker accident grid at Port

Moller where the first 5.6 km represent ing 11.9% of the distribution of juveniles

is excluded (Table i i ) . Taken together with the temporal distribution of juveniles

in the latitude of the spill areas these data provide an estimate of the maximum

proportion of the juveniles within each of the spill areas over a 10 d period

(Table 12).

Adults

No simu ation was run for the adults; historical data indicate that the return

of the adults to Bristol Bay as monitored by the f isheries is well  defined. From

1956 to 1976 80% of the run passed the fishery over a 12.9 day period (S.0. 1.58

d a y s  (Burgner 1 9 8 0 ) . The mean time of return over the same period was July A
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Table 10. Median and range of the time of the maximum percent of the
outmigration present within the east and west boundaries of the
simulation grids over a 10 d period. Data encompasses 1952 to 1982
as available.

Date of maximum proportion in area
River Age n Port Heiden Port Moller

Kvichak 1. 24 6/25 (6/15-7/5) 7/1 5 (7/5-8/4)

2 . 24 6 / 1 5 ( 6 / 1 5 - 7 / 5 ) 7/5 ( 6 / 2 5 - 7 / 2 5 )

Naknek 1. 21 6/25 (6/15-8/4) 7/15 (7/5-8/24)

2. 21 6/25 (6/15-8/4) 7/15 (6/25-8/14)

Ugashik 1. 14 6/5 (6/5-6/25) 6/25 (6/15-7/15)

2. 14 6/5 (6/5-6/25) 6/15 (6/15-7/5)

wood 1. 13 7 / 5 (6 /25-7 /15) 7 / 2 5  ( 7 / 1 5 - 8 / 1 4 )

2. 13 7/5 (6/25-7/15) 7/25 (7/5-8/4)

Combined 1. 10 6/25 (6/25-7/25) 7/15 (7/15-8/14)
Rivers

2. 10 6/1 5 ( 6 / 1 5 - 6 / 2 5 ) 7 / 5 ( 6 / 2 5 - 7 / 1 5 )
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Table 11. Dimensions and boundaries of simulation grids and estimates
migrants passing within the inshore and offshore boundaries

of the percent of the
of these grids.

Inshore Offshore Estimated % of population
Area Spill scenario Grid size boundary boundary passing through grid

(km) (km) (km) Juveniles Adults

Pt. Heiden Tanker Accident 64 X 68 0 74 100 36
Blowout 100 x 100 0 95 100 51

Pt. Moller Tanker Accident 64 X 68 6 94 88 55
Blowout 100 x 100 0 1 1 7 1 0 0 71

ul
-
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Table 12. Mean of the maximum percent of the outmigration present
within all boundaries of the simulation grids over a 10 d
period. Data encompasses 1955 to 1982 as available.

River Age n Maximum % of population passing through
spill area over a 10 d period

Port Heiden Port Moller
Tanker Blowout Tanker Blowout

Kvichak 1. 24 65 87 57 87

2. 24 59 77 52 77

Naknek 1. 21 4 0 6 0 35 6 0

2. 21 37 56 33 56

Ugashik 1. 14 6 2 7 9 5 5 7 9

2. 14 44 71 39 71

Wood 1. 1 3 4 9 6 8 4 3 6 8

2. 13 41 62 36 62

Combined 1. 10 36 54 32 54
Rivers

2* 10 47 65 41 65
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(extremes June 28-July 10). Mean migration rate of the returning adults is

approximately 50 km/d, thus essentially all of the returning run would pass the

latitude of the blowout gr id  (100 km long)  over  the  20  d  s imulat ion.  Over  the

1 0  d  s i m u l a t i o n  f o r  t h e  t a n k e r  a c c i d e n t ,  a d u l t s  s p r e a d  o u t  o v e r  5 6 8  k m  ( 1 0  d  a t

50 km/d, plus the length of the grid) would pass the latitude of the 68 k m  l o n g

g r i d . S i n c e  8 0 %  o f  t h e  r u n  i s  s p r e a d  o u t  o v e r  1 2 . 9  d ,  o r  a t  5 0  k m / d ,  o v e r  4 5  k m ,

a n d  a s s u m i n g  a  n o r m a l  d i s t r i b u t i o n  ( S E  = 5 0 8  k m ) ,  7 4 %  o f  t h e  r u n  w o u l d  p a s s  t h e

l a t i t u d e  o f  t h e  6 8  k m  l o n g  g r i d  i n  a  1 0  d  p e r i o d .

A s  w i t h  t h e  j u v e n i l e s  t h e  a c t u a l  p r o p o r t i o n  o f  t h e  a d u l t s  p a s s i n g  t h r o u g h  t h e

g r i d s  w i l l  b e  d e t e r m i n e d  b y  t h e

d i s t r i b u t i o n . O f f s h o r e  b o u n d a r

o f f s h o r e  e x t e n t  o f  t h e  a d u l t s  d

o f f s h o r e  d i s t r i b u t i o n  i n  a d d i t i o n  t o  t h e  longshore

e s  o f  a l l  f o u r  g r i d s  a r e  i n s i d e  t h e  e s t i m a t e d

stribution a n d  t h u s  o n l y  a  p r o p o r t i o n  o f  t h e  t o t a l

p o p u l a t i o n  w i l l  p a s s  t h r o u g h  t h e  g r i d s  ( T a b l e  1 1 ) . M a x i m u m  p r o p o r t i o n s  o f  a d u l t s

p a s s i n g  t h r o u g h  t h e  g r i d s  i n  a  1 0  d  p e r i o d  ( T a b l e  1 3 )  a r e  c o r r e s p o n d i n g l y  r e d u c e d

f r o m  t h e  p r o p o r t i o n s  p a s s i n g  t h e  l a t i t u d e  o f  t h e  g r i d .

A v o i d a n c e  o f  O i l

T o  i l l u s t r a t e  t h e  e f f e c t  o f  t h e  a v o i d a n c e  a l g o r i t h m  o n  t h e  m i g r a t i o n s  o f  s a l m o n

i n  t h e  p r e s e n c e  o f

o f  a  c o n c i s e  d i s t r

w e r e  s i m u l a t e d  f o r

o i l  a n d  t h e i r  r e s u l t i n g  c o n t a m i n a t i o n ,  I  s i m u l a t e d  t h e  m o v e m e n t

b u t i o n  o f  j u v e n i l e s  t h r o u g h  a  s t a t i o n a r y  o i l  s p i l l .  M o v e m e n t s

m i g r a t i o n  w i t h  a v o i d a n c e  a n d  d i r e c t  m i g r a t i o n . T h e  s t a t i o n a r y

o i l  s p i l l  i s  t h a t  s i m u l a t e d  f o r  4 8  h o u r s  a f t e r  t h e  t a n k e r  s p i l l  o f  2 4 0 , 0 0 0  b b l

o f  fuel oil a t  P o r t  H e i d e n .

J u v e n i l e s  m i g r a t i n g  a t  a n  e f f e c t i v e  r a t e  o f  0.9 BL/sec t o w a r d s  t h e  l o w e r  l e f t

c o r n e r  o f  t h e  g r i d  c o m e  i n t o  c o n t a c t  w i t h  t h e  oil s p i l l  a t  4 8  h o u r s . A t  t h i s  t i m e

t h e  d i s t r i b u t i o n s  o f  t h e  j u v e n i l e s  u n d e r  the t w o  m i g r a t i o n  c o n d i t i o n s  a r e  s i m i l a r

( F i g .  Isa). A t  7 2  h r s  t h e  j u v e n i l e s  a b l e  t o  a v o i d  s t a r t  m o v i n g  a r o u n d  t h e  s p i l l
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Table 13. Maximum percentage of adults passing within all four boundaries
of the oil simulation grids over a 10 d period. Data encompasses
1956 to 1976.

Estimated % of adult
population passing through

Area Spill scenario grid in a 10 d period

Pt. Heiden Tanker accident 27

Blowout 51

Pt. Moller Tanker accident 41

Blowout 71
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a n d  b y  96 h r s  h a v e  d i v i d e d  i n t o  t w o  s e p a r a t e  d i s t r i b u t i o n s  ( F i g s .  13b  and 13c) .

T h e  d i s t r i b u t i o n  o f  t h e  j u v e n i l e s  m i g r a t i n g  d i r e c t l y  i s  u n c h a n g e d  a t  t h i s  p o i n t

( F i g s .  13b a n d  13c). A f t e r  1 2 0  h r s  t h e  d i s t r i b u t i o n  o f  t h e  d i r e c t l y  m i g r a t i n g

j u v e n i l e s  i s  r e d u c e d  a s  a  r e s u l t  o f  o i l - i n d u c e d  m o r t a l i t i e s ,  a n d  a t  1 4 4  h r s  t h e s e

r e m a i n i n g  j u v e n i l e s  m i g r a t e  f r o m  t h e  g r i d  ( F i g .  13d). The juveniles migrating

with avoidance continue with their more diffuse distribution indicating both

mortalit ies and individually variable migration pathways, unti l  they too migrate

out of the grid at 144 hrs (Fig. 13e).

In  th is  s imulat ion morta l i t ies  were far h i g h e r  w h e n  no a v o i d a n c e  o c c u r r e d

(69.8%) than with avoidance (14.8%). Tainting of the surviving population was

also higher for the direct migrants (41.4% tainted above 0.6 ppm, compared to

21.3%), although the mean level of hydrocarbon in the muscle was lower (0.79

+ 0 . 1 4  ppm, c o m p a r e d  t o  1.28 + 0.24  ppm)  ind icat ing that  the  s ta t is t ica l— —

d i s t r i b u t i o n  o f  t a i n t i n g  l e v e l s  w a s  n o n - n o r m a l .
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OIL SPILL SCENARIOS

Juven i Ies

F o u r  o i l  s p i l l  s c e n a r i o s  w e r e  i n v e s t i g a t e d : a  s p i l l  o f  2 4 0 , 0 0 0  bbl o f  N o .  2

f u e l  o i l  o f f  P o r t  H e i d e n  a n d  o f f  P o r t  Moller ( d a t a  a v a i l a b l e  f o r  2 4 0  hrs), and a

blowout of crude oil at a rate of 20,000 bbl/day at the same two locations (data

available for first 48o hrs).

I n t e n s e  a v o i d a n c e  o f  t h e  s p i l l s  o f  f u e l  o i l  b y  t h e  j u v e n i l e s  o c c u r r e d  a n d

t h e  c h a n g e s  i n  t h e i r  a b u n d a n c e  d i s t r i b u t i o n  o v e r  t i m e  o f f  P o r t  H e i d e n  i l l u s t r a t e

t h i s  ( F i g s .  1 4 a  -  14c). A v o i d a n c e  i s  i n d i c a t e d  b y  t h e  i n c r e a s e d  a b u n d a n c e  a r o u n d

t h e  p e r i m e t e r  o f  t h e  c o n t a m i n a t e d  a r e a ; a v o i d a n c e  a n d  m o r t a l i t y  a r e  i l l u s t r a t e d

b y  t h e  l a c k  o f  a n y  f i s h  w i t h i n  m o s t  o f  t h e  c o n t a m i n a t e d  a r e a .  A s  t h e  j u v e n i l e s

f i r s t  a v o i d  t h e  s p i l l  t h e y  a r e  f o r c e d  a r o u n d  i t ,  e i t h e r  c l o s e r  t o ,  o r  f u r t h e r

f r o m ,  s h o r e , b u t  t o w a r d s  t h e  e n d  o f  t h e  2 4 o  h r  t i m e  s e r i e s  t h o s e  j u v e n i l e s  f o r c e d

i n s h o r e  a r e  f u n n e l  l e d  i n t o  a n  e v e r  d e c r e a s i n g  drea a n d  t h e  c h a n c e s  o f  c o m p l e t e l y

a v o i d i n g  c o n t a m i n a t i o n  a r e  r e d u c e d . A n  i m p o r t a n t  p o i n t  t o  n o t e  i s  t h a t  t h e  a r e a l

c o v e r a g e  o f  t h e  f u e l  o i l  a t  c o n c e n t r a t i o n s  a b o v e  0 . 4 5  p p m  ( t h e  c o n c e n t r a t i o n

w h i c h  c a u s e d  1 0 0 %  m o r t a l i t y  o f  j u v e n i l e  s o c k e y e  s a l m o n  h e l d  i n  s e a w a t e r  w i t h i n

2 4  h r s )  i n c r e a s e s  s t e a d i l y  t h r o u g h o u t  t h i s  s c e n a r i o  ( F i g .  15). N o  a l l o w a n c e  h a s

b e e n  m a d e  i n  t h e  o i l  s p i l l  s c e n a r i o s  f o r  t h e  c h a n g i n g  c o m p o s i t i o n  o f  t h e  o i l  a s

t h e  l o w  m o l e c u l a r  w e i g h t  ( a n d  m o r e  t o x i c )  c o m p o u n d s  b o i l  o f f ;  Maurin (1981)

e s t i m a t e s  t h a t  4 0 %  o f  t h e  o i l  ( p r i m a r i l y  t h e  l i g h t e r  f r a c t i o n s )  f r o m  t h e  A m o c o

Cadiz e v a p o r a t e d  w i t h i n  4 8  h r s  o f  t h e  spill, s u g g e s t i n g  t h a t  t h i s  o v e r s i g h t  i n

t h e  a n a l y s i s  w i l l  c a u s e  o v e r e s t i m a t e s  o f  t h e  e f f e c t s  o f  t h e  o i l  s p i l l  g i v e n  t h a t

o t h e r  p a r a m e t e r s  a r e  e s t i m a t e d  w i t h i n  r e a s o n a b l e  b o u n d s . T h i s  o v e r e s t i m a t i o n

will b e  p a r t l y  o f f s e t  i n  t h e  t a i n t i n g  a l g o r i t h m  w h e r e  t h e  p a r a m e t e r s  f o r  u p t a k e

a n d  d e p u t a t i o n  w e r e  c a l c u l a t e d  f r o m  a n  e x p e r i m e n t a l  d e s i g n  w h i c h  i n c l u d e d

w e a t h e r i n g  o f  t h e  o i l .
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Figure lq.--Simulation of migration of  juveni le  sockeye sa lmon and
t h e i r  a v o i d a n c e  o f  a  s p i l l  o f  2 4 0 , 0 0 0  bbl  o f  No.  2
diesel oil off of Port Heiden, Bristol Bay. (Shaded
area depicts concentrations of oil greater than 1 ppm.)
a) top: 48 h r s  f r o m  s t a r t  o f  s p i l l ;  b )  b o t t o m :  1 2 0  h r s
f r o m  s t a r t  o f  s p i l l .
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F i g u r e  14c: 24o h r s  f r o m  s t a r t  o f  s p i l l .
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F i g u r e  1 5 . - - A r e a l  c o v e r a g e  o f  c o n c e n t r a t i o n s  o f  f u e l  o i l
lethal to sockeye salmon after 24 hrs (>0.45 ppm)
r e s u l t i n g  f r o m  a  s i m u l a t e d  s p i l l  o f  2 4 0 , 0 0 0  bbl
of No. 2 diesel oil  off  Port Heiden or Port
Moller in Bristol Bay. (Data from Rand Corporation.)

556



Areal coverage of the fuel oil spills off of Port Heiden and off of P o r t

Moller are  ident ica l  over  t ime and thus any d i f ferences in  their  ef fects  on the

m i g r a t i n g  j u v e n i l e s  w i l l  b e  a  r e s u l t  o f  d i f f e r e n t  m i g r a t i o n  p a t t e r n s  i n  t h e

v i c i n i t y  o f  t h e  s p i l l  i n  t h e  t w o  a r e a s , p r i n c i p a l l y  a s  a  r e s u l t  o f  t h e  c h a n g i n g

p r o b a b i l i t y  o f  o c c u r r e n c e  w i t h  d i s t a n c e  f r o m  s h o r e  ( F i g .  1 0 ) . I n  t h e s e  s i m u l a t i o n s

b e t w e e n  15 a n d  35% o f  the  j u v e n i l e s  m i g r a t i n g  t h r o u g h  t h e  g r i d  a t  P o r t  Heiden

and between 7 and 14% at  Por t  Moller d ied f rom tox ic  levels of  o i l  (Table  14) .

T h e  ranges  resu l t  f rom the  assumpt ion  o f  e i the r  a  d i rec t  m ig ra t ion  (h igher  va lue )

o r  o f  m i g r a t i o n  w i t h  a v o i d a n c e  ( l o w e r  l e v e l ) . E f f e c t s  a r e  g r e a t e r  a t  P o r t  H e i d e n

w h e r e  t h e  s p i l l  i s  l o c a t e d  c l o s e r  t o  s h o r e . F r o m  t h e  s a m e  s i m u l a t i o n s  t a i n t i n g

o f  t h e  s u r v i v i n g  p o p u l a t i o n  r a n g e d  f r o m  1 1  t o  18% a t  P o r t  H e i d e n  a n d  f r o m  3  t o  5 %

a t  P o r t  Moller ( T a b l e  1 5 ) .

I n  c o n t r a s t  t o  t h e  s t r o n g  a v o i d a n c e  o f  t h e  f u e l  o i l  s p i l l ,  l i t t l e  a v o i d a n c e

o f  t h e  c r u d e  o i l  b l o w o u t  w a s  f o u n d  ( F i g s .  16a - 16d). T h i s  r e s u l t s  f r o m  t h e  m u c h

l o w e r  c o n c e n t r a t i o n s  o f  t h e  c r u d e  o i l  w h e n  c o m p a r e d  w i t h  t h o s e  f r o m  t h e  f u e l  o i l

i n  t h e  p r e c e d i n g  s c e n a r i o s ,  a n d  also t h e  g r e a t e r  t o x i c

t o  a n  e q u a l  c o n c e n t r a t i o n  o f  c r u d e  o i l . T h u s  a t  n o  p o

s c e n a r i o  d o e s  t h e  c o n c e n t r a t i o n  o f  c r u d e  o i l  r e a c h  t h e

ty of fuel oil compared

nt during this 20 d

l e v e l  f o u n d  t o  c a u s e  1 0 0 %

m o r t a l i t i e s  w i t h i n  24 h o u r s  ( 2 . 5  p p m ) ; i n  f a c t  c o n c e n t r a t i o n s  d o  n o t  e x c e e d

0.3  p p m . C o n s e q u e n t l y  t h e  s i m u l a t e d  m o r t a l i t i e s  r a n g e  f r o m  o n l y  0 . 4  t o  1 . 2 %  a n d

t a i n t i n g  o c c u r s  i n  o n l y  0 . 1 %  o f  t h e  r e m a i n i n g  p o p u l a t i o n .

Adults

Adult salmon move through the simulation grid and oil spill more rapidly

t h a n  t h e  j u v e n i l e s  a n d  w e r e  t h e r e f o r e  e x p e c t e d  t o  b e  l e s s  c o n t a m i n a t e d  b y  t h e  o i l .

A v o i d a n c e  o f  t h e  f u e l  o i l  s p i l l  d o e s  o c c u r  ( F i g s .  1 7 a  -  17 c )  w i t h  t h e  a d u l t s
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Table 14. Simulated percent mortalities of sockeye salmon migrating through
the oil spill grids either directly or with avoidance of the spill.

Spill scenario Run time Percent mortalities
(hrs ) Direct Migration with

migration avoidance

Juveniles
Port Heiden

Tanker spill/fuel oil 240 35.5 15.4
Blowout/crude oil 480 0 . 4 0 . 5

Port Moller
Tanker spill/fuel oil 240 14.2 “ 7.0
Blowout/crude oil 480 1.2 0 . 5

Adults
Port Heiden

Tanker spill/fuel oil 240 17.6 3,2
Blowout/crude oil 480 0 . 2 0 .1

Port Moller
Tanker spill/fuel oil 240 11.6 2.1
Blowout/crude oil 480 0 . 2 0 .1

5 5 8



Table 15. Simulated percent taintings  of sockeye salmon migrating through
the oil spill grids either directly or with avoidance of the spill.

Spill scenario Run time Percent tainted above 0.6 ppm
(hrs ) Direct Migration with

migration avoidance

Juveniles
Port Heiden
Tanker spill/fuel oil 240 17.7 10.6
Blowout/crude oil 480 0 . 0 0 . 0

Port Moller
Tanker spill/fuel oil 240 5.2 3.1
Blowout/crude oil 480 0 . 1 0 . 0

Adults
Port Heiden

Tanker spill/fuel oil 240 7.1 3.1
Blowout/crude oil 480 0 . 0 0 . 0

Port Moller
Tanker spill/fuel oil 240 5.0 2.6
Blowout/crude oil 480 0.0 0.0
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Fiqure 16. --Simulation of migration of juvenile sockeye salmon
a n d  t h e i r  a v o i d a n c e  of a  b l o w o u t  o f  2 0 , 0 0 0  bbl/day
off of Port Heiden, Bristol Bay. (Shaded area
depicts concentrations of oil greater than 0.1 ppm.)
a) top: 4 8  h r s  f r o m  s t a r t  o f  s p i l l ;  b )  b o t t o m :
1 2 0  h r s  f r o m  s t a r t  o f  s p i l l .
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Figure 16 c) top: 24o  h r s  f r o m  s t a r t  o f  s p i l l .

d )  b o t t o m :  48o h r s  f r o m  s t a r t  o f  s p i l l .
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Figure  17. --Simulation of migration of adult sockeye salmon and
t h e i r  a v o i d a n c e  o f  a  s p i l l  o f  2 4 0 , 0 0 0  bbl o f  N o .  2
d i e s e l  o i l  o f f  o f  P o r t  Heiden, B r i s t o l  B a y , ( S h a d e d
a r e a  d e p i c t s  c o n c e n t r a t i o n s  o f  o i l  g r e a t e r  t h a n
1 . 0  p p m ) . a )  t o p :  48hrs f r o m  s t a r t  o f  s p i l l ;
b )  b o t t o m :  1 2 0  h r s  f r o m  s t a r t  o f  s p i l l .
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Figure  17c:  24o  hrs  from start of s p i l l .
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m o s t l y  m o v i n g  a r o u n d  t h e  o f f s h o r e  p e r i m e t e r  o f  t h e  s p i l l ;  h o w e v e r ,  t h e i r  m i g r a t i o n

i s  s o  r a p i d  t h a t  l i t t l e  ( i f  a n y )  c o n c e n t r a t i o n  o f  n u m b e r s  o c c u r s . As w i t h  t h e

juveniles, avoidance of the crude oi l  b lowout was vir tual ly  undetectable (Figs. 18a-18

M o r t a l i t i e s  f o r  t h e  a d u l t s  w e r e  h i g h e s t  f o r  t h e  f u e l  o i l  s p i l l  s c e n a r i o  a t

P o r t  H e i d e n  (3  to  18%) a n d  l o w e s t  f o r  t h e  t w o  c r u d e  o i l  b l o w o u t  s c e n a r i o s  ( 0 . 1

t o  0 . 2 % )  ( T a b l e  1 4 ) . M o r t a l i t i e s  w e r e  r e d u c e d  w h e n  i t  w a s  a s s u m e d  t h a t  a v o i d a n c e

of the c o n t a m i n a t i o n  c o u l d  o c c u r . T h e  p e r c e n t  o f  t h e  s u r v i v i n g  pdpu

w a s  t a i n t e d  w a s  l o w e r  t h a n  t h a t  f o r  t h e  j u v e n i l e s ,  r a n g i n g  f r o m  3  t o

P o r t  H e i d e n  f u e l  o i l  s p i l l  t o  O %  f o r  t h e  t w o  c r u d e  o i l  b l o w o u t s  ( T a b

T h e s e  e s t i m a t e s  o f  t a i n t i n g  a r e  b a s e d  o n  t h e  a s s u m p t i o n  t h a t  a  l e v e l

ation that

6 %  f o r  t h e

e  1 5 ) .

o f  0 . 6  p p m

h y d r o c a r b o n s  i n  s a l m o n  flesh i s  t h e  t h r e s h o l d  a t  w h i c h  t a i n t i n g  i s  d e t e c t e d .

P e r c e n t a g e s  o f  t h e  a d u l t s  t h a t  w e r e  t a i n t e d  w o u l d  b e  d i f f e r e n t  i f  o t h e r  t a i n t i n g

t h r e s h o l d s  w e r e  a s s u m e d  ( F i g .  1 9 ) .

EXTRAPOLATION TO WHOLE POPULATION

A s  d i s c u s s e d  i n  a  p r e v i o u s  s e c t i o n  a n d  s u m m a r i z e d  i n  T a b l e s  1 1  a n d  1 2 ,  o n l y

a  p r o p o r t i o n  o f  t h e  t o t a l  m i g r a t i o n  o f  j u v e n i l e s  o r  a d u l t s  p a s s i n g  t h r o u g h  B r i s t o l

B a y  w o u l d  p a s s  t h r o u g h  t h e  g r i d s  u s e d  f o r  t h e  o i l  s p i l l  s c e n a r i o s . Thus the

p e r c e n t  m o r t a l i t i e s  a n d  p e r c e n t s  t a i n t e d  n e e d  t o  b e  r e d u c e d  i f  t h e y  a r e  t o  a p p l y

to the w h o l e  p o p u l a t i o n . If it is assumed that by the end of the 10 day tanker

s p i l l  s c e n a r i o  t h e  c o m p o s i t i o n  o f  t h e  f u e l  o i l  h a s  c h a n g e d  ( t h r o u g h  e v a p o r a t i o n )

t o  s u c h  t h a t  n e g l i g i b l e  m o r t a l i t i e s  o r  t a i n t i n g  w o u l d  c o n t i n u e  t o  o c c u r ,  t h e n

t h i s  r e d u c t i o n  p r o v i d e s  t h e  b e s t  e s t i m a t e s  f r o m  t h i s  s i m u l a t i o n  f o r  t h e  m a x i m u m

e f f e c t s  o f  t h e  t a n k e r  s p i l l  s c e n a r i o s  o n  t h e  s o c k e y e  s a l m o n  m i g r a t i n g  t h r o u g h

B r i s t o l  B a y . T h e  s c e n a r i o s  d e s c r i b i n g  t h e  e f f e c t s  o f  a  b l o w o u t  o f  c r u d e  o i l

w i l l  n o t  b e  d i s c u s s e d  f u r t h e r  s i n c e  s i m u l a t e d  m o r t a l i t i e s  w e r e  i n  g e n e r a l  less

t h a n  o n e  p e r c e n t  a n d  t h e  p r o p o r t i o n  t a i n t e d  w a s  n o t  g r e a t e r  t h a n  o n e  p a r t  p e r

t h o u s a n d .
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Figure 18. - - s imu la t ion  o f  m ig ra t ion  o f  adu l t  sockeye  sa lmon
a n d  t h e i r  a v o i d a n c e  o f  a  b l o w o u t  of  2 0 , 0 0 0  bbl/d
off of Port Heiden, Bristol Bay. (Shaded area
depicts concentrations greater than 0.1 ppm).
a) top: 24 hrs  f rom star t  o f  sp i l l ;  b )  bot tom:
1 2 0  h r s  f r o m  s t a r t  o f  s p i l l .
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F i g u r e  18c: 4 8 o  h r s  f r o m  s t a r t  o f  s p i l l .
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~ _ port Nloller ( d i r e c t )
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Figure 19--- Percentages of adult sockeye salmon migrating
thrcugh  t h e  f u e l  o i l  s p i l l  g r i d s  t h a t  w o u l d
b e  t a i n t e d  a t  d i f f e r e n t  t a i n t i n g  t h r e s h o l d s
a n d  u n d e r  t h e  a s s u m p t i o n s  o f  a v o i d a n c e  o r
d i r e c t  m i g r a t i o n .
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M o r t a l i t i e s  f o r  t h e  p o p u l a t i o n s  o f  j u v e n i l e s  m i g r a t i n g  o u t  o f  B r i s t o l  B a y

( 4  m a j o r  r i v e r s  c o m b i n e d )  w e r e  s i m u l a t e d  a t  3  t o  1 3 %  f o r  t h e  o n e  w i n t e r  f i s h

and 3 t o  1 0 %  f o r  t h e  t w o  w i n t e r  f i s h  ( T a b l e  1 6 ) . T h e s e  e s t i m a t e s  d o  n o t  i n c l u d e

a n y  m o r t a l i t i e s  w h i c h  s u b l e t h a l  s t r e s s  m i g h t  e l i c i t  s u b s e q u e n t  t o  t h e  1 0  d

s c e n a r i o s . F o r  t h e  s a m e  f i s h  t h e  p e r c e n t  t a i n t e d  a b o v e  0 . 6  p p m  r a n g e d  f r o m

2  t o  6 %  f o r  t h e  o n e  w i n t e r  f i s h  a n d  f r o m  1  t o  5 %  f o r  t h e  t w o  w i n t e r  f i s h .

Mortalit

g r e a t e r  r a t e

s i m u l a t e d  t o

e s  a n d  t a i n t i n g  w e r e  l e s s  f o r  t h e  a d u l t  p o p u l a t i o n  b e c a u s e  o f  t h e i r

o f  m i g r a t i o n  t h r o u g h  t h e  a r e a  o f  t h e  s p i l l s . M o r t a l i t i e s  w e r e

r a n g e  f r o m  1 t o  5 %  a n d  t a i n t i n g  f r o m  1  to 2%.

A n  i m p o r t a n t  c o n s i d e r a t i o n  f o r  t h e  a d u l t s  i s  t o  w h a t  e x t e n t  t a i n t e d  f i s h

m i g h t  a r r i v e  o n  t h e  f i s h i n g  g r o u n d s . D u r i n g  t h e  p a s s a g e  o f  f i s h  f r o m  t h e  a r e a

o f  t h e  oil s p i l l  t o  t h e  f i s h i n g  a r e a s  d e p u t a t i o n  w i l l  o c c u r ;  t h e  d e g r e e  o f

d e p u t a t i o n  d e p e n d i n g  o n  t h e  d i s t a n c e  ( o r  t i m e )  t r a v e l l e d .  A d u l t s  t a i n t e d  i n  t h e

Port Heiden spill area would arrive at the fishing grounds of the Ugashik River

t h e  s a m e  d a y , b u t  w o u l d  ( a t  5 0  k m / d a y )  t a k e  2 -  3  d a y s  t o  r e a c h  t h e  K v i c h a k - N a k n e k

f i s h i n g  a r e a . T h o s e  a d u l t s  t a i n t e d  o f f  o f  P o r t  Moller w o u l d  r e a c h  t h e  Ugashik

f ish ing area  in  about  3 days but take 5 days to reach that o f f  t h e  K v i c h a k - N a k n e k

r i v e r s . T o  i n v e s t i g a t e  t h e  d e g r e e  o f  t a i n t i n g  r e m a i n i n g  i n  t h e  m i g r a n t s  t h r o u g h

t h e  g r i d  o v e r  t i m e  t h e  s i m u l a t i o n  w a s  r e r u n  a l l o w i n g  o n e  d a y ’ s  m i g r a n t s  t h r o u g h

t h e  g r i d  a t  a  t i m e  a n d  f o l l o w i n g  t h e i r  d e p u t a t i o n  o v e r  t h e  s u b s e q u e n t  5  d a y s .

R e s u l t s  f r o m  t h e s e  s i m u l a t i o n s  a r e  t a b u l a t e d  i n  T a b l e  1 7 ,  a n d  t h o s e  f r o m  t h e

simulat ion of  adul ts  migrat ing d i rect ly  through the  Port  Heiden spil l  are

g r a p h e d  i n  F i g .  20.

T a i n t i n g  d r o p s  o f f  r a p i d l y  o n c e  t h e  a d u l t s  e n t e r  u n c o n t a m i n a t e d  w a t e r ,  w i t h

z e r o  t a i n t i n g  b e i n g  r e a c h e d  o n  d a y s  4  t o  6 , 0 r  3  t o  5  d a y s  a f t e r  t h e  f i s h  h a v e
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Table 16. Percent mortalities and tainting from tanker spill scenarios
extrapolated to whole population.

Age Location Reduction Percent mortalities Percent tainted
group of spill factor Direct Avoid Direct Avoid

Juveniles 1. Pt. Heiden 0.36 12.8
(combined

5.5 6.4 3.8

rivers ) Pt. Moller 0.47 6.7 3.3 2.4 1.5

Juveniles 2. Pt. Heiden 0.28 9*9 4.3 5.0 3.0
(combined
rivers ) Pt. Moller 0.36 5.1 2.5 1.9 1.1

Adults Pt. Heiden 0.27 4.8 0 . 9 1.9 0.8

Pt. Moller 0.41 4 . 8 0 . 9 2.1 1.1
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Teble 17. Percentages of adults passing through tie spi 11 simulation areas
under two migration assumptions that are teinted at the time and in
the following 5 deye.

Day o f Percent tainted above 0.6 ppml

spill Day of Day 2 nay 3 Dey 4 Day 5 -y 6
passage

1 1 2 . 3

2 1 5 . 4

3 1 9 . 6

4 2 3 . 0

5 26.0

6 2 7 . 3

7 2 7 . 4
e 24.7
9 25.3

10 30.6

1 8.3
2 10.1
3 13.1
4 16.0
5 18.7
6 19.3
7 19.6
8 18.8
9 19.6

10 22.7

1 2 .9
2 3 .0
3 6 . 0
4 6 .5
5 10.7
6 10.9
7 12.2
a 9 .7
9 1 1 . 0

10 1 3 . 9

1 2 . 1
2 2 . 2

3 3 . 8

4 5 . 7
5 8 . 6

6 8.8
7 10.0
B 10.0
9 12.1

10 1 3 . 8

Pt. $ieiden Direct
10.4 9.6
13.9 11.1
15.6 14.4
21 ● o 16.0
24.1 20.5
23.0 19.6
23.3 19.5
20 .a la. o
22.2 18.8
26.3 20.8

Pt. uoller Direct
7.1 6.6
9.1 7.2

10.4 9.5
14.5 12.1
16.8 14.1
16.2 13.7
16.6 13.8
15.9 13.0
17.2 13.9
19.1 14.9

Pt. Heiden Avoid
2.2 1.1
1.7 0.6
3.3 O.B
3.4 0.7
5.2 1 . 0

5.4 0.8
6.7 1.2
5.9 1.2
6.5 1.0
8.5 0.7

Pt. Holler Avoid
1.5 0.7
1.2 0.4
1.9 0.4
3.3 0.6
4.4 0.7
4.4 0.8
5.s 1.0
5.1 0.7
6.4 0.8
6.9 0.6

7.2
a.6

lo. a
12.9
13.9
$4.1
13.5
11.4
11.9
13.1

5.0
5.6
7.0
8.3
9.2
9.2
8.9
7.8
8.2
8.8

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0 . 5
0 . 4
0 .7
0 . 7
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0

0.4
0.2
0.5
0.5
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

‘For extrapolation to whole population use 0.27 of reported values for spill
at Port Reiden and 0.41 for a spill at Port Moller.
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Figure 20. --Percent of adult sockeye salmon tainted after
passing through the  fue l  o i l  sp i l l  gr id  of f  o f
P o r t  H e i d e n  f r o m  d a y s  1 - 1 0  o f  t h e  s p i l l ,  a n d
t h e  p e r c e n t a g e s  r e m a i n i n g  t a i n t e d  o v e r  t h e
n e x t  5  d a y s .
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l e f t  t h e  c o n t a m i n a t e d  a r e a . P e r c e n t s  t a i n t e d  d e c r e a s e  a t  a n  i n c r e a s i n g  r a t e

o v e r  t i m e  ( F i g .  20). T h i s  a t  f i r s t  a p p e a r s  c o n t r a d i c t o r y  t o  t h e  e x p o n e n t i a l

d e c r e a s e  f o u n d  e x p e r i m e n t a l l y  a n d  r e p r o d u c e d  i n  t h i s  s i m u l a t i o n  a s  s h o w n  i n

F i g .  1 1 ,  h o w e v e r  t h i s  i s  d u e  t o  t h r e s h o l d  f o r  t a i n t i n g  b e i n g  s e t  a t  0 . 6  p p m

n o t  a t  O  p p m .

T h e  s e c o n d  m a j o r  f a c t o r  a f f e c t i n g  t h e  p r o p o r t i o n s  of a d u l t s  r e a c h i n g  t h e

f i s h i n g  a r e a s  t h a t  a r e  t a i n t e d  i s  t h e  p r o p o r t i o n  o f  t h e  r u n  f r o m  i n d i v i d u a l

r i v e r s  t h a t  a c t u a l l y  p a s s e s  w i t h i n  t h e  b o u n d a r i e s  o f  t h e  o i l  s p i l l  s i m u l a t i o n

g r i d . E a r l i e r  1  p r o p o s e d  f a c t o r s  b y  w h i c h  t o  r e d u c e  t h e  s i m u l a t i o n  r e s u l t s  t o

a c c o u n t  f o r  t h i s ;  h o w e v e r , t h e s e  f a c t o r s  a s s u m e d  n o  d i f f e r e n t i a l  o f f s h o r e

d i s t r i b u t i o n  o f  a d u l t s  f r o m  t h e  f o u r  r i v e r s . Data on the returns of 27 adults

t a g g e d  a n d  r e l e a s e d  a t  s i t e s  b e t w e e n  P o r t  Moller a n d  P o r t  H e i d e n  ( c o l l a t e d  b y

StratY ]975) were presented earlier in “Stock Character is t ic  -  Adult Migrations”,

a n d  t h e y  s u g g e s t  ( 0 . 1 0  >  p  >  0 . 0 5 )  t h a t  t h e  a d u l t s  r e t u r n i n g  t o  d i f f e r e n t  r i v e r s

are to be found

tagged at each

over river and I

a t  d i f f e r e n t  d i s t a n c e s  f r o m  s h o r e . T h e  p r o p o r t i o n  o f  f i s h

ocation a n d  r e t u r n i n g  t o  e a c h  r i v e r  w a s  c a l c u l a t e d ,  n o r m a l i z e d

l o t t e d  i n  F i g . 21; c o r r e l a t i o n  c o e f f i c i e n t s  f o r  t h e  r e g r e s s i o n s

ranged from 0.76 to 0.90 (n=h)”  and as expected with such smal l  sample  s izes

w e r e  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  ( p  >  0 . 1 0 ) . At the r isk of  impart ing too

g r e a t  a  s i g n i f i c a n c e  t o  t o o  f e w  d a t a  1  e s t i m a t e d  f r o m  F i g .  21 t h e  p r o p o r t i o n s

o f  t h e  a d u l t s  f r o m  e a c h  r i v e r  t h a t  w o u l d  h a v e  p a s s e d  w i t h i n  t h e  b o u n d a r i e s  o f

t h e  o i l  s p i l l  s i m u l a t i o n  g r i d s  a n d  o b t a i n e d  t h e  f o l l o w i n g  r e d u c t i o n  f a c t o r s :

Ugashik Egegik Nak-Kvi Ushagak

P o r t  H e i d e n 1 . 0 0.8 0.3 0.3

P o r t  Moller 1.0 0.9 0.4 0.4
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Port Heiden spill boundaries-
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F i g u r e  2 1 . - - P r o p o r t i o n s  o f  t o t a l  c a t c h e s  o f  a d u l t  s o c k e y e  s a l m o n
b e t w e e n  P o r t  Moller a n d  P o r t  H e i d e n  c a u g h t  a t  v a r y i n g
d i s t a n c e s  f r o m  s h o r e , a n d  d e l i n e a t e d  b y  r i v e r  o f
r e t u r n . ( D a t a  f r o m  S t r a t y  1 9 7 5 .  )
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These reduct ion  factors  can be used to replace the  g lobal  factors  used

T a b l e  1 7  a n d  t o  e s t i m a t e  t h e  p r o p o r t i o n  o f  t h e  f i s h  a r r i v i n g  d a i l y  o n  t h e  f

a r e a s  i n  B r i s t o l  B a y  t h a t  w o u l d  b e  t a i n t e d  a b o v e  0 . 6  p p m . R e s u l t s  f r o m  t h e

a p p l i c a t i o n  a r e  p l o t t e d  i n  F i g .  2 2 .

n

shing

r

T h e  g r e a t e s t  p e r c e n t a g e  o f  t a i n t e d  f i s h  w i l l  b e  f o u n d  a t  t h e  Ugashik R i v e r

f i s h i n g  a r e a s , a n d  a r e  c a u s e d  b y  a  s p i l l  o f f  o f  P o r t  H e i d e n . P e r c e n t s  t a i n t e d

m i g h t  r e a c h  a b o u t  3 0 % , a l t h o u g h  t h e  h i g h e r  v a l u e s  o c c u r  t o w a r d s  t h e  e n d  o f  t h e

1 0  d  p e r i o d  a n d  w i l l  b e  o v e r e s t i m a t e d  a s  n o  a l l o w a n c e  h a s  b e e n  m a d e  f o r  e v a p o r a t i o n

o f  t h e  l i g h t e r  a r o m a t i c s  w h i c h  would c a u s e  s o m e  o f  t h e  s t r o n g e s t  t a i n t s .
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UGASHIK EGEGIK

30
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30

20

10

0

r I !

KVICHAK-NAKNEK

5 10

—  P o r t  H e i d e n  s p i l l

- - - -  P o r t  Moller s p i l l

NUSHAGAK

Days

F i g u r e  22. - - S i m u l a t e d  p r o p o r t i o n s  o f  a d u l t  s o c k e v e  s a l m o n
arriving on the fishing grounds in Bristol
B a y  t h a t  w o u l d  b e  t a i n t e d  a f t e r  p a s s i n g
thrcugh  a  s p i l l  o f  N o .  2  f u e l  oil f r o m  d a y  1
t o  d a y  1 0  o f  t h a t  s p i l l .

575



DISCUSSION

T h e  s i m u l a t i o n  p r e s e n t e d  h e r e  i s  o f  n e c e s s i t y  a n  a b s t r a c t i o n  o f  t h e  r e a l

e v e n t s  f o l l o w i n g  a n  o i l  s p i l l ; f u r t h e r  c o n s t r a i n t s  w e r e  c a u s e d  b y  a  g e n e r a l  l a c k

o f  r e l e v a n t  d a t a  t o  e s t i m a t e  t h e  r e q u i r e d  p a r a m e t e r s . F o r  t h i s  r e a s o n  t h e

s i m u l a t i o n  w a s  k e p t  a s  s i m p l e  a s  w a s  c o n s i s t e n t  w i t h  t h e  o b j e c t i v e s  o f  t h e  s t u d y

a n d  t h e  e f f e c t s  o f  t h e  v a r i o u s  p a r a m e t e r s  o n  t h e  r e s u l t s  c a n  b e  q u a l i t a t i v e l y

d e t e r m i n e d  f r o m  t h e  p r o v i d e d  o u t p u t s . A  f o r m a l  s e n s i t i v i t y  a n a l y s i s  w a s  n o t

c o n s i d e r e d  a p p r o p r i a t e  t o  t h e  goals o f  t h e  s t u d y  b e c a u s e  e r r o r  b o u n d s  f o r  t h e

p a r a m e t e r s  could n o t  b e  r e a s o n a b l y  d e t e r m i n e d  f r o m  t h e  l i t e r a t u r e . I n s t e a d

p a r a m e t e r s  a n d  a l g o r i t h m s  w e r e  c h o s e n  t o  m a x i m i z e  a n y  e f f e c t s  of oi l  on  the  f ish;

t h e  l o w e r  b o u n d s  o f  e f f e c t s  p r o v i d e d  b y  i n c l u d i n g  a  p r o b a b i l i t y  o f  a v o i d a n c e  o f

t h e  o i l  a r e  a g a i n  c o n s e r v a t i v e  a s  t h e  a v o i d a n c e  a l g o r i t h m  o p e r a t e s  o n l y  o n c e  i n

a  t i m e s t e p  ( l - 2  h o u r s  f o r  a d u l t s , 3 -6  h o u r s  f o r  j u v e n i l e s )  a n d  n o t  c o n t i n u o u s l y

a s  w o u l d  b e  e x p e c t e d  i n  t h e  n a t u r a l  e n v i r o n m e n t ;  t h e  a v o i d a n c e  r e s p o n s e  d o e s ,

h o w e v e r ,  a s s u m e  t h a t  t h e  f i s h  c a n  d e t e c t  a  g r a d i e n t  i n  o i l  c o n c e n t r a t i o n s  a t  s e a .

B e c a u s e  n o  s e n s i t i v i t y  a n a l y s i s  w a s  p e r f o r m e d  i t  i s  i m p o r t a n t  t o  e m p h a s i z e  t h a t

the results from this simulation should not be considered in isolation from the

preceding literature rev iew and the  conclus ions of  th is  s tudy should  be  updated

a s  b e t t e r  d a t a  b e c o m e  a v a i l a b l e .

A l t h o u g h  a  s e n s i t i v i t y  a n a l y s i s  w a s  n o t  a p p r o p r i a t e  t o  t h e  goals o f  t h i s  s t u d y ,

a  f o r m a l  s e n s i t i v i t y  a n a l y s i s  c o u l d  b e  u s e d  t o  d e t e r m i n e  t h e  p a r a m e t e r s  i n  t h e

s i m u l a t i o n , a n d  t h e i r  n a t u r a l  analogues, t h a t  h a v e  t h e  g r e a t e s t  e f f e c t  o n  t h e

p e r c e n t a g e s  o f  f i s h  t a i n t e d  o r  d y i n g  f o l l o w i n g  t h e  d e s c r i b e d  o i l  s p i l l  s c e n a r i o s .

T h i s  w o u l d  i n d i c a t e  w h e r e  f u t u r e  r e s e a r c h  e f f o r t s  c o u l d  b e  m o s t  p r o f i t a b l y

a p p l i e d .
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Several features of the simulation require f inal emphasis. Lack of any

consideration for a change i n  t h e  c o m p o s i t i o n  o f  t h e  o i l  o v e r  t h e  duration of

t h e  s p i l l  w i l l  c a u s e  p r o g r e s s i v e l y  l a r g e r  o v e r e s t i m a t e s  o f  t h e  e f f e c t s  o f  t h e

s p i l l . T h e s e  o v e r e s t i m a t e s  a r e  l e s s  s e r i o u s  i n  t h e  s i m u l a t i o n  o f  t a i n t i n g  w h e r e

a n  a l l o w a n c e  i s  m a d e  f o r  t h e  n a t u r a l  w e a t h e r i n g  o f  t h e  o i l  o n c e  t h e  f i s h  h a s

c o m e  i n t o  c o n t a c t  w i t h  i t . A v o i d a n c e , t a i n t i n g ,  and d e a t h  a r e  t h e  o n l y  e f f e c t s

o f  o i l  c o n t a m i n a t i o n  c o n s i d e r e d  - n o  s i m u l a t i o n  i s  m a d e  o f  o t h e r  p o t e n t i a

l e t h a l  e f f e c t s ,  f o r  e x a m p l e  r e d u c t i o n s  i n  v i s u a l  a c u i t y  o r  c h e m o r e c e p t i o n

w o u l d  a f f e c t  s u b s e q u e n t  s c h o o l i n g ,  h o m i n g ,  a n d  s p a w n i n g . L o s s  o f  e n e r g y  ~

by c e s s a t i o n  o f  f e e d i n g  i n  c o n t a m i n a t e d  w a t e r s ,  b y  a v o i d a n c e  o f  t h e  s p i l l ,

sub-

t h a t

a u s e d

o r

b y  a  l o s s  o f  d i r e c t e d  m i g r a t i o n  o n  f i r s t  c o n t a c t  w i t h  t h e  s p i l l  c o u l d  r e d u c e

t h e  p r o b a b i l i t y  o f  s u r v i v a l  o f  f u t u r e  s t r e s s e s . T h i s  c o u l d  b e  o f  c r i t i c a l

i m p o r t a n c e  t o  t h e  a d u l t s  w h i c h  h a v e  l a r g e  e n e r g y  r e q u i r e m e n t s  d u r i n g  u p s t r e a m

m i g r a t i o n  a n d  s u b s e q u e n t  a c t i v i t y  o n  t h e  s p a w n i n g  g r o u n d s  t h a t  a r e  n o t  s u p p l e m e n t e d

b y  a n  e n e r g y  i n t a k e  i n  f r e s h w a t e r .

T h r o u g h o u t  t h e s e  s i m u l a t i o n s  t h e  s o c k e y e  s a l m o n  h a v e  b e e n  c o n s i d e r e d  i n

i s o l a t i o n  f r o m  o t h e r  s p e c i e s  w h i c h  m i g h t  i n t e r a c t  w i t h  t h e m  a s  p r e y  o r  p r e d a t o r s .

I n  t h e  s h o r t  t e r m , r e s p o n s e  o f  p r e y  p o p u l a t i o n s  d i d  n o t  a p p e a r  i m p o r t a n t  b e c a u s e

t h e  e v i d e n c e  s u g g e s t e d  t h a t  t h e  s a l m o n  w o u l d  s t o p  f e e d i n g  a t  o i l  c o n c e n t r a t i o n s

b e l o w  t h o s e  a t  w h i c h  p r e y  p o p u l a t i o n s  w o u l d  b e  e x p e c t e d  t o  c h a n g e .  L o n g  t e r m

e f f e c t s  o n  p r e y  p o p u l a t i o n s  c o u l d  b e  m o r e  s i g n i f i c a n t  ( e . g . ,  M i c h a e l  1 9 7 7 ) .  A

m o r e  s i g n i f i c a n t  e f f e c t  m a y  b e  t h e  r e s p o n s e  o f  p r e d a t o r s  t o  t h e  p o l l u t e d  w a t e r s .

T h e  s o c k e y e  s a l m o n  s m e l t s  f r o m  t h e  K v i c h a k  a n d  Nushagak  r i v e r s  h a v e  n o  c h o i c e

o n  d e s c e n d i n g  t h e  r i v e r s  b u t  t o  e v e n t u a l l y  e x i t  t h r o u g h  the B a y s  w h e r e  Fromt e t  a l .

( 1 9 8 3 )  e s t i m a t e d  1 , 1 0 0  Belukha w h a l e s  t o  b e  p r e s e n t  d u r i n g  s m e l t  outmigration in
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1983. The belukhas major prey from late May to early June is the sockeye salmon

smelt ,  and from mid-June to mid-August  the adult  sockeye salmon. The  above

authors estimated that in Kvichak Bay in 1983, the belukhas consumed about

6 million smelts, about 5% of the average smelt run, and 280,000 adults which

comprises 1% of commercial sockeye salmon catch and 9% of the catch of other

salmon species. S u b s t a n t i a l  n u m b e r s  o f  o t h e r  m a r i n e  m a m m a l s  a n d  m a r i n e  b i r d s

c a n  a l s o  b e  e x p e c t e d  t o  p r e y  o n  outmigrating  a n d  r e t u r n i n g  s a l m o n . O i l  p o ’

could  a f f e c t  i n  t h e  s h o r t  t e r m  f e e d i n g  behaviour a n d  d i s t r i b u t i o n  a n d  o v e r

l o n g  t e r m  c a n  b e  e x p e c t e d  t o  a d v e r s e l y  a f f e c t  r e s i d e n t  p o p u l a t i o n s .

l u t  o n

t h e

A n o t h e r  p r e d a t o r y  p r e s s u r e  l i k e l y  t o  b e  a f f e c t e d  b y  a n  o i l  s p i l l  i s  t h a t  o f

t h e  c o m m e r c i a l  salmon  f i s h i n g  f l e e t . I t  w o u l d  r e q u i r e  t a i n t i n g  i n  o n l y  a  s m a l l

p r o p o r t i o n  o f  t h e  o v e r a l l  r e t u r n s  t o  m a k e  f i s h i n g  u n l i k e l y  d u e  t o  a d v e r s e

c o n s u m e r  p e r c e p t i o n s . F o l l o w i n g  t h e  ‘Drupa’ o i l  s p i l l ,  s a i t h e  i n  s e i n e  n e t s

c o n t a m i n a t e d  w i t h  c r u d e  o i l  w e r e  w a n t e d  f o r  n e i t h e r  a n i m a l  n o r  h u m a n  c o n s u m p t i o n ,

e v e n  t h o u g h  organoleptic a n a l y s i s  i n d i c a t e d  a n  a b s e n c e  o f  t a i n t i n g  i n  t h e  f l e s h

(Grahl-Nielsen e t  a l .  1976). I n i t i a l l y  a n y  r e d u c t i o n  i n  m o r t a l i t y  o f  t h e

r e t u r n i n g  a d u l t s  o r  e m i g r a t i n g  j u v e n i l e s  w o u l d  a p p e a r  b e n e f i c i a l  t o  t h e  s a l m o n

p o p u l a t i o n ,  h o w e v e r  i t  h a s  b e e n  s u g g e s t e d  ( S o l o m o n  a n d  M i l l s  1 9 8 2 )  t h a t  s u c h  a

l a c k  o f  f i s h i n g  c o u l d  c a u s e  a n  o v e r e s c a p e m e n t  o f  s a l m o n  t o  t h e  s p a w n i n g  a r e a s

w i t h  c o n s e q u e n t  r e d d  s u p e r i m p o s i t i o n  l e a d i n g  t o  e g g s  b e i n g  lost, o r  d a m a g e d  a n d

p r o v i d i n g  s i t e s  f o r  t h e  g r o w t h  o f  i n f e c t i o u s  d i s e a s e s . I f  o v e r e s c a p e m e n t  i s  t o

apply i t  n e e d s  b e  d e m o n s t r a t e d  t h a t  a  r e d u c t i o n  i n  j u v e n i l e  p r o d u c t i o n  o c c u r s

a t  h i g h e r  s p a w n e r  d e n s i t i e s . R o g e r s  ( 1 9 8 4 ,  F i g . 1 4 )  p r o v i d e s  d a t a  o n  t h e  m e a n

s p a w n e r  d e n s i t y  a n d  t h e  r e s u l t i n g  a d u l t  r e t u r n s  p e r  s p a w n e r  f o r  s i x  B r i s t o l  B a y

s o c k e y e  s a l m o n  s t o c k s  (Kvichak, N a k n e k ,  Egegik, Ugashik, W o o d ,  a n d  Igushik) f r o m
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1 9 5 2  t o  1 9 8 3 . M e a n s  i n  s p a w n e r  n u m b e r s  r a n g e d  f r o m  a p p r o x i m a t e l y  270 t o  5 4 0 0

2
s p a w n e r / k m  o f  l a k e  a r e a  a n d  t h e  r a t i o  o f  r e t u r n i n g  a d u l t s  t o  s p a w n e r s  r a n g e d

f r o m  a p p r o x i m a t e l y  0 . 4 5  t o  7 . 4 . T a k i n g  t h e  d a t a  f r o m  t h i s  F i g u r e  1 4  a n d  p l o t t i n g

t h e  n a t u r a l  l o g  o f  r e t u r n i n g  adults ( R )  a g a i n s t  t h e  n a t u r a l  l o g  o f  s p a w n e r s / k m2  ( S )

1 . 7 4 ;  n
g i v e s  a  s l o p e  o f  g r e a t e r  t h a n  1 . 0  ( R =  Li’.ss S s 32, o.ol>P>o. oo5)

i n d i c a t i n g  t h a t  o v e r  t h i s  r a n g e  o f  s p a w n e r  d e n s i t i e s  t h e r e  w a s  n o  i n d i c a t i o n  o f

d e c l i n i n g  r e t u r n s , o r  e v e n  d e c l i n i n g  p e r c e n t a g e  r e t u r n s ,  a t  t h e  h i g h e r  s p a w n e r

d e n s i t i e s . I t  i s  p o s s i b l e  t h a t  a t  g r e a t e r  s p a w n e r  d e n s i t i e s  r e d u c t i o n s  i n

r e c r u i t m e n t  would b e  o b s e r v e d  ( i . e . , t h e  a b o v e  d a t a  f a l l  o n l y  o n  t h e  a s c e n d i n g

l i m b  o f  a  ‘ R i c h e r  t y p e ’  r e c r u i t m e n t  c u r v e ) , h o w e v e r ,  e x p l o i t a t i o n  r a t e s  o f

t h e  r e t u r n i n g  B r i s t o l  B a y  s o c k e y e  s a l m o n  ( 4 7 %  f r o m  1 9 5 1  t o  1 9 6 0 ;  4 8 %  f r o m  1 9 6 1

t o  1 9 7 0 ;  2 1 %  f r o m  1 9 7 1  t o  1 9 7 6  ( R o g e r s  1 9 7 7 ,  T a b l e s  1  a n d  2 ) )  a r e  s u c h  t h a t  e v e n

a  c o m p l e t e  c e s s a t i o n  o f  f i s h i n g  w o u l d  l e a d  t o  a t  m a x i m u m  a  d o u b l i n g  o f  e s c a p e m e n t

w h i c h  f o r  m o s t  y e a r s  ( 2 7  o u t  o f  3 2 )  f r o m  1 9 5 2  t o  1 9 8 3  would s t i l l  h a v e  p r o d u c e d

a n  e s c a p e m e n t  l e s s  t h a n  t h e  m a x i m u m  r e c o r d e d  e s c a p e m e n t  o v e r  t h e  s a m e  p e r i o d .

T h u s  i t  a p p e a r s  u n l i k e l y  t h a t  o n  a  s y s t e m - w i d e  b a s i s  “ o v e r e s c a p e m e n t ”  i s  o f

c o n c e r n  i n  t h e  B r i s t o l  B a y  r i v e r s ;  i n d i v i d u a l  r i v e r s  c o u l d  o f

d i f f e r e n t  t r e n d  t h a n  t h e  m e a n .

A  f i n a l  p o i n t  t o  e m p h a s i z e  i n  t h i s  s t u d y  i s  t h a t  t h e  resu’

t h e  j u v e n i l e s , a r e  d e p e n d e n t  o n  t h e  d i s t a n c e  o f  t h e  o i l  s p i l l

c o u r s e  s h o w  a

t s ,  e s p e c i a l l y  f o r

f r o m  s h o r e  a s

d e m o n s t r a t e d  b y  t h e  d i f f e r e n c e  b e t w e e n  t h e  t w o  s p i l l  s c e n a r i o s  a t  P o r t  H e i d e n

and Port Moller. An inshore spill would have a greater effect on the outmigrating

j u v e n i l e s , especially i f  the oil  entered the inlets where it  is to be expected

large numbers of juvenile salmon would rear.
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