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ABSTRACT 
-- - 

The e f f e c t s  o f  ac id  pmecipi t a t i o n  on anadkolsous s a l r o n i d s  
> 

has l e d  t o  concern o v e r  l i f e s t a g e  r e l a t e d  effects an3 s u b s e q u e n t  

s e a u a t e r  a d a p t a t i o n  a f t e r  a c i d  exposure  i n  s o f t  waters .  Coho 

salnon s m o l t s  (Qqcgqbpgg&g m y & g )  were exposed t o  ' a)  a  - > 

r e g i a e n  of a c i d i f i e d  water (pH 4.5, 5.1, 5 . 5 )  and control water ---- 

(pH 6 . 2 )  for one week b)  two pB rebimens (pH 4.4 and 6.2) . f o r  
/ 

one, t r o  or  three ueeks, and s\ubseguently s u b j e c t e d  t o  a  

s e a u a t e r  c h a l l e n g e  t es t  a f t e r  each week. P a r r s  were s u b j e c t e d  t.0 

one week of a c i d  exposure (pH 4.4 and 6.2) f o l l o u e d  by a 

s e a u a t e r  c h a l l e n g e  tes t  a 

plasma [ Ha+ 1, gill Ha+-K+-ATPase a c t i v i t y ,  b e m a t o ~ r i t  and 

plasma grouth  hormone c o n c e n t r a t i o n s  were performed t o  determine 

- t h e  e f f e c t s  of a c i d  exposure.  ? l o r t a l i t i e s  of a c i d - e x p ~ s e d  a n d  

control f i s h  were recorded.  
i - 

Smelts e x h i b i t e d  dec reases  i n  plasma [Ha+]  7 d a y s  and 

Na+-K+-ATPase a c t i v i t y  14 days  a f t e r  o n s e t  of a c i d  exposure.  

P a r r s  e x h i b i t e d  dec reased  plasma [Na*] 2 4  h a f t e r  onse t  of a c i d  

exposure  a n d  dec reased  B a t - K + - A T P a s e  a c t i v i t y  3 days  a f t e r  o n s e t  

of  acid exposure. Plasma [ Na* ] i n c r e a s e d  a n d  #a+-K*-ATPase 

a c t i v i t y  decreased  i n  smol ts  a f t e r  t r a n s f e r  t o  seawater .  P a r r s  

e x h i b i t e d  i n c r e a s e d  plasma [ Na+ 3 and Ha*-K+-AtPase a c t i v i  t y  

imned ia te ly  after transfer t o  seawater.  , - -  

~ u t  decreased  s h o r t l y  a f t e r  exposure t o  seawater .  Plasma grouth  

horsrone levels i n c r e a s e d ,  hou,ever,  above f r e s h u a t e r  levels b y  48 , 
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-- 

h of seawater e x p o s u r a .  - - . * 

a m o n g  fish e x p o s e d  t o  p H  4.5 t o  5 . 5 .  E x p o s u r e  t o  water of a low . 
pll was f o u d d - - t o  h a v e  d greater effect  o n  p a r r s  c o m p a r e d  w i t h '  

s a o l t s  i n  t h a t  p l a s m a  [ Na+ ] a n d  Ha+-K+-ATPase a c t i v i t y  b o t h  

d e c r e a s e d .  

A • ’  ter 21 days o f  acid exposure, a s i z e  s e l e c t i v e  m o r t a l i t y  

d e v e l o p e d  u k i c k  f a v o u r e d  the s u r w i u a l  of l a r g e r  s a o l t s  exposed . 

t o  a c id  a n d  s a l t  u a t e r .  W o r t a l i t y  was o b s e r v e d  t o  b e  r e l a t e d  t o  

length of a c i d  e x p o s u r e .  T rans fe r  t o ,  30  parts p e r  t h o u s a n d  
- - 

seawater a f t e r  ac id  e x p o s u r e  u a s  f o u n d  t o  increase m o r t a l i t y .  
. ? 

I t  was c o n c l u d e d . , ' - t h a t  acid e x p o s u r e  p r i o r  t o  e n t r y  i n t o  
", - 

seawater uas d e t r i m e n t a l  t o  c o h o  salmon w i t h  r e g a r d  t o  l s n g t h  of 
7 

a c i d  exposure, size a n a  l i f  es tage; T h e  p o s s i b l e  m e c h a n i s m  by  

w h i c h  fish may b a  r e m o v e d  from p o p u l a t i o n s  is i n h i b i t i o n  of  g i l l  < 
Ha+-8+-ATPase concomitant w i t h  decreases i n  p l d s m a  [#a+]. .  . . 
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- - pp - - -- - I. Introdxct&on 
6,  

Acid p r e c i p i t a t i o n  h a s  been deemed r e s p o n s i b l e  f o r  t h e  

d e p l e t i o n  o f  a q u a t i c  life i n  S c a n d i n a v i a  ( p a r t i c u l a r l y  H o r u a y )  

a s  v e l l  as N o r t h  America (La  B a s t i l l e  1981) P r e v a i l i n g  winds ' 

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

p a r t i c u l a r l y  SO4 a n d  IOx uhich a re  p r e c u r s o r s  t o  t h e  

of a q i d *  They are  subsequently d e p o s i t e d  on  s o i l s  a n d  

t h a t  c o n t a i n  f l o r a  and f a u n a  u h i c h  n a 7  n o t  t o l e r a t e  a 
- - 

a n d  i o n s ,  

f o r m a t i o n *  

i n  waters 

r e d u c t i o n  - -  - - - -  

i n  pH (Reed 1976 ,  Haines 1 9 8 1 )  ., The a c c u m u l a t i o n  of p r e c i p i t a t e d  

a c i d  i n  s n o w  c a n  l e a d  t o  periods of r e l a t i v e l y  h i g h  a c i d i c  

r u n o f f  f r o m  s n o w  melt  and r e s u l t  i n  e p i s o d i c  e x p o s u r e s  o f  

r e s i d e n t  a q u a t i c  o r g a n i s m s  ( J o h a n n e s s e n  a n d  H e n d r i k s e n  1 9 7 8 ) .  

B e c e n t l y  t h e r e  ha s  been c o n t r o v e r s y  s u r r o a n i i i n g  t h e  effects 
- - -  - 

gf a c i d  p r e c i p i t a t i o n  upcn t h e  u a t e r s h ; h ;  of  *or&-hmerica,  s u c h  

a s  u i t n e s s e d  i n  S c a n d i n a v i a .  O f  p a r t i c u l a r  i n t e r e s t  i s  the 

p o t e n t i a l  i m p a c t  o f  acid p r e c i p i t a t i o n  on s o f t  water l a k e s  a n d  

r i v e r s  . of O n t a r i o  (La b a s t i l l e  1 9 0 1 ) .  S t u d i e s  have been 

u n d e r t a k e n  b y  u n i w e r s i t i e s  a n d  g o v e r n a e n t  a g e n c i e s  t o  

i n v e s t i g a t e  t h e  causes a n d  effects of a c i d i f i c a t i o n  i n  N o r t h  

A m e r i c a n  w a t e r u a y s *  + 

by  t h e  absence o f  C a r D o n a t e  b a f f e r s ,  f r o .  l i m e s t o n e  o r  s e d i m e n t s '  

i n  glacial till, r e s a l t i n g  i n  t h e  l o u  b u f f e r i n g  capacity of 



t h e s e  u a t e r s .  H e n c e ,  t h e r e  i s  a n  i n c r e a s e  i n  t h e  s u s c e p t i b i l i t y -  

of these l a k e s  t o  a c i d i f i c a t i o n  v i a  acid p r e c i p i t a t i o n  (La- 

B a s t i l l e  1981).  Effects h a v e  been f o u n d  t o  i n c l u d e  d i m i n i s h e d  
4 

p r i m a r y  ( p h y t o p l a n k t o n )  a n d  b e n t h i c  i n v e r t e b r a t e  ( z o o p l a n k t o n )  

p r o d u c t i o n .  O t h e r  ef f ectg of a c i d i f i c a t i o n  of l a k e s  a n d  streams 

i n  O n t a r i o  i n c l u d e  t h e  r e d u c t i o n s  o f  f i s h  p o p u l a t i o n  s i z e  a n d .  
, 

L species d i v e r s i t y ,  and a l t e r a t i o n s  of g r o w t h  r a t e s  ( H e n d r y  g& , 

& 1900,  H a r v q  1982)  . H a r v e y  (1980) e s t i m a t e s  t h a t  200 O n t a r i o  

lakes nay  h a v e  l o s t  a l l  r e s i d e n t  f i s h  p o p u l a t i o n s  as a r e s u l t  of 
I 

acid p r e c i p i t a t i o n .  

Hot o n l y  r e s i d e n t  s ~ e c i e s  o f  f i s h  are a f fec ted  by t h e  

acidification of l a k e s  a n d  rivers. A n a d r o m o u s  f i s h e s ,  by  n a t u r e  

df t h e i r  b i o l o g y ,  mag a l so  be affected as t h e y  r e t u r n  ' t o  

f r e s h w a t e r  f o r  s p a u n i n g .  A f t e r  h a t c h i n g ,  j u v e n i l e  f i s h  remain i n  

freshuater u n t i l  n a t u r a l  coes i n d u c e  d o u n s t r e a a  m i g r a t i o n .  

T h r o u g h o u t  t h e i r  p e r i o d  of f r e s h u a t e r  r e s i d e n c y ,  a n a d r o r a o u s  - 2 

s a l m o n i d s  a r e  vulnerable t o  t h e  e f fects  o f  a c i d i f i c a t i o n  o f .  

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

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

q p r b u s c h a )  a n d  c h u m  s a l m o n  ( g .  keg), t o  o n e  t o  t h r e e  pears i n  

cob3 s a l m o n  (g. , c h i n o o k  (Q. - t g & g y ~ & ~ s h a )  , A t l a n t i c  

s a l m o n  <Z&Q s a l a ~ )  a n d  steelhead t r o u t  (2 .  w g d n e r i ) .  

Due  t o  t h e  e c o n o m i c ,  r e c r e a t i o n a l  a n d  b i o l o g i c a l  i m p o r t a n c e  
- 

of the s a l a o n i d s ,  v a r i o u s  s t u d i e s  o n  l i f e s t a g e  a n d  effect  of 
-- - - - 

acid e x p o s u r e  have b e e n  conducted. Some o f  t h e s e  s t u d i e s  h a v e  

i n c l o d . e d  t h e  effects of depressed pH o n  eggs a n d  h a t c h a b i l i t y  



\ 

(Cazrick 1979,  Daye a n d  G a r s i d e  1 9 7 9 ,  P e t e r s o n  mt 1 9 8 0 ) ,  

e m b r y o s  a n d  a l e v i n s  \ (Daye  f98,0),  fry ( C a r r i c k  - - 198Q --- a n d  -- 

f i n g e r l i n g s  (Daye a n d  Garsiae 1975) .  R e c e n t  work  b y  S a u n d e r s  a 
qLt (1983) has s o u g h t  t o  e l u c i d a t e  the .effects of l o n g - t e r m  , - 
e x p o s u r e  upon t h e  growth a n d  seawater a d a p t a b i l i t y  o f  A t l a n t i c  

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

i n t o  t h e  effects o f ,  d e p i e s s e d  pH o n  t h a  l i f e s t a g e  o f  a n  

a n a d r o n o n s  s a l m o n i d .  T h e r e f  ore ,  t h e  a b i l i t y  of a n a d r o a o u s  

s a l a o n i d s  t o  a d a p t  t o  s e a w a t e r  may be i n f l u e n c e d  b y  a c i d  

e x p o s u r e  during t h e i r  f r e s h w a t e r  r e s i d e n c y  p e r i o d .  

T h e  recent i n t r o a u c t i o n -  o f  Pacific s a l m o n ,  p a r t i c u l a r l y  

c o h o  salbon t o  t h e  Great t a k e s  ( D o n a l d s o n  and-  Joy n e r  1 9 8 3 )  h a s  

placed t h i s  s p e c i e s  i n  waters u h i c h  are  p o t e n t i a x l y  s e n s i t i v e  t o  
- 

a;%& p r i c i p a t i o n  ( L a  B a s t i l l e  1 9 8 1  ) . T h e  f r e s h v a t e r  h a b i t a t  o f  

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

coas t  of B r i t i s h  C o l . u m b i a ,  Y a s h i n g t o n  S t a t e  a n d  3 r e g o n  S t a t e  is 

a l s o  - - $ g & t i v e  t o  a c i d  p r e c i p i t a t i o n .  T h i s  i s  d u e  t o  t h e  low 
1;- - 

b u f f e r i n g  c a p a c i t y  of these water s y s t e m s  a s  ther are  u n d e r l a i n  - 
by a p r i n a r i l p  g r a n i f a r o u s  s u b s t r a t u m  (La. B a s t i l l e  1 9 8 1 ) .  H a v i n g  

L-' 

a f r e s h w a t e r  r e s i d e n c y  o f  o n e  ( S c o t t  a n d  C r o s s r a a n  l 9 7 3 ) ,  
% 

j u v e n i l e  c o h o  s a l m o n  fou ld  t h e r e f  o r e  be e n d a n g e r e d  by  a c i d  

e x p o 8 u r e .  T h e  af f a c t s  o{ a c i d - e x p o s u r e  may b e  m a n i f s s t  t h r o u g h  

p o p ~ l a t i o n  s e d u c t i o n  a n d / o r  r e d u c e d  g r o w t h  rate. 
- 

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

e u r y h a l i n i t y  and is associated w i t h  r o r p h o l o g i c a l  a n d  b e h a v i o r a l  

c h a r a c t e r i s t i c s  i n v o l v e d  i n  t h e  p r o g r e s s i o n  from a ' freshwater r 



life form ( p a r r )  t o  a seawater  viar t le  form (sarolt)  (Fo laa r  and 

Dickof f 1980, w e d e m e y e r  g& p L  1980) .  The e f f e c t s  of depressed 
- -  - - - - -  - -- 

pH on j u v e n i l e  salmon a s  they develop e u r y h a l i n i t y  (ie: 

p a r r - s e o l t  t r a n s f o r m a t i c n )  its n o t  wel l  understood.  However, 
v 

~ e a s u r e a e n t s  of  p h y s i o l o g i c a l  p a r a a e t e r s  associated w i t h  the 

parr-smolt  t r a n s f o r m a t i o n  i n  s a l r ' on ids  h a s  been i m p l i c a t e d  t o  be  

s e n s i t i v e  t o  changes i n  ambient pH (Frora  1900,  HacDonald 1983, 

Saunders  & & 1 9 8 3 ) .  S t u d i e s  of the p h y s i o l o g i c a l  r e sponses  of 

f r e s h w a t e r  sa lmonids  t o  a c i d  s t r e s s ,  have inc luded ion  

r e g u l a t i o n ,  an3 b a v e  been p a r a l l e l e d  b y  s t u d i e s  of ion  
8 

- - 

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

salmonids (Packer and Dunson 1970, Boeuf eg qL 1978) . 
S t u d i e s  on the exposure of  f r e s h w a t e r  s a l n o n i d s  t o  low pH , 

h a v e  demonstrated t h a t  d e p r e s s e d  plasma sodiue  (#a+)  

c o n c e n t r a t i o n ,  h e a a t o l o ~ i c a l  changes and m o r t a l i t y '  occur  ( ~ h c i c e r  

and D-unson 1 9 7 2 ,  b i l l l g a n '  and Uood 1983) . ~ h ~ s i o l o ~ i c a l  - - f a c t o r s  

involved  i n  the pdrr-smolt  t r ans fo rmat ion  i n c l u d e  . t h e  

development of  i o n o r e g u l a t o r  y a b i l i t y  t o  r e g u l s i e  i n  t e r n 8 1  ion 

c o n c e n t r a t i o a s ,  p a r t i c u l a r i l  y Ha+, i n  f r e shwate r  and seawate r  

(Polmar and Dickoff 1380).  

T h e  impact of  ac id  exposure could be i n v e s t i g a t e d  i n  coho 

salmon b y  measuring p h y s i o l o g i c a l  parameters  w h i c h  are employed 

t o  monitor and a s s e s s  t h e  p a r r - s n o l t  t r a n s f o r a a t i o n .  Such 

measurements could  i n c l a a e  q u a n t i f i c a t i o n  of Na+-K+-ATPase 

a c t i v i t y ,  plasma # a +  levels, and hematocr i t '  changes. G i l l  

- Na+-K+-ATPase h a s  been used i n  p rev ious  f n v e s t - i g a t i o n s  as an 



index o f  s a o l t i f i c a t i o n  a n a  h a s  b e e n  i m p l i c a t e d  t o  b e  s e n s i t i v e  

t o  a c i d  s t r e s s  ( Z a u g g  1980, S a u n d e r s  .& q&, 1983) .  C o n c o m i t a n t  
- - -  - -  - - 

w i t h  d e v e l o p m e n t a l  c h a n g e s  i n  g i l l  Ida+-K+-ATPas (Zaugg a n d  B 
b i a g n e r  1 9 7 3 ) ,  t h e r e  a re  also i n c r e a s e s  i n  plasma l a +  l e v e l s  

( W e d a m e y e r  1 9 8 0 )  u h i c h  may b e  d e p r e s s e d  by a c i d  e x p o s u r e  

( P a c k e r  a n d  D u n s o n  1 9 3 2 )  . A n a l r s i s  o f  m o r t a l i t y  i n  a c i d - s t r e s s e d  - 

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

d e a t h  r e s u l t i n g  f rom a c i d  stress. 

E n d o c r i n e  i n v o l v e m e n t  i n  . w h o l e  b o d y  g r o w t h  i n  the 

p a r r / s m o l t  t r a n s f o r m a t i o n  a n d  i n  i o n o r e g u l a t o r y  d e v e l o p m e n t  has 
J 

a l s o  b e e n  i m p l i c a t e d  t F o 1 m a r  a n d  D i c k o f f  1 9 8 1 ,  Johnston and 

i S a u n d e r s  1981).  T h e r e f o r e ,  t h e  c h a n g e  i n  p l a s m a  l e v e l s  o f  g r o w t h  

h o r m o n e  whidh  p l a y s  a c e r t a l n  ' r o l a  . i n  g r o w t h  a n d  i o n o r e g u l a t o r y  

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

t h e -  i m p a c t s  ot ac id  stress o n  c o h o . s a l m o n  p a r r s  a n d  smolts .  T h e  

s i g n i f i c a n c e  o f  a c i d  e x p o s u r e  o n  seawater a d a p t a b i l i t y  of 

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

a b o v e  p a r a m e t e r s  i n  # seawater c h a l l e n g e  test.. 

C o h o  s a l r s o n  p a r r s  and s lsol ts  were s u b J e c t e 8  t o  a c i d  stress 
% 

i n  s o f t  uater  p r i o r  t o  seawater e n t r y  i n  o ? d e r  $0 d e t e r m i n e  ' 

, p o s s i b l e  d e l e t e r i o u s  effects o f  acid e x p o s u r e  o n ,  j u v e n i l e  c o h o  

s a l ~ o n .  T o  a i d  i n  t h i s  e v a l u a t i o n  g i l l  Na+-K+-&TPase,  p l a s m a  Na+ 

c o n c e n t r a t i o n ,  p l a s m a  growth h o r m o n e  c o n c e n t r a i o n ,  h e m a t o c r i t  

a n d  m o r t a l i t y  o c c u r r e n c e  i n  a c i d - s t r e s s e d  fish were i n v e s t i g a t e d  

i n  c o h o  s a l m o n  reared i n  soft water. Experiments were u n d e r t a k e n  

w i t h  t h e  p u r p o s e  o f  p r e d i c t i n g  t h e  i m p a c t s  of acld  e x p o s u r e  u p o n  



juvenile coho salmon. 

T h e  object ives  of t h i s  research i n  i n v e s t i g a t i n g  t h e  
-- 

e f f e c t s  of  a c i d  exposure on j u v e n i l e  caho salmon are summarized 
P I 

\ 
L .. belou: 

a )  t o  de te rmine  t h e  effects of a r ange  of  pH r e g i r e n s  on 

t h e  physiology o f  coho salmon smol t s ;  . 

b) t o  e v g l u a t e  l i f e  s t a g e  dependant v a r i a b l e s  -of a c i d  

exposure pr ior  t o  and d u r i n g  seawater  exposure ;  

c) t o  d e t e r m i n e  .time dependant e f f e c t s  of a c i d  exposure on 

coho smolts 5 r i o r  t o  a n d  a u r i n g  seawater  exposure.  - 
This study  was undertaken t o  determine whether or not, acid 

exposure i n  s o f t  water  p r i o r  t o  e n t r y  i n t o  seawater h a s  

d e l e t e r i o u s  effects on t h e  iono (osao) r e g u l a t o r y  a b i l i t y  i n  
f 

f r e s h w a t e r  and seaua ter w h i c h  may l e a d  t o  pb y s i o l o g i c a l  

d i s t u r b a n c e s  a n d  a n  impairadnt  of seawater a d a p t a b i l i t y .  



11.  ater rials and l e t h o d s  

Y e a r l i n g  coho salmon (Qnhtorhynchps uw&t&h) were o b t a i n e d  

-- fro@ C a p i l a n o  Hatchery, North V a n c o u v e r ,  B.C. on January 2 8 .  

1982 and  F e b r u a r y  18. 1983. Immediately after t r a n s p o r t ,  t h e  

f i s h  were t r a n s f e r r e d  t c  t w o  800-L f i b e r g l a s s  t a n k s  serviced by 

f l o v  t h r o u g h  d a c h l o r i n a t e d  cl t y  water (Se~aour w a t e r s h e d )  . The 

water s u p p l y  h a d  a t e m p e r a t u r e  of 9.0 + 0.3C ( m e a n  + s t a n d a r d  

e r r o r  of t h e  m e a n ) ,  i n  F e b r u a r y  r i s i n g  t o  10.8 + 0 . K  i n  J u n e  o f  - 
b o t h  y e a r s  and h a d  a pH of 6.2 2 0.02 >. Fish u e r e  f e d  c o l a a e r c i a l  

f i s h  pellets (floore a n a  C l a r ~ e )  cnce p e r  day t o  s a t f p t i o n  a n d  

t h e  u n e a t e n  portion s i y h c n e d  from t h . e  t a n k .  
3: 

Each t a n k  u a s  s u p ~ l i e d  u l t h  a s u b m e r s i b l e  pump t o  p r o v i d e  

ua t&r  movement r e q u i r e d  for n o r m a l  fish g r o w t h  and d e v e l o p m e n t  

( U . 2 .  C l a r k e  pers. c o n @ . ) .  C u r r e n t s  w i t h i n  t h e  t a n k  also h e l p e d  

t o  d i s t r i b u t e  f o o d  and m i x  a d m i n i s t e r e d  ac id .  P o r t i o n s  of t h e  

tanks were c o v e r e d  w i t h  t l h c k  p l a s t i c  t o  provide a s h a d o w e d  

refuge. P h a t o p e r i o d  u a s  a d j u s t e d  t o  follou t b e  n a t o r a l  s p r i n g  

r e j i a e n  fo r  SO0 f a t i t o d e  ( V a n c o u v e r )  a n d  was e u p l o y e d  o r  a l l  

h o l d i n g  periods aad s x p s f i m e n t s . ~  



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

s p e e d  p e r r s t a l t i c  pump t o  d e l i v e r  acid o f  a known c o n c e n t r a t i o n  

(0.5I 82504) f r o m  a 2 L' r e s e r v o i r  a t  a c o n s t a n t  r a t e '  (1.44 

m l / a i n . )  t o  t h e  t a n k ' s  i n c o m i n g  u a t e r  s u p p l y  ( F i g u r e  1 ) .  

h 

!dater flow t o  a l l  e x p e r i m e n t a l  t a n k s  uas regulated b y  an, 

adjustable v a l v e  ( R o t o - F f o o )  . Hence, t h e  pH of the d e l i v e r y  

water c o u l d  be  va r i ed  at three d i f f e r e n t  p o i n t s  o f  t h e  

e p a r a t u s :  the a c i d  c o n c e n t r a t i o n  i n  t h e  reserwoir, t h e  pump 

delivery rate ana t h e  u a t e r  flow of t h e  i n c o a f n g  uater. 

C o n s t a n t  u a t e r  supply t o  e x p e r i m e y i - h l  tanks was m a i n t a i n e d  

by a t w o  s t a g e  header t a n k  s y s t e m :  a s u b m e r s i b l e  pump f r o m  a 

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

s a a l l e r  v o l u m e  h e a d e r  t a n k .  B o t h  h e a d e r  tanks u e r e  s u p p l i e d  u i t h  

f l o w  rates t h a t  e n s u r e d  a wa te r :  d e l i v e r r  t o  t h e  e x p e r i a e n t a l  

- 
t a n k s  a t  a c o n s t a n t  p r e s s u r e ,  v e l o c i t y  a n d  v o l u m e  ( F i g u r e  1 ) .  

. I  

T o  p r e v e n t  o v e r  a c i a i f  i c a t  i o n  of t h e  e x p e r i m e n t a l  tanks, 

t h e  smaller W a d e r  t a n k  was e q u i p p e d  w i t h  a f l o a t  s u i t c h  b h a t ,  

when a c t i v a t e d  b y  reduced u a t e r  levels, s t o p p e d  acid d e l i v e r y  

from t h e  p e r i s t a l t i c  pump. 

A11 tanks, e x p e r i m e n t a l  and h e a d e r ,  were e q u i p p e d  w i t h  a t  

l e a s t  o n e  a i r s t d n e  t o  d r i v e .  off e x c e s s  C02  and s a t u r a t e  t o  a t  

least 85% 02 a t  IOC a s  measured by t h e  ~ o d i f i e i l  U i n k l e r  m e t h o d  

( A m e r i c a n  Public. Heal th  h s s o ' c i a t i o n ,  APHA, 1980) .  Water - f l o w  



Acid dilution apparatus employed i n  all experiments. 



inflow 

I float-switch 

7 1 small 
header tank 

4 
outflow 

resevoir 

tygo? tubing 

needle 

iL nalgene 'y' junction 



8 9 

rates never fell below 1 L / m i n  i n  120-L tanks a n d  2 L / r i n  i n  800-1 

tanks'. F o r  a biomass o f  4Og/L,  such a s  used i n  a l l  t a n k s ,  t h i s  
i 

water f l o u  "as d e e m e d  ; u i t a b l e  f o r  c o n a i t i o n s  of s m o l t i n g  i n  

c o h o  salmon (Y .Ca ~ G k e  p e r s ,  coma.) . ,+ 

Heasureaent o f  uater  pH was p e r f o r m e d  t h r e e  times d a i l y  i n  

a l l  e x p e r i n t e n t s  u s i n g  a ' ~ o r n i a ~  lode! 1 2  pH meter c a l i b r a t e d  . 
/ 

w i t h  t h r e e  r e f e r e n c e  buffer s o l n t  i o n s .  s a i p l e s  Mere t e m p e r a t u r e  

calibrated a n d  e i i r e d  w h i l e  d e t e r m i n a t i o n s  took place. 
. . 

f 

Hater* h a r d n e s s  as m C O 3  and Ca++ uere b e l o u  Smg/L as 

d e t e r m i n e d  b y  EDTA t i t r a t i o n  ( A P H A ,  1980)  and a t o m i c  a b s o r p t i o n  

y s p e c t r o p h o t o a e t r y  r e s p e c t i v e l y .  C o n c e n t r a t i o n s  o f  sodium l e v e l s  

- . were d e t e r m i n e d  by f f ame e m m i s s i o n  s p e c t r o p h o t o s l e t r y  - a n d  was 

Seawater was c o l l e c t e d  f r o m  Burrard Inlet, Vancouver, B . C .  

b 
a n d  had pH r a n g a  o f  7.6 : 0.0 a n d  s a l i n i h y  r a n g e  of 29 - 30 

p a r t s  pex t h o u s a n d  as  t a e a s u r e d  by a n  American Opt# 
/' 

For t h i s  experiment, 200 c o h o  s a l ~ o n  s~ol ' t s '~(10.76 2 0.39, 
I 

10.9 2 O . l c m ) ,  were r a n d o a l y  s e l e c t e d  and e q u a l l y  d i s t r i b u t e d  

among  f o u r  120-L f i b e r g l a s s  t a n k s  a n d  acclimated f o r  two w e e k s  



i 
p r i o r  t o  o n s e t  o f  t h e  e x p e r i m e n t .  T a n k s  were e q u i p p e d  w i t h  

f l o w - t h r a u g h  d e c h l o r i n a t e d  city rater at a rate of lLLmLn,ffsh 
k 

were e x p o s e d  for o n e  w e e k  t o  water a t  pH 4.47  0.07, 5.13 2 

0.07, 5 - 5  _+ 0.06 a n d  6 . 2 1 m +  0.06 ( c o n t r o l ) .  Fish were s a m p l e d - o n  L 

days 0 (ie: n o  a c i d  e x p o s u r e )  1. 3 and 7. Details of f i s h  

s a a p l i n g  p r o c e d u r e s  are p r o v i d e d  b e l o u .  A 1 1  s a a p l i n g  of 

e x p e r i m e n t a l  f i s h  (n=5 p e r  pH t r e a t s e n t )  uas p e r f o r m e d  , a t  t h e  

same time of day t o  a v o i d  c i r c a d i a n  effects. D a y  7 of t b e  + , 

e x p e r i m e n t  was t a k e n  t o  b e  h o u r  z e r o  o • ’  a seawater c h a l l e n g e  

test w h i c h  was p e r f o r a e d  o n  t h e  r e m a i n i n g  f i s h  i n  each t a n k .  T h e  

s e a u a t e r  c h a l l e n g e  t e s t ,  as d e s c r i b e d  by  Clarke a n d  B l a c k b u r n  

( 1 9 7 7 ) .  i . . e s i g n a d  t o  assess t h e  seawater v i a b i l i t y  a n d  

i o o o r e g u l a t o r y  a b i l i t y  o f  s u b ~ e c t  fis! b y  m e a s u r e m e n t  of p l a s m a  

Na+ l eve l s  a•’ ter t r a n s f e r  t o  seawater from f r e s h w a t e r .  S a m p l i n g  

p r o c e d u e s  f o r  t h e  seawater c h a l l e n g e  test u e r e  p e r f o r f s e d  7 ,  15, 

25 ,  a n d  4Bh a f t e r  seawater exposure and f o l l o u e d  t h e  saae 
l 

r e g i e e n s  utilized f o r  a c i d - e x p o s e d  a n d  c o n t r o l  f i s h  i n  

f r e s h w a t e r .  H o u r  z e r o  of t h e  t es t  was 0900 o n  day 7 of a c i d  
/ 

e x p o s u r e ,  therefore' t h e  s a m p l i n g  p e r i o d  a t  h o u r  1 5  was p e r f o r m e d  

a f t e r  s u n s e t .  C o n s e q u e n t l y ,  f i s h  were removed f r o m  d a r k  

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

'.-' 



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

and f o r k  ' l e n g t h  m e a s u r e d ,  b l o o d  c o l l e c t i o n  f r o m  a sev'ered a n d  
L 

s u a ~ b e d  c a u d a l  p e d u n c l e  and the c o l l e c t i o n  of g i l l  t i s s u e .  
I 

U n a n q , e s t h e t i z e d  f i s h  were h e l d  i n  a u e t  p a p e r  towel w h i l e  
r e  

b l o o d  s a m p l e s  were c o l l e c t e d  i n  an* a m ~ o n i u m  h e p a r i n i z e d  (2 USP 

u n i t s / . t u b e )  c a p i l l a r ] !  t u b e  held o v e r  t h e  severed c a u d a l  a r t e r y .  

liema-qcrit t u b e s  were c e n t r i f u g e d  f o r  3 a i n u t e s  i n  a h e m o t o c r i k  
3. 

c e n t r i f u g e  ( C l a y  Adams A u t  o c r i t  I1 node1 0 5 5 8 )  a n d  h e m a t o c r i t s  
L < - 

r e c o r d e d .  P l a s m a  uas d e c a n t e d  and s t o r e d  a t  -20C. Plasma Na+ 

l e v e l s  were later determined b y  flame e m i s s i o n  s p e c t r o p h o t o m e t r y  

(Pye U n i c a s  node l  SP191) on thawed a n d  d i l u t e d  (1 : 1 0 0 0 )  s a m p l e s .  

T h e  s p e c t r o p h o t o r n s t e r  u a s  c a l i b r a t e d  o v e r  a l i n e a r  range of 0.1 

- 1.5 mEq/L w i t h  p E e p a r e d  s t a n d a r d s .  
/' 

/ 

G i l l  f i l a m e n t s  %ere e x c i s e d  from g i l l  bars a n d  suspended i n  / 
/ 

I n 1  af h o m o g e n i z i n g  mea ium ( 3 0 0 m H / L  sucrose, 20mFl/L B a Z E D T A ,  and  
a 

100aM/L i m i d a z o l e )  a a j u s t e d  t o  pH 7.1 w i t h  1 N  HC1. Tubes 

c o n t a i n i n g  s u s p e n d e d  g i l l s  were q u i c k l y  frozen by p l a c e a e n t  o n  

d r y  ice and s t o r e d  a t  - 2 0 C  u n t i l '  a s s a y e d  f o r  #a+-K+-ATPase 

a c t i v i t y .  

Dead fish were r e m o v e d  f r o n  all t a n k s  w i t h o u t  r e p l a c e m e n t .  

I f  o r t a l i t i e s  o c c u r r e d  between o b s e r v a t i o n  p e r i o d s  (tg. pH 2 
m e a s u r e m e n t )  of t u o  t o  f o u r  h o u r s ,  w e i g h t s  a n d  fork lengths were 

.. 
st i l l  r e c o r d e d .  



- 

R 
I n  o r d e r  t o  e l u c i d a t e  t h e  g f f e c t s  o f  a c i d  exposu re  on - 

r *  

l i f e s t a g e  d e p e n d z n t  r e  b e t w e e n  p a r r e d  and m o l t e d  cpho 
. .  . 

salmon, t u o  g r o u p s  of 75 yearling p a r r s  (11.43 a O.Qg, 10.5 2 .- 

0.2ca), were chosen a t  random a n d  t o  water a t  pH 4.37 & 

- 
0.02 o r  pB 6.21 2 0.06  ( c o n t r o l )  00-L f i b e r g l a s s  t a n k s .  

T h e  l e n g t h  of e x p o s u r e ,  s a m p l i n g  p r o c e d u r e s  and s a m p ~ i n g  tises - 

cor responded  to those of Experiment I w i t h  t h e  e x c e p t i o n  of  t b e  

sample  size (n=8)  . Exposure  t o  low pH uas a g a i n  f o l l o w e d  b y  a  
- - - - - - --- - -- 

seawater c h a l l e n g e  t e s t  f o r  a l l  r e a a i n i n g  f i s h .  
I 
! 

/ 
# 

Bx~rh ia& L U  1Ysrhsbls  2 ; i ~ ~  a &lees_nre_~, %gh&g,19831 - 
i 

i 1 

T h i s  ; r p e r i m e n  t i n v e s t i g a t e d  the p o s s i b l e  sf f e c t s  of 

p r o n i c  ac id  e x p o s u r e  (21 a a l s )  in coho s a l m o n  smol t s .  Tuo 

g r o u p s  o f  200 &mol t s  from t h e  y e a r - c l a s s  a s  f i s h  i n  E x p e r i m e n t  

11, (11.05 2 0m2ge 11.05 9 0,lcm) , were: s l a i n t a i n e d  i n  t u o  BOO-L 

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

a c c l i m a t i o n ,  f i s h  i n  one t a n k  uere a c i d  s t r e s s e d  (pH 4 e 3 6  f 

0.07) and the o t h e r  tank s e r v e d  as t h e  c o n t r o l  (pH 6.21 2 0 . 0 2 ) .  

F i s h  'uere ma in t a ined  i n  t h e  two t q n k s  f o r  up t o  t h r e e  w e e k s .  

Sampling was performed on days 0, I ,  3, 7 ,  10 ,  1 4 ,  17  and 21. On 
- - -- - - - - - - 

d a y s  7 ,  14 a n d  21. g r o u p s  o f  4 8  f i s h  were removed a t  random from 
- - -- 7- 

each e x p e r i m e n t a l  t a n k  and  t r a n s f e r r e d  by n e t  t o  one  of  two 

800-L f i b e r g l a s s  tanKS c o n t a i n i n g  s e a w a t e r  f o r  a s e a w a t e r  



.' 
c h a l l e n g e  test. S a m p l i n g  p r o c e d u r e s  f o r $ f b l a o d ,  t i s s u e ,  a n d  

Q 
- - 

physiological p a r a r e t e r s  were t h e  saae as o u t l i n e d  a b o v e ,  except 
- - - - - - - 

that t h e  sample size *as n = 8  f i s h  p e s p t r e a t m s n t  ( $ c i a - s t r e s s e d  

a n d  c o n t r o l )  f o r  a l l  sampling periods except  c o n t r o l  f i s h  n=O o n  

d a y  17, n = 5  for day 21,  hour 7 a n d  h o u r 5 4 8  of t h e  f i n a l  seawater 
4 

. c h a l l e n g e  and n=O * f o r  hours 15 aad 25 a f  t h e  f i n a l  seawater 

c h a l l e n g e  tes t .  , 

Gill t i s s u e  HAS analysed f o r  H a 4 - K * - A T P a s e  a c t i ~ i t y - h f  the 
- 

m e t n o d  of Z a u g g  (1982). T h i s  m e t h o d  was u t i l i z e d  r a t h e r  t h a n  

m o r e  refined e n z y m e  e x t r a c t i o n  t e c h d i q u e s  d u e  t o  t h e  A 

a c c o m o d a t i o n  of a n  increased s a m p l e  s i z e  n o t  a f f o r d e d  by  o t h e r  

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

were s h o w n  n o t  t o  be necessary t o  e x a m i n e  t h e  relative effects 
- 

of a c i d  stress u p o n  g i l l  #a+-K+-ATPase i n  c o h o  s a l ~ o n .  

G i l l  s a m p l e s ,  frozen i n  h o m o g e n i z i n g  medium,  were t h a w e d  o n  

ice and h o m o g e n i z e d  a t  4C i n  a glass h o m o g e n i z e r  w i t h  a g r o a n d  

g l a s s  pestle p o u s r e d  by a n  e lectr ic  drill f o r  7 - 8 s t r o k e s  

( a p p r o x .  1 s t r o k e  p e r  s e c o n d ) ,  u n t i l  the f i l a a e n t s  were 

disinte- he h o m o g e n a t e  was t r a n s f o r e d  t o  a :12 X 7 5  mm - 

b o r o s i l i c a t e  tes t  tube. T h e  h o m o g e n i z e r  mortar w a s  r i n s e d  w i t h  1 

mI aouble  iiistilleZi uater ,  t h e  r i n s e  was tEn aaded *totbe test 



The d i l u t e d  h o m o g e n a t e  uas c e n t r i f u g e d  f o r  7 m i n u t e s  a t  2 - 
SC a t  2,OOOg i n  a 1 . E . C .  C e n t r i f u g e  ( H o d e l  PR-6) .  T h e  

-- - 

s u p e r n a t a n t  was d i s c a r d e d  f r o m  each t u b e  and  the t u b e s  i n v s r t e d  

t o  d r a i n .  The p e l l e t  i n  each t u b e  was r e s u s p e n d e d  i n  1 m l  of 

h o m o g e n i z i n g  l a e d i u a  c o n t a i n i n g  0.1 X (w/v)  s q i u m  d e o x p c b o l a t e  

( S i g m a ) .  T h i s  s u s p e n s i o n  was r e h o m o g e n i z e d  f o r  3 0  s t r o k e s  ( 3 0  

seconds) a n d  . c e n t r i f u g e d  as b e f o r e  b u t  f o r  6 m i n u t e s .  T h e  

s u p e r n a t a n t  of t h i s  c e n t r i f u g a t i o n  was t a k e n  t o  c o n t a i n  a 
I 

s u s p e n s i o n  of t b e  a i c r o s o t a a l -  f r a c t i o n  of the g i l l  e p i t h e l i a l  

c e l l  e n z y m e s  i n c l u d i n g  l a+ -K+-ATPase .  T h i s  e n z y m e  p r e p a r a t i o n  

was decanted and p l a c e d  on i c e .  

A l O O u l  a l i q u o t  was p i p e t t e d  i n t o  e a c h  o f  t w o  12  X 7 5  m m  

b o r o s i l i c a t e  test t u b e s  one c o n t a i n i n g  0.7mL i n c u b a t i o n  m e d i u m ,  

t h e  o t h e r  c o n t a i n i n g  medium a n d  t h e  N a + - K + - A T P a s e  s p e c i f i c  
i 

i n h i b i t o r  o u z i b a i n  (Oo42g/I . ,  1 mu) ; I n c u b a t i o n  n e d i u ~  c o n t a i n e d  

l 5 O m H  N a C 1 ,  25aM t l g ~ l 2 - 6 ~ 2 0 ,  75mM K C 1  a n d  1 1  5an imidazole  

b r o u g h t  t o  a f i n a l  pH of 7.0 by t h e  a d d i t i o n  o f  1 H HClo An 
I 

a l i q u o t  of e n z y m e  h o m o g e n a t e  was saved f o r  p r o t e i n  d e t e r a i n a t i o n  

by the m e t h o d  of A l b r o  (1975),. Enzyme a s s a r s  were c o n d u c t e d  i n  

d u p i i c a t e .  l a + - K + - A T P a s e  a c t i v i t y  was t h e  d i f f e r e n c e  i n  e n z y m e  

a c t l v i t y  b e t w e e n  mediua c o n t a i n i n g  n o  i n h i b i t o r  a n d  the medium 

c o n t a i n i n g  i n h i b i t o r  .' B ~ s i d u a l  ac t i r i t y  ( o u a b a i n  i n s e n s i t i v e )  

was t a k e n  ' t o  be ng*+-ATPase.  T o  each t u b e ,  a n d  a b l a n k  

c o n t a i n i n g .  no e n z y m e ,  I O U  u l  of 30nB v a n a d i u a - f  ree Kdenosine 

triphosphate (ATP) was added .  ATP r e a g e n t  was made by m i n g  

B a 2 A T P  ( S i g m a )  op t o  1 0  m l  w i t h  d o u b l e  d i s t i l l e d  water i n c l u d i n g  



l O O u l  5N l a O H  t o  a final pEI o f  7 .0 ,  A11 tubes were s h a k e n  t o  s i x  I 
t h e  c o n t e n t s  and placed i n  a 3?€ u&er b e t h  (Fisher  Persa-Battr) 

f o r  18 s i n u t e s  and shaken f o r  the f i r s t  m i n u t e .  T h e  t u b e s  were 

t h e n  iaaersed i n  i c e  vater w h e r e  t h e y  were s h a k e n  for o n e  m i n u t e  

t o  s t o p  the r e a c t i o n ,  A t  t h i s  p o i n t ,  250ul of 45% (w/v) 

t r i c h l o r o a c e t i c  acid were added t o  each t u b e  t o  p r e c i p i t a t e  

l a r g s r  p r o t e i n s .  A11 tubes u e r e  t h e n  c e n t r i f u g e d  a t  3 , 0 0 0 g  f o r  5 

e i n u t e s  t o  s e d i m e n t  p r e c i p i t a t e d  a e b r i s .  A 1 m 1  a l i q u o t  o f  t h e  

s u p e r n a t a n t  uas u s e d  fo r  i n o r g a n i c  p h o s p h a t e  d e t e r m i n a t i o n  by 

t h e  m e t h o d  of F i s k e  a n d  S u b a r r o w  ( 1 9 2 5 ) .  C o l o u r i a e t r i c  

d e t e r m i n a t i o n s  were p e r f o r m e d  a t  650 nm u s i n g  a Perkin-Elmer 

Coleman Hodel 55 s p e c t r o p h o t o m e t e r ~  Enzyme a c t i v i t y  was 

e x p r e s s e d  a s  t h e  micromoles o f  i n o r g a n i c  p h o s p h a t e  l i b e r a t e d  per, 

m i l l i g r a m  of p r o t e i n  per h o u r ,  (uA P i f a g  p r o t e i n / h )  . 

P l a s m a  was t a k e n  fros a c i d - e x p o s e d  and c o n t r o l  f i s h  f o r  

b o t h  t h e  f r r s t  waek aad t h e  f i r s t  s e a v a t e r  c h a l l e n g e  t e s t  o f  

Experiment I11 f o r  q u a n t i f i c a t i o n  o f  plasma g r o w t h  h o r m o n e ,  

a c c o r d i n g  t o  t h e  s e t h o d  described by Y a g n e r  (1984) . P l a s m a  was 

t h a ~ e d  o n  ice  a n d  l O u l  uere p i p e t t e d  i n t o  a 1 2  X 75 ma 

b o r o s i l i c a t e  test t u b e .  Duplicate o r  t r i p l i c a t e  assays were 

, p e r f o r m e d  o n  e a c h  f i s h s a m p l e d .  T o  each tube, 1 O O u l  o f  400 m l l  

p h o s p h a t e  buffer ( p B  7.0)  were a d d e d  along w i t h  c o h o  s a l m o n  

g r b u  t h  h o r m o n e - r a b b i t  a n t i b o d y  a n d  1251 l a b l e d  p u r i f i e d  c o h o  



s a l m o n  g r o w t h  h o r m o n e .  L i g a n d s  were i n c u b a t e d  2U h o u r s  a t  5~ a t  

w h i c h  time c j o a t - a n t i - r a d b i t  gamma y l o k u l l n  was a d d e d  t o  r e m o v e  
- - --- 

excess u n b o u n d  g r o w t h  h o r m o n e -  a n t i b o d y  f r a c t i o n s .  Q u a n t i f i c a t i o n  
1 

> s- + 
o f  1 2 5 1  for b o u n d  g r o u t h  h o r m o n e  was p e r f o r m e d  o n  a Bechman 

Gamma 4,000 gamma c c u n t e r  . U n i t s  of  q u a n t i f i c a t i o n  were 

e x p r e s s e d  a s  n a n o g r a m s  g r o u t h  h o r m o n e  p e r  a 1  of p l a s r a  ( n g / m l ) .  

S t a t  i s t i c a l  A n a l x s e s  -------- -- --- 

O n e  uay a n a l y s i s  of variance ( A H O V A )  1 a n d  t h e  S t u d e n t -  

# e u a a n - K e u l s  t e s t s  f o r  c u m p a r i s o n s  o f  B e a n s  were a p p l i e d  as 

a p p r o p r i a t e  t o  da t a  from Experiment I .  T h e  S t u d e n t  t - tes t  was 

u s e d  f o r  d a t a  collected i n  E x p e r i m e n t s  I1 a n d  111 f o r  

c o m p a r i s o n s  b e t w s e n  two t r e a t m e n t s .  C o m p a r i s o n s  o f  c r i t i c a l  

, values of c o r r e l a t i o n  were t e s t e d  f o r  s i g n i f i c a n c e  b y  v a l u e s  

r g p o r t e d  i n  Sellers (1 9 7 7 ) .  B a r t l e t t t s  test f o r  h o m o g e n e i t y  of 

v a r i a n c e s  was a l s o  a p p l i e d .  S i g n i f i c a n c e  was a c c e p t e d  a t  t h e  9 5 /  k 

p e r c e n t  level  (P<O.OS) , t h a t  is, " h i g h e r w ,  w l o w e r w  a n d  
---J 

W d i f f e r e n t w  designates s i g n i f i c a n t  d i f f e r e n c e s  ( P < 0 . 0 5 ) .  

------------------ 
1 A N O V A  tables f o r  E x p e r i w e n t  I Rag b e  found i n  A p p e n d i x  I 

t 



- T h e r e  u e r e  n o  d i f f e r e n c e s  i n  s a o l t  g i l l  Ha+-R+-ATPase i n  

f r e s h w a t e r  c a u s e d  b y  a c i d  e x p o s u r h  t o  low pH o r  d u r i n g  the 

seauater c h a l l e n g e  test o f  E x p e r i m e n t  I ( F i g u r e  2 ) .  E n z y m e  

a c t i v i t i e s  d i d  n o t  a p p e a r  t o  i n c r e a s e  u p o n  t r a n s f e r  t o  seawater  , 

c o m p a r e d  u i t h  the v a l u e s  o b t a i n e d  i n  f r e s h w a t e r .  G i l l  e n z y m e  

activity v a l u e s  were m u l t i p l i e d  by  t h e  p l a s r a a  Na+ c o n c e n t r a t i o n '  

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

g o v e r n i n g  ef fects  of la+ on  enzyme a c t i  . The r e s u l t  i s  a 

c u r v e  s i m i l a r  t o  t h a t  o b s e r v e d  f o r  ( F i g u r e  3) 

a n d  a lack of s i g n i f i c a n t  d i f f e r e n c e .  

Ha+-K+-ATPase s a l u e s  f o r  parrs i n  E x p e r i m e n t  11 ( F i g u r e  4)  
* 

were general17 o n e - h a l t  the m a g n i t u d e  of t h e  p r e v i o u s  e x p e r i m e n t  

i n v ~ l v i n g  smolts .  There vete n o  d i f f e r e n c e s  i n  g i l l  
7 

Ma+-K+-ATPase a c t i v i t i e s  i n  f r e s h w a t e r  b e  t w e e n  a c i d - e x p o s e d  f i s h  

and c o n t r o l  f i s h ,  e x c e p t  a a y  3 of a c i d  e x p o s u r e  where c o n t r o l  

levels were h i g h e r .  Enzyme l e v e l s  rose a f t e r  seawater  e n t r y  i n  

b o t h  t r e a t m e n t s  a s  c o m p a r e d  w i t h  f r e s h w a t e r  l e v e l s .  By h o u r  4 8  

of t h e  s e a L a t e r  c h a l l e n g e  t e s t ,  *gill Na+-i(+-ATPase a c t i v i t i e s  

w e r e  s i m i l a r  t o  f r e s h u a t e r  levels. 



Figure 2 :  Gi 11 Na+-K+-ATPase a c t i v i t i e s  (ua P i / m g  p r o t e i n / h )  

for coho salmon smolts undergoing 1 w e e k  o f  a c i d  

b exposure  a d a seawater challenge t e s t .  ' 

Bars are  2 SEM. 

Arrou d e n o t e s  e n t r y  into seawater. 
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F i g u r e  3: Gill Na+-K*-ATP ase a c t i v i t i e s  normalized for plavrrta 
* 

[Ha*] in coho salmon s a o l t s  undergo ing  1 week of 

acid exposure ana %seawater challenge test. 

Bars are i SEH. 

Arrow denotes entry into seawater. 





F i g u r e  4: Gill Ha+-g+-ATPase a c t i v i t i e s  (nu Pi/utg p r o t e i n / h )  

for c o h o  szlmon parrs u n d e r g o i n g  1 week of acid 

e x p o s u r e  and a seawater challenge test. 
I 

Bags are f SEn. 

Arrow denotes erjtry into seawater.  





I n  E x p e r i m e n t  111 c o n t r o l s  had  h i g h e r  . g i l l  Ha+-K+-ATPase 

e c t i v i t y  c o m p a r e d  w i t h  a c i d - s t r e s s e d  f i s h  o~ &j( I 4  ef -id 
C 

e x p o s u r e  ( F i g u r e  5). Enzyme a c t i v i t i e s  were l o v e r  i n  a l l  f i s h  

s a m p l e d  d u r i n g  seawater c h a l l e n g e  t e s t s  of E x p e r i m e n t  111 

c o m p a r e d  w i t h  d a t a  from t h e  t es t  i n  , ~ r ~ e r i m e n t  I. C o n t r o l s  

s a m p l e d  a t  h o u r  7 of t h e  s e c o n d  seawater c h a l l e n g e  t e s t  h a d  

. l o v e r  g i l l  #a+-K+-ATPase a c t i v i t y  . t h a n  f r e s h w a t e r  c o n t r o l s  

s a m p l e d  o n  d a y  14. T h e r e  were i n c r e a s e s  i n  g i l l  #a+-K+-ATPase 

a c t i v i t y  from h o u r  2 5  t o  h o u r  48 i n  c o n t c o l  f i s h  i n  t h e  s e c o n d  

s e a w a t e r  c h a l l e n g e  t e s t ,  A c i d - s t r e s s e d  f i s h  i n  t h e  t h i r d  
,- 

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

Ha+-K+-ATPase a c t i v i t y  by  h o u r  25 o f  s e a w a t e r  e x p o s u r e  t o  t h e  
- 

lowest l e v e l  o b s e r v e d  i n  t h i s  e x p e r i m e n t ,  T h e r e  was a n  i n c r e a s e  

i n  g Q l  #a+-K+-ATPase a c t i v i t y  t o  l e v e l s  e x h i b i t e d  by  c o n t r o l  
J 

f i s h  by 4 8 h  of s e a w a t e r  e x p o s u r e  i n  t h e  t h i r d  s e a w a t e r  c h a l l e n g e  
rC 

tes t ,  which may suggest t h e  ion r e g u l a t o r y  r e c o v e r y  of 

a c i d - s t r e s s e d  f i s h .  

After t h r e e  d a y s  of a c i d - e x p o s u r e  ( E x p e r i m e n t  I ) ,  f i s h  a t  

pH 4.5 h a d  lower plasma # a +  l e v e l s  t h a n  c o n t r o l  f i s h  (pH 6.2). 

T h e r e  were a l s o  d i f f e r e n c e s  b e t w e e n  f i s h  &f pH 5.1 a n d  t h o s e  of 

pH 5.5 a n d  6.2 ( F i g u r e  6 ) .  

U i t h i n  7 h o u r s  o f  s e a w a t e r  e x p o s u r e ,  f i s h  a t  a l l  pH l e v e l s  

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



f i g u r e  5: Gill N a + - K + - A T P a s e  activities (urn P i f n g  p r o t e i n / h r )  

for coho salmon saolts u n d e r g o i n g  I ,  2 or 3 weeks of 

a c i d  exposure and a seawater c h a l l e n g e  t e s t  a f t e r  1, . 
2 or 3 w e e k s  of acid exposure.  

Bars are r. SEU. 
+-' 

Arrows denote e try into seawater. i 
Thick l i n e s y d i c a t e  f r e s h w a t e r  values, thin lines i n d i c a t e  

seawater values. 
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Figure '  6 :  Plasaa [ H a + ]  

C w e e k  of a c i d  

Bars are 2 SEB. 

exposure and a seawater c h a l l e n g e  t e s t .  

C I 

Arrow denotes  e n t r y  i n t o  seawat-eer. 





w i t h  f r e s h w a t e r  v a l u e s .  No o t h e r  d i f f e r e n c e s  i n  p l a s m a  Na+ were 

o b s e r v e d .  

P a r r s  i n  Experiment 11 exposed t o  pH 4.4 showed l o v e r  

p l a s t l a  Ha+ l e v e l s  a i t e r  2 4 h  of acid e x p o s u r e  a s  c o m p a r e d  w i t h  

c o n t r o l  f i s h  ( F i g u r e  7 ) .  A c i d - e x p o s e d  fish c o n t i n u e d  t o  h a v e  

l o w e r  p l a s m a  bla+ levels t h r o u g h o u t  f r e s h w a t e r  acid e x p o s u r e .  

P l a s m a  Ha+ i n  c o n , t j o l  fish r e a a i n e d  u n c h a n g e d  from 1 6 0  f 5 m E q / L  

throughout f r e s h w a t e r  e x p e r i m e n t a t i o n ,  w h e r e a s  acid-exposed f i s h  

h a s  a d e p r e s s e d  p l a s m a  Ha+ of 133 + 1.7 m E q / L  o n  day 7 .  

i Upon e n t r y  i n t o  seawater, p l a s m a  l a +  l e v e l s  i n  p a r r s  

i n c r e a s e d  above f r e s h u a t e r  l e v e l s .  A c i d - e x p o s e d  f i s h  c o n t i n u e d  

t o  e x h i b i t  lower p lz i sma  H a +  t h a n  c o n t r o l  f i s h  7 h o u r s  a f t e r  

e n t r y  i n t o  seawater , t u t  were n o t  d i f f e r e n t  t h e r e a f t e r .  T h e  

g e n e r a l  t r e n d  of i n c r e a s e d  p l a s m a  Na+ l e v e l s  d u r i n q  t h e  seawater 

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

( F i g u r e  2 ) .  

I n  E x p e r i m e n t  111 ( F i g u r e  a ) ,  p l a s m a  # a +  l e v e l s  i n  smolts 

were h i g h e r  i n  control f i s h  o n  days 7, 1 0  a n d  1 4  of 

a c i d - e x p o s u r e .  By  d a y  2 1 ,  t h e r e  uas n o  d i f f e r e n c e  i n  p l a s m a  Na+ 

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

D u r i n g  seawater challenge t es t s  i n  Experiment 111, c o n t r o l  

f i s h  h a d  h i g h e r  p l a s a a  Bat l e v e l s  a t  h o u r  7 of  t h e  f i r s t  

seawater c h a l l e n g e  t e s t  and hour 1 5  of t h e  s e c o n d  seawatex 

c h a l l e n g e  test. C o n v e r s e l y ,  p r e v i o u s l y  acid-exposed f f s h  

u n d e r w i n g  seawater c h a l l e n g e  tests e x h i b i t e d  h i p h e r  plasma Na+ 



F i g u r e  7: ~ l a s a a  [ ~ a +  J (aEq/l) o f  coho salmon p a r r s  u n d e r g o i n g  

1 w e e k  of a c i d  e x p o s u r e  and a seawater c h a l l e n g e :  

test. 

Bars are 2 S E H .  

Arrow d e n o t e s  entry into seawater. 
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A 

F i g u r e  8: Plasma [ @a+ j ' ( m E q / l )  of coho salmon smolts  

u n d e r g o i n g  1 ,  2 or 3 weeks of ac id  exposure  and a 

seawater c h a l l e n g e  t e s t  a f t e r  1 ,  2 o r  3 weeks of 

a c i d  exposure.  

Bars are SEH.  

Arrows denote e n t r y  i n t o  seawater.  

S o l i d  lines indicate f r e s h w a t e r  v a l u e s ,  broken l i n e s  indicate 
P, 

s e a u a t k r  values. ' 





l e v e l s  t h a n  c o n t r o l s  a t  h o u r  I5 o f  t h e  f i r s t  seawater c h a l l e n g e  

t e s t  a n d  h o u r s  7 and 4 8  of t h e  t h i r d  seawater c h a l l e n g e  test. 7 - - 

f . . 
T h e  phenomenon of e lere tad  plasma Ha+ l e v a l s  u p o n  s e a w a t e r  e n t r ~  

i n  this e x p e r i m e n t  e x h s b i t e d  during a l l  s e a u a t e r  c h a l l e n g e  t e s t  

of uas similar t o  p r e i i o u s  e x p e r i m e n t a l  r e s u l t s  o f  t h i s  s t u d y .  

l ia~aUs&Us. - 

I n  E x p e r i m e n t  I ,  o n e  d i f f e r e n c e  i n  h e a a t o c r i t s  was observed 

b e t u a e n  a c i d - e x p o s e d  s a o l t s  (pH 4.5) a n d  c o n t r o l  fish ( F i g u r e  

9) . D u r i n g  h o u r  15  of t h g  seawater c h a l l e n g e  t e s t ,  p r e v i o u s l y  

acid-exposed f i s h  h a d  h i g h e r  h e m a t o c r i t s  t h a t  c o n t r o l  f is3. Ro 

o t h e r  d i f f e r e n c e s  i n  f r e s h w a t e r  o r  seawater mere r e c o r d e d  . i n  

t h i s  e x p e r i m e n t ) \  

D u r i n g  E x p e r i m e n t  11, h e m a t o c r i t s  of a c i d - e x p o s e d  p p r r s  

were e l e v a t e d  a b o v e  "Lose  o f  c o n t r o l  fish 24h a f t e r  t h e - o ' n s e t  of 

a c i d - e x p o s u r e  ( F i g u r e  10) .  ~ a m a t o c ' r i t s  of a c i d - e x p o s e d  f i s h  

r e a a i n e d  h i g h e r  t h a n  c o n t r o l s  u n t i l  t h e y  became l o v e r  t h a n '  

c o n t r o l  f i s h  h a a a t o c r i t s  a t  h o u r s  25  a n d  4 8  o f  s e a u a t e r  

e x p o s u r e .  

I n  E x p e r i m e n t  111, smol ts  xposed t o  a c i d  ' h a d  h e m a t o c r i t s  

l o w z r  t h a n  those .of c o n t r o l  f i s h  d u r i n g  t h e  second a n d  t h i r d  

s e a u a t e r  c h a l l e n g e  t e s t  a t  h o u r s  48 a n d  7 respectively ( F i g u r e  

1 1 ) .  No o t h e r  differences i n  h e a a t o c r i t  were o b s e r v e d  i n  

E x p e r i m e n t  111. 



F i g u r e  9: Hematocrits of'coho salmon smolts undergoing 1 week 
Y 

of acid exposure and a seawater challenge t e s t .  

"Bars are 2 SEf l .  

Arrow denotes entry into seawater. 
>, 

PCY=packed  cell volume. 
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F i g u r e  10. Heaatocrits cf coho salmon parrs undergoing' 1 w e e k  

of acid e x p o s u r e  and a seawater challenge test, 

Bars are ,+ SErl, " 
i 

Arrow denote s  entry into seawater,  

PCY =packed cell wolune. ,zd 





F i g u r e  1 1  : Heaatocrits o f  coho salmon smolts un3ergoing 1 ,  2 or .. 
3 weeks of acid erposure a n d  a seawater c h a l l e n g e  

a- 

test  after 1 ,  2 or 3 w e e k s  of acid exposure .  
- 

Arrows d e n o t e  e n t r y  i n  t o  seawater. 

PCV=packed cel l  v o l u m e .  I 

t 
,. C 

Thick l i n e s  i n d i c a t e  f r e s h v  a t e r  v a l u e s ;  t h i n  lines i n d i c a t e  

,seauater v a l u e s .  

+ i n d i c a t e s  significant difference (P10.05). 





&g&g&&t ies 

Fish d e a t h s  fros E x p e r i m e n t  I ( s r o l t s )  add E x p e r i m e n t  I1 - 
7* * 

( p a r r s )  'were too  f e u  i n  n u m b e r  f o r  s t a t i s t i c a l  a n a l y s i s .  

E x p e r i m e n t  I h a d  n o  c o n t r o l  fish d e a t h s ,  f o u r  d e a t h s  of f i s h  , - .  
4 '. 
h e l a  a t  pH 5.1 , a n d  cnei f i s h  d e a t h  a t  pH 4.5 e x p a s e d  fish at 

h o u r  25  of t h e  s e a u a t e r  cttaf lenge t e s t .  E x p e r i m e n t  11 h a d  o n e  
0 

.oktality i n  acid-strefmad f i s h  a t  h o u r  25  o f  t h e  seawater 

c h a l l e n g e  tes t ,  

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

- a c i d - e x p o s e d  f is& =n E r p ~ r i a e n t  T f f  =re shown f n Tati3.e 1. m e  - - 

n u s r , e r  of deaths a t t r i b u t e d  t o  a c i d  e x p o s u r e  k a s  1 4 ,  c o m p a r e d  

w i t h  4 d e a t h s  o b s e r v e d  i n  c o n t r o l  p o p u l a t i o n s  d o r i n g  t h e  21 d a y  

p e r i o d  of f r e s h w a t e r  e x ~ ; e r i i u e n t a t i o n .  The p e r i o d  of 7 - 14  days 
I 

of a c i d  exposnre ,  was o b s e ~ v e d  t o  c o n t a i n  t h e  h i g h e s t  nomber o f  

a c i d - r e l a t e d  mor ta l i t i e s .  
- c 

I n  E x p e r i m e n t  I ,  t h e r e  were m o r e  a c i d - s t r e s s e d  f i s h  

deaths d a r i n g  t h e  f i r s t  s e a u a t e r  c h a l l e n g e  test (16% v s .  6% of 
* 

c o n t r o i  f i s h )  and the t h i r d  seawater c h a l l e n g e  test (U9% of 

: acid-stressed f i s h  vs. 25% of c o n t r o l  f i s h )  , (Table 11) . ! T h e r e  ' 
% 

v e r a  n o  a p p q r e n t  d i f f e r e n c e s  i n  mor ta l i t i e s  o n  t h e  b a s e s  of pH 

t r e a t u e n t  d u r i n g  t h e  second seawater c h a l l e n g e  test. The 

o b s e r v e d  deaths o f  acid-stressed f i s h  i n  seawater a p p e a r  t o  
- - -- - - - -- 

increase a f t e r  25h of seawater e x p o s u r e .  As l e n g t h  of a c i d  
- - - - - -- 

e x p o s u r e  p r i o r  t o  seauater e n t r y  i n c r e a s e d  (7,  1 4  o r  21 days) , 



Tab1 e I : Percent cunu!at ive  mortalit), of coho- salmon smo its 

after 21 days of axpasuse to Haters of U s -  pH--srAment 

111) V 

D a y  of P e r c e n t  Day of - P e r c e n t  

M o r t a l i t y  Cumulative Hortal i ty  C u m a l a t i v e  

1 4  1 8 m 1  

1 9  1 9 e 4  

n = 7 2  f i s h  exposed n = 5 1  f i s h  exposed 
5 



Tablz XI: Percent cumulative mortality of  coho salmon s a o l t s  
- - 

undergoing seawater challenge t e s t s  af ter  7 ,  14  a n d  21 days  
- 

exposure to waters of d i f f e r e n t  pH ( E x p e r i a e n t  IfI). 

a first seawater challenge test 

b s e c o n d  seawater challenge test  

c t h i r d  seavater c h a l l e n g e  test 

T i m e  o f  recorded X cum. T i m e  of recor3ed X cum. 

mortal i ty  a o r t a l i t y  morta l i ty  

SU La Hour 7 7 

1 5  - 
25 - 

n=32 fish sampled 

SUIXb Hour 7 3 

I 1 5  9 

2 5 2 5 

n=32 fish sampled 

SYIXIc Hour 7 3 

1 5  6 

25 

48 

n = 6 5  f i s h  sampled 

SYI Hour 7 3 

15 

25 

48  6 

n=32 f i s h  sampled 

SUII  Hour 7 

15  11 

25 1 9  

48 . 25 

n=28 f i s h  sampled 

SYIII  Hour 7, 

15 -- -- - 

25 - - - - 

48 25 

n=12 f i s h  s a ~ p l e d  



mortalities of a c i d - s t r e s s e d  f i s h  a p p e a r e d  t o  increase, w h e r e a s  

c o n t r o l  mortalit ies were n o t  a b o v e  25%. 

L e n g t h  a n d  w e i g h t  were e x a e i n e d . . a n d  c o m p a r e d  among d e a d  

f i s n  a n d  f i s h  t h a t  s u r v i v e d  2 1  d a y s  of -&id exposure ( F i g u r e  

1 2 ) ,  t o  d e t e r m i n e  i f  f i s h  s i z e  w a s  cor re la ted  t o  m o r t a l i t y  a m o n g ,  

a c i 5 - e x p o s e d  f i s h .  L e n g t h  and w e i g h t  of acid-stressed 

m o r t a l i t i e s  i n  e a c h  seawater c h a l l e n g e  t e s t  were l i k e w i s e  

c o m p & e d  w i t h  a c i d - s t r e s s e d  f i s h  t h a t  s u r v i v e d  2 5 h  o i  seawater 

exposure.  

After 21 days-of acid e x p o s u r e ,  s u r v i v i n g  f i s h  u e r e  g r e a t e r  

i n  l e n g t h  a n d  w e i g h t  t h a n  fish t h a t  d i e d .  T h e r e  was no s i z e  

d i f f 9 r e n c e  b e t w e e n  s u r v i v i n g  and dead f i s h  d u r i n g  t h e  first 

seawater challenge test (Figure 1 2 )  , w h i c h  coincided w i t h '  t h e  

least a m o u n t  of  morta l1  t i e s  o b s e r v e d  i n  seawater ( T a b l s  11) . 
H o u e v e r ,  d u r i n g  t h e  seawater c h a l l e n g e  test  a t t e r  1 4  d a y s  of 

a c i d  exposure, s u r v i v i n g  f i s h  were g r e a t e r  i n  l e n g t h  a n d  weight 
4 

than f i s h  t h a t  d i e d  (Figure 1 2 ) .  I n  t h e  t h i r d  seawater c h a l l e n g e  

t e s t ,  l e n g t h s  a n d  w e i g h t s  u e r e  a l s o  g r e a e r  i n  s u r v i v i n g  f i s h  
1 

than i n  f i s h  t h a t  d i e d .  T h u s ,  t h e r e  was a s i z e  s e l e c t i v e  

m o r t a l i t y  t h a t  i n c r e a s e d  w i t h  i n c r e a s i n g  l e n g t h '  o f  a c i d  e x p o s u r e  
- 

p r i o r  t o  seavaten  e n t r y .  
* 

T h e  a p p a r e n t  s i z e - d e ~ e n d e n t  s u r v i v a l  after acid e x p o s n r e ,  - d -. 
..- + -5- 

was f u r t h e r  i n v e s t i g a t e d  t o  d e t e r m i n e  i f  i t  was cor re la ted  w i t h  

s o m e  o f  t h e  o t h e r  p a r a m e t e r s  m e a s u r e d .  C o r r e l a t i o n  a n a l f  ses were 



F i g u r e  12:  Average  " e i g h t  and length (fSLU) of c o h o  salmon 

s tao l t s .  -< t h a t  died ( h a t c h e d  bars) or s u r v i v e d  (solid 

bars) 21 d a y s  of a c i d  exposure or seawater cha l l enge  

t e s t s  after one (SYI) , two (SYII) or three (SUIII)'  

weefts of a c i d  exposure . '  Sample  s i z e  appears i n  





c o n d u c t e d  f o r :  w e i g h t  v s .  g i l l  Ha+-K*-ATPase  a c t i v i t y ,  w e i g h t  

vs. plasma #a+ a n d  g i l l .  N a + - K + - A T P a s e  a c t i v i t y  vs. p l a s a a  Na+. 

Values for  21 day a c i d  e x d o s u r e  a n d  e a c h  s e a u a t e r  c h a l l e n g e  t e s t  

were e x a m i n e d  f o r  , s u r v i v i n g  f i s h .  T a b l e  I11 s u m m a r i z e s  t h e  

e g r e s s i o n  e q u a t i o n s  and c o r r e l a t i o n  c o e f f i c i e n t s  o f  t h e s e  

tests. 

D u r i n g  ac id  exposure,  g i l l  #a+-K+-ATPase a c t i v i t y  was 

c o r r e l a t e d  w i t h  p l a s m a  Na+ levels  a f te r  7 a n d  1 4  days of  a c id  

exposure (Table 111). The o n l y  a t h e r  r e l a t i o n  b e t w e e n  g i l l  

# a + - # + - A T P a s e  a c t i v i t y  a n d  plasaa l a +  uas d u r i n g  t h e  s e c o n a  

seawater c h a l l e n g e  test. 

P l a s m a  Ha+ was f o u n d  t o  be re la ted  t o  w e i g h t  i n  f r e s h w a t e r  ' 

a f t e r  21 days o f  a c i d  exposure a n d  a g a i n  d u r i n g  t h e  t h i r d  

seawater c h a l l e n g e  t e s t .  - a 
G i l l  Ha+-K+-ATPase a c t i v i t y  was n o t  u e i g h t  r e l a t e d  i n  

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

c o e f  f i c e n t  (r<0.51) a p ~ r o a c h e d  s i g n i f i c a n c e .  G i l l  Na+-K+-ATPase 

was u e i g h t  re lated i n  t h e  t h i r d  seawater c h a l l e n g e  t e s t .  S imi la r  

c o r r e l a t i o n  a n a l y s e s  were performed f o r  t h e  same p a r a m e t e r s  f o r  
- - 

f i s h  u n d e r g o i n g  seawater c h a l l e n g e  test  i n  E x p e r i m e n t  111 ( T a b l e  

IV). w e i g h t  was o b s e r v e d  t o  b e a  related t o  g i l l  N a + - K + - A T P a s e  

a c t i v i t y  and p l a s a a  l a +  c o n c e n t r a t i o n  d u r i n g  t h e  t h i r d  seawater 

c h a l l e n g e  test. G i l l  Y a + - K + - A T P a s e  a c t i v i t y  was o b s e r v e d  t o  be 

relqted t o  p l a s m a  Ha+ c o n c e n t r a t i o n  d u r i n g  t h e  second s e a v a t e r  
-- 

c h a l l e n g e  t e s t .  



T a b l e  111: Line equations for  re la t ions  -between gill 
1 
t 

#a+-K+-ATPase a c t i v i t y ,  plasma l a +  concentration and body 'uef ght 

for  coho smolts  after 7 ,  14 and 21 days of acid-exposure (pH 

E x p e r i m e n t  111) . 
U t e  vs 

Na+-K+-ATPase 

A c t i v i t y  

Y t .  vs 

Plasma [ Na+ ] 

a r =  correlat ion c o e f f i c i e n t  

a =  s l o p e  ' . 

n =  in tercept  

#a+-&+-AT Pase 

Act iv i ty  v s  
% 

C 
Plasma [ #a+ ] 

=: denotes s i g n i f i c a n t  (PL0.05) regression coeff icf ent . 



Table 11: L i n e  e q u a t i o n s  for  r e l a t i o n s  b e t w e e n  g i l l  

~ a + - l [ + - ~ i ~ a s e  a c t i v i t y ;  g la sma  Ya+ c o n c e n t  a t  ion  and body weight "\ 
for  coho smol t s  u n d e r g o i n g  seawater c h a l l e n g e  tests af ter  7 ,  1 4  

and 21 d a y s  of  acid-exposure (pH 4.4, E x p e r i m e n t  111) . 
Y t .  vs 

# a + - K + - A T P a s e  

A c t i v i t y  

-0 .33  

-0.09 

2.70 

-0 .04  

-0.01 . 
1 .99 

- 0 , 7 9 4  

-0.04 

1 4>2m05 

a f i t s t  s e a w a t e r  challenge 

W t .  v s  Y a+-K*-ATPase P 

Plabsaa f Ha* J A c t i v i t y  v s  

b s e c o n d  seawater challenge test 

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

d r =  c o r ~ e l a t i o n  c o e f f i c i e n t  

a= s l o p e  

b =  i n t e r c e p t  

P l a s a a  [ Ha,+ ] 

. 0 - 0 7  

1 * Q l  

181.9 . 

' -0 .76s 

-13.4 

200.8 

0.49 

5.73 

166.5 

d e n o t e s  s i g n i f i c a n t  ( P i O . 0 5 )  r e g r e s s i o n  c o e f f i c i e n t  



Plasma g r o w t h  n o r m o n e  (GH) levels o f  a c i d - s t r e s s e d  c o h o  

s a o l t s  i n  E x p e r i m e n t  111 were h i g h e r  t h a n  c o n t r o l s  by d a y  3 o f  

a c i d  e x p o s u r e  ( F i g u r e  1 3 ) .  O n  d a y  7 of a c i d  e x p o s u r e ,  

a c i d - s t r e s s e d  f i s h  h a d  h i g h e r  p l a s m a  G H  levels (146 24.3 

P 1 )  t h a n  c o n t r o l s ,  whose l e v e l s  d i d  n o t  change i n  f r e s h u a t e r  

( r a n g e  85.2  ,+ 10.0 t o  94 +, 10 .0  n q l m l ) .  

Upon e n t r y  i n t o  seawater, p l a s m a  G B  l e v e l s  i n  all f i s h ,  

d r o p p e d  t o  10% of c o n t r o l  l e v e l s .  B t  7 o f  t h e  seawater 

c h a l l e n g e  test, p r e v i o u s l y  h a d  lower p l a s m a  6 H  

levels t h a n  c o n t r o l  f i s h .  Yo s u b s e q u e n t  difference i n  plasma GH 

between ac id-s t ressed  fish a n d  c o n t r o l  f i s h  i n  seawater were 

o b s e r v e d .  Plasma GH levels i n  a l l  f i s h  i n c r e a s e d  d u r i n g  s e a u a t e r  
/ 

e x p o s u r e  f r o m  h o u r  7 v a l u e s ,  u i t h  a n  i n c r e a s e  b e t w e e n  h o u r s  25 

a n d  48 of s e a u a t e r  exposure.  T h i s  i n c r e a s e  i n  p l a s m a  G H  was a n  
- 

a p p r  o u i a a t e l y  . 5 . 6  f o l d  i n c r e a s e  f r o a  f r e s h w a t e r  c o n t r o l s  l e v e l s .  

Purified c o h o  s a l ~ o n  G H  was a p p l i e d  t o  enzyme p r e p a r a t i o d s  

t o 3  d e t e r m i n e  i f  d i r e c t  s t i m u l a t i o n  of  enzyme a c t i v i t y  c o u l d  b e  

detected.  I n c r e a s e d  enzyme a c t i v i t y  u a s  n o t  o b s e r v e d  o v e r  t h e  

1 r a n g e  of  growth h o r m o n e  c o n c e n t r a t i o n s  tested (0,  5, l o ,  20 ,  40,  

a n d  80 n g / a l ) .  



Figure 13: Plasma growth hormone (nglml) of coho salmon smolts 

(Experiment 111) undergoing one . week of 

acid-exposure and a seavater c h a l l e n g e  test. 

Bars are + SEW. 

Arrow d e n o t e s  e n t r y  i n t o  seawater.  
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A c i d - e x p o s u r e  of swolts t o  a r a n g e  o f  pH t r e a t m e n t s  (pH 

4.5, 5.1, 5.5 a n d  6.2) d i d  n o t  s h o w  a d i rect  effect of acid 

c o n c e n t r a t i o n  ' i n  r e l a t i o n  t a f l e n z y m e  a c t i v i t y .  C o n s e q u e n t l y ,  

s u b s e q u e n t  e x p e r i m e n t a t i o n  ( E x p e r i m e n t  111) i n v o l v e d  a n  

increased s a m p l e  size ( n = 8 )  , p r o l o n g e d  a c i d  e x p o s u r e  l e n g t h  ( u p  

t o  21 d a y s )  a n d  t u o  pH t r e a t m e n t s  (pH 4.4 a n d  6.3) w h i c h  

r e p r e s e n t e d  the u p p e r  a n d  lower limits tested i n  E x p e r i m e n t  I. 

F i s h  exposed t o  ph' 4.4 ( E x p e r i a e n t  111) s h o w e d  a d e p r e s s e d  

gill Na+-h+-ATPase  a c t i v i t y  1 4  days a f t e r  a c i d - e x p o s u r e  ( F i g u r e  

5) . S i m i l a r  s t u d i e s  u i t h  h l t a ' n t i c  s a l m o n  fS_a_Lhag s a l a r )  have 

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

enzymes ( S a u n d e r s  f& p&, 1983).  This i n h i b i t o r y  effect u a s  f o u n d  

t o  b e  r e l a t ed  t o  l e n g t h  o f  e x p o s u r e .  I n  t h e i r  i n v e s t i g a t i o n s ,  

S a u n d e r s  gL $1. (1963) e x p o s e d  h t l a n t i c  s a l m o n  (n=sOO) t o  

a c i d i f i e d  uater (pH 4.3) f r o a  January t o  June. Durind  t h i s  

e x p o s u r e  p e r i o d ,  acio-stressed f i s h  were lower  i n  g i l l  

Pa+- i l+ -ATPase  a c t i v i t y .  I t  is p o s s i b l e  t h a t  a maximam exposure 

p e r i o d  of 21 bays uae  n o t  l o n g  e n o u g h  t o  elicit e n z F m e  

i n h i b i t i o n  i n  a l l  acid-stressed f i s h .  A o u e v e r ,  e n z y m e  a c t i v i t y  

l e v e l s  o n  d a y  10 of a c i d  e x p o s u r e  i n d i c a t e  t h a t  i n h i b i t i o n  of 



the e n z x r t e  o c c u r r e d  r e g a r d l e s s  of e x p o s u r e  l e n g t 4 .  Wide- 

d i f  f ereaces i n  enzjne a c t i v i t y  between ~rantral-anb_a-L---- 
0 

f i s h  o n  d a y  10 of t h e  e x ~ e r i m e n t  c o r r e s p o n d e d  t o  t h e  p e r i o d  of 

greastest a o r t a l i t y  (Tab le  11) .- T h i s  may i m p l y  t h a t  f i s h  u i t h o u t  

h i g h  g i l l  Ha+-K+-ATPase a c t i v i t y  may b e  s e l e c t i v e l y  r e m o v e d  from 

the p o p u l a t i o n .  

I n  a l l  s e a u a t e r  c h a l l e n g e  t e s t s  of E x p e r i m e n t  111, g i l l  

Na+-K+-ATPase a c t i v i t y  was lower t h a n  f r e s h w a t e r  c o n t r o l  v a l u e s  

f o r  a t  l e a s t  2 5 h  of s e a w a t e r  e x p o s u r e  ( F i g u r e  5 ) .  I f  a c i d  

e x p o s u r e  c a u s e s  reduced e n z y m e  a c t i v i t y ,  a n d  e n z y m e  a c t i v i t i e s  
4 

- 

b e c r e a s e  a r t e r  2 5 h  o f  s e a w a t e r  e x p o s u r e  t o  l e v e l s  n o t  u n l i k e  

a c i d - e x p o s e d  l e v e l s ,  i t  may b e  i n p l i e d  t h a t  2 5 h  of s e a w a t e r  

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

o b s e r v a t i o n  t h a t  p l a sma  Na* l e v e l s  of f i s h  u n d e r g o i n g  seawater 

c h a l l e n g e  t e s t s  i n  E x p e r i a e n t  I11 were h A g h e s t  when g i l l  e n z y m e  

a c t i v i t i e s  were lowest .  O t h e r  s t u d i e s  have  i n d i c a t e d  t h a t  f u f Z  

i o n o r e g u l a t o r y  a b i l i t y  i s  n o t  . o b t a i n e d  i n  smolts u n t i l  2 5 h  af ter  

e n t r r  i n t o  s e a u a t e r ,  ( C l a r k e  a n d  B l a c k b u r n  1977 ,  B o e u f  gg 51. 

1 9 7 6 ) .  T h i s  may i n d i c a t e  a e e r i o d  of e n z y m e  response t o  e x t e r n a l  , 
I 

a\  s a l i n i t y .  D u r i n g  t h e  s e c o n d  a n d  t h i r d  seawater c h a l l e n g e  tests 
'v 

( E x p e r i m e n t  111) , t h e r e  were i n c r e a s e s  i n  e n z y m e  a c t i v i t y  i n  a l l  

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

T h e  - .  p e r i o d  of -- - r e l a t i v e  e n z y m e  - i n a c t i w i t l  - - - - - - - - -- a n d  -- i n c r e a s e d  

plasma--#&+ s u b s e q u e n t  t o  e n t r y  i n t o  seawater has i a p l i c a t i o n s  t o  
-- - --- 

'' changes i n  ce l l  m o r p h o l o g h y  a n d / o r  ce l l  f u n t i o n  ( P h i l - p o t t  1980) .  

These c h a n g e s  a p p e a r  t o  be i n d e p e n d e n t  of, acid e x p o s u r e  p r i o r  t o  



e n t r y  i n t o  seawater. ~ x a m i n  a t i o n  of t h e  p r i n c i p l e s  i n v o l v e d  i n  

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

a m b i e n t  salinity. .f 

The g i l l s  of f r e s h w a t e r  te leost  h a v e  ' c h l o r i d e  c e l l s u  which 

h a v e  as o n &  of t h e i r  i o n o r a g u l a t c r y  f u n c t i o n s ,  t h e  a b i l i t y  t o  

a c q u i r e  a m b i e n t  Ha+. External i o n  a c q u i s i t i o n  is t h o u g h t  t o  be . - * 

a n  e n z y m e  mediated c o t s a n s p o r t  o r  c o d i f f u s i o n  of i n t r a c e l l u l a r  

H+ o r  #84+ fo r  e x t r a c e l l a l a r  8a+ w h i c h  takes p l a c e  a t  t h e  apical' 

, m e m b r a n e  or t h e s e  cells ( C l a i r b o r n e  t& a. 1982)'. The j[Eil+/H+ o r  - 
I e 

a c q u i r i n g  e x t r a c e l l u l a r  Wa+ i n  e x c h a n g e  f o r  m e t a b o l i c  

, b y - p r o d u c t ; .  ~ o n c u r r e n t l ~ ,  t o  p r e v e n t  p a s s i v e  d i f f u s i o n  o f  Ha+ 

b a c k  into the e r t e ; n a l  mgdium,  Ma+-R+-ATPasa, loca ted  o n  t h e  

1 p l a s a a l e m m a  t u b u l e  s y s t e m  (SS) of t h e  b a s o l a t e r a l  m e m b r a n e ,  J 

u n d e r g o e s  a c o u n t e r  i o n  exchange of e x t r a c e l k u l a r  K +  t o  r e m o v e  
e - - - - - - - - - - - - - -  - -  - 

la+ from t h e  c e l l  t o  t h e  p l a s m a .  I f  c e l l u l a r  g+ b b c o n e s  t o o  
' I 

h i g h ,  K+ readily d i f f u s s e s  back i n t o  t h e  p l a s m a  or i n t r a c e l l u l a r  

spaces (Uaetz a n d  ~ a r c i a  Bolaeu 1964,  " E v a n s  e_g '1982, 

K i r s c h n e r  lY83, ) .  

D u r i n g  e n t r y  i n t o  seawater, t h e  d i r e c t i o n  of Na+ m o v e m e n t  

is rerersed. As a a b i e n t  s a l i n i t y  i n c r e a s e s ,  Pa* i n f l u x  

i n c r e a s e s ,  w h e r e b y  t h e r e  i s  a n  i n c r e a s e d  m o v e m e n t  of Ha+ t o  the 
- - - -- - - -- -- -- -- -- - 

plasma (Clarke a n d  B l a c k b u r n  1977)-FpDDring e x p o s u r e  of t h e  

p e r m e a t i o n  of the cel l  by t h e  t u b u l a r  s y s t e m .  T h i s  i n c r e a s e s  t h e  



- 
c e l l  s u r f a c e  area r e l a t i v e  t o  its v o l u m e  a n d  p r e s u m a b l y  b r i n g s  

& 

the a e n b r a n e  b o u n d  #a+-K+-ATPase i n  c l o s e r  p r o x i m i t y  t o  e n e r g y  
- -  - - - 

s o u r c e s  s u c h  as m i t o c h o n d r i a  ( P h i l p o t t  1 9 8 0 ) .  T h e  t i n e  c o u r s e  of 

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

t u b u l a r  system c o r r e s p o n d s  t o  t h e  time c o u r s e  of #a+-K+-ATPase 

a c t i v i t y  e l e r a t i o n  which is p r e c e e d e d  by i n c r e a s e d  p r o l i f e r a t i o n  

of m i t o c h o n d r i a  ( P h i l p o t t  l98O), The end r e s u l t  i s  i n c r e a s e d  

e n z y m a t i c  a c t i v i t y  t o  p r ~ s u m a b l y  r a g u l a t e  t h e  i n c r e a s i n g  d e a a n d s  . 
of i o n  t r a n s p o r t  i n  seawater,  This may reflect t h e .  p e r i o d  of 

I 

e n z y m e -  i n a c t i v i t y  e x h i b i t e d  by fish i n  E x p e r i m e n t  111. 

---Na+-K+-ATPase i n  E m g & g g  & t e s h _ i t g g  a p p e a r e d  t o  be i d e n t i c a l ,  
* 

d u r i n g  e x p o s u r e  t o  either f r e s h  o r  seawater,  i n d i c a t i n g  t h a t  t h e  

same enzyme was ussd i n  Xa+ a c q u i s i t i o n  i n  f r e s h w a t e r  a n d  Na+ 

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

. i l a + - K + - A T P a s e  as a regulator of p i a s m a  Ha+ c o n c e n t r a t i o n  has 
- - - -  -- - 

c h a n g e d .  T h e  model p r o p o s e d  by S i l v a  e t  g&. ( 1 9 7 7 )  and  K a r n a c k y  
I 

(1 9 0 ) ,  i n v o l v e s  c a r r i e r  mediated t r a n s p o r t  of Na+ a n d  C1' 
c 

across  t h e  b a s o l a t e r a l  m e m b r a n e  from. t h e  p l h s n a  t o  t h e  c e l l  

G i n t e r i o r .  A h i g h  i n  t r a c e l ' l u l a r  C1-  c o n c e n t  r a t i o n  f a v o u r s  

d i f f u s i o n  of CI- t o  t h e  less e l e c t s o n e g a t i v e  a m b i e n t  s e a u a t e r .  

Ha+ i n s i d e  t h e  c h l o r i d e  ce l l  i s  t h e n  t r a n s p o r t e d  v i a  

Ha+- I+ -ATPase  t o  e x t r a c e l l u l a r  spaces and i n t o  a c c e s s o r y  ce l l s  
- - - - - --- -- - - - - 

i n  e x c h a n g e  f o r  K + =  High Ba+ c o n c e n t r a t i o n s  i n  i n t r a c e l l u l a r  

spacgs an-& i n  a c c e s ~ c e l l s w o a l d  f a v o u r  t h e  passive d i f f u s i o n  

o f  Ua+ t o  t h e  o u t s i d e  s e a u a t e r -  T h u s ,  responses t o  seawater 



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

c e l l  m o r p h o l o g i c a L  changes t h a t  u o o l d  a i d  i n  t h e '  e s t a b l i s h m e n t  
-- - 

o f  the a b o v e  i s  response t o  i n c r e a s i n g  a m b i e n t  s a l i n i t y .  From 

o b s e r v a t i o n s  of E x p e r i m e n t  ( I I X ) ,  it may be c o n c l u d e d  t h a t  

a c i d - e x p o s u r e  pridr seawater * e n t r y  does n o t  ef f act  i o n  

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

i n d i c a t e  t h a t  i a h i b i t i o n  d u e  t o  ac id  e x p o s u r e  of  f i s h  g i l l  
i 

Ha+-K+-ATPase is r e v e r s i b l e  o r  t r a n s i e n t  o r  t h a t  m e c h a n i s m s  fo; 

seawater a d a p t a t i o n  i n d i c a t i v e  of  s m o l t i f  i c a t i o n  are u n a f f e c t e d  , 
4 

by acid e x p o s u r e  p r i o r  t o  seawater e n t r y .  

The p e r i o d  af 0 -  - 25 h p o s t  seawater e n t r y  xhere 

l a+ -K+-ATPase  l e v e l s  a r ~  depressed h a s  n o t  b e e n  q preri o u s l y  

o b s e r v e d .  This p e r i o d  c o u l d  r e p r e s e n t  t h e  time for 

c e l l u l a r  c h a n g e s  associated w i t h  seawater a d a p t a t i o n  s u c h  a s  

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

There are n o t e u o r t h y  o b s e r v a t i o n s  u p o n  c o m p a r i n g  t h e  

# a + - K + - A T P a s e  a c t i v i t i e s  of pa r r s  ( E g p e r i m e n  t I I) a n d  s r o i t s  

( E x p e r i m e n t  I ( F i g u r e s  4 and 5 ) .  I n  f r e s h w a t e r ,  the v a l u e s  

f o r  l a + - K + - A T P a s e  a c t i v i t y  i n  b o t h  acid-stressed a n d  c o n t r o l  

p a r r s  are o n e - h a l f  t o  one-third t h e  Ha*-K+-ATPase values f o r  

c o n t r o l  smolts .  T h i s  is  in a g r e e m e n t  v i t h  p a s t  i n r e s t i g a t i o n s  

w h i c h  descririnate between p d r r S  a n d  smol ts  on t h e  b a s i s  of g i l l  
\ 

C 

Ha+-K+-ATPase a c t i v i t y  (Zaugg CIagnerpT97fr.ppBB~au~e f l s b  pp 

useC i n  both CperZaenT TI I p a r r s ) p - a r n h ~ f m e e n t f r I - ( z ~ -  - - 

were from t h e  s a i e  p o p u l a t i o n  of f i s h ,  f u r t h e r  e v i d e n c e  i s  g i v e n  
1 



t o  the o b s e r v a t i o n  t h a t  Na+-K+-ATPase  a c t i v i t y  i n c r e a s e s  on a 

s e a s o n a l  a n d  d e v e l o p m e n t a l  b a s i s  ( U a g n e r  1974a, B o e u f  et &. 
- - 

1 9 7 b ,  J o h n s t o n  a n d  s a o n d e r s  1 9 8 1 ) .  

E x p o s u r e  of p a r r s  t o  s e a w a t e r  c a u s e d  a n  i n c r e a s e  i n  gill 

Ha+-K+-ATPase a c t i v i t y  ( F i g u r e  4). This i n c r e a s e  is n o t  u n l i k e  

t h e  h i g h e s t  l e v e l s  recorded i n  freshuater .  T h e  i n c r e a s e  i n  g i l l  
- 

Ha+-K*-ATPase  n a y  re f lec t  a n  a t t e m p t  of seava te l - , - exposed  p a r r s  

t o  regulate p l a s a a  i o n  c o n c e n t r a t i o n s  v i a  g i l l  Ha+-K*-ATPase. 

By c o m p a r i s o n  of gill Ma+-K+-ATPase ( F i g u r e  4) u i t h  plasma 

Ha+ v a l u e s  o t  p a r r s  (Figure 7)  i n  seawater, i t  w o u l d  a p p e a r  t h a t  

p l a s a a  Ha+ c o n c e n t r a t i o n  increases i n d e p e n d e n t  of H a + - ~ + - L T p a s e -  

a c t i v i t y .  T h i s  w o u l d  s u g g e s t  t h a t  g i l l  Pa+-K*-ATPase a n d  o t h e r  
i .  

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

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

i o n  r e g u l a t i o n  of p l a s a a  i o n  l e v e l s .  

C o r n p a r i s i o n s  of g i l l  Na+-K+-ATPase a c t i v i t y  i n  - p a r r s  

( F i g u r e  4) u i t h  s m o l t  enzyme a c t i v i t y  ( F i g u r e  5 )  , s h o w s  t h a t  

l e v e l s  Qcrease u p o n  exposure t o  seauater, w h e r e a s  s r o l t  v a l u e s  

d e c r e a s e  u p o n  e x p o s u r e  t o  s e a u a t e r .  Towle g& gh. (1 977) f o u n d  

gill Ha+-K+-ATPase a c t i v i t y  i n  z y u g ~  ~ Q E Q & & & S  t o  be 

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

N a + - K + - A T P a s e  a c t i v i t y  o f  the seolt g i l l  i n  response t o  seawater 
1 

e x p o s u r e  mag b e  representative of t h e  time i n v o l v e d  t o  i n d u c e  

c e l l u l a r ,  b i o c h e m i c a l ,  b e h a v i o u r a l  a n d  a o r p h o l o g  ical c h a n g e s  t o  
C 

-- - - 

p e r r i t  seawater s a r r i v a l .  C o n v e r s e l y ,  parrs d o  n o t  exhibit a 

p e r i o d  .of d e p r e s s e d  e n z y n a t  i;c a c t i v i t y  b e c a u s e  p a r r s  m u s t  



d e v e l o p  t h e s e  m e c h a n i s m s .  t o  permit seawater  s u r v i v a l .  H e n c e ,  

parrs  s a y  react t o  seauater e x p o s n f e  u t i l i z i n g  t h e  i o n  - 
- -- 

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

la+-K+-ATPase. Rossler (1980) p r o p o s e d  t h a t  t h e  i n c r e a s e d  \ 

p r o d u c t i o n  of # a + - K + - A T P a s e  say be a response t o  l o n g - l i v e d  

m e s s e n g e r  r i b o a u c l e i c  acids (mRUA). C o n t e  a n d  Lin (1967) 

o b s e r v e d  i n c r e a s e d  d e o x y - r i b o n u c l e i c  acid ( D N A )  t u r n o v e r  rates 
-w 

i n  the g i l l s  of c h i n o o k  s a l m o n  transferred t o  s e a w a t e r .  These 

r e s u l t s  i n d i c a t e  & so s y n t h e s i s  of g i l l  e p i t h e l i a l  p r o t e i n  ( s )  

r e q u i r e d  4-6 days w h i c h  c o r r e s p o n d s  t o  t h e  p e r i o d  f o r  

d e v e l o p m e n t  of complete i o n  r e g u l a t o r y  a b i 3 i t y  o b s e r v e d  isl 

' seauater t r a n s f e r r e d  c o h o  s a l m o n  (Folaar a n d  Dickoff 198Og . A 

more immediate r e s p o n s e  t o  e x t e r n a l  s a l i n i t i e s  may b e  e l i c i t e d  
, 

by h o r m o n e  l e v e l s  w h i c h  h a v e  a d i r e c t  effect  on cell n u c l e i  i n  
0 

m i n u t e s  rathe; t h a n  d a y s .  

A c i d - e x p o s e d  s a o l t s  i n  E x p e r i m e n t  I had  l o w e r  - p l a s m a  Na+ 

l e v a l s  o n  d a y  3 of a c i d  E x p o s u r e .  T h i s  was o b s e r v e d  b e t w e e n  f i s h  

of pH 6.2 a n d  5.5 a n d  f i s h  e x p o s e d  t o  water of pH 5.1 a s  well as 

b e t u e e n  f i s h  of pH 6.2 and f i s h  h e l d  a t  pH 4.5 ( F i g u r e  6 ) .  I n  a 

s u b s e q u e n t  e x p e r i m e n t  ~ n v o l v i n g  smol ts  ( E x p e r i m e n t  1x1) , lower 
- -  

p l a s m a  Ya+ levels u e r E  o b s e r v e d  i n  a c i d - e x p o s e d  c o n p a r e d  u i i h  
- -- - -- - - - - - - - - - - - 

c o n t r o l  f i s h  f r o m  day 7 to  d a y  21 of f r e s h w a t e r  e x p e r i m e n t a t i o n .  

These o b s e r v a t i o n s  a g r e e  w i t h  past s t u d i e s  w h e r e  e x p o s u r e  t o  low 



pH i n  f r e s h w a t e r  has been f o u n d  t o  decrease p l a s m a  Na+ l e v e l s  i n  

many s p e c i e s  of fish i n c l u d i n g  y e l l o u  p e r c h  ( g s g g  f l s r g s c g w )  
- - -  

( L y o n s  1982)  , b r o o k  t r o u t  ($41y&$w ~ Q I J & ~ & & )  ( P a c k e r  a n d  

D u n s o n  1970) .  r a i n b o u  t r o u t  ( z a q  pairt3ned) ( s p r y  gg a&. 1981) 
/ 

a n d  A t l a n t i c  s a l m o n  (ZgJso s g & g )  ( S a u n d e r s  gg qh. 1983). 
1 

Packer a n d  D u n s o n  ( 1 9 7 2 )  c o n f i r m e d  t h a t  p r i o r  t o  . d e a t h  i n  

acid-stressed f i s h ,  t h e r e  is a m a s s i v e  l o s s  of  p l a s m a  #a+. 

D u r i n g  e x p o s u r e  t o  extremely a c i d i c  c o n d i t i o n s  (pH 3.0 t o  3.5), 

Ya+ loss may bet of s e c o n d a r y  i u p o r t a n c e  t o  m o r t a l i t y ,  t h e  

p r i m a r y  c a u s e  of deatt  b e i n g  d e p r e s s e d  p 0 2  of t h e  b lood ( P a c k e r  

a n d  D u n s o n  1972 ,  D i v e l p  & 1 9 7 2 ,  Pram 1 9 8 0 ,  U i l l i g a n  and 
.. 

Wood 1983) . H o u e v e r ,  i n  c o n d i t i o n s  of sode ra t e  a c i d  e r p o s u r e  (pH 

4 0-4 5) , b l o o d  p02 l e v e l s  of r a i n b o w  t r o u t  were n o t  

s i g n i f i c a n t l y  r e d u c e d  enough t o  cause f a t a l  a n o x i a  Q J e v $ l l e  

1 9 7 9 ) .  T h e r e f o r e ,  i t  n a y  h a v e  b e e n  p o s s i b l e  t h a t  m o r t a l i t i e s  

o b s s r v e d  i n  t h i s  s t u d y  d u r i n g  e x p o s u r e  t o  soderate a c i d  

' c o n d i t i o n s  (pH 4.4) , m a y  have been d u e -  t o  f a i l t l r e  t o  r e g u l a t e  

plasna i o n  c o n c e n t r a t i o n .  For e x a m p l e ;  d u r i n g '  t h e  p e r i o d  of 

h i g h e s t  e o r t , a l i t y  i n  E x p e r i m e n t  111 (Table 11) a n d  d u r i n g  t h e  
--, 

p e r i o d  of g r e a t e s t  d i f f e r e n c e s  i n  Na+-K*-ATPase  activ i t p  b e t w e e n  

c o n t r o l  and a c i d - e x p o s e d  f i s h ,  p l a s m a  Pa+ differedces are a t  
r .  

, t h e i r  g r e a t e s t  ( F i g u r e s  5 a n d  8).  T h i s  u o u l d  suggest t h a t  t h e  

f a i f  u r e  t o  r e g u l a t e  p l a s r r a  h a *  l e v e l s  r i a  Ha+-K+-ATPase r e s u l t e d  

i n  death after a t  f e a s t  10 d a y s  of a c l d  e x p o s u r e .  PKrt6er 

Booth 41. (1982) u h c  observed r e s p i r a t o r y  f a i l u r e  d u e  t o  q #  



lowarad a m b i e n t  pH i s  n o t ' l i k e l p  t o  be e x p e r i e n c e d  o u t s i d e  t h e  

l b b o r a t o r y .  I n  s u c h  cases w h e r e  foodsrate hc ia  e x p o s u r e  exists. 
-- - -- 

e h c t r ~ l ~ t e  l o s s .  p r i m a r i l y  Ya* may be t h e  u n d e r i y i a g  c a u s e  of 

d e a t h  t h r o u g h  f a i l u r e  t o  r e g u l a t e  i n t e r n a l  i o n  c o n c e n t r a t i o n .  

J o h n s t o n  41. (1384) observed t h a t  d a r i n g  c h ' r o n i c  acid 

e x p o s u r e  (pH 4.4). A t l a n t i c  sa1mo.n e x h i b i t e d  an i n c r e a s e d  i o n  

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

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

e l e c t r o l y t e  l o s s e s  i n  freshwater. 
/ 

Further evidence f o r  plasma Na* l o s s  as t h e  p r i m a r y  c a u s e  

of d e a t h  a k c m o d e r a t e  pH is obtained by e x a i l i n a t i o n  of . 
b' 

r e s p i r a t o r y  f a i  l u r e .  The c o a m o n l y  a c c e p t e d  n o d e l  of r e s p i r a t o r y  

f a i l u r e  a t  low p~ e x p o s u r e  i n v o l v e s  t h e  a c c u m u l a t i o n  .of m u c u s  o n  

t h e  g i l l s  of a c i d - e x p o s e d  fish i n  r e s p o n s e  t o  damage c a u s e d  b y  

ac id  e x p o s u r e .  T h i s  m u c u s  a c c u i l u l a t i o n  t h e n  r e d u c e s  the c a p a c i t y  

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

e x p e l  C02. T h i s  c o n d i t i o n  t h e n  c a u s e s  a decrease i n  blood pH (as 

a b u i l d  up  of b lood  pC02  u l t i m a t e l y  r e s u l t i n g  i n  3 e a t h  (Fromm 

1 9 8 0 ) .  I n  o b s e r v a t i o n s  of t h i s  study ,  n o  v i s i b l e  b u i l d  u p  o f  
1 

m u c u s  was. d e t e c t e d  o n  g i l l  s u r f a c e s .  T h e  l ack  o f  m u c u s  . 
a c c u m u l a t i o n  o n  t h e  g i l 1 . s  of a c i d - e x ' p o s e d  fish i n  t h i s  s t u d y  

u o u l B  s u g g e s t  t h a t  t h e  dea th  of a c i d - e x p o s e d  fish was n o t  d u e  t o  

r e s p i r a t o r y  f a i l u r e  b u t  may i n  p a r t  be  d u e  t o  t h e  f a i l u r e  t o  
3 

r e g u l a t e  p l a s m a  i o n  c o n c e n t r a t i o n .  - 
-- - - 

I P a r r s  i n  E x p e r i m e n t  I u n d e r w e n t  g r e a t e r  losses in p I a m G  

P a +  as a r e s u l t  of a c i d  e x p o s u r e  t h a n  smolts i n  Experiment 111 



( F i g u r e s  7 a n d  8 ) .  D i f f e r e n c e s  i n  p l a s m a  #a+ c o n c e n t r a t i o n  

b e t v a e n  c o n t r o l  a n d  a c i d - e x p o s e d  parrs were o b s e r v e d  24 h a f t e r  

acid e x p o s u r e .  T h e s e  differences were m a i n t a i n e d  t h r o u g h o u t  

s r o l t s  exposed t o  acidified water (pH 4.4) were u n a f f e c t e d  by 

a c i d  stress u n t i l ' 7  days of ac id  e x p o s u r e ,  I t  w o u l d ' a p p e a r  t h a t '  , 

a c i d  strkss ha: a aoze p r o f o u n d  e f f e c t  o n  p l a s m a  Ha+ l e v e l s  i n  
. , 

p a r r s  t h a n  i n  smelts. I 

let p l a s m a  # a +  l o s s  is  r e f l e c t i v e  o f  t h e  fishesC i o n  

r e g u l a t o r y  a b i l i ' t y  t o  a c q u i r e  i o n s  from t h e  e n r i r o n m e n t  i n  o r d e r  

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

e p i t h e l i a  (?lacDonald 1983)  . S w o l t s  h a v i n g  d e v e l o p e d  aore  

efficiedt & h a n i s m s  of i o n  r e g u l a t i o n  i n  cornparisba w i t h  p a r r s ,  
- -- 
- ~ 

-.- ~~ 

w o u l d  t o l e r a t e  # a +  losses c a u s e d  titi-:-acid stress, b e t t e r  t h a n  

ac id  stressed p a r r s .  Evidence t o  s u p p o r t  t h i s  h r p o t h e s i s  is  

d g n e d  from e x a m i n a t i o c  of the effects of acid-stress  o n  p a r r s 8  

g i l l  N ~ + - L + - A P P ~ S ~  a c t i v i t y .  T h r e e  d a y s  of a c i d - e x p i s u r e  c a u s e d  
, . . 

decraases i n  enzrme activity w h e r e a s  s a o l t s  h a v e  d e p r e s s e d  

H a + - K + - A T P a s e  a c t i v i t y  cnly a f t e r  10 d a y s  of acid e x p o s u r e .  T h e  
f 

, ef fec t  of a c i d - e x p o s u r e  on p l a s m a  #a+ l e v e l s  % i n  par r s  o c c u r s  

b e fo re  s m o l t s ,  P l a s n a  lia+ is d e p r e s s e d  i n  p a r r s  a f t e r  2 4 h  of 

a c i d  e x p o s u r e  c o m p a r e d  t c  1 4  days of ac id  e x p o s u r e  in s m o l t s .  
J 

T h e  re- t h i s  s t u d y  s u g g e s t  t h a t  p a r r s  exposed t o  

f a c t o r s  t o  p l a s m a  l a +  l o ~ ~  i n  parts  e x p o s e d  t o  a c i d i f i e d  waters,  
-\ 
f-- 
f 



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

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

through the g i l l s  or a c o ~ b i n a t k n  o f  t h e  above& well as other-- 

fac tors  y e t  u n d i s c l o s e d m  

T h e r e  uas no effect of a r a n g e  o f  pH e x p o s u r e ,  t r e a t m e n t s  

' ( E x p e r i m e n t  I)  or a time d e p e n d a n t  e f fect .  of a c i d - e x p o s u r e  
rt 

( ~ x ~ e r i a e n t  111) u p o n  s r p l t  plasma Na+ v a l u e s  S u r i n g  seawater 

challenge tests ( F i g u r e s  6 a n d  8) T h e  e x t e r n a l  s o d i u e  

c o n c e n t r a t i 6 n  of seawater  w o u l d  a p p e a r  t o  m a s k  a n y  effect t h a t  

a c i d - s t r e s s  may have on g i l l  p e r m e a b i l i t y *  T h a t  is ,  a l t h o u g h  - 
a c l a  stress may cause damage t o  b r a n c h i a l  epithelia ( H a c D o n a l d  

1 9 8 3 ) .  t h e  g r a d i e n t  of e x t e r n a l  Na+ i n  s e a w a t e r  r e l a t i v e  t o  
4i  

plasma .Ha+ c o n c e n t r a t i o n  is g r e a t  e n o u g h  t h a t  t h e  r a t e  o f  Na+ 

i n f l u x  c a n n o t  be  d i s t i n g u i s h e d  o n  t h e  basis o f  pH e x p o s u r e  p r i o r  

t o  e n t r y  i n t o  s e a u a t e r .  D i f f e r e n c e s  were' not o b s e r v e d  i n  p l a s m a  

Ya+ c o n c e n t r a t i o n  o f  acid-exposed a n d  controf p a r r s  a n d  smolts 

( E x p e r i a e n t s  11 a n d  111) after 15 h of seawater e x p o s u r e .  This 

would indicate t h a t  t h e  m e c h a n i s m  o f  l a +  i n f l u x  from seawater t o  

f i s h  p l a s m a  is passive ( F o l m a r  a n &  D i c k o f f  1980) a n d  ray b e  

i n d e p e n d e n t  o f  l i f e s t a g e .  A f i s h ,  b o t h  a c i d - e x p o s e d  a n d  

c a n t r o l ,  u n c i e r u e n t  increases, i n  plasma >a+ levels t o  a maximum 

a t  25  h of s e a u a t e r  e x p o s u r e  a n d  s u b s e q u e n t  decreases 

thereafter* T h i s  p h e n o a e n o n  is o b s e r v e d  b y  C l a r k e  a n d  B l a c k b u r n  

(1977) who also n ~ t e  t h a t  t h e  ability of a n a d r o ~ a u s  s a l m n i d s  to 

r e g u l a t e  p l & s m a  Ua+ i n  seaxter h a s  &eQ r e l a t e d  t o  

s m o l t i f i c a t i o n .  T h e  t r a n s i e n t  i n c r e a s e s  i n  p l a s m a  Ya+ u p o n  e n t r y  



into seawater is u n a e r  the i n f l u e n c e  of r e g u l a t o r y  mechanisms 
-- 

i n c l u d i n g  Na+-K+-ATPase ,  as well &as decreases i n  g i l l  i n n  
--- - - 

p e r m e a b i l i t y  b o t h  of w h i c h  are i ~ d i c a t o r s  o f  seawater 

a d a p t a b i l i t y  ( J o h n s t o n  and S a u n d e r s  1981.) . S a l a o n  s a o l t s  s h o u l d  

b e  a b l e  t o  regulate p l a s m a  #a+  c o n c e n t r a t i o n s  t o  1 7 0  a E g / l  24 h  
* .  

a f  ter t r a n s f e r  t o  seawater (Clarke a n d v  B l a c k b u r n  1977) .  T h e  

m e c h a n i s m s  w h i c h  g o v e r n  p1asna .  i o n  c o n c e n t r a t i o n s  ( i n c l u d i n g  

la+-K+-ATPase)  are u n a f f e c t e d  b y  a c i d - e x p o s u r e  p r i o r  t o  e n t r y  
! 
j 

i n t o  seawater o n  the basis of c o a p a r i s o n s  b e t w e e n  acid-stressed - 
and c o n t r o l  fish u t i l i z e d  i n  this s t u d y .  

I n  this s t u d y ,  h e a a t o c x i t s  were o b s e r v e d  t o  c h a n g e  ( F i g u r e  , 

9-11) w i t h  lifestage (parr  v s  s a o l t )  a n d  w i t h  ambient water 

c o n d i t i o n s  ( f r e s h w a t a r  , a c i d i f i e d  f r e s h w a t e r  -- - a n d  s e a w a t e r )  - - . 
Riles  a n d  s m i t h  (1968) and Saunders & g&. ( 1 9 8 3 )  o b s e r v e d  

b i y h e r  h e m a t o c r i t s  i n  p a r r s  t h a n  rn saofts of c ~ h o  and  h t l a n t i c  

s a l a o n  r e s p e c t i v e l y .  S a u n d e r s  2% a. ( 1 9 8 3 )  axso observed b 

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

e x p o s u r e .  Saunders g3, gA2 (1 983) and J o h n s t o n  E& gl& (1984) have 

a l s o  o b s e r v e d  t h a t  h e ~ a t o c r i t s  were h i g h e r  i n  p a r r s  t h a t  in 

s m o l t s .  D e c l i n e s  i n  h e a a t o c t i t s  were l i k e w i s e  o b s e r v e d  b e t w e e n  
1 -- - - - -- 

parts a n d  ~molts i n  t h i s  s t u d y  a n d  a c i d - e x p o s e d  p a r r s  were f o u n d  
i, 

t o  have e l e v a t e d  h e m a t o c r i t s  i n  f r e s h w a t e r .  
4 



The p h e n o m e n o n  o f  h e m a t o c r i t  e l e v a t i o n  o f  n o n - a n a d r o m o u s  
, . 

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

s t u d i e s ,  N e v i l l e  (1979)  and W i l l i g a n  a n d  Uood (1983) o b s e r 7 v e d  

i n c r e a s e s  i n  h e m a t o c r i  ts f o r  r a i n b o w  t r o u t  e x p o s e d  t o  pH U,O-4.5 

f o r  1 2  days a n d  3 days r e s p e c t i v e l y .  T h e  p r o p o s e d  m e c h a n i s m  ' f o r  
C 

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

s w e l l i n g ,  a decrease i n  p l a s m a  v o l u a e  a n d  m o b i l i z a t i o n  o f  

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

( n i l l g a n  a n d  Yood 1983) , Neville ( 1 9 7 9 )  p r o p o s e s  t h a t  i n c r e a s e d  

h e m a t o c r i t  was u n l i k e l y  d u e  t o  re  i s t r i b u t i o n  of water from t h e  
1 3 

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

u n c h a n g e d ,  T h i s  is also i n d i c a t e d  i n  t h e  p r e s e n t  s t u d y  by t h e  

o b s e r v a t i o n  of p l a s m a  Na+ d e p r e s s i o n  u h i l e  h e n a t o c r i t s  

i n c r e a s e d .  Had t h e r e  b e e n  r e d i s t r i b u t i o n  of water f r o m  t h e  

p l a s m a  t o  t h e  t i s s u e  c o m p a r t m e n t  (hence i n c r e a s i r t g  h e m a t o c r i t s )  , 
p l a s m a  l a +  l e v e l s  uoLld l i k e l y  n o t  h a v e  u n d e r g o n e  decreases 

- - 

a l t h o u g h  u a t e r  a n d  #a+  may be  r e g u l a t e d  i n d e p e n d e n t l y .  
1 

T h e  effect of a c , i d  e x p o s u r e  a p p e a r s  t o  h a v e  a g r e a t e r  

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

o b s e r v e d  t o  b e  elevated a b o v e  c o n t r o l  f i s h  2 4  h  a f t e r  t h e  y s e t  

of a c i d  e x p o s u r e  a n d  r e m a i n e d  h i g h e r  t h a n  c v n t r o l  f i s h  values 
?- 

througkr t a c i d i f i e d  f r e s h v a t e r  exposure (Figure 9) . C o n v e r s e l y ,  

h e m a t o c c i t s  o f  a c i d - e x p o s e d  smolts o f  - ~ x ~ e r i m ; b t  ; I11 were n o t  
- 

o b s e r v e d  t o  b e  d i f f e r e n {  a t  a n y  time i n  f r e s h w a t e r  ( F i g u r e  1 1 ) .  
-- - -- - -- 

T h e  i n f l u e n c e  t h a t  a c i d - e x p o s u r e  u p o n  p a r r  h e m a t o c r i t s  a s  
', 

c o a p a r e d  w i t h  s m o l t  h e m a t o c r i t  nay be reflected i n  t h e  s r o l t s  



a b i l i t y  t o  r e g u l a t e  p l a s m a  c o n s t i t u e n t s  more p r e s i s e l y .  That is, 

m e c n a n i s n s  t h a t  c o n t r o l  p l a s m a  Na+ c o n c e n t r a t i o n s  hence p l a s m a  
- .. 

o s m o l a l i t y ,  i n  p a r r s  a re  n o t .  a s  d e v e l o p e d  as c o m p a r e d  w i t h  

9 
smolts .  ~ h e r e f & e ,  d e c r e a s i n g  p l a s m a  #a+ i n  a c i d - s t r e s s e d  p a r r s  

may i o n c e  plasma o s m o l a l i t y  w h i c h  nay i n  t u r n  c a u s e  
C f 

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

F u r t h e r  a n a l y s i s  o f  . plasma o d a o l a l i t y  o f  a c i d - s t r e s s e d  p a r r s  - 
would be n e e d e d  t o  f u r t h e r  e l u c i d a t e  the phenomenon  of  i n c r e a s e d  

heaatocr i t s .  j 

E l e v a t e d  h e m a t o c r i t s  caused by e u r y t h r o c y t e  swelling is 
'I 

t h o u g h t  t o  b e  related t o  p o b i b l e  iatpair-rient ef 3 2  uptake in 

acia-stressed fish an  and  Wood 1 9 8 3 ) .  I n c r e a s e d  

e u r y  t h r o c y t e  ' s v e l l i n a - c k f i  a c i d - e x p o s e d  f i s h ,  is also t h o u g h t  t o  

be  s y m p t o m a t i c  o f  b l o o d  a c i d o s i s  (Packer i n  Dunson  1970). 
* 

AciLaosis of b l o o d  can c a u s e  a decrease i n  t h e  o x y g e n  c a r r y i n g  f 

c a p a c i t y  i n  t h e - b l o o d  v i a  Bohr a n d  R o o t  e f fects  (Packer  a n d  
- - - 

Dunson  1972,  M i l l i g a n  and Mood 1 9 8 3 ) .  T h e r e f o r e ,  i f  a c i d  

exposure causes i n c r e a s e d  e u r y t h r o c y t e  swelling a n d  decreased 

o x y g e n  carrying capacity t h r o u g h  b l o o d  pH effects, e x a m i n a t i o n  

of h e m a t o c r i t s  i n  a c i d - e x p o s e d  f i s h  may b e  d i a g n o s t i c  of  t h e  

a f o r e a e n t i o n e d  s y a p t o n s .  T h e  u s e f u l n e s s ,  hoverer, of h e m a t o c r i t  

o b s e r v a t i o n s  as a d i a g n o s t i c  t o o l  f o r  a c i d  exposure a b e  

l i m i t e d .  - 
- - - - - - - - -- - -- -- - - 

D u r i n g  entry into seawater, r e g a l s t i o n  -of p l s s m a  v o l u m e  

- appears to be l e s s  ue11 d e f l f n e a  i n  a c i C - e r p o s T C p a r r s  t h a n  

c o n t r o l  p a r r s  (Figure 1 0 ) .  H e m a t o c r i t s  of acid erposed p a r r s  i n  



t 

seawater decreased s t e a d i l y  u p o n  e n t r y  i n t o  seawater, ' u ' h e r e a s  
, 7-'" 

' c o n t q o l  f i s h  e x h i b i t  i n c r e a s e d  h e r a t o c r i t s  by h o u r  48 o f  
- - - - - - - - 

seawater e x p o s u r e .  P h i s  may i n d i c a t e  t h a t  o b s e r v e d  i n c r e a s e s  i n  

p l a s s a  Na+ u p o n  seawater e x p o s u r e  i n  acid-stressed p a r r s  may . 
d e c r e a s e  e u r y t h r o c y t e  c e l l  'size b y  c h a n g i n g  plasma o s m o l a l i t y .  

An i n c r e a s e  i n  p l a s m a  o s m o l a l i t y  hence a c h a n g e  i n  e u r y t h r o c y t e  

s i z e  w o u l d  t h e r e f  o r e  d e c r e a s e  h e m a t o c r i  ts . Theref ore,  i f  g i l l  

p e r m e a b i l i t y  t o  i o n s  is d i s r u p t e d  by a c i d - e x p o s u r e ,  a n d  i o n  

r e g u l a t o r y  enzymes a re  effected i n  t h e i r  f u n c t i o n  ( J o h n s t o ~  & 
I 

qL. 1 9 8 4 ) ,  h e m a t o c r i t s  may r e s p o n d  a s  o b s e r v e d  i n  a c i d - e x p o s e d  - 

parrs u p o n  en$r p t o  seauater.  C o n t r o l  p a r r s  i n  seauater have- P 
n o t  u n d e r g o n e  e u r y t h r o c y t e  s w e l l i n g  o r  p o s s i b l e  d a m a g e  t o  g i l l  

e p i t h e l i a  t h a t  a c i d - e x p o s u r e  c a u s e s ,  h e n c e  d o  n o t  h a v e  t h e  

c h a n g e s  i n  h e m a t o c r i t  t h a t  i s  observed i n  a c i d - e x p o s e d  p a r r s .  

H*eaatocrits of ssol ts ( E x p e r i m e n t s  I a n d  111) u n d e r g o i n g  

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

a c i d - e x p o s e d  f i s h  a n d  c o n t r o l  fish b y  U8h of seawater e x p o s u r e ,  
f 

w i t h  t h e  e x c e p t i o n  of t h e  second seawater c h a l l e n g e  test of 

E x p e r i m e n t  I f 1  (Figures 9 a n d  11) . T h e r e  would appear t o  be  

l i t t l e  effect  of a c i d - e x p o s u r e  l e n g t h  p r i o r  t o  seawater e x p o s u r e  
. = 

u p o n  h e m a t o c r i t s .  T h i s  may b e  i n  p a r t  e x p l a i n e d  by m e c h a n k a s  

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

t h e r e f o r e  t e  swelling, t h a t  are more developed i n  the 



- - - 

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

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

- ( F o l i a r  a n d  D i c k o f f  1 9 8 1 ,  ~ o s k e t t  a'& 1983).. R e c e n t  r e s e a r c h  

b y  F o l m a r  a n d  D i c k o f  f ( 1 9 7 9 )  a n d  G a l l i s  & ( I  9 7 9 )  r e p o r t e d  

t h a t  g i l l  #a+-K+-APPase a c t i v i t y  was i n f l u e n c e d  by p l a s m a  

t h y r o x i n e  a n d  c o r t i s o l  Ievels. F u r t h e r  i n v e s t i g a t i o n s  br F o l m a  t 
a n d  D i c k o f f  (1981) indicate t h a t  t h y r o x i n e  l e v e l s  are u s e f u l  

i n d i c a t o r s  of  smolt  g i l l  Ba+-K+-ATPase a c t i v i t y .  

G r o w t h  hozso_ae  (GH) ray b e  i r i u o l v e d  i n  u ~ l t F f L c a t h n - - a n L ~ - - - -  

o s t n o r e g u l a t i o n  d u e  t o  i t s  known  g r o w t h  p r o m o t i n g  effec-ts a n d  i ts 

a b i l i t y  t o  i n f l u e n c e  seawater a d a p t a b i l i t y  ( D o n a l d s o n  & 
n * 

1 9 7 9 ) .  B o t h  r a m m a l i a n  and telbpst q r o v t h  h o r m o n e  i n j e c t i o n s  h a r e  

been shoun t o  f a c i l i t a t e  s u r v i v a l  and  o o m o r e g u l ~ t t i o n  & 
s a l m o n i d s  i n  seawater  ( K o m o a r d j i a n  g& &' 1 9 7 6 ,  C l a r k e  & 

- c' - - - - -- - - - - - - -- - - 

1 9 7 7 )  . C h a n g e s  a s s o c i a t e d  ui t h  i n c r e a s e d  a c t i v S t y  w i t h i n  t h e  

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

seawater, i n d i c a t i n g  a r o l e  i n  seawater adap yon ( c larke  a n d  

N a g a h a m a  1 9 7 7 ) .  T h e r e f  ore, by i n v e s t i g a t i o n s *  i n t o  p l a s m a  g r o w t h  

h o r m o n e  c o n c e n t r a t i o n s  d u r i n g  a c i d - e x p o s u r e  , a n d  seawater 

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

c o n c e r n i n g  t h e  h o r m o n e s  i n v o l v e m e n t  i n  seawatek a d a p t a t i o n .  
7 r 

three d a y s  of ac id ,  exposure. These l e v e l s  c o n t i n u e d  to A n c r e a s e  



t o  140% above c o n t r o l  plasma Gtl levels b y  7 a a y s  of- acid 

erposure; To i n v e s t i g a t e - i f  GR had .  a airect effect- o n - - g i l l  

- ~ ~ F a s - ~ t y I  fi.tfo ayp1ib-- %he hormone was 
d 

perf  ormd on the eazyae ' h o a o g e n u t e ,  This a p  

h o r n o n $  f a i l e d  to s t i m u l a t e  i n c r e a s e  

activ&tj. 'Pherefore, on the basis of t h e  abo 

i n c r e a s e d  GH o b s e r v e d  i n  acid-stressed f i s h  was n o t  l i k e l y  

i n v o l v e d  w i t h  g i l l  radidted ion t r a n s p o r t -  Possible r e a s o n s  - f o r  
- 

GH iscrease i n  a c i d - s t r e s s e d  fish r a y  h a v e  been- t o  cause - 

m o b i l i z a t i o n  of energ1 reserves o r  o t h e r  metabolic fac tors .  

GH levels decreased i n  b o t h  c o n t r o l  and acid-exposed fish. This 
-. 

nay b e .  a n  i n d i c a t i o n  t h a t  GH is no 1oZger secreted from t h e  
b 

pituitary s o r a t o t r o p h s  but i t  ray a l s o  b e  an i n d i c a t i o n  t h a t  

target t i s s u e s  a r e  a t i l i z i ~ g  GH a t  a h i g h e r  ra te  t h a n  i t  is 
f 

secreted i n t o  the b l o o d .  

The ' g-raaaax rise 5n p l a s ~ a  X H  l e i e l s f t e f  i n  seawater 

a n d  a l a rge r  f,ncrease a f t e r  4 8 h  i n  seawater r a y  indicate t h a t  

s o a a t o t r o p f t s  arg increasing GH s y n t h e s i s  and s e c r e t i o n  r e l a t i v e  
2 

t a r g e t  tissue u t i l i z a t i o n ,  o r  n o t  b e i n g  u t i l i z e d  by t a r g e t  



- 

-The d e v e l o p m e n t +  of  a size s e l e c t i v e  mortality d u r i n g  h i d  
' ,% ' i 

. e x p o s u r e  ( F i g u r e  12 )  may be a t t r i b o t e d  t o  p l a s m a  l a +  &oss a n d  

i n t e r n a l  i o n  c o n c e n t r a t i c a s  as r e g u l a t e d  by Ha+-K*-ATPase. 

T h i s  s t u d y  has d e r o n s t r a t e d  t h a t  lla+ l o s s  is a major c a u s e  

of a o r t a l i t y  i n  a c i d - s t r e s s e d  j u v e n i l e  c o h o  s a l m o n .  To 
1 

rei terate ,  d u r i n g  c o n d i t i o n s  of m o a e r a t e  acid e x p o s u r e ,  fish 

u n d e r g o  changes i n  t h e  * p e r r e a b i l i t y  of g i l l  e p i t h e l i a  a n d  a 

c o n c o m i t t a n t  i n h i b i t i o n  of h a t - ~ + - ~ 4 P a s e  w h i c h  leads t o  a n e t  

p l a s 8 a  l a +  e f f l u x  across x -- t h e  g i l l  (BacDon-aaLd19_83, Johnsen -& - = =  

g$. 1984). I f  m o r t a l i t y  r e s u l t s  f r o m  p l a s a a  l a *  d e c r e a s e s ,  and 

size saect ive  m o r t a l i t y  is ' a p p a r e n t  after 21 d a y s  of  "acid 

e x p o s u r e ,  size s h o u l d  be r e l a t e d  t o  p l a s m a  Na* c o n c e n t r a t i o n .  

J o h n s t o n  a n d  S a u n d e r s  ( I  981 ) o b s e r v e d  t h a t  smaller s a l m o n  may 
.@ 

t 

l o s e  i o n s  more  readily t o  a m b i e n t  f r e s h w a t e r  d u e  t o  a l a r g e r  
- - -- - E- - -- - - - -  - 

surface t o  v o l u m e  ratio. The s u r f a c e  w h i c h  i s  p r e s u m a b l y  m o s t  

e f f e c t e d  - is t h e  gill b r a n c h i a l  e p i t h e l i a .  H e n c e  a n y  d a m a g e  t b a t  

a c i  d - e x p o s u r e  may i n c u r  w o u l d  a f f e c t  g i l l :  n e d i a t e d '  e l e c t r o l y t e  

loss more s e v e r e l y  i n  smal l  f i s h  t h a n  l a r g e r  f i s h . .  T h i s  

h y p o t h e s i s  is  s u p p o r t e d  by t h e  o b s e r v a t i o n  of a u e i g h k p e n d e n t  

p l a s m a  Ma+ c o n c e n t r a t i o n  t b a t  d e v e l o p e d  a f te r  21 d a y s  o f  a c i d  

e x p o s u r e  ( f ab le  IIZ). T h e  e s t a b l i s h m e n t  o f  a c o r r e l a t i o n  b e t w e e n  

ueig k t  ah h p tas.a--Iia+conce mratTbhs--&~tlag--aapes i o d i n 3EiXk 

- 4 h e  s t i k E r k W E r 3 r  e-i--ka-rget-fKh- i s f zmrttred , o 0 t l l a 2 ~ n ~  - 
s m a f  ler f i s h  may b e  r e m o v e d  f r o m  t h e  a c i d - e x p o s e d  p o p u l a t i o n  by  



losses o f  p l a s m a  Ya+. 

Based o n  the above h y p o t h e s i s ,  i t  w o u l d  -be - a - n t i c i p a t e d  t h a t  

p a r r s ,  w h k b  ass a o ~ a a U 7  swUer *-&*-la e~psrtemx- 
- 

greater l o s s e s  i n  plasrea # a +  more r e a d - i l y  u p o n  e x p o s u r e  t o  

a c i d i f i e d  uater. T h e  p r e s e n t  s t u d y  s u p p o r t s  t h i s  d e d u c t i o n  by 

' d e m o n s t r a t i n g  a g r e a t e r  d e p r e s s i o n  of plasma Ha+ i n  p a r r s  t h a n  

i n  s a o l t s .  In a d d i t i o n  a n  i n i t i a l  d e p r e s s i o n  of p l a s m a  Ha+ 
h 

o c c u r r e d  a f t e r  3 d a y s - o f  acid e x p o s u r e  w h e r e a s  ~ m o l t s  p n d e r u e n t  
_-C1 

f 

7 darg of acid exposure bef ere depressed p l a s m a  Ha+ ldr+ls were- 

o b s e r v e d  ( F i g u r e s  6 a n d  8 ) .  H o u e v e r ,  pa r r s  b a v e  less c a p a b i l i t y  

t o  acqudte Ya+ v i a  ~ a + ~ ~ + - l ~ ~ a s e  c o m p a r e d  u i t h  srnolts (Boeof g 
-- - - -- - - 

1978)  
* 

~ u Z * i n g  . freshwater acid exposure, smo l t s  d i d  n o t  d e v e l o p  a 

r e l a  t i o n  b e t w e e n  weight and g i l l  Y a+-K*-ATPase a c t i v i  t y  (Table 
P% 

111) e v e n  t h o u g h  t h e r e  u a s  a c a n c o l r i t t a n t  e s t a b l i s h m e n t  /of a . 

size selective m o r t a l i t y  w h i c h  f a v o u r e d  l a r g e r  f i s h .  This 

failure t o  e s t a b l i s h  a- size relat lon to  e n - z y a e  a c t i v i t y  

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

t h e  d e o e l o p r e n t  of e u r y h a l i n i t y  i s  s i z e  r e l a t e d  ( E l s o n  1 9 5 7 ,  

C o n t e  &. 1966, Uagner 1974b, L a n d l e s s  a n d  Jackson 1976,  

J o h n s t o n  and Saunders, ,  196 1 ,  S a u n d e r s  a. 1 9 8 3 ,  J o h n s t o n  

g&. 1 9 8 4 ) .  Clarke and B a c k b u r n  ( 1 9 7 7 )  n o t e  t h a t  t h e  a p p r o x i m a t e  J min imum size f o r  s o l t i n g  t o  occur i n  c h i n o o k  ( g g c o g w m  

s i z e  f o r  r a i n b o w  - t r o u t  ( S a l e o  a a w  e t o  s-insaltwater 
7 - 

( 5 0 - 6 0  g)  i n c r e a s e s  as s a i i n i t y  rises above 25 parts p e t  - 



t 

t h o u s a n d  ( L a n d l e s s  and Jackson 1976 ) .  L i k e w i s e ,  A t l a n t i c  - s a l m o n -  
+ 

(a&= ~ = & a ~ f  m u s t  r e a c h  , , a  c r i t i c a l  s i z e  t o  t o l e r a t e  h i g h  

\ 
- - - - -- - - 

s a l i n i t i e s  ( E l s o n  1957, F a r m F r  &. 1 9 7 8 ) .  J o h n s t o n  and 
, 

S a u n d e r s  (1981) e x p l a i n  t h i s  p h e n o m e n o n  b p  citing h k g h e r  s u r f a c e  

t o  v o l u m e  r a t i o s  i n  p a r r s  as c o m p a h e d  w i t h  s ~ o l t s  a n 8 / o r  slower 
'\, 

g r o w t h  rates i n  parrs. H o w e v e r ,  t h e  g rea te r  s u r v i v a b i l i t y  o f  
\ 

s m o l t s  in seawater as compared t o  p a r r s p a y  be a c c o u n t e d  f o r  by 
\ 

h i g h a r  l a+ -K+-ATPase  a c t i v i t i e s  i n  f r i ~ h u a t e r  p r i o r  td  e n t r y  
'\ 

i n t o  s e a u a t e r  ( B o e u f  gf a&. 1978). T h e r e f o r e  it " b u l d  b e  

e x p e c t e d  t h a t  l a r g e r  f i s h  w o u l d  h a v e  h i g h  R ~ + - K + - A T P ~ s ~  
-- - -  
- - 

a c t i v i t y ,  a n d  t h i s  a c t i v i t y  uould be r e l a t e d  t o  f i s h  s i z e .  . 
E x a a i n a t i o n  p f  the c o r r e l a t i o n  b e t w e e n  g i l l  Na+-K+-ATPase 

a n d  u e i g h t  ( E x p e r i m e n t  111) may e l u c i d a t e  r e a s o n s  f o r  t h e  
/' 

absence of a u e i g h t  r e l a t e d  Ma*-E*-ATPase a c t i v i t y  (Table 111) . 
D u r i n g  t h e  f i r s t  tuo w e e k s  of acid e x p o s u r e ,  g i l l  !la+-K+-AfPase 

a c t i v i t y  is cor re la t ed  t o -  p l a s m a  Na+ c o n c e n t r a t  ion,- By 21 days 

of ac id  exposure,  t h e r e  is n o  r e l a t i o n  ' b e t u e e n  g i l l  

Ha+-K+-ATPase a c t i v i t y  and p l a s m a  #a+ c o n c e n t r a t i o n ,  a t  the t i r e  

u h e n  size s e l e c t i v e  mortality f a v o u r s  large f i s h .  T h e r e f o r e ,  

l a r g e  a c i d - e x p o s e a  f i s h ,  utr=&h h a w e  plasma Na+ n o t  u n l i k e  

c o n t r o l  f i s h  v a l u e s  ( F i g - u r e  8) s u r v i v e  after 21 days o f  ac id  
- ,  

e x p o s u r e .  This ' o b s e r v a t i o n  u o u l d  s u  e s t  t h a t  l a r g e r  f i s h  h a v e  
* P 

u n d e r d o n e  inhibition o f  g i l l  Ha+-K+-ATPase  by e x p o s u r e  t o  a c i d  
- - - - - -- - - - - - - 

stressed. u a t e r  such as d e s c r i b e d  by S a u n d e r s  & q&. (1983) a n d  
- - - - - - - & - - ------------ -- - - - 

J o h n s t o n  & a. (1 984) L a r g e r  f i s h  --+MA p l a s m a  Na+ 

c o n c e n t r a t i o n s  e q u a l  t c  control f i s h  e i t h e r  a )  m a i n t a i n  p l a s m a  
, 



1 

Ha+ b y  m e c h a o i s a s  o t h e r  &an g i l l  !la+-K+-ATPare b) u n d e r g o  l ess  

damage t o  t h e  g i l l  e p i t h e l i a  b e n c e  r e t a i n  Na+ i n  a c i d - s t r e s s e d  
- - - - - - - - - - - 

I 

water c )  h a v e  l o w e r ~ s u r f a c e  t o  v o l a m e  r a t i o s  o r  d )  u t i l i - z e  a y e t  

u n d i s c l o s e d  a b i l i t y  t o  r e g u l a t e  a n d  maintain p l a s m a  Na* 

s e l e c t i v e  t o  l a r g e r  f i s h .  

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

s n o l t s  o f  t h i s  e x p e r i r e n t  map be lover surface t o  v o l u m e  r a t i o s .  

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

of Ba+-K+-ATPase a c t i v i t i e s  w h i c h  a r e  n o t  u n l i k e  c o n t r o l  v a l u e s  

a f t e r  21 days of acid exposure. I t  w o u l d  a p p e a r  f r o a  ? a b l e  111 
- ----- 

t h &  g i l l  a e i t i a t e d  Ma+ a c q u i s i t i o n  d e c r e a s e s  a s  time i n c r e a s e r ,  
i 

h o u e v s r ,  l a r g e r  fish w h i c h  r e m a i n  a f te r  21 days o f  a c i d  e x p o s u r e  

u o u l g  e x p e r i e n c e  l e s s  loss of p l a s m a  l a +  due t o  l o v e r  s u r f a c e  t o  , 

volume ra t ios .  T h e r e f w e ,  any i n h i b i t o r y  effects of 
I 

a c i d - e x p o s u r e  o n  g i l l  Ma+-K+-ATPase w o u l d  b e  aess d e t r i m e n t a l  t o  

a l a r g e r  f i s h  $han  a small 4 - f i s h  under-going t h e  same t r e a t 5 e n t .  

S u r v i v a l  i n  . s e a w a t e r  a f t e r  a c i d  e x p o s u r e  was o b s e r v e d  i n  

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

e n t r y  t o  s e a v a t e r  ( T a b l e  11). t h e r e  was a l s o  t h e  d e v e l o p m e n t  of 

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

seaaater c h a l l e n g e  tes t  i n c r e a s e d  i n  s i z e  s e l e c t i v e n e s s  
1 

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

o f  l a r g e  f i s h  ( F i g u r e  2 ) .  A f t e r  21 d a y s  o f  a c i ! 3 - e x p o s u r e ,  f i s P  
- - -- -- - -- - 

t h a t  s u r v i v e d  a saawater c h a l l e n g e  t e s t  uere 
- - - - - - - - - - - ---- - 

t h a t  u n d e r w e n t  21 d a y s  of a c i d  e x p o s u r e  a n d  d i e d  d u r i n g  t h e  

seawater c h a l l e n g e  test. A t l a n t i c  s a l m o n  reared a t  m o d e r a t e  . pH 



-, 
(4 .4) d i d  n o t  d e v e l o p  levels of Ha+-R+-ATPase a c t i v i t y  t y p i c a l  

of s o o l t s  ( S a o n d e r s  2% 1983, J o n s t o n  g& aJ. 1988) . S a n n d e r s  
- Lpp-p----- 

g& gk. (I 983) o b s e r v e d  l i t t l e  s a l i n i t y  t o l e r a n c e  a f t e r  p r o l o n g e d  

exposure t o  acidified wdter (pH 4.4) , l e a d i n g  t o  t h e  c o n c l u s i o n  
d? 

t h a t  d e p r e s s e d  # a 4 - K + - h T P a s e  l e v e l s  w o u l d  decrease seawater 
. 

s u r v i v a b i l i t y  by failure t o  ion r e g u l a t e .  T h e y  also c o n c l u d e d  

t h a t  t h e  d e p g e s s i o n  of enzyme a c t i v i t y  was time r e l a t e d ,  t h a t  

is ,  t h e  longer t h e  a c i d  e x p o s u r e , -  thq greater t h e  i n h i b i t i o n  of 

#a+-K+-ATPase ,  h e n c e  the greater t h e  ' observed a o r t a l i t y .  The  

i n h i b i t o r y  c a p a c i t y  of decreased e n v i r o a e e n t a l  pH m o s t  have a 

protoand effect epsrr k * - K * - B ' f P a s a  betiuit-iss in &adz-trstoas - -  

fishes, w h i c h  i s  i m p o r t a n t  t o  seawater a d a p t a t i o n .  . 

t 
The i n a b i l i t y  of  a c i d - e x p o s e d  c o h o  smol t s  t o  ada'pt  t o  

seauater i s  d e p e n d e n t  u p o n  t h e  d u r a t i o n  of a c i d - e x p o s u r e .  T h i s  

is reflected b y  t h e  o b s e r v a t i o n s  of  i n c r e a s e d  mortality i n  
- 

acid-stressed s a o l t s  u n d e r q o i n g  seawate'r c h a l l e n g e  t es ts  w i t h  
- - - - 

w 
, i n c r e a s i n g  a c i d  e x p o s u r e  p r i e r  t o  e n t r y  i n t o  seawater ( T a b l e  

11). After three u e e k s - ~ ~ .  a c i d  exposore, mortalities of 
> 

a c i d - e x p o s e d  f i s h  u n d e r g o i n g  seawater challenge tests were 

a l m o s t  twice those o b s e r v e d  i n  c o n t - r o l  f i s h  in s e a u a t e r  (49% v s  

25%). J o b n r t o n  a. ( 1 9 0 i )  a n d  S a u n d e r s  - (1983) a l s o  

recorded h i g h e r  ro r ta l i t i es  i n  acid-stre,ssed: f i s h  t h a n  c o n t r o l  

fish d u r i n g  seawater challenge tests-. 
- 

--- 
- 

T h e  f i s h  t h a t  s u r v i v e d  a seawater c h a l l 4 n g e  tes t  after 21 
- 

a a y s  of  a c i d - e x p o s u r e  e s t a b l i s h e d  a w e i g h t  d e p e n d e n t  

r e l a t i o n s h i p  w i t h  plasma U a +  l e v e l s  and g i l l  #a+-K+-ATPase 



a c t i v i t y .  This w o u l d  i m p l y  t h a t  l arger  f i s h  that  s u r v i v e  21 d a y s  
.c - -  

- - -  

of a c i d - e x p o s u r e  and - a s u b s e q u e n t  seawater c h a l l e n g e  test may 
- : i - -- - 

'exhibit i n i t i a l  Ha+-K+-APPase i n h i b i t i o n  i n  f r e s h w a t e r  

a c i d - e x p o s u r e  b'ut the ef feet of i n h f  b i t i o n  8a la+-K+-ATPase i s  

t r a n s i t o r y .  These larger f i s h  were ab le  t o  r e c o v e r  from a n y  
J 

. i n h i b i t o r y  effects o n .  la+-K+-ATPase  t h a t  a c i d - e x p o s u r e  may 

e n t a i l '  u h i c h  t h e n  enabled surv iva l  i n  s e a u a t e r .  The mechanism by ' 

u h i c h  a difference in t o l e r a n c e  b e t u e e n  smaller f i s h  that died 

and larger  f i s h  t h a t  s u r v i v e d  i n  seawater m a y  h a r e  been low 

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

plas-.a l a +  c o n c e n t r a t i o n  whereby f i s h  t h a t  s u r v i v e d  21 d a y s  of 
G 

a c i d  exposure and a seawater c b a l l e e g e  test had 'lower + p l a s m a  Ha+ 

c o n c e n t r a t i o n s  on a per w e i g h t  b a s i s .  



1 t  has b e e n  d e m o a s t r a t e d  i n  t h i s  s t u d y  t h a t -  e p i s o d i c  

a c i d - e x p o s u r e  of a n a d r o l a o o s  j u v e n i l e  c o h o  salmon i n  s o f t  wa ter  

aay have a d v e r s e  effects u p o n  i o n  r e g u l a t o r y  m e c h a n i s m s  f n f r e s h  I 

and  salt water a d a p t e d  f i s h .  T h e s e  effects are m a n i f e s t  by 

changes I n  g i l l  #a+-K+-ATPase  a c t i v i t y ,  plasma )rn+ 

c o n c e n t r a t i o n ,  - h e m a t o c r i t ,  p l a s m a  GH lewels a n d  s i z e  s e l e c t i v e  

m o r t a l i t y  r a v o u r i n g  t h e  - s u r v i w a l  o f  la rger  f ~ s h .  
- - - - . -- 

T h e  e x p o s u r e  of  ~ m o l t s  t o  a g r a d i e n t  of pH r e g i m e n s  was n o t  
f 

f o u n d  t o  e l i c i t  incremental effects . w i t h  i n c r e a s i n g \  a m b i e n t  

The e t f e c t s  o f  a c i d - e x p o s u r e  were more s e v e r e  upon  p a r r s  

t b a n  s n o l t s  a n d ,  these effects (Ha+-K+-ATPase a c t i v i t y  p l a s m a  
% 

#a+ levels  and h e i a t o c r i t )  we . o b s e r v e d  p r o a p t l y  upon 
* 

a c i d - e x p o s u r e  i n  parrs .  These fects r e a a h e d  u n d e t e c t e d  i n  
I 

s a o l t s  u n t i l  t e n  t o  fourteen days oS acid expbsure. A 

The morta l i t ies  which a r o s e  as , a r e s u l t  of t h e  

a c i d - e x p o s u r e  of smolts i n d i c a t e d  that smaller f i s h  uould b e  
f 

r e m o v e d  f ro8  e x i s t i n g  p o p u l a t i o n s  as  d u r a t i o n  of acid e x p o s u r e  ' 

i n c r e a s e s .  E n t r y  , i n t o  seawater u i l l  a c c e n t u a t e  t h e  effects of 

t h i s  size select i re  m c r t a l i t y .  T h e r e f  ore, seawater e x p o s u r e  
-- ppp- - - 

a f t e r  ac id  e x p o s o r e  i n c r e a s e s  the s e w e r i t y  of size salectiwe 
--- - -- - - -- 

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

a c i d - e x p o s u r e  a n $  entry i n t o  s e a u a t e r  .. 



may s u r v i v e  acid-exposure a s  a result of 
- - I - -  

volume r a t i o s  u h i c b  a i d  i n  . t h e  regulation of 
- -- - -- 

i o n  loss i n  f r e s h u a t e ~  and ion  i c f lux  in seawater. 

AciP exposuret o f  coho salmon i n  freshuater wasvfotind to  

effect  ionoregolation i n  f rerhuater and during seawater 

adaptation. It uas concluded t h a t  c h a n g e s  in plasma la+  

resulting from acid exposure were t h e  result of f a i l u r e  i n  

i o n o r e g u l a t o r ~ .  rechanisms. These  -aechanisms, including g i l l  

l a + - K + - A T P a s a  u m e  i n f l u e n c e d  by f i s h  size, l i f e s t a g e  and l e n g t h  

of  acid-exposure. 



APPEIIDIX f A  

Anova of the effect of pB on plasma [ H a + ]  for ssolts 
- - -  - 4,5, set, 5.5 ant? 

Day 1 

Variable Sodium 

By Variable  PFI A n a l y s i s  of  Variance 

Source D.T. Sua of Squares Hean Squares F .Ratio 

B e t w e e n  Groups 3 950.5500 

P i t n i n  G r o u p s  I 6  941.2000 

Total 

- d e n o t e s  p a i r s  of groups (pH) s i g n i f i c a n t l y  cliff e r e n t  



Day 3 

IlariaMe Sodiut 

By Variable PH Analysis of Variance 

Source DeFe Sua cf S q u a r e s  Hean Squares F Ratio 

F Prob, 

B e t w e e n  Groups 3 6 70,.000 0 223.3333 2.634 0.4854 
* 

/ -- - H i t h i n  G r o u p s  16 1356.8000 BU,8000 

Total 

Not significant at P X l . 0 5  

Day 7 

Variable Sodium 
i 

By Variable Pf 

Source 

Betueen Groups 

Eithin Groups 

Yot  s i g n i f i c a n t  

Squares Squares 
* 

Ratio 

P Prob. 



Hour 7 (seawater challenge test )  
- - - - - 

By V a r i a b l e  PH A n a l y s i s  of Variance 

I Source D e F e  SUP of Squares H8an Squares P Ratio 

\ 

P Prob. 

Between Groups 3 492.2797 164.0932 2.348 0.1049 

Y i t h i n  Groups 19 1327,6333 69.8754 

Total 22 1819,9130 

Pot significant a t  P>O.OS 

- -- - 

- 
Hour 1 5  (seawater c h a l l e n g e  

Variable Sodium 

By Variable PH A n a l y s i s  06 rsriqnce 

- - - - - - - - 

Source DA Sum cf Squares Hean Squares 

P Prob. 

Between Groups 3 4 ~ 6  .2303 - 

W i t h i n  Groups 18 1475,633.3 

Total 21 1881 -0636 

Pot significant at P>0.05 



Hour 25 (seauater challenge test)- - - - - - - -  - 

A n a l y s i s  of Variance 

source D.Fm SUM of Sgaares  Hean Squares F Ratio 

P Prob. . 
B e t u e e n  Groaps 3 1050m8594 

Y i t h i a  Groups 19 3562.9667 

Total . 22 4613.8261 

lot s i g n i f i c a n t  a t  P>0.05 

, 

Hour 48 (seawater challenge test) 

Variable ~ d d i u a  .. 
E 

~nal' sis of Variance 2 By Variable  PH 

F Prob. 

Om073 Om9304 ~ e t u e e n '  Groups 2 12.7286 

w i t h i n  Groups 1 1  964.7000 

Pot s i g n i f i c a a t  at P>Qe05 



of f i s h  h e l d  a t  p l  4 . 5 ,  5.1, 5.5 and 6.3 ( B x p e r i m n t  I). 

V a r i a b l e  Ha+-K+-AiPase  

A n a l y s i s  of Variance 

DIP- Sun of Squares B e a n  Squares P- R a t - f  o- . - - -  - - - - - 
A 

Source 

P Prob. 
a 

Total 2t 35.2745 

l o t  s i g n i f i c a n t  a t  P>O.OS 
Day 3 

Variable Na+-K+-APPase 
* 

By V a r i a b l e  VH 

source D.P. SUB of squaCeh eeaa Squares F Ftatio 

~ e - t u a e n  Groups 3 1 -8525 

W i t h i n  Groups IS 11.9075 0.7992 

T o t a l  18 13m8400 



By Variable PH 

f 
Sonrce . DIP. Sum of Squares Hean Squares F Ratio . 

\ 

Between Groups 3 3 . k 0 0  

W i t h i n  Groups 16 10.3480 
P---. 0.6467 
2 

Total 1 9  13.7980 

F Prob. 

'1 a778 Om1918 

Yot significant a t  P>Om05 
- - - -- 

- f- 
2 

Hour 7 (seawater cha l l enge  test) 

Variable Yai-K+-ATPase 

By Variable PH 
n, 

Analysis of ,Variance 

Source D m P m  Sum *of Squares Bean Squares F Ratio 'I 

B e t w e e n  Groups  3 7.1303 2.3794 1.749 0.1893 

w i t h i n  Groups 2 0  27.2067  1.3603 

Total 23 34,3450 

Not s i g n i f i c a n t  a t  P>0.05 

\ 
i 



Hour 1 5  (seawater c h a l l e n g e  test) 

By Variable PH 

Source 

B e t i r e e n  Groups 

~ i t h i n  Groups 

Total 

A n a l y s i s  of variance 

D.F. S u m  of Squares Hean Squares P Ratio 

Not s i g n i f i c a n t  a t  P>O.OS 

Hour 2 5  (seawater c h a l l e n g e  t e s t )  

I 

Variable H a + - K + - A T P a s e  

B y  Variable PA 

Source 

Analysis of Variance 

D.F. s u m  of Squares Mean Squares F Ratio 
-- - - P-- - -  - P p r d , -  

Y 
B e t w e e n  G r o u p s  3 0.1842 0.0614 0 .308  0.8196 

1 

- 3 W i t h i n  G r o u p s  1 6  3.1933 0.1996 - 

Total 1 9  3,3775 

Not s i g n i f i c a n t  a t  P>0.05 



H o u r  48 (seawater c h a l l e n g e  test) 

Bp Variable Pli 

Source D a F w  SUB 

Betveep Groups 1 1 i 6 5 7 5  

Y i t n f n  Groups P O  4 .7750  

T o t a l  11 6 a4625 

H o t  significant at P>0.05 

Squares 

A n a l y s i s  of Variance 

Squares F Ratio 

f 

P rob .  
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