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i i i  

ABSTRACT 

J o h n s t o n ,  C. E . ,  R. L. Saunders ,  E. 3. Henderson,  P. R .  Y,3r~on, anit K .  i)avid+oii. I .  I I, ,>t  
l o w  pH o n  some p h y s i o l o g i c a l  a s p e c t s  of  s n o l t i f i c a t i o n  i q  h t l a i r t l r  salmon (Salmo s a l a r ) .  - ( in. i t  t 1 1 .  
Rep. F i s h .  Aquat. S c i .  1294: iii + 7 p. 

A t l a n t i c  salmon (Salmo s a i a r )  were c h r o n ~ c a l l y  exp~, i ic i  f o r  icxirral jsor~tii\ 1.3 ac r d ~ f i e c i  w ~ i c ~ r  t o  ~ ~ ~ I , ~ ~ ~ I I I s I ~ *  -- 
i f  mean pH l e v e l s  of 4.7 and 4 .9  p r e v e n t  w n n l L i f i r a t i # r n  from pr , )cecr l i#g  nr:rw%ILy. ~ ? I J , L  ) I o ~ ~ c < I ~  ~ I I I Z , ~ ~ ~ ~ * .  

a s s o c i a t e d  w i t h  s r n o l t i f i c a t i o n  deve loped  normal ly  ~wh~hr? pit was .above 4.9.  1dtrt.n pti t e l l  helow 4 . 7 ,  t i i ~ > ~ - t .  was 
impai rment  of  i o n i c  r e g u l a t o r y  mechanisms l e a d i l g  t o  r x c r s > i v e  I.>ss of  e i  rc r r i ~ l y r ~ s  tn f r r s l i  w l r  er. F,qi i u r e  
o f  i o n i c  r e g u l a t i o n  appeared  t o  f o l l o w  an i l t ~ i b i t i o n  of ( M ~ * ) - ~ I I % S ( >  ?nil ( v a t ,  K ' ) - I T P ~ S ~  rii7yrni. 
s y s t e m s .  Prolonged exposure  t o  a c i d  water  al lowed salilorl Lo d ~ v t . 1  ?p  c o ? i i c n s i t o r y  h r ~ n r h i  2 1  nei llnriisrn', , 
i n c l u d i n g  i n c r e a s e d  ATPase activity, t h a t  Ir t l  t o  improve,i , n n i c  r z g u l a t r o n .  

J o h n s t o n ,  C .  E . ,  R. L. S a l ~ d e r s ,  r. 3. Yeqd-rson, P .  R .  iiariion, and  Y. Ddvidson. i984. Chronic  e f t e c t i  of 
low pH on some p h y s i o l q p i r a l  aipea-ts  of smi)i r r f i c a t  ion ii A t l a n t i c  s a l w m  (Salmo s s l a r ) .  Can. Tech.  --- -- 
9 r p .  F i s h .  $qttat .  5 c i .  1234:  z i i  -t 7 p .  

D e s  saumons at1antiqr1i .s  (Salmo s a l a r )  nttt i t 6  sou- i s  2 une c x p o s r t i o n  c h r o n i l u e  de p l u s i r u r s  mois 2 de  - -- 
l ' e a u  n c i d i f ~ f e  d a n s  11- h u t  d e  d 6 t ~ ~ r n i ? e r  si Le p r > c e s . ; ~ s  n o r s a l  "l l a  s i n n l t i f i c a t i o n  6 t a i t  e n t r a v 6  d d e s  pi! 
moyens dc  b , 7  et 4,9. Les c h a n g e m ~ n t s  p ~ ~ y s i o ? n p i q ~ i i ? s  3 s s ~ c i g s  2 l a  s m o l t i f i c a t i o n  s e  p r o d u i s e n t  norm,ilemei~t 
quand l e  pi3 r s t  ari-de.;+us de 4,9. Qua;id ir 4 - r n i e r  b a i s s e  ail-dessnus de 4 , 7 ,  il s. a  a l t s r a t i o n  d e s  !.i6cani$mcs 
d e  r g g u l a t i o n  iorique, qu;  2onduir; 2 une p e r t ?  i .xcessive d ' G l e c t r o l y t e s  en eaii douce.  Le manque d e  r e  u l a t i o n  4 i o n i q t r ~  semble S t r e  l a  t?nsC-qtxence d ' u n e  i n h i b i t i o n  d e s  sys t&nes  enzymat iques  ( ~ ~ * ) - . $ ~ ~ a s e  e t  ($lai, K ) - A T i ' ~ s e .  
Unc exp . , s i t ion  pru1ongi.e a' d e  I%aart a - i d e  permet au saunon de d6vclopper  d e s  mgcanismes b r a n c h i a u x  
c o m p r n s a t ~ i r e s ,  v c o n p r i s  une a c t i v i r e  a c c r u e  de  I '  ATPase, q u i  r & s u l t e n t  en une r C g u l a t i o n  i o n i q ~ x e  . i ~ n G l  i o r s c .  



Expclsure of s a l r n o i ~ i d s  t o  p1! c o n d i t i o n s  below 
4 . 5  i n c r e a s e s  g i l l  rneinbrane p e r m e a b i l i t y ,  inriciis 
s e c r e t i o n  from g i l l s  and s k i n ,  hydrogen ion  u p t a k e ,  
b lood  a c i d o s i s ,  h e r n a t o c r i t ,  hemoglobin c o n c e c t r a -  
t i n n ,  I-iemopoietic a c t i v i t y ,  r e s p i r a t o r y  and nieta- 
b o l i c  r a t e s  and l o s s  of sodium, c h l o r i d e  and calcitim 
i o n s  from t h e  plasma artd body t i s s u e  (P lonka  and 
Neff  1959; Packer and Dunson 1970; Vaala  and 
? f i t c h e l l  1970; i ? a r g i s  1975; Daye a i d  G a r s i d e  1976; 
D i v e l y  e t  a l .  1977; N e v i l l e  L979a, b; Packer and 
Sonkin 1979; NcDonald e t  a l ,  l9E.0; Booth e t  al. 
1981; P J l l i g a n  and Wood 1982; Saiioders e t  a l .  1983). 
Other  p h y s i o l o g i c a l  consequences of a c i d i f i c a t i o n  i n  
s a l m o n i d s  a r e  reduced a c t i v e  t r a n s p o r t  p r o c e s s e s  i n  
c h l o r i d e  c e l l s  of t h e  g i l l ,  i i ~ h i b i t i o n  of j?Ja+,~+:i,- 
ATPase a c t i v i t y  and a  d e c r e a s e d  oxygen c a r r y i n g  
c a p a c i t y  of t h e  blood (Packer  1979;  :-IcDonald e t  a l .  
1483; Saunders  e t  a l  . 1983) .  

T o l e r a n c e  t o  low pY v a r i e s  4 t h  s ? e c i e s ,  
deve lopmenta l  s t a g e  and lengt l i  o r  e x p o s u r e ,  Grande 
e t  a1, ( 1 9 7 9 )  r e p o r t e d  t h a t ,  of  four  salmonid 
s p e c i e s ,  b rook  t r o u t  ( S a l v e l i n u s  - f o n t i a a l i s )  a r e  
more a c i d  t o l e r a n t  t h a n  brokn t r o u t  (Salmo t r u t t a ) ,  
A t l a n t i c  wlmon o r  ra inbow t r o u t  (e g a i r d n e r i ) .  
Eggs ,  a i e v i n s  and f r y  of  A t l a n t i c  salmon a r e  t h e  
most s e n s i t i v e  deve lopmenta l  s t a g e s  and m n y  physio-  
l o g i c a l  and p t h o l o g i c a l  a l t e r a t i o n s  occur  i n  t h e  
p r e s e n c e  of  h i g h  hydrogen i o n  c o n c e n t r a t i o n s  (Daye 
and G a r s i d e  1977,  1979, 1380; P e t e r s o n  et a l .  1980; 
iiaya and Maiwood 19131)- Host i n s i g h t  i n t o  t h e  t o x i c  
e f f e c t s  of low pH on  sa lmonids  has  been ga ined  
t h r o u g h  exper iments  involv i r lg  a c u t e  m p o s u r e  t o  
a c i d ,  u s u a l l y  l a s t i n g  less t h a n  7  d .  Only a  few 
e x a w r  Lmencs have employed c h r o n i c  a c i d  exposures  of 
l o n g e r  d u r a t i o n ,  and most have d e a l t  -with egg or 
a i e v i n  s t a g e s  (Spry  e t  a l .  1981; Mood and Ycfionald 
1982) .  Al though k t l a n t i r  salmon a r e  one of t h e  most 
pH s e n s i t i v e  and e c o n o n i c a l l y  i n p o r t a n t  s p e c i e s  i n  
A t l a n t i c  Canada, few c h r o n i c  l a b o r a t o r y  o r  f i e l d  
e x p r i m e n t s  have been conducted on j u v e n i l e s  ( f r y ,  
p a r r  and m o l t s )  o r  a d u l t s  r e t u r n i n g  from t h e  s e a ,  
Knowledge of  t h e  t o x i c  l e v e l s  and of zile impact of 
p ro longed  exposure  t o  hydrogen i o n s  on s e a s o n a l l y  
d e t e r m i n e d  endogenous rhytbms and on p i l y s i o l o g i c a l  
and biochemical  ~nechanisms s t i l l  remalqs p o r l y  
e l u c i d a t e d ,  

I n  a  r e c e n t  long-term exper iment  w i t h  A t l a n t i c  
salmon we r e a r e d  p r r  i n  low pti envi ronments  
( 4 . 2 - 4 . 7 )  a t  c o n s t a n t  10°C and r i s r n g  tempera ture  t o  
t h e  m o l t  s t a g e  (Saunders  e r  a l ,  1983j. Salmon 
e x p s e d  t o  low pli d u r i n g  tho perrod &en they  s i ~ o u l d  
h a v e  been w d e r g o l n g  par r - smol t  t r a n s f o r m a t i o n  
f a i l e d  t o  d e v e l o p  t o l e r a n c e  t o  h igh  s a l i n i t y ,  f a i l e d  
t o  e l e v a t e  b r a n c h l a 1  ( N ~ + , K ' ) - A T P ~ S ~  a c t i ~ i t y ,  
f a i l e d  t o  m a i n t a i n  normal pias-na ~ a ~ ,  61- and Ca* 
c o n c e n t r a t i o n s  ana f a r l e d  to  n a i i i t a i o  normal t i s s u e  
m o i s t u r e  c o n t e n t  and growth .  Based on t i iese 
r e s u l t s ,  t h e  process  of  s r o o l t i f i c a t i o n  d i d  not  
a p p e a r  t o  proceed n o r m a l l y  i n  t h e  pH r a n g e  4.2-4.7 
even  though t he  f ~ s h  s u r v i v e d .  The p r e s e n t  
l a b o r a t o r y  s t u d y  was under taken  t o  d e f i n e  the  
t h r e s h o l d  pH above which m o l t i f l c a t i o n  proceeds  
n o r m a l l y  and t o  examine f u r t h e r  t h e  p h y s i o l o g i c a l  
c l ~ a i ~ g e s  t h a t  accompany c l i ron lc  exposure  Lo ac ld  
w a t e r  d u r i n g  par r - smol t  t r a n s f o r m a c i o n .  

I n  n i d - i e b r u a r y  1982, 1500 y e a r l i n g  A t l a n t i c  
s,ilrnon p a r r  (12-1 5 cn: f o r k  l e n g t h )  = r e  randomly 
d i s t r i b u t e t i  among SIX I-m2 Swedish  s t y l e  r e a r i i y  
tat:bs (250:tank) a t  t h e  S t .  h d r e w s  B i o l o g i c a l  
S t a t i o n ,  Water i n  t h e s e  tanks  was g r a d u a l l y  treated 
from an ambient  t e m p e r a t u r e  of  c a r  L°C i n  mid- 
February  i.3 Id°C by Harrh 4 ,  from which rime it was 
~ u a l n t a i a t d  a t  t h i s  t e m p e r a t u r e  f o r  t h e  remainder  of  
t h e  c h p ~ r i m e n t .  Flow r a t e s  - e r e  ca .  12 L/min, 
I n i t i a l  w n p l i n t ;  m s  conducted on l h r c h  5, a f t e r  
which t h r e e  pH reg imes  b e r e  e s t a b l i s h e d  i n  t h e  s i x  
e x p e r i m e n t a l  t a n k s .  W o  c o ~ t t r o l  t a n k s  used normal 
l a b a r a t o r y  w t e r  d t h  a mean m b i e n t  pH o t  5.78 
( r a n ~ e  6.55-6 ' 9 9 )  and h'a, C l ,  Ca, Fig, li and m4 
l e v e l s  o i  100, 100,  38, 15, 10 and LO p o l I L ,  
r e s p e c t ~ v e l y .  Three  grdups  = r e  h e l d  under low pH 
( a e a n  pi3 11-56, r a n g e  4.33-5.00)  and t h e  remain ing  
g r o u p  was a t  i i i t e m e d i a t e  pH (mean pH 4.34,  r a n g e  
4.66-5.40).  Exper l m e n t a l  c o n d i t i o n s  e r e  m a i n t a i n e d  
by us ing  t h e  methodology o u t l i n e d  by Saunders  er; a l .  
j 1983) .  4l t i iough pH conditions were r e l a t i v e l y  
i o n s t a n ? ,  some f l n c t u a t i o n s  o c c u r r e d  d u r i n g  the 
s t u d y  p e r i o d ;  t h e s e  f l u c t u a t i o n s  ( e x p r e s s e d  a s  mean 
pd over 5-d p e r i o d s )  a r e  shorn i n  F i g .  I. 

The n e t h o d o i o g j  involved  i n  f e e d i n g ,  photo- 
p e r i o d  reg imes ,  l ength-weight  measurements, m o i s t u r e  
d e t e r m i n a t i o n s ,  measurement of l i rPase a c t i v i t y ,  
s a l i n i t y  t o l e r a n c e  t e s t s ,  and i o n  aeasurernents  
f o l l o w s  t h o s e  of Saunders  e t  al. (1983) w i t h  ttie 
f o l l o w i n g  cha,iges: f i s h  = r e  fed t o  s a t i e t y  a t  a  
r a t e  of  22 body weight /d ;  blood samples = r e  
c o l l e c t e d  from t h e  c a u d a l  a r t e r y ,  u s i n g  I-ec 
h e p a r i i l i z e d  sy r inges ;  a Perkin-Elmer 303 a t o m i c  
a b s o r  t i o n  s p e c t r o p h o t o m e t e r  was used f o r  a ~ ~ d i y s i s  
o f  Na' and l e v e l s .  

S t a t i s t i c a l  compar i sons  between means e r e  made 
b y  us ing  a  Duncan's k l t i p l e  Range T e s t  o r  a  
S t - ~ d e n t ' s  t - t e s t .  - 

F i g .  1. Three pii reg imes  main ta ined  d u r i n g  tile 
exper iment  which r a n  from "farch 5-May 25, 1982. 



RESULTS AN3 DiSCCrSSlOIl 

Salmon exposed t o  t h e  low pii t r e a t m e n t  
e x h i b i t e d  h i g h e r  m o r t a l i t y  (56.14) d u r i n g  t h e  
ex  peri inent  t h a n  t h o s e  =posed t o  t h e  i n t e r m e d i a t e  
and c o n t r o l  pii reg imes  & e r e  m o r t a l i t y  was 2.L% a i d  
O K ,  r e s p e c t i v e l y .  M o r t a l i t y  i n  tile low pH group  
f o l l o w e d  a  modal p a t t e r n  t h a t  was d i r e c t l y  r e l a t e d  
t o  e x c u r s i o n s  Ln pi; l e v e l  ( F i g .  2 ) .  I n i t i a t i o n  of  
t h e  modes occwired  when pli l e v e l s  ( c a l c u l a t e d  over  
5-d p e r i o d )  dropped t o  l e s s  tilari 4 -5 .  I f  tile pH 
l e v e l  was i n c r e a s e d  above t h i s  v a l u e ,  t h e r e  was 
r e c o v e r y ,  but  t h e  a m e l i o r a t i v e  e f f e c t  of t h i s  
i n c r e a s e  was no t  immediate,  c r e a t i n g  a  l a g  e f f e c t .  

I n  t h e  i n t e r m e d i a t e  pH r e g i m e ,  t h e r e  = r e  s i x  
m o r t a l i t i e s  d u r i n g  t h e  per iod  kby lh-16. The t i n l n g  
of t h i s  m o r t a l i t y  c o i n c i d e d  i r i t h  l a t r  s t a g e s  o: 
s m o l t i f i c a t i o n  i n  t h e  c o n t r o l  f i s h  and Fay r e p r e s e n t  
a  lowered r e s i s t a n c e  t o  h l g h  c o n c e n t r a t i o n s  of 
hydrogen  i o n s  and a p r o g r e s s i v e  d e t e r i o r a t i o n  i n  
h e a l t h  and c o n d i t i o n  owing t o  long-sera  cxpos i~r t .  to  
a c i d  w a t e r .  

L r o u t h  of salmoi. exposed t o  c o x ~ r r o l  silt? i n t e r -  
m e d i a t e  pli reg imes  was s i m i l a r  and g r e a t e r  than 
t h o s e  a g s e n  to  10% pii (Fig. 3 ) .  b l o ~ e r  j i rakth and 
t h e  a p p a r e n t  d e c r e a s e  ~ n  s i z e  of  salmon =posed t o  
t h e  low pH was p r o b a b l y  caused b) s 1 ~ e - r c : ~ ~ t t d  
z 0: t s i x t y  and a  p o r  t e e d i n g  r e s p o n s e ,  

MOISTUXE CONTENT Ah;TD GOta'DITION FACTOR 

T o t a l  m o i s t u r e  c o n t e n t  f o r  s a l n o n  from t h e  low 
pti r e g i m e ,  a l t h o u g h  s l i g h t l y  h i g h e r  1n A p r i l  and 
e a r l y  Nay and lower i n  l a t e  t h y  t h a n  v a l u e s  f o r  t h e  
o t h e r  r e g  irnes, Gas n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o n  
t h o s e  u f  t h e  o t h e r  pi1 regimes (Table  1). 

The c o n d i t i o n  f a c t o r  f o r  salmon a t  low pH -%as 
s i g n i f i c a n t l y  lower (P < 0.05) throughout t h e  s t u d y  
p e r i o d  than  t h o s e  f o r  t h e  o t h e r  reg imes ,  Ext remely  
low v a l u e s  were reached  i n  l a t e  May. Such low 
c o n d i t i o n  f a c t o r s  s u g g e s t  t h a t  salmon exposed t o  l o 3  
pH l o s e  body m i g i r t  and body e n e r g y  r e s e r v e s  a t  a 
r a t e  g r e a t e r  t h a n  salmon a t  h i g h e r  pH l e v e l s .  

~ U I V Y V ~ ~  o t  salmon i n  i n r t l a l  s a i l n i t y  
t o l e r a n c e  t e s t s  (conducted a t  35 o/oo s a l l n l t y j  I n  
Yarch ws 50% a f t e r  96 h f o r  c o n t r o l  pH c o n d i t i o n s  
( F i g .  4 ) ;  i n  subsequent  t e s t s ,  c o n i r o l  f i s h  had 
80-1002 s u r v i v a l .  S u r v i v a l  of salmon i n  i n t e r -  
m e d i a t e  and low pH c o n d i t r o n s  was 60-?OX and 0-302, 
r e s p e c i i v e l y ,  between u id-Apr i l  arid l a t e  May- These 
d a t a  c l e a r l y  r n d i c a t e  t h a t  s a l  i n l t y  t o l e r a n c e  of 
j u v e n i l e  salmon was g r e a t l y  knpa i red  a t  low pH and 
t o  a l z s s i i r  e x t e n t  a t  pH 4.4. 

BRnNC4LAL ATIqSSI-' ACTIVITY 

S r a n ~ i i i a l  ( P ~ * ) - A T P ~ S ~  a c t ~ v i t y  was 
s l g n i f i c a , ~ t l y  reduced ( P  < 0.05)  i n  salmon exposed 
t o  H 4 - 7  ( F i g ,  51 ,  l n  mid-Apri l  and e a r l y  Eay 
(YgR)-AiPase l e v e l s  of  t h e  low pH group  were 
s i g n i f r c a r i t l y  Lower (P <0.05)  than t h o s e  f o r  e i t h e r  
o f  Lllr o t h e r  reglines,  By l a t e  &y, Itowever, 
( X g * ) - ~ ~ ~ a s e  a c t i v  i t y  of t h e  low pH group  
i n c r e a s e d  and was c o t  s i g n i f i c a n t l y  d i f f e r e n t  from 
t h e  o i h e r  reg imes .  The p a t t e r n  of (1-lgCt)-~T~ase 
a c t i v i t y  fo l lowed :hat of  t h e  plasma i o n s  (F ig .  6, 
7 ,  8 ) .  

B r a n c h i a l  ( ~ a ' ~  gi)-ATPase a c t i v i t y  was 
s i g n i f i c a n t l y  lower d u r i n g  A p r i l  and May ( P <  0.01) 
i n  salmon exposed to  t h e  low pH regime t h a n  t o  t h e  
i n t e m e d i a t e  o r  c o n t r o l  reg imes  [ F i g ,  5 ) .  Sml-non 
exposed t o  t h e  i n t e r w e d i a t e  pH regiiue a l s o  tiad 
s i g n i f i c a n t l y  lower (P < 0.55)  ATPase Levels  t h a n  
t h e  c o n t r o l s  d u r i n g  % y e  These r e s j l t s  are i n  
a g r e e n e n t  w i t h  t h o s e  of t h e  s a l i n i t y  t o l e r a n c e  
t e s t s ,  i n d i c a t i n g  marked p h y s i o l o g i c a l  impair men^ of 
o s m o r e g - d a t o r y  f u n c t i o n  in a c i d - s t r e s s e d  j u v e n i l e  
salmon i n  s a l t  water .  The marked d e c r e a s e  i n  ATPase 
a c t h i t y  and s a l i n i t y  t o l e r a n c e  i n  tile c o n t r o l s  
between Yay 6 t h  and 2Lst  s u g g e s t s  t h a t  tire 
s ~ o l t i f i c a t i o i i  p rocess  may have peaked i n  e a r l y  May 
and t h a t  d e s m o l t i f r c a t i o n  commenced t h e r e a f t e r ,  
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Rean plasma N-*, 61- and Caq3 i o n  concent ra -  
t l o n s  v a r i e d  s e a s o n a l l y  and i n  inagnitrai-e a c c o r d i n g  

T a b l e  I ,  &an m o i s t u r e  c o n t e n t  ( e x p r e s s e d  a s  a  percentage  of totdl v e t  body 
w e i g h t )  and c o n d i t i o n  f a c t o r  (GF) f o r  A t l a n t i c  salrno-i p a r r - m o l t s  exposed t o  
t h r e e  d i f f e r e n t  pH regime&. 

pII regime 
Sampling Lo* i n t e r m e d i a t e  C o n t r o l  

d a t e  (%) (cF) ( 2 )  (CF) (XI (CF) 

1982 

March 3 - - 7 2 . 4  1.02 

A p r i l  19 35 .5  0.81 74.7 0.97 7 1 . 6  0.94 

?lay 10 7 5 - 6  0.88 73,9 0 -92  74 .9  0.92 

Nay 25 73.6 0-81 73.1 0,90 75.1 0.92 



March M a y  

F i g .  2. M o r t a l i t i e s  t h a t  o c c a ~ r r e d  i n  A t l a n t i c  
salrnon p o p u l a t i o n s  m a i n t a i n e d  a t  low ( b . 6 6 )  pii 
l e v e l s  d u r i n g  the per iod  !.larch 5-tlay 26, 1982. 
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March M a y  

March 3 Aprri 13 May 10 May 25 

F i g .  4 ,  S a l i n i ~ y  t o l e r a n c e  of A t l a f i t i c  salmon 
r e a r e d  a t  c o n t r o l  ( 6 . 7 8 ) ,  i n t e r m e d i a t e  (4 .949 ,  and 
l o w  ( 4  -66) pH l e v e l s .  S a l i n i t y  t o l e r a n c e  expressed  
a s  p e r c e n t  s u r v i v a l  e f t e r  96 h i n  35 o/oo s e a w a t e r ,  

01 I - 2 - _  1 
March Aorrl May 

Fig .  3. Fork  l e n g t h s  of i l t l a n t i c  salmon reared  at F i g .  5 .  bieiin (PIgfC)- arid i~a',ti';-;.:i);,sv ~ 1 :  i i v  i i y 

c o n t r o l  (6.781, i n t e r m e d i a t e  (4.94 ), and l o w  (4,66) l e v e l s  (+ - S E  i n  A t l a r ~ t i , -  s ~ l : n o n  r e . ~ r c v l  , I .  ~ # J ~ I I I - < , I  
pi1 l e v e l s .  ( 5 , 7 8 ) ,  i n t e r m e d i a t e  ( 4  - 9 4 1 ,  , a i l ~ l  l o w  ( 4  . iiilj j a i i  

levels. ATPase a c t i v i t y  i r p r e s s e d  .is a s r s c i ?  c .  

pF-mg p-o te in-1  .h-1. 



Fig.  5 .  Mean plasma ~a' l e v e l s  (2 SE) i n  
A t l a n t i c  salmon reared a t  c o n t r o l  (5.781,  
i n t e rmed ia t e  ( 4 . 9 4 ) ,  and low ( 4 . 5 6 )  pH l e v e l s .  

March  1 April I May 

Fig. 8. Mean plasma Ca* l e v e l s  (5 S E )  i n  
A t l a n t i c  salmon reared a t  c o n t r o l  (6.78) , 
i n t e r m e d i a t e  (A.Y&), and low (&,66) pH l e v e l s ,  

Fig. 7 ,  Mean plasina Cl- l e v e l s  (5 SE) i n  
A t l a n t i c  salmon reared a t  c o n t r o l  (6.781, 
intermediiate ( 4 , 9 4 ) ,  and low ('4.66) pH l e v e l s .  



t o  t h e  pH reg ime ( F i g .  5, 7 ,  8).  Except  f o r  t h e  
c o n t r o l  salmon,  t h e  p a t t e r n  of  s e a s o n a l  change i n  
p lasma i o n  c o n c e n t r a t i o n s  f o r  each of  t h e  o t h e r  
r e g i m e s  was s i m i l a r ,  c o n s i s t i n g  of  an i n i t i a l  
d e c l i n e  fo l lowed by a  r i s e  i n  i o n  c o n c e n t r a t i o n s .  
The g r e a t e s t  d e c l i n e  i n  i o n  c o n c e n t r a t i o n s  o c c u r r e d  
i n  salmon from t h e  low pH reg ime.  L e v e l s  of  a l l  
i o n s  i n  A p r i l  and e a r l y  E i y  were s i g n i f i c a n t l y  lower 
(P < 0.05) i n  salmon r e a r e d  a t  low pH t h a n  i n  t h o s e  
a t  i n t e r m e d i a t e  and c o n t r o l  pH, By l a t e  Fay,  t h o s e  
s u r v i v i n g  i n  t h e  low pH reg ime had plasma i o n  
c o n c e n t r a t i o n s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from 
t h o s e  of  t h e  o t h e r  reg imes .  T h i s  rise i n  i o n  l e v e l s  
t o  n e a r  normal v a l u e s  i n  t h e  low pH reg ime .may 
r e f l e c t  t h e  s l i g h t l y  h i g h e r  pH c o n d i t i o n s  a t  t h e  
t i m e  of  sampling i n  e a r l y  and l a t e  May (pH 4.53- 
4.63) compared w i t h  mid-April (pH 4.49-4.513, Q r  i t  
may r e f l e c t  some form of b r a n c h i a l  compensation i n  
which plasma i o n  l o s s e s  a r e  reduced and a c t i v e  
u p t a k e  of  i o n s  from t h e  water  i s  i n c r e a s e d .  

GEKEMI, DISCUSS 1013 

The e f f e c t  of  long-term a c i d  exposure  on 
s m o l t i l i c a t i o n  of  A t l a n t i c  salmon has been d e s c r i b e d  
t o  some e x t e n t  a l r e a d y  by Saunders  et a l .  (1983) .  
However, i n  t h a t  exper iment ,  i t  was n o t  p o s s i b l e  t o  
d e m o n s t r a t e  t h e  l e v e l  of pH above which m o l t i f i -  
c a t i o n  would proceed normal ly .  I n  t h i s  exper iment ,  
we have compared t h e  e f f e c t  of  t h r e e  pH reg imes  
c o n s i d e r e d  t o  be above and below t h e  t h r e s h o l d  l e v e l  
f o r  s m o l t i f i c a t i o n .  

Al though pH below 4 .7  d i d  no t  appear  t o  
i n f l u e n c e  body s i l v e r i n g ,  t h e  development of  
m a r g i n a l  f i n  p i g m e n t a t i o n  o r  t h e  p r o c e s s  of s c a l e  
l o s s  i n  m o l t s ,  i t  d i d  have a  marked e f f e c t  on 
g r o w t h  and c o n d i t i o n  f a c t o r .  Growth d a t a  f o r  t h e  
l o w  pH reg ime a r e  n o t  s u i t a b l e  f o r  s t a t i s t i c a l  
compar i sons  because  of t h e  h i g h  m o r t a l i t y .  However, 
t h e  d a t a  do s u g g e s t  poorer  growth i n  t h e  low pH 
c o n d i t i o n .  Poor f e e d i n g  response  and a h e i g h t e n e d  
Level  of swimming a c t i v i t y  appear  t o  be t h e  main 
c a u s e s  of  t h i s  W o r  growth .  

The r a t e  of d e c l i n e  i n  c o n d i t i o n  f a c t o r  f o r  
salmon =posed t o  low pH was much g r e a t e r  than r a t e s  
f o r  salmon i n  e i t h e r  of  t h e  o t h e r  reg imes .  These 
changes  i n  c o n d i t i o n  a r e  probably  a s s o c i a t e d  wi th  
weight  l o s s .  The e a r l y  d e p l e t i o n  of  l i p i d  r e s e r v e s  
and lower c o n d i t i o n  f a c t o r  w r e  p r o b a b l y  caused by 
i n c r e a s e d  e n e r g y  demands f o r  muscle c o n t r a c t i o n ,  
i n c r e a s e d  c a r d i o v a s c u l a r  a c t i v i t y ,  and i n c r e a s e s  i n  
o t h e r  body f u n c t i o n s  a f f e c t e d  by exposure  t o  low 
pH. 

These d a t a  a l s o  c l e a r l y  d e m o n s t r a t e  t h a t  
p h y s i o l o g i c a l  rhythms and mechanisms a s s o c i a t e d  wi th  
i o n i c  r e g u l a t i o n  a r e  impai red  when salmon a r e  
c h r o ~ i c a l l y  exposed t o  pH c o n d i t i o n s  below 4.7. 
S m o l t i f i c a t i o n  a p p e a r s  t o  proceed &en pH i s  a t  o r  
above  4 .9 ,  s i n c e  l o s s  of plasma i o n s ,  reduced 
c o n d i t i o n ,  impdir,ner~L of ATPase a c t i v i t y  and 
s a l i n i t y  t o l e r a n c e  a r e  g r e a t l y  a t t e n u a t e d .  

The p l i y s i o l o g i c a l  mechanism of a c i d  t o x i c i t y  
f o r  c h r o n i c a l l y  exposed j u v e n i l e  A t l a n t i c  salmon 
d u r i n g  t h e  t i m e  when t h e y  should  be m o l t i n g  a p p e a r s  
t o  be a s s o c i a t e d  w i t h  f a i l u r e  of i o n i c  r e g u l a t i o n  i n  
f r e s h  water  and sea  w a t e r .  Death i n  t r e s h  w t e r  
c o i n c i d e d  w i t h  low plasma Cl- and Cafe l e v e l s ,  
and l o s s  of  body c o n d i t i o n .  Death i n  s e a  water  of 
35 o /oo  s a l i n i t y  c o i n c i d e d  w i t h  t h e  h i g h  @asma %ai 
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and Cl- c o n c e n t r a t i o n s ,  i n c r e a s e d  h c m a t o e r i t  and 
low b r a n c h i a l  ( ~ a + , ~ ' ) - k ~ P a s e  a c t i v i t y  (Satlnders 
l e v e l s  and ATPase a c t i v i t y  a r e  much h i g h e r  and c l o s e  
e t  a l .  1983) .  When p'n' i s  4 . 9  o r  h i g h e r ,  plaai la  iori 
t o  c o n t r o l s .  Few salmon d i e d  i n  t h e s e  c o n d i t i o n s .  

Loss of I o n s  from t h e  plasma o f  sa lmonids  
exposed t o  low pIi c o n d i t i o n s  i n  t h e s e  c h r o n i c  
e x p e r h e n t s  may be owing t o  s e v e r a l  d i f f e r e n t  
a c t i o n s ,  I o n  l o s s e s  c o u l d  be caused  by an i n c r e a s e  
i n  d i f f u s i v e  p e r m 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 c -  
l iu ra ,  i n h i b i t i o n  o f  exchange d i f f u s i o n  mechanisns  
i n v o l v i n g  Nai, H+ and Mi4* o r  C1- and  KC03-, i n h i b i -  
t i o n  of a c t i v e  t r a n s p o r t  p m p s  a s s o c i a t e d  w i t h  t h e  
b r a n c h i a l  c h l o r i d e  c e l l ,  o r  t o  some combina t ion  of  
t h e s e  a c t i o n s  (Wood and 1"sDonald 1982) .  P r e s e n t  
d a t a  s u g g e s t  t h a t  i o n  l o s s  m y  be caused  by a  
f a l l u r e  of f r e s h w a t e r  and s a l t w a t e r  i o n  t r a n s p o r t  
mechanisms d r i v e n  by ( e ) - A T P a s e  o r  @af ,K+)- 
ATPase enzyme systems.  I n  f r e s h  water, a  d e c l i n e  i n  
( ~ f g * )  and (!laf,+)-ATPase a c t i v i t y  c o i n c i d e d  w i t h  
d e c l i n e s  i n  a l l  plasma i o n  c o n c e n t r a r i o n s .  
C o n v e r s e l y ,  h i g h  ( t l g f e ) - A ~ ~ a s e  a c t i v i t y  i n  f r e s h  
w a t e r  always c o i n c i d e d  w i t h  e l e v a t e d  p l a s n a  i o n  
c o n c e n t r a t i o n s .  E l e v a t e d  ( N ~ , K ~ ) - A T P ~ ~ ~  a c t i v i t y  
c o i n c i d e d  w i t h  b e t t e r  s u r v i v a l  i n  s e a w a t e r  and 
b e t t e r  r e g u l a t i o n  of  ~ a '  and Cl- ( S a u n d e r s  et. 
a l .  1983). 

It has  been s u g g e s t e d  t h a t  a n  i n c r e a s e  i n  
b r a n c h i a l  ATPase a c t i v i t y  i s  d i r e c t l y  r e l a t e d  t o  t h e  
e x c r e t i o n  of  sodium and c h l o r i d e  by t h e  g i l l  i n  s a l t  
w a t e r  o r  t o  t h e  r e a b s o r p t i o n  of  t h e s e  i o n s  i n  f r e s h  
w a t e r  ( E p s t e i n  e t  d l .  1967; Kamiya and U t i d a  1968, 
1969; l i c k f o r d  et a l .  1970; Johnson  1973 , Although 
t h e  r o l e  played by ( n g " j - ~ ~ ~ a s e  m d  (h&,K')- 
AIPase enzymes i n  i o n  t r a n s p o r t  a c r o s s  t h e  e p i t h e -  
l i a l  t i s s u e s  of  t h e  g i l l  r e m a i n s  s p e c u l a t i v e ,  d a t a  
i n d i c a t e  t h a t  t h e  p a t t e r n  of  ATPase a c t i v i t y  f o l l o w s  
t h e  p a t t e r n  of  plasma &!ai and C1- f l u c t u a t i o n s .  
McDonald e t  a l .  119831, i n  an e x p e r b e n t  w i t h  
ra inbow t r o u t ,  s u g g e s t e d  t h a t  l o s s e s  of ~ a +  and  
Cl- a c r o s s  t h e  g i l l s  = r e  caused  by a  pronounced 
i n h i b i t i o n  o f  a c t i v e  t r a n s p o r t  m e c h a n i m s .  The 
e f f e c t  of  hydrogen i o n s  on t h e  b r a n c h i a l  i o n  
t r a n s p o r t  system, however, is n o t  c l e a r l y  under-  
s t o o d ,  J u d g i n g  from t h e  marked d e c l i n e  i n  (&*)- 
ATPase and ( ~ a + - ~ + ) - ~ ~ p a s €  a c t i v i t y  i n  low pH 
c o n d i t i o n s ,  our d a t a  s u g g e s t  t h a t  f a i l u r e  of  t h e  
e n e r g y  producing component i n  t h e  c h l o r i d e  c e l l s  o r  
i n  t h e  t r a n s p o r t  mechanism is t h e  u n d e r l y i n g  r e a s o n  
:or f a i l u r e  of t h e  i o n i c  r e g u l a t o r y  sys tem.  

F a i l u r e  of a c t i v e  t r a n s p o r t  m e c h a n i m s  t o  
r e p l a c e  o r  remove plasma i o n s  rnay n o t  be t h e  o n l y  
c a u s e  of  abnormal plasma i o n  c o n c e n t r a t i o n s .  
Changes i n  t h e  i n t e r c e l l u l a r  cement ing  a g e n t s  
r e s t r i c t i n g  t h e  p a r a c e l l u l a r  d i f f u s i o n  c h a n n e l s ,  
changes  i n  t h e  p e r m e a b i l i t y  o f  t h e  a p i c a l  membranes 
o f  c h l o r i d e  c e l l s  o r  a l t e r e d  exchange d i f f u s i o n  
r a t e s  could a l s o  l e a d  to  r e d u c t i o n s  i n  plasma i o n  
c o n c e n t r a t i o n s  [&Donald 1983) .  It i s  n o t  p o s s i b l e  
t o  s t a t e  which of t h e s e  is most a f f e c t e d  by low pli 
c o n d i t i o n s .  

I n  l a t e  Flay, salmon exposed t o  low pi1 
c o n d i t i o n s  showed e l e v a t e d  {b@*)- i i~~ase  a c  t i v i  t y  
and n e a r  nom.al plasma i o n  c o n c e n t r a t i o n s  i n  f r e s h  
w a t e r .  T h i s  change i n  p h y s i o l o g i c a l  r e s p n s r  may bc 
a s s o c i a t e d  i n  some way w i t h  t h e  a o l t i f i c a t i o n  
p r o c e s s  o r  wi th  t h e  d e v e l o p n e n t  of a c i d  tci lerai ice 
t h a t  is independent  of m o l t i n g .  Some d e g r e e  of  
a c i d  r e s i s t a n c e  may e x i s t ,  o r  d e v e l o p ,  i n  s izrvivcirs  
o f  exposure  t o  iow pH. S e v e r a l  ~ t d l e s  have st iowr l  

improved r e s i s t a n c e  of eggs and a l e v l n s  of brook 



t r o u t  and of j u v e n i l e  brow. t r o u t  d u r i n g  long-term 
5 :  u d i e s  ( T r o j n a r  1977; YcWill iams 1 9 8 0 ) -  There  is  
eb i d e n c e  a l s o  t h a t  e l e v a t e d  hormonal l e v e l s  a s s o c i -  
a t e d  w i t h  m o l t i f i c a f i o n  could  p l a y  a n  i m p o r t a n t  
r o l e  i n  s t i m n L a t i n g  b r a n c h i a l  ATPase a c t i v i t y .  
F c i a n r  and 31ckhoff (1979) and G a l l i s  e t  a l .  (1979) 
repc-rted tilac- g i l l  iiTPase a c t i v i t y  was i n f l u e n c e d  by 
plasma t h y r o x i n e  and c o r t i s o l  l e v e l s .  S i n c e  bo th  of  
t h e s e  hormones show ~ e a s o n a l  changes ,  i t  i s  p s s i b l e  
t h a t  i a c r e a s e d  a c t i v i t y  oZ t h e s e  i~orelones is 
r e s j m o s i b l e  for t h i s  change i n  a c i d  t o l e r a n c e .  
F u r t h e r  i n v e s t i g a t i o n s  a r e  needed t o  d e s c r i b e  tRe 
n a t u r e  of  the  s t r u c t u r a l  and f u n c t i o n a l  i n t e r a c t i o n s  
t i ra t  d e v e l o p  i n  t h e  c h l o r i d e  c e l l s  of i t l a n t i c  
sAimon c t l r o n i c a l l y  exposed t o  l o r  pi1 d u r i n g  
smol t i f i c a t i o n ,  

I n  cnr ic lus ion ,  we s u g g e s t  t h a t  the  pH l e v e l  a t  
which s m o l t i f r c a t i o n  .All proceed c o r l i a l l y  is  a t  o r  
above  4 - 9 .  I f  pH f a l l s  below t h i s  Leve l ,  some 
i n w i r n e n t  3f i o n i c - r e g u l a t o r y  m e c l ~ a n i s n s  o c c u r s ,  
l e a d i n g  t o  a c e w i v e  l o s s  o r  g a i n  of  e l e c t r o l y t e s  i n  
l r - s h  -water and s e a  w t e r ?  r e s p e c t i v e l y l  The primary 
cdusrs of i o r r f c - r r g u i d t o r y  f a i l b r c  i l l  tl i s  s t u d y  
a p p e a r  t o  be a s s o c i a t e d  d t h  i n h i b i t ~ o n  of  {P&*)- 
ATPase and j & a + , ~ + ) - ~ ~ ~ a s e  sys tems  and p s s i b l y  
a l t e r e d  nem5rane p e r m e a b i l i t y  i n  f r e s h  water  and 
s a l t  w a r e r ,  Foiiowirlg prolonged exposure  t o  a c i d  
media ,  some m o l t i n g  salmon appear  t o  d e v e l o p  
compensa tory  b r a n c h i a l  m e c h a ~ i s m s  and improved I o n i c  
r e g u l a t i o n ,  The n a t u r e  of t h e  compensatory 
mechanisms is n o t  m d e r s t o o d .  

We t h a n k  M r .  Tim B i r t  f o r  a s s i s t i n g  k i t h  t h e  
c o l l e c t i o n  of  t i s s u e  samples and ATPase neasure-  
ments .  D r s ,  R. H. P e t e r s o n  and G. L. L a c r o i x  
rev iewed t h e  m a n u s c r i p t ,  M e s s r s ,  P. W. G. McMullon 
and F. Cunningham prepared  t h e  i l l u s t r a t i o n s ;  I"h-s. 
Z. e l a n c h a r d  and Hrs, B. Fawkes typed  t h e  
m a n u s c r i p t .  

P a r t  of t h i s  s t u d y  was s u p p o r t e d  by g r a n t s  
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S c i e n c e s  and E n g i n e e r i n g  Research  Counci l  of  Canada, 
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