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ABSTRACT 

R a d t k e ,  R.L. ,  1 9 8 4 .  C o d - f i s h  o t o l i t h s :  I n f o r m a t i o n  s t o r a g e  
s t r u c t u r e s .  I n :  E. D a h l ,  D.S. D a n i e l s s e n ,  E. Moksness and 
P. So lemda l  ( ~ d i t o r s ) ,  The P r o p a g a t i o n  o f  Cod Gadus rnorhua 
L. Flqjdevigen r a p p o r t s e r . ,  1 ,  1984 :  273-298. 

The o t o l i t h s  o f  cod  f i s h  may have  i n c o r p o r a t e d  w i t h i n  t h e i r  
s t r u c t u r a l  and c h e m i c a l  components  a  l a r g e  amount o f  l i f e  h i s -  
t o r y  i n f o r m a t i o n .  T h i s  i n f o r m a t i o n  may b e  r e v e a l e d  when a p p r o -  
p r i a t e  a n a l y t i c a l  methods  a r e  u t i l i z e d .  E x t e r n a l  and i n t e r n a l  
e x a m i n a t i o n s  o f  a l l  t h r e e  o t o l i t h s  ( s a g i t t a ,  a s t e r i s c u s  and  
l a p i l l u s )  f o r  o t o l i t h  m a c r o s t r u c t u r e  and m i c r o s t r u c t u r e  b y  
l i g h t  and S c a n n i n g  E l e c t r o n  Mic roscopy  i n d i c a t e  t h a t  y e a r l y ,  
d a i l y  and p o p u l a t i o n  r h y t h m i c  p a t t e r n s  e x i s t .  These  d a t a  make 
i t  p o s s i b l e  t o  e s t i m a t e  t h e  a g e  o f  a d u l t ,  j u v e n i l e  and l a r v a l  
cod  f i s h .  Chemica l  a n a l y s e s  o f  o t o l i t h  c a r b o n a t e  by  mass 
s p e c t r o m e t e r  f o r  s t a b l e  i s o t o p i c  c o n c e n t r a t i o n s  and by  a t o m i c  
a b s o r p t i o n  and e l e c t r o n  m i c r o p r o b e  f o r  s t r o n t i u m  and c a l c i u m  
c o n c e n t r a t i o n s  p r o v i d e  v a l u a b l e  i n s i g h t s  i n t o  t h e  p a s t  h i ~ g o r y  
o f  a r s i n d i v i d u a l  f i s h .  S t a b l e  i s o t o p i c  c o n c e n t r a t i o n s  o f  0  
and 0  a p p e a r  t o  b e  d i r e c t l y  r e l a i c j d  t o  t f y p e r a t u r e ,  and 
s t a b l e  i s o t o p i c  c o n c e n t r a t i o n s  o f  C  and C a p p e a r  t o  
m i r r o r  t h e  n u t r i t i o n a l  and m e t a b o l i c  h i s t o r y  o f  a  f i s h .  S t r o n -  
t i u m - c a l c i u m  c o n c e n t r a t i o n  r a t i o s  seem t o  b e  i n v e r s e l y  r e l a t e d  
t o  t e m p e r a t u r e  and e l e c t r o n  m i c r o b e  a n a l y s e s  make i t  f e a s i b l e  
t o  i n t e r p r e t  a l m o s t  d a i l y  c h a n g e s  i n  t e m p e r a t u r e .  A c o m b i n a t i o n  
o f  s t r u c t u r a l  and c h e m i c a l  a n a l y s e s  would make i t  p o s s i b l e  t o  
l i n k  g r o w t h  and m o r t a l i t y  r a t e s  t o  n u t r i t i o n a l  and e n v i r o n -  
m e n t a l  o c c u r r e n c e s .  



INTRODUCTION 

Cod (Gadus morhua) are one of the more economically im- 

portant fish species and are of interest to countries world- 

wide. Cod abound in the eastern and western North Atlantic and 

are generally ecologically similar throughout the North Atlan- 

tic (~annevig, 1933; Pinhorn, 1969). Consequently, ecological 

data on cod populations would be of benefit to the entire 

fishery . 
Many ecological facets of cod may be interpreted from the 

structural and chemical patterns of otoliths. Otoliths are 

calcium carbonate concretions situated in the membraneous laby- 

rinth of teleost fishes (Lowenstein, 1971; Popper and Coombs, 

1980). There are three otoliths (the sagitta, asteriscus and 

the lapillus) on each side of the brain area, but only the 

largest otolith, usually the sagitta, has been utilized for 

most studies. The other two otoliths (the asteriscus and the 

lapillus) may also contain valuable ecological information, but 

need more investigation. 

The use of the rhythmic structure of sagittal otoliths for 

yearly age determinations was suggested by Reibisch (1899) and 

since then otolith inspection for rhythmic depositional 

patterns has been the most widely practiced technique for age 

determinations (Bagenal, 1974). Sagittal otoliths have been 

demonstrated by Six and Horton (1977) to be the most consistent 

and accurate calcified structure for age determination. Conse- 

quently, they are probably the superior structure for age de- 

termination in most fish such as cod. In addition, the struc- 

tural shape of sagittal otoliths is species specific (Hecht, 

1978; Hecht and Hecht, 1978, 1979; Morrow, 1979). Otolith shape 

has been shown to be indicative of population or stock boun- 

daries (Shinoda and Jayashingre, 1971; Messieh, 1972; Postuma, 

1974; Yefanov and Khorevin, 1979). Otoliths can reveal trophic 

relationships in marine systems  itch and Brownwell, 1968). 

provide information on fish size (Templeman and Squires, 1956) 

and have been utilized in evolutionary studies of fish (Stinton, 

1975). The macro-structural components of teleost otoliths con- 

tain a large amount of information that would be accessible if 



t h e  p r o p e r  t e c h n i q u e s  were  employed.  

The m i c r o - s t r u c t u r a l  components  o f  a d u l t  and e s p e c i a l l y  l a r -  

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

a n t  e c o l o g i c a l  and l i f e  h i s t o r y  q u e s t i o n s .  Mic ro - inc remen t s  

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

t o  b e  d a i l y  i n  f o r m a t i o n .  P a n n e l l a  ( 1 9 7 1 )  was o n e  o f  t h e  f i r s t  

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

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

1 b e  found  i n  o t o l i t h s  o f  l a r v a l ,  j u v e n i l e  and a d u l t  f i s h e s  f rom 

a  wide  e c o l o g i c a l  r a n g e  and c a n  b e  u t i l i z e d  f o r  i n d i v i d u a l  and 

p o p u l a t i o n  b i o l o g y  ( e . g .  B r o t h e r s  e t  a l . ,  1976 ;  R a d t k e  and  Dean, 

1 9 8 2 ) .  These  s t u d i e s  on  o t o l i t h  m i c r o - s t r u c t u r e  e s t a b l i s h e d  t h e  

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

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

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

t h e  means t o  d e t e r m i n e  g r o w t h ,  s u r v i v o r s h i p ,  f e e d i n g  p e r i o d i c i -  

t i e s  and o t h e r  e c o l o g i c a l  p a r a m e t e r s .  

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

a b o u t  c a l c i f i c a t i o n  mechanisms,  e v o l u t i o n ,  e n v i r o n m e n t a l  v a r i a -  

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

and o t h e r  r e l e v a n t  i n f o r m a t i o n .  O t o l i t h s  o f  most t e l e o s t  f i s h e s  

a r e  m i n e r a l o g i c a l l y  composed o f  a r a g o n i t i c  c a l c i u m  c a r b o n a t e  

( c a r i s t r o m ,  1 9 6 3 )  s i t u a t e d  w i t h i n  an  o r g a n i c  m a t r i x  (Degens  e t  

a l . ,  1 9 6 9 ) .  The o r g a n i c  m a t r i x  f o r  a  l i m i t e d  number of  t e l e o s t  

f i s h  s p e c i e s  was shown t o  c o n s i s t  ma in ly  o f  h i g h l y  o x y g e n a t e d  

amino a c i d s  wh ich  were  t a x o n o m i c a l l y  s e p a r a b l e  by  w e i g h t  p r o -  

p o r t i o n s  (Degens  e t  a l . ,  1 9 6 9 ) .  The o r g a n i c  m a t r i x  o f  cod  o t o -  

l i t h s  h a s  n o t  y e t  b e e n  a n a l y z e d .  Such a n a l y s e s  may p r o v i d e  i n -  

s i g h t s  i n t o  t h e  c a l c i f i c a t i o n  p r o c e s s e s  i n  cod o t o l i t h s  and 

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

s p e c i e s .  

The c h e m i c a l  c o m p o s i t i o n  o f  o t o l i t h s  may b e  a f f e c t e d  by  en-  

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

a  r e c o r d  o f  t h e  e c o l o g i c a l  v a r i a t i o n s  t o  which a  f i s h  h a s  been  

s u b j e c t e d .  S p e c i f i c a l l y ,  o t o l i t h  c a r b o n a t e  may c o n t a i n  a  r e c o r d  

o f  t h e  t e m p e r a t u r e  r eg ime  o f  a  f i s h  and t h u s  t h e  a s s o c i a t e d  

c u r r e n t s  i n  which a  f i s h  h a s  l i v e d .  The oxygen i s o t o p e  r a t i o  
1 8  16 

( 01 0) of  c a l c i u m  c a r b o n a t e  h a s  been  d e m o n s t r a t e d  t o  b e  



d e p e n d e n t  upon t h e  t e m p e r a t u r e  and i s o t o p i c  c o m p o s i t i o n  o f  t h e  

s e a  w a t e r  f rom which i t  was p r e c i p i t a t e d  ( U r e y ,  1 9 4 7 ;  E p s t e i n  

e t  a l . ,  1 9 5 3 ) .  The s t a b l e  i s o t o p i c  c o m p o s i t i o n  o f  many f o r m s  of 

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

v i r o n m e n t a l  s i t u a t i o n s  i n  which t h e  o r g a n i s m s  l i v e d  ( E m i l i a n i ,  

1 9 5 5 ,  1 9 6 6 ;  S a v i n ,  1 9 7 7 )  a s  w e l l  a s  l i f e  h i s t o r i e s  o f  m a r i n e  

o r g a n i s m s  ( E m i l i a n i  e t  a l . ,  1 9 7 8 ;  K i l l i n g l e y  and B e r g e r ,  1 9 7 9 ;  

K i l l i n g l e y ,  1 9 8 0 ) .  L i k e w i s e  t h e  oxygen i s o t o p e  r a t i o  ( 180 /16  0 )  

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

h a b i t a t  t e m p e r a t u r e  ( D e v e r e u x ,  1 9 6 7 ;  Degens e t  a l . ,  1 9 6 9 ;  

Mulcahy e t  a l . ,  1 9 7 9 )  and h a s  been  shown t o  b e  r e l a t e d  t o  t h e  

w a t e r  t e m p e r a t u r e s  i n  which a  f i s h  h a s  l i v e d  ( R a d t k e  and 

W i l l i a m s ,  1 9 8 0 ) .  A d d i t i o n a l  s t u d y  o f  t h e  s t a b l e  i s o t o p i c  com- 

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

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

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

i n f o r m a t i o n  on t e m p e r a t u r e .  S t r o n t i u m  c a n  i n t e r c h a n g e  w i t h  

c a l c i u m  i n  a r a g o n i t i c  c a l c i u m  c a r b o n a t e  i n  a  t e m p e r a t u r e - r e l a t -  

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

s k e l e t o n s  have  b e e n  r e l a t e d  t o  t e m p e r a t u r e  ( S m i t h  e t  a l . ,  1 9 7 9 ;  

S c h n e i d e r  and S m i t h ,  1 9 8 2 )  and i t  i s  c o n c e i v a b l e  t h a t  s t r o n t i u m  

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

o t o l i t h s  i n  a  t e m p e r a t u r e - d e p e n d e n t  manner .  The u s e  o f  s t r o n -  

t i um-ca lc ium c o n c e n t r a t i o n s  h a s  n o t  been  a p p l i e d  t o  f i s h  o t o -  

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

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

a r e a s  o f  one  s q u a r e  m i c r o n .  Such a n a l y s e s  o f  cod o t o l i t h s  c o u l d  

p r o v i d e  a  new l e v e l  o f  i n f o r m a t i o n  on  m i g r a t i o n s ,  g r o w t h  and 

o t h e r  e c o l o g i c a l  p a r a m e t e r s .  

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

c o m p o s i t i o n  and f o r m a t i o n  o f  cod o t o l i t h s  would make i t  f e a s -  

i b l e  t o  d e t e r m i n e  t h e  e c o l o g i c a l  p a r a m e t e r s  o f  cod f i s h  popu- 

l a t i o n ~ .  I f  e n v i r o n m e n t a l  c h a n g e s  a r e  examined a l o n g  w i t h  t h e i r  

e f f e c t s  on s t r u c t u r a l  and c h e m i c a l  f o r m a t i o n  o f  o t o l i t h s ,  i t  i s  

p o s s i b l e  t h a t  cod  o t o l i t h s  and o t h e r  f i s h  o t o l i t h s  c o u l d  f u n c -  

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

o f  a  f i s h ' s  p h y s i o l o g i c a l  and  e c o l o g i c a l  p a s t .  I n  t h e  p r e s e n t  

s t u d y ,  cod  o t o l i t h s  f r o m  r e a r e d  and w i l d  f i s h  were  a n a l y z e d  f o r  



c h e m i c a l  c o m p o s i t i o n  and e x t e r n a l  and i n t e r n a l  s t r u c t u r e s .  

MATERIALS A N D  METHODS 

O t o l i t h s  were  d i s s e c t e d  f rom cod  from b o t h  r e a r e d  and  w i l d  

p o p u l a t i o n s  on b o t h  t h e  w e s t e r n  and e a s t e r n  n o r t h  A t l a n t i c .  

L a r v a l ,  j u v e n i l e  and a d u l t  c o d  were  r e a r e d  a t  s e v e r a l  t empera -  

t u r e s  be tween  4Oc and ~ O O C  w i t h  a  maximum d e v i a t i o n  o f  

f 0 . 6 5 ~ ~  f rom t h e  d e s i r e d  t e m p e r a t u r e .  Cod were  r e a r e d  a t  

t h e  B i o l o g i c a l  S t a t i o n ,  S t .  Andrews, New Brunswick ,  Canada and 

a t  t h e  F lGdev igen  B i o l o g i c a l  S t a t i o n ,  A r e n d a l ,  Norway. Wild 

i n d i v i d u a l s  were  c o l l e c t e d  f rom t h e  C a n a d i a n  and Norwegian 

c o a s t s  by  505pm mesh p l a n k t o n  n e t s  and b o t t o m  t r a w l s .  

F o r  i n t e r n a l  s t r u c t u r a l  a n a l y s e s ,  o t o l i t h s  f rom l a r v a e  and 

j u v e n i l e s  were  mounted on v i e w i n g  s t u b s  i n  5-min epoxy  r e s i n s  

and o t o l i t h s  f rom a d u l t s  were  s e c t i o n e d  w i t h  a  low s p e e d  r o c k  

saw b e f o r e  moun t ing .  The o t o l i t h s  were  g r o u n d  w i t h  600 g r i t  

s a n d  p a p e r  and p o l i s h e d  w i t h  0 . 3  v m  a l u m i n a  p o l i s h .  The 

p o l i s h e d  s u r f a c e s  were  d e c a l c i f i e d  w i t h  6% EDTA ( d i s o d i u m  

e t h y l e n e  d i a m i n e  t e t r a a c e t a t e )  a t  pH 7.4  (pH a d j u s t e d  w i t h  

NaOH) f o r  5-15 min. The s a m p l e s  were  c o a t e d  w i t h  g o l d  and  

o b s e r v e d  i n  a  SEM. 

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

t h r o u g h  t h e  u t i l i z a t i o n  o f  a  m u l t i p l i c i t y  o f  a n a l y t i c a l  methods.  

The c r y s t a l  s t r u c t u r e  was d e f i n e d  t h r o u g h  t h e  u s e  o f  x - r ay  d i f -  

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

m i x t u r e  was a l l o w e d  t o  d r y  on a  g l a s s  s l i d e .  The s a m p l e  (N=3)  

was a n a l y z e d  i n  a  P h i l l i p s  manual x - r a y  d i f f r a c t o m e t e s .  

E x a m i n a t i o n  o f  t h e  o r g a n i c  components  o f  cod o t o l i t h s  was 

a c h i e v e d  by  t h e  i s o l a t i o n  o f  p r o t e i n  m a t r i x .  O t o l i t h s  were  

p u l v e r i z e d ,  d r i e d  a t  60°c f o r  2 4  h  and we ighed .  The o r g a n i c  

m a t r i x  was i s o l a t e d  f o r  amino a c i d  a n a l y s e s  by t h e  t e c h n i q u e s  

o f  Degens e t  a l .  ( 1 9 6 9 ) .  I n  t h e s e  methods  o t o l i t h  m a t e r i a l  was 

d e c a l c i f i e d  by  0 . 1  N HC1 which was added i n  s t o i c h i o m e t r i c  

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

10% c o n c e n t r a t i o n .  The p r e c i p i t a t e d  p r o t e i n  was c e n t r i f u g e d ,  

washed t w i c e  i n  5% t r i c h l o r o a c e t i c  a c i d  and h y d r o l i z e d  w i t h  



6 N HC1 f o r  2 4  h  i n  vacuo .  The h y d r o l i z e d  p r o t e i n  was a n a l y z e d  

by  a u t o m a t i c  ion -exchange  ch romatography .  

S t a b l e  i s o t o p i c  a n a l y s e s  were  pe r fo rmed  i n  a c c o r d a n c e  w i t h  

e s t a b l i s h e d  p r o c e d u r e s  ( W i l l i a m s  e t  a l . ,  1 9 7 7 )  where  t h e  o t o -  

l i t h  m a t e r i a l s  were  r o a s t e d  f o r  1 h  a t  3 2 0 ~ ~  i n  v a c u o  and 

r e a c t e d  w i t h  100% p h o s p h o r i c  a c i d  a t  50°c i n  vacuo .  The 

r e s u l t a n t  CO2 was measured  w i t h  a  mass s p e c t r o m e t e r .  The 

r a t i o s  were  c a l c u l a t e d  a s :  

6180 ( O / O O )  = 1 8 0 / 1 6 0  sample  

1 8 0 / 1 6 0  PDB 

13c/12c sample  - 
1 0 3 .  

1 3 ~ / 1 2 ~  PDB 

The oxygen i s o t o p i c  c o m p o s i t i o n  o f  s e a w a t e r  ( 6 1 8 0  ) was 
W 

e s t i m a t e d  f rom t h e  s a l i n i t y  6180w r e l a t i o n s h i p  f o r  t h e  Nor th  

A t l a n t i c  ( E p s t e i n  and Mayeda, 1 9 5 3 ) .  From t h e  6180 d a t a ,  

i s o t o p i c  t e m p e r a t u r e s  were  c a l c u l a t e d  f rom t h e  t e m p e r a t u r e  

e q u a t i o n  f o r  a r a g o n i t e ,  TOC = 1 3 . 8 5  - 4 . 5 4  (6180s  - 6180w) + 
0.04 ( 6 " 0 ~  - 6180w)2,  where  6180s = 6180 o f  t h e  s a m p l e  

r e l a t i v e  t o  t h e  i s o t o p i c  s t a n d a r d  PDB and 6180 = 6180  of  s e a -  
W 

w a t e r  r e l a t i v e  t o  t h e  i s o t o p i c  s t a n d a r d  PDB ( H o r i b e  and Oba, 

1 9 7 2 ) .  

E l e m e n t a l  a n a l y s e s  o f  cod  o t o l i t h s  were  a c c o m p l i s h e d  by  

Atomic A b s o r p t i o n  ( A . A . )  s p e c t r o p h o t o m e t r y  and by  e l e c t r o n  

m i c r o p r o b e  a n a l y s e s .  Fo r  A . A .  a n a l y s e s  o t o l i t h  m a t e r i a l  was 

d i s s o l v e d  i n  5% HC1 and a n a l y z e d  f o r  s t r o n t i u m  ( S r )  and c a l c i u m  

( C a )  u s i n g  an A . A .  s p e c t r o p h o t o m e t e r  w i t h  an  a u t o  s a m p l e r .  

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

e l e m e n t s  were  a n a l y z e d  f rom t h e  same s a m p l e  t o  a v o i d  d i l u t i o n  

e r r o r .  Commercial  A . A .  s t a n d a r d s  were  mixed i n  p r o p o r t i o n s  

a p p r o x i m a t i n g  o t o l i t h  a r a g o n i t e .  

To a c c o m p l i s h  measuremen t s  o f  S r  and Ca on t h e  e l e c t r o n  

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

s i d e  u n t i l  t h e  c o r e  r e g i o n s  were  r e v e a l e d .  The g round  s a g i t t a e  



were  imbedded i n  epoxy r e s i n  t o  form o n e - i n c h  d i a m e t e r  d i s c s  

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

examined must b e  e x t r e m e l y  smooth o r  l a r g e  d i f f r a c t i o n s  o f  x- 

r a y s  and t h u s  a n a l y t i c a l  e r r o r  r e s u l t .  The spec imen  d i s c s  and 

s t a n d a r d s  were  c o a t e d  w i t h  c a r b o n  i n  o r d e r  t o  f u r t h e r  dampen 

d i f f r a c t i o n  o f  t h e  r e s u l t a n t  x - r a y s  and i n c r e a s e  e l e c t r o n  con-  

d u c t a n c e .  The s t a n d a r d s  and s a m p l e s  were  a n a l y z e d  on a  CAMBAX 

x- ray  e l e c t r o n  m i c r o p r o b e  w i t h  t h e  e l e c t r o n  beam f o c u s e d  on  a  

5 pm2 a r e a .  A n a l y s e s  o f  S r  and Ca w e r e  e x e c u t e d  a t  5 pm 

i n t e r v a l s  a c r o s s  t h e  l o n g e s t  a x i s  o f  t h e  s a g i t t a e  and S r / C a  

r a t i o s  c a l c u l a t e d  f o r  e a c h  a r e a  a n a l y z e d .  S r /Ca  r a t i o s  were  

m u l t i p l i e d  by 1 0 3  f o r  p r e s e n t a t i o n .  

RESULTS 

The s a g i t t a e  were  f rom 200 t o  300 times l a r g e r  b y  w e i g h t  

t h a n  t h e  a s t e r i s c u s  and t h e  l a p i l l u s  ( F i g .  1 ) .  Cod s a g i t t a e  

F i g .  1. The o t o l i t h s  f rom t h e  r i g h t  s i d e  o f  a  3  kg c o d .  S  - 
s a g i t t a ;  A - a s t e r i s c u s ;  L - l a p i l l u s .  Ba r  e q u a l s  100  pm. 



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

They w e r e  l a r g e  i n  r e l a t l o n  t o  t h e  s i z e  o f  t h e  f i s h  (Morrow, 

1 9 7 9 )  and  g e n e r a l l y  o v a l  I n  s h a p e .  The p r o x i m a l  s u r f a c e  o f  e a c h  

s a g i t t a  was o r i e n t e d  t o w a r d s  t h e  c e n t r a l  a x i s  o f  t h e  f i s h .  The 

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

d e p t h  o f  t h e  s u l c u s  i n c r e a s i n g  w i t h  f i s h  s i z e .  The s a g i t t a e  

h a v e  a  rounded  r o s t r u m  w i t h  an  u n d i f f e r e n t i a t e d  a n t i r o s t r u m  

( n o m e n c l a t u r e  f rom H e c h t ,  1 9 7 8 ) .  The m a r g i n s  o f  t h e  s a g i t t a e  

were  d e n t i c u l a t e d  w i t h  n o  d i s c e r n i b l e  i n c r e a s e  i n  d e n t a t i o n  i n  

any  a r e a s .  No d i s t i n c t  n o t c h e s  were  p r e s e n t .  The s a g i t t a e  were  

r o b u s t  w i t h  a  s h a p e  which was d i s t i n g u i s h a b l e  f rom o t h e r  g a d o i d  

s p e c i e s .  

The s a g i t t a e  o f  a d u l t  cod  d i s p l a y e d  z o n e s  which h a v e  b e e n  

u t i l i z e d  t o  p r o v i d e  a n n u a l  r e c o r d s  o f  a g e .  These  y e a r l y  z o n e s  

a r e  p r e s e n t  i n  most  cod  s a g i t t a e  ( F i g .  2 ) .  The a n n u a l  n a t u r e  of 

t h e s e  z o n e s  i s  w i d e l y  a c c e p t e d  by  most  f i s h  b i o l o g i s t s .  

Each a s t e r i s c u s  had a  d i s t i n c t  s u l c u s ,  b u t  i t  was n o t  known 

i f  n e r v e  f i b r e s  e x t e n d  i n t o  t h i s  g r o v e  a s  t h e y  d o  f o r  s a g i t t a e .  

F i g .  2 .  S a g i t t a  f rom a  4 2  cm (TL)  a d u l t  cod c a p t u r e d  i n  
F e b r u a r y  e s t i m a t e d  t o  b e  3 y e a r s  o l d .  



l The a s t e r i s c u s  l a c k e d  a  c o l l u m  and a n t e r i o r  o r  p o s t e r i o r  

! c r i s t a e .  The e x c i s u r a l  n o t c h  was v e r y  d i s t i n c t  and t h e  r o s t r u m  
i 
l was e x a g g e r a t e d  w i t h  t h e  a n t i r o s t r u m  s m a l l e r .  V i s u a l  d i f f e r e n -  

c e s  i n  a n t i r o s t r u m  s h a p e  were  d i s c o v e r e d  be tween  s o u t h e r n  .coas- 

t a l  Norwegian cod  r e a r e d  i n  t h e  l a b o r a t o r y  and n o r t h e r n  o c e a n i c  

Norwegian cod  ( F i g .  3 ) .  It is s u g g e s t e d  t h a t  t h e s e  v i s u a l  v a r i -  

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

more s t r ic t  d o c u m e n t a t i o n  o f  a s t e r i s c i  s h a p e s  may p r o v i d e  i n -  

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

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

and h e a v i e r  i n  s t r u c t u r e  t h a n  t h e  a s t e r i s c i .  No d i s t i n c t  mor- 

p h o l o g i c a l  d e v i a t i o n s  were  v i s u a l l y  e v i d e n t .  F u r t h e r  i n v e s t i -  

g a t i o n s  on t h e  l a p i l l i  and t h e  a s t e r i s c i  c o u l d  f u r n i s h  new 

knowledge f o r  f i s h e r y  b i o l o g i s t s .  

The o t o l i t h s  o f  l a r v a l  and j u v e n i l e  c o n t a i n  a  t r emendous  

amount o f  i n f o r m a t i o n  a b o u t  t h e  l i f e  h i s t o r y  of  c o d .  The 

s a g i t t a e  and l a p i l l i  o f  d e v e l o p i n g  cod  were  t h e  f i r s t  t i s s u e  t o  

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

e g g .  C a l c i f i c a t i o n  o f  t h e s e  o t o l i t h s  o c c u r r e d  j u s t  b e f o r e  e y e  

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

I n o t  become e v i d e n t  u n t i l  a f t e r  y o l k  s a c  a b s o r p t i o n .  A t  h a t c h i n g  

F i g .  3 .  A s t e r i s c i  of Norwegian cod  which  d i s p l a y e d  morpho- 
l o g i c a l  v a r i a t i o n .  A - 1 kg n o r t h e r n  o c e a n i c  c o d ;  B - 1 kg 
s o u t h e r n  c o a s t a l  cod .  



t h e  l a p i l l i  were  s l i g h t l y  l a r g e r  t h a n  t h e  s a g i t t a e ,  b u t  t h i s  

s i z e  d i f f e r e n c e  was r e v e r s e d  w i t h i n  s e v e r a l  d a y s  o f  h a t c h i n g .  

D i a m e t e r s  a v e r a g e d  .0268 + .0017 m m  a t  h a t c h i n g  f o r  l a p i l l i  

w i t h  s a g i t t a e  -0040 m m  s m a l l e r  t h a n  l a p i l l i  a t  h a t c h i n g .  The 

s i z e  o f  t h e  o t o l i t h s  i n c r e a s e d  w i t h  an  i n c r e a s e  i n  f i s h  s i z e .  

The l a r g e r  f i s h  had l a r g e r  o t o l i t h s  and f i s h  s i z e  c o u l d  b e  

i n f e r r e d  f rom o t o l i t h  s i z e .  

S a g i t t a l  o t o l i t h s  were  s p h e r i c a l  i n  form and p r e f a c t o r y  d a t a  

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

t o  t h e  c o r e  ( ~ i g .  4 ) .  T h e s e  d a i l y  i n c r e m e n t s  were  documented 

t h r o u g h  t h e  f i r s t  30 d a y s  i n  l a b o r a t o r y  r e a r e d  f i s h .  I t  

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

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

p r o t e i n  m a t r i x  w i t h  d i s r u p t i o n s  i n  t h e  p r o t e i n  m a t r i x  a s  t h e  

s o u r c e  f o r  i n c r e m e n t  f o r m a t i o n .  D a i l y  i n c r e m e n t s  i n  l a r v a l  cod  

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

cod l i f e  h i s t o r y  which i s  d i f f i c u l t  t o  i n v e s t i g a t e .  

F i g .  4 .  S a g i t t a  f rom a  3  d a y  o l d  cod  l a r v a  which d i s p l a y e d  
two i n c r e m e n t s .  3625 X .  



I n f o r m a t i o n  on  f e e d i n g  s u c c e s s  a n d / o r  r a t e  may a l s o  b e  

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

cod  o t o l i t h s .  F i s h  wh ich  had h i g h e r  g r o w t h  r a t e s  d i s p l a y e d  

w i d e r  i n c r e m e n t s  i n  b o t h  t h e  s a g i t t a  and l a p i l l u s .  The i n i t i a -  

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

men t s  ( F i g .  5 ) .  S t a r v e d  cod  l a r v a e  e x h i b i t e d  f a i n t  i n c r e m e n t s  

which were  o f t e n  d i f f i c u l t  t o  i n t e r p r e t .  However,  a f t e r  f e e d i n g  

more d i s t i n c t  i n c r e m e n t s  were  p r o d u c e d .  T h i s  phenomenon o c c u r -  

r e d  e v e n  when l a r v a e  were  s t a r v e d  f o r  more t h a n  1 0  d a y s .  The 

f a i n t  i n c r e m e n t s  which fo rmed  b e f o r e  no rma l  f i r s t  f e e d i n g  con-  

t i n u e d  on a  d a i l y  s c h e d u l e  when f e e d i n g  was n o t  i n i t i a t e d ,  b u t  

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

s a r y  t e c h n i q u e s .  F u r t h e r m o r e  i n v i a b l e  l a r v a e  ( l a r v a e  which 

i would d i e  n o  m a t t e r  what t h e  e x t e n t  o f  t h e  f e e d i n g  r a t e )  d i d  

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

i n t e r p r e t a t i o n  i f  t h e s e  l a r v a e  were  examined w i t h  v i a b l e  

l a r v a e .  Ex t reme  c a u t i o n  must  b e  e x e r c i s e d  when i n t e r p r e t i n g  

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

F i g .  5 .  A s c a n n i n g  e l e c t r o n  m i c r o g r a p h  o f  a  s a g i t t a  f rom a  7 
d a y  o l d  cod  w i t h  a  d i s t i n c t  i n c r e m e n t a l  c h e c k  t h a t  c o r r e s p o n d s  
t o  t h e  t i m e s  o f  f i r s t  f e e d i n g .  



SEM e x a m i n a t i o n  o f  l a r v a l ,  j u v e n i l e  and a d u l t  s a g i t t a l  

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

fo rmed  i n c r e m e n t s .  An example  o f  s u c h  i n c r e m e n t s  is demon- 

s t r a t e d  i n  F i g .  6 .  X-ray d i f f r a c t i o n  a n a l y s e s  ( F i g .  7 )  o f  cod 

o t o l i t h s  showed t h a t  t h e  m i n e r a l  c r y s t a l s  were  p u r e  CaC03 i n  

t h e  a r a g o n i t e  c r y s t a l  s t r u c t u r e .  I n  SEM i n s p e c t i o n s  t h e  a r a g o n -  

i t e  c r y s t a l s  were  shown t o  r a d i a t e  f rom t h e  c o r e  r e g i o n  w i t h  

m u l t i p l e  p r i m o r d i a .  S t a r t i n g  f rom t h e  c o r e  r e g i o n ,  r h y t h m i c  

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

t i n c t  i n c r e m e n t s  which c o u l d  b e  enumera ted  f rom t h e  r u g o s e  s u r -  

f a c e  o f  p r e p a r e d  o t o l i t h s .  Through t h e  u t i l i z a t i o n  o f  p r o g r e s -  

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

i n c r e m e n t s  i n  t h e  s a g i t t a e  o f  c o d  r e a r e d  f o r  more t h a n  two 

y e a r s .  I n i t i a l  d a t a  d e m o n s t r a t e d  t h a t  d a i l y  i n c r e m e n t s  were  

formed i n  t h e  s a g i t t a e  o f  cod  r e a r e d  f rom l a r v a e  t o  a d u l t s  f o r  

a  p e r i o d  o f  more t h a n  t w o . y e a r s .  F u r t h e r  SEM i n v e s t i g a t i o n s  

w i l l  ~ r o v i d e  more d a t a  on o t o l i t h  f o r m a t i o n .  

F i g .  6 .  SEM p h o t o g r a p h  o f  t h e  d a i l y  i n c r e m e n t s  s t u d i e d  i n  t h e  
s a g i t t a  o f  an  a d u l t  r e a r e d  c o d .  Upon d e c a l c i f i c a t i o n  t h e  
p r o t e i n  m a t r i x  o f  e a c h  i n c r e m e n t  formed r i d g e s .  



D E G R E E S  

F i g .  7.  X-ray d i f f r a c t i o n  p a t t e r n  f o r  c o d  o t o l i t h s  t h a t  
d e m o n s t r a t e d  t h e i r  m o n o m i n e r a l i c  a r a g o n i t e  c o m p o s i t i o n .  

The o r g a n i c  m a t e r i a l  o f  cod o t o l i t h s  was p r o t e i n a c e o u s  and 

c o m p r i s e d  a p p r o x i m a t e l y  5% of t h e  o t o l i t h  by w e i g h t .  F r e e  amino 

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

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

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

g l y c i n e ,  l e u c i n e ,  p r o l i n e  and s e r i n e  ( T a b l e  1). These  amino 

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

(Degens  e t  a l . ,  1 9 6 9 )  and t h e  d i f f e r e n c e s  i n  q u a n t i t i e s  o f  

s p e c i f i c  amino a c i d s  may b e  a  t axonomic  f e a t u r e .  

TABLE 1 

F r e e  amino a c i d  q u a n t i t a t i v e  a n a l y s i s  o f  cod o t o l i t h  p r o t e i n .  
( i n  r e s i d u e s  p e r  1 0 0 0 )  

A l a n l n e  
A r g l n l n e  
A s p a r t l c  Acld 
C y s t a t h l o n l n e  
C y s t e i c  Acld 
G a l a c t o s a m l n e  
Glucosamlne  
G l u t a m i c  Acld 
G l y c l n e  
H a l f  c y s t l n e  
H l s t l d l n e  
I s o l e u c l n e  

52.4  
54 .4  

117 .05  
T r a c e  

3 .6  
P r e s e n t  
P r e s e n t  

99.35 
1 0 0 . 2  

1 4 . 8  
16 .00  
1 5 . 7 5  

L e u c i n e  
L y s i n e  
M e t h i o n i n e  
O r n i t h i n e  
P h e n y l a l a n i n e  
P r o l i n e  
S e r i n e  
T a u r i n e  
T h r e o n i n e  
T y r o s i n e  
V a l i n e  

9 3 . 2  
40.00 

8 . 2 5  
T r a c e  
3 6 . 7  
98 .5  
94.9  
T r a c e  
8 0 . 8  
23.75 
49 .5  



The oxygen and c a r b o n  s t a b l e  i s o t o p e s  o f  cod  o t o l i t h s  demon- 

s t r a t e d  s i g n i f i c a n t  r e l a t i o n s h i p s .  I s o t o p i c  t e m p e r a t u r e  equa -  

t i o n s  assume i s o t o p e  d e p o s i t i o n  t o  b e  i n  e q u i l i b r i u m  w i t h  t h e  

w a t e r .  Fo r  c o d ,  n e i t h e r  t h e  c a l c i t e  ( E p s t e i n  e t  a l . ,  1 9 5 3 )  n o r  

t h e  a r a g o n i t e  ( H o r i b e  and Oba,  1 9 7 2 )  e q u a t i o n  c o u l d  p r e d i c t  t h e  

t e m p e r a t u r e  i n  t h e  c o d ' s  h a b i t S t .  However,  when t h e  6180 

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

a g a i n s t  t e m p e r a t u r e  ( F i g .  8 )  t h e  l i n e  p roduced  was p a r a l l e l  and 

t h e  s l o p e  was 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  ( p > . 0 5 )  f rom t h o s e  

l i n e s  c r e a t e d  by  t h e  6180 v a l u e s  o f  t h e  i s o t o p i c  t e m p e r a t u r e  

e q u a t i o n s .  Hence,  even  t h o u g h  t h e  oxygen i s o t o p e s  were  n o t  

d e p o s i t e d  i n  i s o t o p i c  e q u i l i b r i u m  w i t h  t h e  s u r r o u n d i n g  e n v i r o n -  

men t ,  t h e  6180 v a l u e s  were  t e m p e r a t u r e  d e p e n d e n t .  An i n t e r -  

c e p t  which d i f f e r s  f rom e q u i l i b r i u m  may be c a u s e d  by b i o l o g i c a l  

p r o c e s s i n g  of  t h e  i s o t o p e s  i n  t h e  c o d .  Thus  a  new e q u a t i o n  
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F i g .  8 .  Relationship o f  6180 i n  o t o l i t h  a r a g o n i t e  t o  ternpe- 
r a t u r e  i n  c o d .  The t e m p e r a t u r e  relationship was n o t  e q u a l  t o  
t h e  equilibrium t e m p e r a t u r e  s c a l e s ,  b u t  t h e  s l o p e s  were  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 .  



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

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

r e c o r d  o f  t h e  fish-S p h y s i o l o g i c a l  p a s t .  

The c a r b o n  i s o t o p e s  c o u l d  a l s o  b e  r e l a t e d  t o  b i o l o g i c a l  

p r o c e s s e s .  Cod o t o l i t h s  were  n o t  d e p o s i t e d  i n  c a r b o n  i s o t o p i c  

e q u i l i b r i u m  w i t h  t h e  a m b i e n t  t o t a l  d i s s o l v e d  CO2. Cod o t o l i t h s  

were  d e p l e t e d  o f  6 1 3 c  which i n d i c a t e d  a  t e m p e r a t u r e  a n d / o r  

m e t a b o l i c  r e l a t i o n s h i p .  The more n e g a t i v e  613c  v a l u e s  o f  

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

h i g h e r  m e t a b o l i s m .  The s t a b l e  i s o t o p e s  o f  cod  o t o l i t h  c a r b o n a t e ,  

t h e r e f o r e ,  a p p e a r e d  t o  p r o v i d e  a  r e c o r d  o f  t h e  t e m p e r a t u r e  and 

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

The r a t i o  o f  S r  t o  Ca i n  cod  f i s h  a r a g o n i t e  c o u l d  a l s o  b e  

u t i l i z e d  a s  a  r e c o r d i n g  the rmomete r  a t  a  f i n e r  a n a l y t i c a l  

l e v e l .  S r / C a  r a t i o s  o f  cod  o t o l i t h s  m e a r s u r e d  b y  A . A .  e s t a b -  

l i s h e d  t h a t  s t r o n t i u m  was d e p o s i t e d  i n  an  i n v e r s e  r e l a t i o n s h i p  

t o  t e m p e r a t u r e .  The r a t i o  o f  S r  t o  Ca was t e m p e r a t u r e  r e l a t e d ,  

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

a r a g o n i t e  ( F i g .  9 ) .  A compar i son  o f  s l o p e s  be tween  t h e  equa-  

t i o n s  f o r  i n o r g a n i c  a r a g o n i t e  and cod o t o l i t h  a r a g o n i t e  showed 
I 

no s i g n i f i c a n t  d i f f e r e n c e  ( P > . 0 5 ) .  The S r / C a  r a t i o s  i n  cod 

o t o l i t h s  were  t e m p e r a t u r e  p r e d i c t i v e ,  b u t  s h i f t e d ,  p o s s i b l y  by 

b i o l o g i c a l  p r o c e s s e s .  

The a p p l i c a t i o n  o f  t h e  e l e c t r o n  m i c r o p r o b e  t o  t h e  measure-  

ment o f  S r /Ca  c o n c e n t r a t i o n  r a t i o s  made i t  p l a u s i b l e  t o  d e t e c t  

c h a n g e s  on t h e  m i c r o  l e v e l .  The Sr-Ca p r o f i l e  f o r  a  j u v e n i l e  

cod  c a p t u r e d  f rom t h e  w i l d  ( F i g .  1 0 )  i n d i c a t e d  t h a t  t h e  f i s h  

may have  been  i n  c o n t a c t  w i t h  c h a n g i n g  w a t e r  m a s s e s .  T h i s  p r o -  

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

w a t e r  mass o f  a p p r o x i m a t e l y  ~ O C  and t h e n  moved i n t o  warmer 

c o n d i t i o n s .  L a t e r  i t  a p p e a r e d  t h e  f i s h  was i n  c o n t a c t  w i t h  

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

d e c r e a s e  i n  g rowth  r a t e .  These  d a t a  may a l s o  s u g g e s t  a  l u n a r  

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

b e  4 6  d a y s  o l d  and would have  been  t h r o u g h  o n e  c o m p l e t e  l u n a r  

c y c l e .  I t  was d i f f i c u l t  t o  p r e d i c t  t h e  e x a c t  c a u s e  o f  t h e  sug-  

g e s t e d  m i g r a t i o n s ,  b u t  b i o l o g i c a l  c h a n g e s  were  d i s c e r n i b l e  f rom 

t h e  S r / C a  c o n c e n t r a t i o n  r a t i o s .  The compar i son  o f  i n c r e m e n t  
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Flg. 9. The relatlonshlp between Sr/Ca ratlos In otollth 
aragonlte in cod and temperature. Comparison wlth equlllbrlum 
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Fig. 10. Sr/Ca concentration ratio profile of the sagitta of 
wild cod juvenile with a total length of 36.8 mm and an 
estimated age of 46 days. 



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

d a t a  c o u l d  p r o v i d e  an immense amount o f  i n f o r m a t i o n  a b o u t  t h e  

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

DISCUSSION 

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

c o n t a i n  a  l a r g e  amount o f  i n f o r m a t i o n  a b o u t  t h e  i n d i v i d u a l ' s  

l i f e  h i s t o r y  and  p a s t .  T h i s  i n f o r m a t i o n  is a c c e s s i b l e  i f  t h e  

p r o p e r  t e c h n i q u e s  a r e  employed.  

The e x t e r n a l  morphology o f  cod o t o l i t h s  was a  s p e c i e s  d i s -  

c r i m i n a t i n g  component .  E x t e r n a l  f e a t u r e s  f rom t h e  s a g i t t a e  

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

t h e i r  c o n c e i v a b l e  u t i l i z a t i o n  i n  p h y l o g e n e t i c  r e s e a r c h .  B inge1  

( 1 9 8 1 )  s u g g e s t e d  t h a t  f o r  c o d ,  d i f f e r e n t i a l  a d d i t i o n  o f  ca rbon-  

a t e  m a t e r i a l  t o  s a g i t t a e  p roduced  a  s p e c i e s - s p e c i f i c  s h a p e .  

S t u d i e s  by  Hecht  ( 1 9 7 8 ) ,  Hecht  and Hech t  ( 1 9 7 8 ,  1 9 7 9 )  and 

Morrow ( 1 9 7 9 )  h a v e  u s e d  t h e  m o r p h o l o g i c a l  t r a i t s  o f  o t h e r  f i s h  

s a g i t t a l  o t o l i t h s  a s  i n d i c a t o r s  o f  t axonomic  c l a s s i f i c a t i o n .  

F u r t h e r m o r e ,  f i s h  s a g i t t a e  h a v e  b e e n  e x t e n s i v e l y  employed t o  

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

immensely  t o  t h e  e l u c i d a t i o n  o f  f i s h  phy logeny  and e v o l u t i o n  

( S t i n t o n ,  1 9 7 5 ) .  R e s e a r c h  on t h e  e x t e r n a l  morphology o f  

s a g i t t a e  would p r o v i d e  f r e s h  i n s i g h t  i n t o  t h e  complex e v o l u t i o n  

o f  t e l e o s t  f i s h  s p e c i e s  and t h e  r e s u l t a n t  t axonomic  c l a s s i f i -  

c a t i o n .  

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

s t r u c t u r e  f o r  a g e  d e t e r m i n a t i o n  ( W i l l i a m s  and B e d f o r d ,  1 9 7 4 ;  

P a n n e l l a ,  1 9 8 0 )  and h a v e  b e e n  s u g g e s t e d  a s  b e i n g  t h e  more accu-  

r a t e  a g i n g  s t r u c t u r e s  ( S i x  and H o r t o n ,  1 9 7 7 ) .  S a g i t t a l  o t o l i t h s  

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

s t u d i e s .  I n  more r e c e n t  t i m e s  T r o u t  ( 1 9 5 4 )  t r i e d  t o  document  

cod s a g i t t a  g rowth  a s - i t  r e l a t e d  t o  t h e  d e p o s i t i o n  o f  a n n u a l  , 

z o n e s  w h i l e  G u l l a n d  ( 1 9 5 8 )  u t i l i z e d  a n n u a l  marks  i n  b o t h  s p i n e s  

and s a g i t t a e .  The f i n a l  judgement  by  Gul l and  ( 1 9 5 8 )  was t h a t  

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



a d u l t  c o d .  B l a c k e r  ( 1 9 6 9 )  l n v e s t l g a t e d  t h e  s t r u c t u r e  o f  opaque  

and h y a l l n e  z o n e s  I n  cod  s a g l t t a e  and l a t e r  expanded  upon t h l s  

l n f o r m a t l o n  ( B l a c k e r ,  1 9 7 4 a )  s o  resulting I n  an  l n t e r n a t l o n a l  

exchange  o f  c o d  s a g l t t a e  f o r  p o p u l a t l o n  dynarnlcs s t u d l e s  

( B l a c k e r ,  1 9 7 4 b ) .  S a g l t t a e  f rom cod c a n  b e  s t r o n g l y  a d v o c a t e d  

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

retrievable from cod s a g l t t a e .  

The o t h e r  o t o l l t h s  ( a s t e r l s c u s  and l a p l l l u s )  were  s m a l l  when 

compared t o  t h e  s a g l t t a  whlch may e x p l a l n  why t h e y  h a v e  b e e n  

o v e r l o o k e d  I n  p r e v l o u s  s t u d l e s  o f  cod  o r  o t h e r  f l s h  s p e c l e s .  

However,  w l t h  c a r e f u l  d l s s e c t l o n s  and t h e  u t l l l z a t l o n  o f  t h e  

n e c e s s a r y  techniques ~t was practicable t o  examlne  t h e s e  o t o -  

l l t h s  f o r  rno rpho log lca l  d l f f e r e n c e s  and r e c u r r e n t  d e p o s l t l o n a l  

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

among d l s t l n c t  p o p u l a t l o n s  w h l l e  t h e  a s t e r l s c u s  d l d .  Both  o t o -  

l l t h s  displayed d e p o s l t l o n a l  p a t t e r n s  t h a t  h a v e  n o t  y e t  been  

r e l a t e d  t o  e x t e r n a l  ~ n f l u e n c e s .  I n  p r e l l m l n a r y  v l s u a l  o b s e r v a -  

t l o n s  t h e  a s t e r l s c l  showed d l s t l n c t  e x t e r n a l  m o r p h o l o g l c a l  

c h a r a c t e r l s t l c s  whlch may b e  l n d l c a t l v e  o f  p o p u l a t l o n  o r  s t o c k  

s t r u c t u r e .  The a s t e r l s c l  were  n o t  formed a t  t h e  same t l m e  a s  

t h e  o t h e r  o t o l l t h s  and c o n s e q u e n t l y  may b e  more susceptible t o  

e n v l r o n r n e n t a l  c o n d l t l o n s .  

The d a t a  a r e  p r e s e n t e d  h e r e  t o  stimulate f u r t h e r  r e s e a r c h ,  

b u t  s t r o n g  l n d l c a t l o n s  o f  p o p u l a t l o n  d l s c r l r n l n a t l o n  have  been  

witnessed. S a g l t t a  o f  o t h e r  f l s h  s p e c l e s  (McKern e t  a l . ,  1974 ;  

Pos tuma ,  1 9 7 4 ;  Yefanov and K h o r e v l n ,  1 9 7 9 )  have  b e e n  u t l l l z e d  

t o  d e n o t e  p o p u l a t l o n  s t r u c t u r e .  S t u d l e s  by  R o l l e f s e n  ( 1 9 3 3 )  and 

Mlna and Markevlch ( 1 9 6 8 )  u s e d  t h e  I n t e r n a l  and e x t e r n a l  

s a g l t t a  p a r a m e t e r s  I n  cod  a s  l n d e x e s  o f  l n t r a s p e c l f l c  d l f f e r e n -  

t l a t i o n .  A l l  t h e  cod o t o l l t h s  were  s p e c l e s  s p e c l f l c ,  b u t  t h e  

difference I n  m o r p h o l o g ~ c a l  c h a r a c t e r l s t l c s  o f  t h e  a s t e r l s c l  

s u p p o r t s  t h e  s u p p o s l t l o n  t h a t  t h e s e  o t o l l t h s  were  a l s o  popu- 

l a t l o n  s p e c l f l c  and may b e  a b l e  t o  d e f l n e  s t o c k  boundaries on a  

more p r e c l s e  l e v e l .  More s a m p l e s  and s t u d y  s h o u l d  d e m o n s t r a t e  

t h e  v a l u e  of  t h e  l a p l l l u s  and a s t e r l s c u s  I n  f l s h  r e s e a r c h .  

The p h y s l o l o g l c a l  a c t l v l t l e s  o f  cod  a r e  c o n t r o l l e d  t o  an  

e x t e n t  by  e n v l r o n m e n t a l  c h a n g e s  synchronized t o  t h e  d l u r n a l  

a s t r o n o r n l c a l  c y c l e s  and t h e s e  e v e n t s  may b e  r e c o r d e d  I n  t h e  



c h e m i c a l  s t r u c t u r a l  components  o f  c o d  o t o l i t h s .  X-ray d i f f r a c -  

t i o n  a n a l y s e s  o f  cod  o t o l i t h s  e s t a b l i s h e d  t h a t  t h e y  were  com- 

posed  o f  CaC03 c r y s t a l l i z e d  a s  a r a g o n i t e .  T h i s  f i n d i n g  was i n  

a g r e e m e n t  w i t h  C a r l s t r o m l s  ( 1 9 6 3 )  i n v e s t i g a t i o n s  t h a t  o t o l i t h s  

f rom t e l e o s t  f i s h  a r e  fo rmed  o f  t h e  a r a g o n i t e  polymorph o f  c a l -  

cium c a r b o n a t e .  A r a g o n i t e  a p p e a r s  t o  b e  a  f u n d a m e n t a l  component 

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

c r y s t a l  f o r m s  o f  c a l c i u m  c a r b o n a t e  ( c a l c i t e  and v a d e r i t e )  c a n  

b e  f o u n d  i n  o t o l i t h i c  c o n c r e t i o n s  ( C a r l s t r o m ,  1 9 6 3 ) .  The t y p e  

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

c h e m i c a l  d a t a  and c o n s e q u e n t l y  is i m p o r t a n t  t o  know. 

1 The p r o t e i n  m a t r i x  o f  cod  o t o l i t h s  was a  m u c o p r o t e i n  which 

was s i m i l a r  t o  k e r a t i n  i n  a s  much a s  p r o t e i n  f rom o t o l i t h  mat- 

~ r i x  d i s p l a y e d  r e l a t i v e l y  a b u n d a n t  g l y c i n e ,  h i s t i d i n e ,  l e u c i n e ,  
l y s i n e ,  t h r e o n i n e  and v a l i n e .  The r e l a t i v e  c o n c e n t r a t i o n s  o f  

amino a c i d s  were  p a r a l l e l  t o  t h o s e  d e t e c t e d  i n  o t h e r  f i s h  o t o -  

l i t h s  (Degens  e t  a l . ,  1 9 6 9 ) .  The amino a c i d  componen t s  o f  

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

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

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

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

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

d a n c e  o f  oxygen r i c h  amino a c i d s .  The c a r b o x y l  g r o u p s  o f  a c i d i c  

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

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

1 9 6 3 ;  H a l l s w o r t h ,  1 9 6 4 ) .  Of t h e  a c i d i c  amino a c i d s  p r e s e n t ,  

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

s y s t e m s .  A s p a r t i c  a c i d  r i c h  p r o t e i n  h a s  been  d i s c o v e r e d  t o  b e  

e s s e n t i a l  i n  t h e  p r o c e s s  .of b i o l o g i c a l  m i n e r a l i z a t i o n  ( H a r e ,  

1 9 6 3 ;  Weiner  and Hood, 1 9 7 5 ;  M i t t e r e r ,  1 9 7 8 ;  Weine r ,  1 9 7 9 ) .  The 1 p r o c e s s  o f  m i n e r a l i z a t i o n  o f  cod o t o l i t h s  would p a r a l l e l  t h e  
l 

model o f  Degens e t  a l . ,  ( 1 9 6 9 ) .  Oxygen s i t u a t e d  on t h e  c a r b o x y l  

g r o u p s  would a r r a n g e  t h e  c a l c i u m  i o n s  t o  fo rm m e t a l  i o n  c o o r d i -  

n a t i o n  p o l y h e d r a  ( M a t h e j a  and Degens ,  1 9 6 8 ) .  Hydrogen l i n k a g e s  

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

Oxygen f rom t h e  c a r b o n a t e  a s s e m b l a g e s  would e x c h a n g e  w i t h  

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

t h e  s t r u c t u r e .  I n  t h i s  f a s h i o n  t h e  a s p a r t i c  a c i d  r i c h  p r o t e i n  



would a s s i s t  i n  t h e  n u c l e a t i o n  and g rowth  o f  c a l c i u m  c a r b o n a t e  

c r y s t a l s .  

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

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

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

may a l s o  b e  t h e  c a s e  f o r  o t h e r  f i s h  s p e c i e s .  However,  t h e  

6180 o f  cod  o t o l i t h s  was d i r e c t l y  r e l a t e d  t o  t h e  t e m p e r a t u r e  

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

s t u d i e s  i n  f i s h e r y  b i o l o g y  and e c o l o g y  i s  s t r e n g t h e n e d  by t h e s e  

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

men t s  and s t a b l e  i s o t o p e  s t u d i e s ,  t h e  r e c o r d  o f  a  f i s h ' s  p a s t  

l i f e  h i s t o r y  c o u l d  b e  r e c o n s t r u c t e d .  Hence,  o t o l i t h  s t u d i e s  

c o u l d  b e  e x t r e m e l y  u s e f u l  a s  m e t a b o l i c ,  b i o l o g i c a l  and eco -  

l o g i c a l  t o o l s .  

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

e f f e c t s "  h a s  b e e n  s t u d i e d  i n  o t h e r  c a r b o n a t e  s e c r e t i n g  o r g a -  

n i sms  ( S h a c k l e t o n  e t  a l . ,  1 9 7 3 ;  W i l l i a m s  e t  a l . ,  1 9 7 7 ;  B e r g e r  

e t  a l . ,  1 9 7 8 ;  Dudley and Goodney, 1 9 7 9 ) ,  a l t h o u g h  t h e  e x a c t  

mechanisms a r e  n o t  a l w a y s  c l e a r l y  d e f i n e d .  The i s o t o p i c  d a t a  

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

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

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

must b e  a p p l i e d  w i t h  c a u t i o n .  P r e v i o u s  s t u d i e s  ( D e v e r e u x ,  1 9 6 7 ;  

Degens e t  a l . ,  1 9 6 9 ;  Mulcahy e t  a l . ,  1 9 7 9 )  a p p l i e d  t h e  c a l c i t e -  

6180 f r a c t i o n a t i o n  e q u a t i o n  f o r  o t o l i t h s  even  though  t h o s e  

o t o l i t h s  were  composed of  a r a g o n i t e  ( I r i e ,  1 9 5 5 ;  C a r l s t r o m ,  

1 9 6 3 ;  Degens e t  a l . ,  1 9 6 9 ) .  The x - ray  d i f f r a c t i o n  a n a l y s i s  o f  

cod  o t o l i t h s  showed them t o  b e  p u r e  a r a g o n i t e  and s o  i t  would 

b e  n e c e s s a r y  t o  u s e  t h e  a r a g o n i t e - 6 1 8 0  f r a c t i o n a t i o n  e q u a t i o n .  

I n  v iew o f  t h e  r e s u l t s ,  t h e  o b s e r v e d  ag reemen t  ( D e v e r e u x ,  

1 9 6 7 ;  Degens  e t  a l . ,  1 9 6 9 ;  Mulcahy e t  a l . ,  1 9 7 9 )  t o  t h e  c a l c i t e  

f r a c t i o n a t i o n  e q u a t i o n  may b e  d u e  t o  t h e  f r a c t i o n a t i o n  o f  oxy- 

g e n  i s o t o p e s  i n  a  p o s i t i v e  d i r e c t i o n .  S i n c e  most t e l e o s t s  a r e  

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

t h e  t e m p e r a t u r e  o f  t h e i r  h a b i t a t ,  t h e  i s o t o p i c  r a t i o s  o f  most 

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

t e m p e r a t u r e  t o  which a  f i s h  was e x p o s e d .  I t  would b e  n e c e s s a r y  

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



f o r  s p e c i e s - s p e c i f i c  o t o l i t h s  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  and 

s a l i n i t y .  

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

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

r a t i o  o f  s t r o n t i u m  c o n c e n t r a t i o n s  t o  c a l c i u m  c o n c e n t r a t i o n s  was 

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

t e m p e r a t u r e  d e p e n d e n c e  o f  s t r o n t i u m  was n o t  t h e  same a s  i n o r -  

g a n i c a l l y  p r e c i p i t a t e d  a r a g o n i t e  (Kinsman and H o l l a n d ,  1 9 6 9 ) .  

The s l o p e s  o f  t h e  two mode l s  were  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  

( p > 0 . 5 ) ,  b u t  t h e  i n t e r c e p t s  were  d i f f e r e n t .  The S r / C a  l e v e l s  i n  

s e a w a t e r  a r e  c o n s t a n t  w i t h i n  t h e  e n v i r o n m e n t a l  a r e a  which most  

f i s h  would i n h a b i t  (Kinsman,  1 9 6 9 )  s o  i t  would a p p e a r  t h a t  some 

f a c t o r ,  p r o b a b l y  m e t a b o l i s m ,  was c o n t r o l l i n g  t h e  amount o f  

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

The r e l a t i o n s h i p  be tween  t e m p e r a t u r e  and s t r o n t i u m  concen-  

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

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

c o r a l s .  Weber ( 1 9 7 3 )  found  s t r o n t i u m  t o  b e  t e m p e r a t u r e  depen-  

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

i n c o r p o r a t i o n  was g o v e r n e d  by p h y s i o l o g i c a l  p r o c e s s e s .  R e c e n t  

s t u d i e s  by  S c h n e i d e r  and Smi th  ( 1 9 8 2 )  have  s u p p o r t e d  t h e s e  

f i n d i n g s .  I t  i s  c o n c e i v a b l e  t h a t  s t r o n t i u m  was a l s o  i n c o r p o -  

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

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

p r o v i d e  more i n f o r m a t i o n  a b o u t  t h i s  phenomenon. 

O t h e r  knowledge a b o u t  cod e c o l o g y  which was n o t  p r e s e n t e d  i n  

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

w e i g h t s  o f  s a g i t t a l  o t o l i t h s  i n  cod ( R a d t k e ,  u n p u b l i s h e d  d a t a )  

a p p e a r e d  t o  i n d i c a t e  w h e t h e r  t h e  f i s h  was f a s t  o r  s low-growing.  

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

t h e  haddock ,  Melanogrammus aeglefinus, by Templeman and S q u i r e s  

( 1 9 5 6 ) .  Dur ing  t h e  t i m e  of  f a s t  g rowth  more p r o t e i n  a p p e a r e d  t o  

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

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

would b e  d e p o s i t e d  which would r e s u l t  i n  a  l i g h t e r  o t o l i t h .  

S a g i t t a e  w e i g h t s  c o u l d  p r o v i d e  a  q u i c k  e s t i m a t e  o f  r e l a t i v e  

f i s h  g r o w t h .  

R a d i o m e t r i c  a n a l y s e s  of  t h e  o t o l i t h s  o f  t h e  s p l i t n o s e  r o c k -  



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

( B e n n e t t  e t  a l . ,  1 9 8 2 )  and p r o v i d e  o t h e r  i n f o r m a t i o n  on  g r o w t h .  

Such a n a l y s e s  o f  cod  o t o l i t h s  c o u l d  a l s o  p r o v i d e  new i n f o r m a -  

t i o n  on  c a l c i f i c a t i o n  and g r o w t h  e c o l o g y .  The a n a l y s e s  p r e s e n t -  

e d  i n  t h e  p r e s e n t  s t u d y  a l o n g  w i t h  o t h e r  a n a l y s e s  y e t  t o  b e  ap- 

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

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

1 n . c o d  o t o l i t h s  we a r e  p r e s e n t e d  w i t h  c o u n t l e s s  p a t t e r n s  

f rom t h e i r  s t r u c t u r a l  and c h e m i c a l  c o m p o s i t i o n .  The p a t t e r n s  

d i s p l a y e d  a r e  somet imes  d i f f e r e n t ,  b u t  t h e y  h a v e  o n e  t h i n g  i n  

common: t h e y  a l l  h a v e  a  d i s t i n c t  f u n c t i o n  and o r i g i n  which i s  

s p e c i a l  f o r  e a c h  f i s h .  0 t o l . i t h s  s e r v e  n e u r o p h y s i o l o g i c  f u n c -  

t i o n s ,  a r e  composed o f  c a l c i u m  c a r b o n a t e  i n  a r a g o n i t e  c r y s t a l  

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

"q ic  i n c r e m e n t a l  d e p o s i t i o n s ,  and c a n  p r o v i d e  e n v i r o n m e n t a l  l i f e  

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

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

p o p u l a t i o n ,  e c o l o g i c a l  and e v o l u t i o n a r y  s t u d i e s  o f  cod and  

would s u p p l y  a  new l e v e l  o f  knowledge f o r  f i s h e r i e s  b i o l o g i s t s .  
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