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ABSTRACT: Haematocrit (erythrocyte/plasma ratio) values of the three common HbI genotypes 
were recorded in two samples totalling 149 specimens of Atlantic cod (Gadus morhua L.) caught in 
the Trondheimsfjord, Norway, during March-April 1984. The haematocrit values were shown to 
depend on both HbI genotype and sex; the females revealed higher average haematocrit values 
than males, and among the males the HbI-22 genotypes displayed higher average haematocrit 
values than the two other HbI genotypes. 

INTRODUCTION 

The haemoglob ins  of the At lant ic  cod (Gadus morhua L.) are polymorphic.  The three 
most common phenotypes ,  as revealed  by electrophoresis,  represen t  combina t ions  of two 
al leles at one autosomal  locus, des igna ted  /-/bI by  Sick (1961). These  two al le les  are 
present  in  vir tual ly all  current  stocks of cod, bu t  their  relat ive proport ions may  differ 
considerably,  even  b e t w e e n  ad jacent  stocks (Frydenberg  et al., 1965; Sick, 1965a, b). 
General ly,  however,  there is a c l inal  reduct ion in  the f requency of the HbI-I al le le  with 
increas ing lat i tude on both sides of the Atlant ic  as wel l  as in  the Baltic Sea. Kirpichnikov 
(1981) considered the clines a long the Norwegian  coast and  in  the Baltic, and  conc luded  
that they were probably  supported by env i ronmen ta l  selection. 

A possible physiological  basis  for such a select ion was provided by the study of 
Karpov & Novikov (1980). Thei r  results from a s tudy of oxygen disassociat ion curves 
us ing erythrocytes from the three most common HbIgenotypes suggest  that tempera ture  
may be a potent  select ion factor; the HbI-22 molecule  is by far the most efficient oxygen  
carrier at low temperatures  whi le  the HbI-11 molecule  has similar  advan tages  at h igher  
temperatures.  Red cells from the heterozygote HbI-12 (both molecules  in  equa l  propor- 
tions) were consis tent ly in te rmedia te  in  performance  (Karpov & Novikov, 1980). Water  
temperatures  genera l ly  dec l ine  South-North on the nor thern  hemisphere ;  thus the 
observed South-North increase  in  the f requency  of the HbI-2 al le le  migh t  reflect the 
better  performance of the HbI-22 molecule  in  cold envi ronments .  

Subsequen t  studies on Norwegian  coastal cod have revea led  results  which  seem to 
be biological  manifes ta t ions  of a strong env i ronmen ta l  se lect ion ac t ing  on  cod haemog-  
lobin genotypes.  Thus Mork et al. (1983; 1984a, b) reported observat ions  on /-/hi 
genotypic  differences in  growth, mortality, age at maturat ion,  and  wi th in-season  gonad  
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deve lopmen t .  As j u d g e d  from the o b s e r v e d  r ank  of geno types  in those comparisons,  the 
/ - /bI-2-possess ing g e n o t y p e s  we re  bes t  f i t ted  for the  env i ronmen t  on the  ac tua l  sampl ing  
locat ions.  A m o n g  both  ma le  and  female  cod the HbI-11 homozygo tes  were  shown to be 
cons is ten t ly  infer ior  wi th  r e spec t  to growth;  among  males  the  HbI-11 spec imens  were 
also infer ior  w i th  respec t  to age  for sexua l  matura t ion ,  and  wi th in - season  gonad 
d e v e l o p m e n t  ra tes  IMorK et al., 1983; 19t~4a, D}. 

As po in t ed  out  by  Mork  et al. (1983} al l  these  di f fer ing traits (cf. above) in the HbI  
g e n o t y p e s  are  r e l a t ed  to g e n e r a l  body  growth.  Recently,  we  have  e x p a n d e d  our routine 
h a n d l i n g  of H b I  g e n o t y p e d  cod s p e c i m e n s  to inc lude  measu remen t s  of haematocr i t  
( e ry th rocy te /p l a sma  ra t io  in  blood}, wh ich  can g ive  v a l u a b l e  in format ion  on the genera l  
phys io log ica l  condi t ion  of ind iv idua l s .  The  p resen t  p a p e r  dea l s  wi th  haematocr i t  obser-  
va t ions  in two s amp le s  of cod caugh t  dur ing  March -Apr i l  1984 in the Trondheimsfjord,  
Norway.  

MATERIAL AND METHODS 

Two samples ,  t a k e n  at two dif ferent  t imes  and  locat ions  in the Trondheimsf jord ,  
Norway,  were  ana lyzed .  S a m p l e  1, con ta in ing  58 ma le  and  25 female  cod, were  t aken  by  
sh r imp t rawl  and  lure  at  55-105 m d e p t h  at  the  m a i n  cod s p a w n i n g  p l a c e  (location 1) in 
the  Trondhe imsf jo rd  on March  27, 1984. This  s amp le  was  he t e rogeneous  with  respect  to 
sexua l  matura t ion ,  s ize (27-97 cm), and  age  (not recorded;  d e d u c e d  from size composi-  
tion}. 

S a m p l e  2 was  t a k e n  b y  sh r imp t rawl  on Apr i l  27, 1984, in  a sha l low (max dep th  
40 m} s ide -a rm (locat ion 2) of the ma in  fjord. It cons is ted  of 33 immatu re  spec imens  of 
each  sex. They  were  al l  1 yea r  of age  as d e t e r m i n e d  by  otol i th  r ead ings  according  to 
Rol lefsen (1933}. 

The  two s a m p l i n g  loca t ions  differ  c o n s i d e r a b l y  wi th  respec t  to hydrography .  Loca- 
t ion 1 (Verrabotn)  is par t  of the ma in  fjord wi th  its e s tua r ine  type  of hyd rog raphy  
i nc lud ing  r e l a t ive ly  s tab le  d e e p - w a t e r  t empe ra tu r e s  {6-8 °C} th roughout  the  year  
(Jacobson,  1983). Locat ion 2 (Borgenfjord) is qui te  different.  Due to ex tens ive  wate r  
t u rbu l ence  set  up  by  s t rong t ida l  cur rents  th rough  a na r row and  sha l low entrance,  the 
wa te r  masses  in this  s ide- f jord  are  nea r ly  m e t a - s t a b l e  at al l  t imes  of the  year;  t empera-  
ture and  sa l in i ty  d i sp l ay  h o m o g e n e o u s  va lues  from surface to bottom. Thus the cod 
p re sen t  the re  wi l l  e x p e r i e n c e  t e m p e r a t u r e s  wh ich  no rma l ly  r ange  from 0-2  °C in winter  
to 16-20 °C in s u m m e r  (Gul l iksen,  1972). T a g g i n g  expe r imen t s  (Mork, unpubl ished} 
have  not  i nd i ca t ed  a n n u a l  migra t ions  to and  from loca t ion  2; the  cod is p resen t  there  
th roughout  the  who le  yea r  (Denstadl i ,  1972). 

Blood s a m p l e s  for haema toc r i t  d e t e r m i n a t i o n  and  h a e m o g l o b i n  geno typ ing  were  
o b t a i n e d  by  hea r t  puncture .  H a e m o g l o b i n  (HbI) g e n o t y p i n g  by  aga r  ge l  e lec t rophores is  
fo l lowed the ana ly t i ca l  p rocedure s  and  gene t i c  nomenc la tu re  of Sick (1961). Haematoc-  
t i t  va lues  were  m e a s u r e d  af ter  cen t r i fug ing  who le  b lood  in h e p a r i n i z e d  tubes  for 5 min 
on a s t anda rd  micro haema toc r i t  centr i fuge.  

RESULTS AND DISCUSSION 

Haematocrit values differed significantly between HbI genotypes. Both Hbl-11 and 
HbI-12 specimens displayed relative anemia compared to the Hbl-22 specimens in our 
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s a m p l e s  t a k e n  i n  t h e  c o l d  s e a s o n  of t h e  y e a r .  T h i s  r e su l t ,  w h i c h  w a s  s t a t i s t i c a l l y  

s i g n i f i c a n t  in  S a m p l e  1, w a s  c o n f i r m e d  b y  a d d i t i o n a l  s a m p l i n g  ( S a m p l e  2). In  b o t h  

s a m p l e s ,  t h e  H b l g e n o t y p e  e f fec t  o n  h a e m a t o c r i t  w a s  d e t e c t e d  i n  m a l e s  on ly .  In  S a m p l e  2 

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

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

S a m p l e  1. A s t a t i s t i c a l l y  s i g n i f i c a n t  h e t e r o g e n e i t y  of h a e m a t o c r i t  for  t h e  H b l g e n o t y -  

p e s  i n  p o o l e d  s e x e s  (1 - fac to r  a n a l y s i s  of v a r i a n c e :  F (2,80) ---- 4 .799,  : P --- 0 .011)  w a s  

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

h e t e r o g e n e i t y  w a s  d e t e c t e d  i n  f e m a l e s  ( T a b l e  1). In  m a l e s ,  N e w m a n - K e u l s  t e s t s  r e v e a l e d  

a s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  H b I - 2 2  a n d  t h e  o t h e r  g e n o t y p e s .  T h e r e  w a s  n o  d e t e c t -  

a b l e  e f fec t  of s ex  o n  h a e m a t o c r i t  i n  S a m p l e  1. 

Table  1. Gadus morhua. M e a n  haematocr i t  of H b I  genotypes  in Sample  1. Results from 1-factor 
analyses of variance,  and  Newman-Keuls  test procedures  for differences be tween  means  are g iven  

Males  Females  

HbI-11 HbI-12 I - - IbI-22 I--IbI-11 HbI-12 HbI-22 

No. of specimens  18 28 12 5 15 5 
Mean  haematocr i t  0.2733 0.2635 0.3302 0.2708 0.2900 0.2944 
Standard deviat ion of m e a n  0.0398 0.0500 0.0655 0.0572 0.0608 0.0867 

Males: F (2,55) = 7.5052, P = 0.0013, and  HbI-11 = HbI-I2 • HbI-22 
Females: F (2,22} = 0.1995, P = 0.8206 

S a m p l e  2. A s  i n  S a m p l e  1, a s i g n i f i c a n t  H b I  g e n o t y p i c  h e t e r o g e n e i t y  of m e a n  

h a e m a t o c r i t  i n  p o o l e d  s e x e s  (1 - fac to r  a n a l y s i s  of v a r i a n c e :  F (2,63) = 3.816,  P = 0 .027)  

w a s  s h o w n  to b e  c a u s e d  m a i n l y  b y  t h e  m a l e  p a r t  of t h e  s a m p l e  ( T a b l e  2). In  m a l e s ,  a 

m u l t i p l e  r a n g e  t e s t  ( N e w r n a n - K e u l s )  s h o w e d  t h a t  t h e  m e a n  h a e m a t o c r i t  of H b I - 1 2  

s p e c i m e n s  w a s  s i g n i f i c a n t l y  (P < 0.05) l o w e r  t h a n  t h a t  of H b I - 2 2  s p e c i m e n s ,  w h i l e  t h e  

m e a n  of H b I - l l  g e n o t y p e s  d i d  no t  d i f f e r  s i g n i f i c a n t l y  f r o m  e i t h e r  of t h e  t w o  o t h e r s .  In  

a d d i t i o n  to t h e  c o m p o n e n t  of t o t a l  v a r i a t i o n  c o n t r i b u t e d  b y  H b l g e n o t y p e ,  t h e r e  w a s  a l so  
a c o m p o n e n t  c a u s e d  b y  s e x  ( T a b l e  3). 

Table 2. Gadus morhua, Mean  haematocr i t  of H b l  genotypes  in Sample  2. Results from 1-factor 
analyses of var iance are given. Cf text for results from Newman-Keuls  test  for differences be tween  

means  

Males  Females  
HbI-11 HbI-12 Hbl-22 H b l - l l  I-Ibl-12 Hbl-22 

No. of specimens 6 14 13 
Mean  haematocr i t  0.3087 0.2785 0.3402 
Standard deviat ion of m e a n  0.0323 0.0514 0.0453 

Males: P (2,30) = 6.002, P = 0.006 
Females: F (2,30) = 1.439, P = 0.253 

4 19 10 
0.3668 0,3224 0.3411 
0.0544 0.0566 0.0335 



204 J. M o r k  & G. S u n d n e s  

Table 3. G a d u s  morhua. Bffect of Hb lgeno type  and sex on haematocrit in Sample 2 {age: 1 year}. 
Summary of results from 2-factor analysis of variance 

Source of variation Sum of squares d.f. Mean square F-value 

A HbI genotype 0.02615 2 0.01308 5.312 
B Sex 0.01410 I 0,01410 5.729 
A °B Interaction 0.00778 2 0.00389 1.581 

Within {error) 0.14770 60 0.00246 

Total 0.19573 65 

Factor A: P = 0.008, Factor B: P = 0.020, A 'B :  P = 0.214 

Both in  n o m i n a l  r a n k i n g  a n d  in  t e rms  of t he  s ta t i s t ica l  s i g n i f i c a n c e  of t he  H b I  

g e n o t y p i c  h a e m a t o c r i t  d i f f e r ences ,  S a m p l e  2 c o n f i r m e d  the  o b s e r v a t i o n s  in  S a m p l e  1 
(Tab les  1 a n d  2). A p p a r e n t l y  thus,  t he  d i f f e ren t  h y d r o g r a p h i c a l  cond i t i ons  on the  two 

s a m p l i n g  l o c a t i o n s  d i d  no t  c a u s e  a c h a n g e  in  t h e  m a i n  p a t t e r n  of H b l g e n o t y p i c  effects  

on  h a e m a t o c r i t .  T h e  overa l l ,  j o in t  r e su l t  in  t he  two  s a m p l e s  is tha t  the  m a l e  H b I - 2 2  

s p e c i m e n s  on  a v e r a g e  h a v e  h i g h e r  h a e m a t o c r i t  t h a n  the  two  o t h e r  g e n o t y p e  groups .  
Th i s  r e su l t  is i n t e r e s t i n g  in  l i gh t  of t he  fact  tha t  supe r io r i t y  of t he  m a l e  H b I - 2 2  

i n d i v i d u a l s  has  b e e n  the  m a i n  t ra i t  a l so  in  p r e v i o u s  i n v e s t i g a t i o n s  c o n s i d e r i n g  e.g.  

g r o w t h  rates ,  s e x u a l  m a t u r a t i o n ,  a n d  w i t h i n - s e a s o n  g o n a d  m a t u r a t i o n  (Mork  et  al,, 19837 
1984a, b). In  fact, a c h e c k  of t he  m e a n  l e n g t h s  for H b l g e n o t y p e s  in  S a m p l e  2 c o n f i r m e d  

those  p r e v i o u s  resu l t s  in tha t  t h e  m a l e  H b I - 2 2  g e n o t y p e  w a s  s u p e r i o r  in  th is  s ample ,  too 
(Tab le  4). 

Table 4. G a d u s  morhua .  Mean lengths of Hblgenotypes  (age: 1 year) in Sample 2. Results from 1- 
factor analyses of variance, and Newman-Keuls  test procedures for differences between means are 

given 

Males Females 

HbI-11 H b I - 1 2  HbI -22  HbI -1 I  HbI -12  Hb l -22  

No. of specimens 6 14 13 4 19 10 
Mean length 13.85 14.08 17.51 14.00 15.54 15.85 
Standard deviation of mean 2.75 2.15 3.22 1.91 3.05 3.46 

Males: F (2,30) = 6.505, P = 0.005, and I--IbI-11 = H b I -12  4= 147o1-22 
Females: F {2,30} = 0.532, P = 0.593 

It c o u l d  be  tha t  t h e  h i g h e r  h a e m a t o c r i t  v a l u e  of m a l e  H b I - 2 2  s p e c i m e n s  w a s  c a u s e d  
by  a c o v a r i a t i o n  b e t w e e n  l e n g t h  a n d  haematocr i t~  i.e. i n c r e a s i n g  h a e m a t o c r i t  w i t h  

i n c r e a s i n g  l eng th .  W e  t e s t e d  this  p o s s i b i l i t y  by  c o n s i d e r i n g  t h e  co r r e l a t i on  coef f ic ien t s  

(r} b e t w e e n  b o d y  l e n g t h  a n d  h a e m a t o c r i t  for  a l l  12 c o m b i n a t i o n s  of s ex  a n d / - / b l g e n o t y p e  
in t he  two  sample s .  H o w e v e r ,  n o n e  of t h e s e  r - v a l u e s  w e r e  s i gn i f i c an t l y  d i f fe ren t  from 

zero .  S i n c e  n o / - / b l g e n o t y p i c  h e t e r o g e n e i t y  of h a e m a t o c r i t  h a d  b e e n  o b s e r v e d  in  f e m a l e s  
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we were justif ied in  pool ing  HbI groups in  this sex to e n h a n c e  test power. Doing so in 
Sample 1, the overall  (pooled HbI genotype  groups) correlat ion coefficient b e t w e e n  
length and  haematocri t  in  females  was --0.159, which  is not  s ignif icant ly  different from 
zero (t ---- --0.774, df = 23, P ---- 0.447}. Anyway,  if the " leng th  effect" had  b e e n  
signif icant  we would  not have  b e e n  able  to d iscr iminate  b e t w e e n  the effects of age  a nd  
length  in  this sample.  

This problem did not exist in  Sample  2, in  which  the spec imens  were  aged.  In this 
sample the overall  (33 specimens;  pooled HbI groups) r -value  for the correlat ion 
be tween  length  and  haematocr i t  in  females  was  0.042 which  is not  s ignif icant ly  different 
from zero ( t = 0.234, df = 31, P ---- 0.816). Cons ide r ing  both male  a nd  female HbIgroups, 
the 6 calculated r-values in Sample  2 r anged  b e t w e e n  - 0 . 0 1 8  (female HbI-11) and  0.416 
(male HbI-22}. None of them were s ignif icant ly  different from zero, a nd  as tested by the 
chi-square procedure  of Sokal & Rohlf (1981; p. 588) there was no s ignif icant  
he terogenei ty  among  these values  (X 2 = 1.823, df = 5, P = 0.873}. Thus, as far as these 
test results can express, the haematocr i t  values  may be regarded  as i n d e p e n d e n t  of body 
length, and  the observed H b I  genotypic  differences in  haematocr i t  is therefore not  l ikely 
to be just a side-effect of size differences. Instead, it may be assumed that  in  males  the 
I--lbi-22 specimens  tend to have h igher  haematocr i t  t han  the two other H b I  genotypes  
regardless of ind iv idua l  size. 

At present  we do not have sufficient informat ion for d rawing  conclusions  on the 
causal relat ionships b e h i n d  the observed HbI genotypic  haematocr i t  differences. For- 
mally, the male  HbI-II and HbI-12 genotypes  suffer from relat ive a n e m i a  compared  to 
the HbI-22 genotypes  in  the present  samples.  This could, or could not, be as s imple  as an 
iron deficiency anemia ,  but  the exp lana t ion  may  be more complex. If, as seems plaus-  
ible, the haematocri t  differences are re la ted to the t e mpe r a t u r e - de pe nde n t  funct ional  
properties of the haemoglobins ,  there might  be  a seasonal  (temperature} var ia t ion  
component  of current  u n k n o w n  magni tude .  Addit ional ly ,  it is unce r t a in  to what  degree  
haematocri t  reflects current  or past  e n v i r o n m e n t  effects since, for example,  the turnover  
rate of cod erythrocytes is not  known.  One  should also be aware that  compensa tory  
haemoglob in  product ion (cf. h igh  a l t i tude adap t ion  in  humans)  may  take  place, a nd  t end  
to mask  causal  relat ionships.  Final ly:  it is k n o w n  that the proper  structure of the 
haemoglob in  molecule  can affect erythrocyte shape,  and  the reby  haematocr i t  (cf. the 
sickle-cells in  humans) .  However,  s ince the /-/bI effect on haematocr i t  seems to be 
restricted to male  spec imens  in  the present  samples,  such effects are not  ind ica ted  
a l though formally they r ema in  to be  studied, e.g. microscopically.  

Al though sampl ing  area (despite hydrographica l  differences) did not  appear  to 
affect the ma in  results subs tant ia l ly  for the present  two samples  from the same fjord, it 
seems reasonable  to expect that the nature,  and  detectabi l i ty  of H b l g e n o t y p i c  effects on 
haematocri t  wil l  depend  on the env i ronmen t  to which  cod spec imens  have b e e n  
exposed. The effects might  be  qui te  different in  different regions in  the dis t r ibut ion 
range. The present  location 2 displays an  extensive  a n n u a l  t empera ture  cyclus. Prob- 
ably, a sampl ing  program which covered this locat ion at mul t ip le  t imes through the year  
could indicate  whether  or not season plays a role for the actual  effect of H b l g e n o t y p e  on 
haematocrit .  It would  also be desi rable  to record addi t ional  parameters  from each blood 
sample (e.g. cell count, average cell size, s ingle  cell haematocrit)  in  order to s tudy 

potent ial  compensatory effects. 
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Fo r  t h e  p r e s e n t ,  w e  w i l l  r e f r a i n  f r o m  e x t e n s i v e  s p e c u l a t i o n s  o n  t h e  p h y s i o l o g i c a l  

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

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

t h a t  t h e i r  h a e m a t o c r i t  v a l u e s  b e c o m e  d i f f e r e n t .  I t  is  l i k e l y  t h a t  t h i s  m a y  u n d e r  c e r t a i n  

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

B o t h  w i t h  r e s p e c t  to  t h e  s e x u a l  d i f f e r e n c e  i n  m a n i f e s t a t i o n ,  a n d  t h e  i n t r i n s i c  r a n k  of 

H b I  g e n o t y p e s  t h e  h a e m a t o c r i t  r e s u l t s  r e s e m b l e s  t h e  p a t t e r n s  o b s e r v e d  in  s t u d i e s  ol 

g r o w t h  r a t e s ,  a g e  a t  m a t u r a t i o n ,  a n d  w i t h i n - s e a s o n  g o n a d  m a t u r a t i o n  i n  cod  f rom the  

s a m e  a r e a s  ( M o r k  e t  al., 1983;  1984a,  b);  t h e  H b / e f f e c t  is  m o s t  p r e d o m i n a n t  i n  m a l e s ,  a n d  

(at  t h e  t i m e  of s a m p l e  co l l ec t ion}  t h e  m a l e  HbI-22 g e n o t y p e  s e e m s  s u p e r i o r  to t h e  two  

o the r s .  T o g e t h e r  w i t h  t h o s e  p r e v i o u s  s t u d i e s ,  t h e  p r e s e n t  r e s u l t s  d e m o n s t r a t e  t h e  pro-  

f o u n d  e f f ec t  t h a t  H b I  g e n o t y p e  c a n  h a v e  o n  t h e  a d a p t i v e  p r o p e r t i e s  of i n d i v i d u a l  cod.  
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