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ABSTRACT: 276 specimens  of Atlant ic  cod (Gadus morhua L.) were caught  dur ing spawning  in a 
restricted area of the Trondheimsfjord,  Norway, in  April and  May 1979. Genotypes at the polymor- 
phic  haemoglob in  locus Hbl  differed significantly with respect  to m e a n  age at matura t ion (in males) 
and  m e a n  gonadic  deve lopment  stage (in females). There was no indicat ion of populat ion mixing in 
the  genotypic composit ion at Hb l  or at any of the 4 polymorphic t issue enzyme loci invest igated 
(LDH-3, IDH-1, PGM, and  PGI-I. The f indings  obta ined were  considered with regard  to tempera-  
ture-re la ted differences in  the funct ional  propert ies  of Hbl molecules,  and  genotypic differences in 
growth, age at  maturat ion,  and  f ishing mortality. At the  present  stage of investigation,  the natural  
select ion pa t te rn  seems directional and  strong. However,  the  Hbl  al lele  f requencies  observed in  cod 
from the  examined  areas reveal  no detec table  changes  over a per iod of two decades  (-- 4 
generations).  The current  pat tern  of commercial  exploi tat ion causes, th rough size selection, a 
modification of the  rate of erosion of the  inferior allele, bu t  addi t ional  factors must  be  in force, which  
play a role in  its current  abundance  in an  evolut ionary perspective.  The observed HbI  genotypic 
differences in  the  exact wi th in-season t ime for spawning  might  be  one such factor. A potent ia l  
sexual  difference in genotypic fi tness migh t  be  another,  bu t  this has  yet to be  confirmed. The 
apparen t  existence of considerable  na tura l  and  artificial select ion forces act ing upon  cod haemoglo-  
b in  genotypes makes  Hbl al lele  f requencies  unre l iable  for use in popula t ion structure analyses.  

I N T R O D U C T I O N  

P r e v i o u s  s t u d i e s  o n  p o p u l a t i o n  g e n e t i c s  of t h e  A t l a n t i c  cod  ( G a d u s  morhua L.) b y  

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

h a e m o g l o b i n s  ( locus  /-/bl; Sick,  1961).  L a t e r  o n  t h e y  i n c l u d e d  s e r u m  e s t e r a s e  ( N y m a n ,  

1965), s e r u m  t r a n s f e r r i n  (M611er, 1966),  as  w e l l  as  a w i d e  r a n g e  of t i s s u e  e n z y m e s  (Lush,  

1969; O d e n s e  e t  al. ,  1969;  D a n d o ,  1974;  J a m i e s o n ,  1975; C r o s s  & P a y n e ,  1978; M o r k  e t  

al., 1982).  

H o w e v e r ,  t h e  g e n e t i c  p o p u l a t i o n  s t r u c t u r e  c o n c e p t  of c o d  i n  t h e  e a s t e r n  A t l a n t i c  is  

s t i l l  l a r g e l y  b a s e d  o n  r e s u l t s  f r o m  H b l  a n a l y s e s  p e r f o r m e d  i n  t h e  1960s  (e.g. F r y d e n b e r g  

e t  al. ,  1965;  Sick,  1965a ,  b ;  M611er, 1968; J a m i e s o n  & J o n s s o n ,  1971).  I n  t h e s e  e a r l y  

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

t h e  g e n o t y p i c  c o m p o s i t i o n  of s a m p l e s  w a s  o f t e n  c o n s i d e r e d  ( see  e .g .  F r y d e n b e r g  e t  al., 

1965, 1967, 1969), a n d  a p o s s i b l e  f i t n e s s  s u p e r i o r i t y  of h e t e r o z y g o t e s  w a s  d i s c u s s e d  b y  
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Sick (1965a). However,  the rel iabi l i ty  of Hb/~ al lele f requencies  for use in  popula t ion  
de l inea t ion  studies was  never  real ly  doubted.  

Evidence which has accumula ted  from more recent  reports indicates  that  the 
genotypic  compositiofi at H b I  in  popula t ions  can be very sensi t ive to tempera ture  
regimes:  Karpov & Novikov (1980) demonstra ted exper imenta l ly  that  cod haemoglob in  
molecules  differ in  their  funct ional  properties at different temperatures;  the Hbl  2-2 type 
was, as expected from its geographical  dis t r ibut ion in  populat ions,  bet ter  adapted  to low 
temperatures,  whi le  the I-tbl 1-1 showed advantages  at h igher  (> 13 °C) temperatures.  The 
heterozygote was consis tent ly in termedia te  in  performance. The observat ions by Mork 
et aL (1983a), in  a Norwegian  coastal populat ion,  were in  ag reement  with these f indings:  
among  immature  spec imens  the genotypic  size rank  (pooled sexes) was I-l-bl 2-2 >I-Ibl  1-2 

~ H b l  ~-1 in  each out of 4 succeeding  age groups. Subsequen t  analyses  of more extensive 
mater ia l  from the same areas corifirmed the existence of H b l  genotypic  size differences 
(Mork et al., 1983b), bu t  indica ted  that the size rank  of genotypes  differed be t w e e n  
sexes: in  males the r ank  was as reported previously (Hb l  2-2 :>Hbl 1-2 >Hbl1-1),  while  in 
females the heterozygote was superior (the rank was H b l  1-2 > H b l  2-2 >Hbl1-1).  However,  
a common trend in  both sexes was the consistently inferior size of the H b l  I-1 genotypes.  
The observations could not  be  adequa te ly  exp la ined  by  popula t ion  mixture  in  the 
samples (Mork et al., 1983a). Thus the haemoglob in  polymorhpism of Atlant ic  cod 
seemed to offer a clear-cut  case of na tura l  select ion act ing phenotypica l ly  detectably 
upon  genotypes at a s ing le  locus. The inferior growth of H b l  1-I genotypes  in  both sexes is 
expected to reduce the proport ion of the H b l  1 allele in  each n e w  genera t ion  through a 
reduced  gamete  production.  Interest ingly,  indicat ions  of such a change  have not  b e e n  
observed dur ing  almost 20 years of sampl ing  (~ 4 generat ions)  in  the Trondheimsfjord,  
where  the two common H b l  alleles occur in  approximately equa l  proportions (Fryden- 
berg  et al., 1965; Mork et al., 1983a). Thus, there must  be  factors which  counteract  such a 
development .  Mork et al. (1983a) poin ted  out that the genotypic  select ion by f ishing gear 
is one such factor, and  showed, by  a genet ic  t agg ing  exper iment  carried out for four 
years after release, that  the f ishing mortal i ty in  fast-growing H b l 2 - p o s s e s s i n g  genotypes  
was in  fact higher  than  that in  H b l l - p o s s e s s i n g  genotypes.  

However, exploi tat ion by  selective gear is of relat ively recent  origin, and  there must  
p resumably  be some other advantages  of H b l l - p o s s e s s i n g  specimens  which have pre- 
ven ted  the ext inct ion of this a l le le  i n  evolut ionary frames. Since the Hbl  1-1 molecule  is a 
superior respiratory p igmen t  at h igh  temperatures  (Karpov & Novikov, 1980), mi l i eu  
regimes which favour H b l I - p o s s e s s i n g  genotypes (survival rates) may, potential ly,  occur 
dur ing  summer  in  the actual  areas. 

The egg n u m b e r  of female cod is a l inear  funct ion of body weight  (Daan, 1975). 
Presumably,  a difference in  the egg  product ion in  genotypes  inf luences  al le le  f requen-  
cies in  each new  genera t ion  more efficiently than  genotypic  differences in  male  gamete  
production. Besides the Hb l  genotypic  size differences, there are also s ignif icant  differ- 
ences in  the age at first spawn ing  (maturing age; Am) for cod Hbl  genotypes  in  the 
Trondheimsfjord:  otolith studies in  118 male  spawners  showed a s ignif icant ly  lower Am 
for the H b l  2-2 genotype (Mork et al., 1983b). The A m of heterozygotes was in termedia te  
bu t  not  s ignif icant ly lower than  that  of H b I  1-I. A m may be as impor tant  as the genera l  
growth rates for the total n u m b e r  of offspring from a specimen.  Here the genotypic  ranks 
in  males (cf above) are of greater  relat ive importance,  bu t  information on the potent ia l  
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geno typ ic  r ank  in females  is stil l  crucial  for u n d e r s t a n d i n g  the  dynamics  of this  po ly-  
morphism.  Such informat ion was  l a ck ing  in these  previous  studies,  and  add i t iona l  
s a m p l i n g  was  requi red .  

A th i rd  w a y  (bes ides  growth  ra tes  and  A m ) b y  which  geno typ ic  dif ferences  among  
spawner s  m a y  inf luence  a l le l ic  success  or fa i lure  in each  n e w  genera t ion  is the  exact  
w i th in - season  t iming  of s p a w n i n g  in re la t ion  to env i ronmen ta l  factors ( temperature ,  
p re sence  or a b s e n c e  of p rey  o rgan i sms  and  predators) .  It was  therefore  of in teres t  to 
inves t iga te  po ten t i a l  d i f ferences  in  the  d is t r ibu t ion  of gonad ic  s tages  in  Hbl geno types  of 
s amples  t a k e n  in  the  s p a w n i n g  season.  

The  a im of the  p re sen t  s tudy  was  to check  the prev ious  observa t ions  of H b l  
geno typ ic  d i f ferences  wi th  respec t  to A m in  males ,  to ob ta in  informat ion  on this  aspec t  in  
females ,  and  to inves t iga te  po ten t i a l  w i th in - season  Hbl geno typ ic  di f ferences  in  the  
annua l  r i pen ing  process.  In addi t ion ,  informat ion from other  po lymorph ic  loci was  
des i r ed  in order  to have  a Hbl-independent check  on the  gene t ic  h o m o g e n e i t y  of the  
i nves t i ga t ed  sample .  

MATERIALS AND METHODS 

A total  of 276 spec imens  of cod  (Gadus morhua) were  t a k e n  dur ing  s p a w n i n g  wi th  
g i l l  nets  and  sh r imp  t rawl  in  the  Trondheimsf jord ,  Norway,  in Apr i l  and  May  1979. Blood 
samples  for h a e m o g l o b i n  g e n o t y p i n g  w e r e  d rawn  from the  hea r t  pos t  mortem,  s tored at  
0 °C, and  a n a l y s e d  (agar  ge l  e lec t rophores is )  wi th in  12 hours.  Tissue  samples  cut  out  
from heart ,  l iver,  and  whi te  ske l e t a l  musc le  were  s tored  at  - -30 °C for up  to one y e a r  
before  b e i n g  a n a l y s e d  (starch ge l  e lec t rophores is)  for the  enzymes  LDH (lactate dehyd-  
rogenase ,  E.C. No. 1.1.1.27), IDH (isocitrate dehydrogenase ,  E.C. No. 1.1.1.42), PGM 
(phosphoglucomutase ,  E.C. No. 2.7.5.1), and  PGI (phosphoglucoisomerase ,  E.C. No. 
5.3.1.9). Ana ly t i ca l  p rocedures  and  nomenc la tu re  for h a e m o g l o b i n s  fo l lowed Sick (1961, 
1965 a): aga r  ge l  e lec t rophores i s  (1% agar;  phospha t e  buffer  p H  ---- 7.3) r e v e a l e d  
distinct,  r ed  b a n d s  which  could  be  scored  di rec t ly  on the gelsl  d o u b l e - b a n d e d  pa t te rns  in  
he te rozygo tes  (Hbl  I-z, wh ich  p roduce  bo th  the  Hbl  1-1 and  the  t-Ibl 2-2 mo lecu l a r  form) a n d  
s ingle  b a n d s  in  homozygo tes  (HbP -1 and  Hb12-2: Fig. I). Starch ge l  e lec t rophores i s  of 

Hbl [ 
Hbll [ 

Hbf  -1 Hb/t-z Hbl 2-2 

+ 

Fig. 1. Cod haemoglobins. Schematic electropherogram showing the three most common genotypes 
at HbI as revealed by agar gel electrophoresis at pH = 7.3. Site of sample application indicated by 

a r r o w  
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t issue extracts and specif ic  enzyme  staining fo l lowed Mork et al. (1982}: LDH and IDH 

were  analysed  us ing  the cont inuous buffer system descr ibed  by Clayton and Tret iak  

(1972}, whi le  the discont inuous buffer system of Ridgway et al. (1970} was used  for PGI 
and PGM. The system of nomenc la tu re  appl ied  for t issue enzymes  follows Al lendorf  & 

Utter (1979): the abbrevia t ions  LDH, PGI etc. denote  the proteins. When  in italics, the 

same abbreviat ions  denote  the loci coding for these proteins.  If more  than  one locus 

codes for a specific enzyme,  they are numbered  1, 2, etc. in order of increas ing  anodic 
mobi l i ty  of their  g e n e  products.  The  most common a l le le  at po lymorphic  loci  is desig-  

na ted  100,  whi le  var iant  a l le les  are deno ted  in terms of e lec t rophore t ic  mobi l i ty  of their  
products  re la t ive  to the  most  common band.  The enzyme  loci and a l le les  re fer red  to in 

this report  were  descr ibed  by Mork et al. {1982}. 

Otoliths were  col lec ted  for the de te rmina t ion  of ind iv idua l  age,  and age  at matura-  

tion (Am) according to Rollefsen (1933}. All  except  27 indiv iduals  were  sexed. The 

gonadic  deve lopmen t  s tage was recorded according to Siver tsen  (1935): I = immature ,  II 
= r ipening,  I I I =  ripe, and IV = spent. 

RESULTS 

The observed  genotyp ic  distr ibution at Hbl, as shown in Tab le  1, d id  not devia te  
from expectat ions  unde r  gene t ic  equi l ibr ium.  Nor did the genotypic  proport ions devia te  

from Hardy-Weinbe rg  dis t r ibut ion at any of the po lymorphic  enzyme  loci scored. The  

ca lcu la ted  a l le le  f requenc ies  at these  loci are shown in  Tab le  2. Further,  there  were  no 

Table 1. G a d u s  morhua .  Genotypic composition at/-/b/in spawners from the Trondheimsfjord 1979. 
Expected numbers under genetic equilibrium in parenthesis. Goodness of fit of observed to 

expected values: ~ = 0.928, P = 0.335 

Genotypes 

H b i  2-2 Hbi1-2 Hbi1-1 

74 (70.0) 130 (138.0) 72 (68.0) 

Table 2. G a d u s  morhua .  Allele frequencies at enzyme loci in 276 spawners from the Trondheims- 
fjord 1979 

Locus Allele Allele frequency 

LDH-3  100 0.61 
70 0.39 

LDH-1 I 0 0  0.83 
140 0.17 

P G M  I 0 0  0.95 
80 0.04 
70 0.0I 

PGI-1 100 0.71 
135 0.26 

65 0.03 
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indicat ions  of l i nkage  d i sequi l ib r ium (Hill, 1974) b e t w e e n  any pair  of l o d  (sum of •21 

from 10 pa i rwise  comparisons w e r e  15.135, P = 0.127). 

M a t u r i n g  a g e  i n / - / b l  g e n o t y p e s  

Otol i th  data  on the matur ing  age  (Am) were  ob ta ined  in 129 males  and 117 females.  
The  A m var ied  from 3 to 8 years  in both sexes. The  m e a n  A m was  ca lcu la ted  for each / - /b l  

genotype  group in males  and females ,  and the differences were  tes ted by s ingle  factor 

analyses  of var iance  in each sex (Table 3). The s ignif icant  he te rogene i ty  of Am in males  

Table 3. C a d u s  m o r h u a .  Mean age at first spawning ( ± standard deviation) for H b I g e n o t y p e s .  N = 

numbers of genotypes. An analyses of variance revealed significant heterogeneity of means in 
males, but not in females [P-values were 4.20 (P = 0.017) and 1.01 (P = 0.367), respectively] 

Sex H b I  2-2 N F l b I  1-2 N I"l-bI t-~ N 

Males 5.19 (± 0.75} 36 5.22 (+ 0.97} 63 5.80 (+ 1.20} 30 
Females 5.09 (+ 1.04) 31 5.31 (+ 0.94) 55 5.42 (+ 0.72} 31 

was  further ana lysed  by a N e w m a n n - K e n l  test wh ich  a l lowed  the  overa l l  conclusion that  
I - I b l  2-2 = H b l  1-2 ~: H b I  I-1. Thus, wh i l e  the observed  rank of /-/bl genotypic  A m was 

ident ical  in the two sexes, the A m he te rogene i ty  was signif icant  only in males,  where  the 

Hbl2-possessing genotypes  recruit  to the spawning  stock at a s ignif icant ly lower  age  
than t he / - / b l  1-1 genotype.  

W i t h i n - s e a s o n  g o n a d i c  d e v e l o p m e n t  i n  H b l  g e n o t y p e s  

Data on the gonadic  deve lopmen t  s tage were  avai lab le  for a total of 249 specimens.  

In both sexes, only stages II, III, and  IV were  observed.  The actual  distr ibution wi th in  

sexes and  Hb l  geno types  is shown in Table  4. Prom these  values,  the m e a n  gonadic  

Table 4. G a d u s  m o r h u a .  Number of specimens at different gonadic development stages; grouped 
according to sex and /-/bI genotype. Data from 249 specimens caught during spawning in the 

Trondheimsfjord in 1979 

Genotype Gonadic development stage 

II HI IV 
c~ 90 c~d 09 ~ 00 

• H b I  2 - 2  3 34 23 2 5 
H b I  l-2 2 16 60 36 3 3 
H b I  ~-1 4 10 25 20 1 1 

deve lopmen t  s tage of H b l  geno types  wi th in  each  sex was ca lcu la ted  (Table 5). Analyses  

of var iance  of these  genotypic  means  r evea led  signif icant  he te rogene i ty  in females,  but  

not  in males  (Table 5). The  he t e rogene i ty  in females  was ana lyzed  by N e w m a n n -K e u l  
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Table 5. G a d u s  m o r h u a .  Mean gonadic stage (_+ standard deviation) of H b I  genotypes in sexes. 
Data from Table 4. An analysis of variance revealed significant heterogeneity of genotypic means in 

females (F = 4.29, P = 0.016), but not in males (F = 2.44, P = 0.090) 

Sex H b I  z-2 I-IbI  I-2 I-IbI  ~-I 

Males 3.05 (__ 0.23} 3.02 (_--+ 0.28) 2.90 (+-- 0.40} 
Females 3.07 (_+ 0.51} 2.76 (-+ 0.54) 2.71 (_+ 0.53} 

tes t  p r o c e d u r e s  w h i c h  l e d  to t h e  o v e r a l l  c o n c l u s i o n  tha t  I--Ibl 2-2 ~= H b l  1-2 ~- H b l  1-1. Thus ,  

t he  s a m e  n o m i n a l  r a n k  w i t h  r e s p e c t  to m e a n  g o n a d i c  s t a g e  in  H b l  g e n o t y p e s  w a s  

o b s e r v e d  in  b o t h  sexes ,  b u t  t h e  g e n o t y p i c  h e t e r o g e n e i t y  w a s  s t a t i s t i ca l ly  s i gn i f i c an t  on ly  

in  f ema le s ,  w h e r e  t h e  I - Ib l  2-z s p e c i m e n s  h a d  s ign i f i can t ly  m o r e  d e v e l o p e d  g o n a d s  t h a n  

the  two  o the r  g e n o t y p e s  at  t h e  t i m e  of s a m p l i n g .  

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

T h e  6 H b l  g e n o t y p i c  g r o u p s  (3 in  e a c h  sex) c o n s i d e r e d  in  t he  a n a l y s e s  a b o v e  w e r e  

c o m p a r e d  w i t h  r e s p e c t  to a l l e l e  f r e q u e n c i e s  at  t h e  o the r  p o l y m o r p h i c  loci .  In  e a c h  s e x  t h e  
t h r e e  pos s ib l e  c o m p a r i s o n s :  /-/bl 2-2 v s  H b l  ~-2, H b F  -2 v s / - / b l  *-I, a n d  H b l  I-2 v s / - / h i  1-I w e r e  

p e r f o r m e d  for a l l e l i c  p r o p o r t i o n s  (2 × 2 X2-cont ingency tab les ,  v a r i a n t  a l l e l e s  pooled} at  

L D H - 3 ,  I D H - 1 ,  P G M ,  a n d  P G I - 1 .  N o  s igns  of g e n e t i c  h e t e r o g e n e i t y  w e r e  o b s e r v e d .  
P o o l e d  X 2 f rom 24 p a i r w i s e  c o m p a r i s o n s  w e r e  30.005, P ---- 0.185. T h u s  t h e r e  a r e  no  

i n d i c a t i o n s  tha t  t h e  v a r i o u s  o b s e r v a t i o n s  in  t he  H b l  g e n o t y p e  g r o u p s  cou ld  h a v e  b e e n  

c a u s e d  b y  the  u n p r o p o r t i o n a l  o c c u r r e n c e  of s p e c i m e n s  f rom d i f f e r en t  p o p u l a t i o n s  {with 

d i f f e ren t  b i o l o g i c a l  charac te r i s t i cs )  in  t h e s e  groups .  

D I S C U S S I O N  

T h e  p r e s e n t  resu l t s  a r e  in  a c c o r d a n c e  w i t h  p r e v i o u s  o b s e r v a t i o n s  on  t h e  a p p a r e n t  

s e l e c t i o n  at  cod  HbI,  b u t  a d d  s o m e  i m p o r t a n t  n e w  trai ts  to t he  p i c tu r e  {Table 6}. Thus ,  

Table 6. G a d u s  m o r h u a .  Summary of observations of HbI genotypic ranks with respect to some 
properties of relevance to fitness. Imm. = immatures, mat. = matures 

Characteristic Sex Rank of genotypes Reference 

Growth Males (imm.) Hb/e-2 > /-/hi I-2 > HbI  1-~ Mork et al. (1983a) 
Females (imm.) I-IbI I-2 > H b I  2-2 > I"IbI I-I  Mork et al. (1983b) 

Maturing age Males (mat.} H b I  2-2 > I ~ o I  1-2 = I-l"bI 1-1 Mork et al. (1983b) 
H b I  2-2 = I-IbI 1-2 > H b I  1-1 This report 

Females (mat.) Hb/2-2 = H b I  I-2 = /-/hi 1-I This report 

Within-season Males (mat.) I=IbI 2-2 ~ I-IbI  1-2 ~ g b I  1-1 This report 
gonadic development Females (mat.) H b I  2-2 > I-IbI  1-2 = H b I  1-1 This report 
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cod H b I  geno types  differ not  only  in  growth  rates  (Mork et  al, 1983a), and  in a g e  at  
ma tura t ion  (Mork et  al., 1983b), bu t  even  in the  wi th in - season  t ime for s p a w n i n g  (as 
i n d i c a t e d  b y  g o n a d  deve lopment ) .  Potent ia l ly ,  the  two la t te r  points  a re  secondary  effects 
of g rowth  ra te  differences.  Previous observat ions ,  too, l ike  H b I  geno typ ic  di f ferences  in  
f i shing mor ta l i ty  (Mork et  al., 1983a), and  sexua l  d i f ferences  in  H b l a l l e l e  f requenc ies  in  
i nd iv idua l  t r awl  ca tches  (Mork et  al., 1982), m a y  p r o b a b l y  b e  e x p l a i n e d  as  effects of such 
geno typ ic  s ize differences.  

Most,  if not  all,  nah l ra l  cod popu la t ions  are  exposed  to a cont inuous  explo i ta t ion  b y  
s ize - se lec t ing  f ishing gear .  Where  geno typ ic  di f ferences  (e. g. growth,  ma tu r ing  age)  
exist,  such exp lo i t a t ion  m a y  have  a cons ide rab le  effect on the  geno typ ic  composi t ion  of 
popula t ions .  Unde r  such c i rcumstances  it is not  at al l  cer ta in  that  H b / a l l e l e  f requencies  
can  be  r e g a r d e d  as va l id  popu la t ion  parameters .  Moreover ,  if s amples  for gene t ic  s tudies  
are  t a k e n  wi th  s i ze - se lec t ing  gear,  too, the  b ias  wi l l  be  increased .  These  facts ser ious ly  
affect the  r e l i ab i l i ty  of character is t ics  at H b I f o r  use in popu la t ion  structure analyses ,  and  
m a y  we l l  have  caused  er roneous  conclus ions  in previous  appl ica t ions .  Such effects have,  
p re sumab ly ,  also af fec ted the  H b I - r e l a t e d  character is t ics  s tud ied  in  this inves t igat ion.  
However ,  a cont inuous  se lec t ion  b y  commerc ia l  explo i ta t ion  will ,  expec ted ly ,  act to 
leve l  out  ex is t ing  geno typ ic  d i f ferences  and  m a k e  the r e m a i n i n g  par t  of the  s tock more  
h o m o g e n e o u s  wi th  respec t  to the  ac tua l  character is t ics .  Aga ins t  this  b a c k g r o u n d  the 
p re sen t  va lues  for some of the  H b I  geno typ ic  di f ferences  m a y  be  r e g a r d e d  as conserva-  
t ive es t imates .  There  may,  however ,  be  o ther  pi t fal ls  wh ich  m a y  cause  s a m p l i n g  art ifacts  
in  s tudies  of cod HbL These  are  impl ic i t  in  the  sugges t ion  of Karpov  & Novikov  (1980) 
tha t  cod spec imens  are  ab l e  to choose  hab i ta t s  wi th  t empera tu re s  su i tab le  for the i r  H b I  
genotype .  A l though  not  e x p e r i m e n t a l l y  confirmed,  such an  ab i l i ty  m a y  we l l  exist;  after 
all,  the  cod as  a spec ies  is k n o w n  to avo id  ex t r eme ly  cold  and  w a r m  waters .  However ,  the  
effects of such geno typ ic  m a n e u v r e s  w o u l d  be  unp red i c t ab l e  and  cannot  be  m e a n i n g -  
ful ly d i scussed  at  present .  Moreover ,  the  H b I  geno typ ic  composi t ion  in the  p resen t  
s ample  d id  not  s eem to have  b e e n  in f luenced  by  such phe nome na .  

In males ,  the  Hb/2-possess ing geno types  show super ior  g rowth  ( immatures)  as we l l  
as lower  m e a n  age  at ma tura t ion  (Table 6). If fas t -growing  spec imens  mature  at lower  
age,  one migh t  expec t  the  female  H b I  he te rozygotes  (Table 6) to d i sp lay  a somewha t  
lower  m e a n  age  at matura t ion .  We were,  however ,  not  ab le  to de tec t  s ta t i s t ica l ly  
s igni f icant  ma tu ra t ion  age  di f ferences  b e t w e e n  female  H b I  geno types  in  the  p resen t  
mater ia l .  

Since,  in  males ,  the  H b F - p o s s e s s i n g  geno types  s eem to b e  consis tent ly  more 
effect ive p roducers  of gametes ,  the  s e e m i n g l y  s tab le  H b I  a l l e l e  f requencies  in the  
Trondhe imsf jo rd  ind ica te  the  ac t ion of one or more  factors which  counterac ts  this  ma le  
effect. Immigra t ion  could  be  such a factor; the  f requency  of the  H b I  I a l l e l e  inc reases  
sou thwards  a m o n g  N o r w e g i a n  coas ta l  cod (Frydenberg  et  al., 1965), and  a gene  f low 
m a y  t ake  p l a c e  from more  sou thern  popula t ions ,  for ins tance  b y  t ranspor t  wi th  the  
N o r w e g i a n  Coas ta l  Current  (cod eggs  and  l a rvae  are  pelagic) ,  o r  by  act ive  migra t ions  of 
more  d e v e l o p e d  spec imens .  Al te rna t ive ly ,  the  H b I  a l l e l e  f requenc ies  m a y  be  s tab i l i zed  
by  some form of f r e q u e n c y - d e p e n d e n t  se lec t ion  of p resen t ly  u n k n o w n  nature ,  or by  a 
he te rozygo te  f i tness super ior i ty  in females  which  was  ind i ca t ed  b y  genotyp ic  growth  
rates  in  immatu res  (Table 6). The  poss ib i l i ty  that  the  genotyp ic  pa t te rns  of growth,  
ma tu r ing  age,  w i th in - season  g o n a d  deve lopment ,  or mor ta l i ty  differ  b e t w e e n  sexes wi l l  
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be  eva lua t ed  th rough  further  s tudies  of H b I  geno types  in females ,  in  wh ich  the r ank  of 
geno types  wi th  respec t  to the  var ious  character is t ics  has  b e e n  less cons is ten t  in  the  
mate r i a l s  p rocessed  so far (Table  6). 

A very  consis tent  t ra i t  in  the  h i ther to  inves t iga t ed  ma te r i a l s  is the  g e n e r a l l y  infer ior  
pe r fo rmance  of the  Hb/I - I  g e n o t y p e  c o m p a r e d  to the  others,  wh ich  a pp l i e s  to bo th  
growth,,  ma tu r ing  age ,  and  wi th in - season  gonad ic  d e v e l o p m e n t  ra tes  (the la t te r  is not  
necessa r i ly  a d rawback ;  cf. below).  Al l  these  character is t ics  m a y  b e  componen t s  of to ta l  
fitness. The  s ign i f icance  of g rowth  ra tes  (egg product ion)  and  ma tu r ing  a g e  ( length of 
reproduc t ive  per iod)  is obvious.  The  effect on f i tness of d i f ferences  in  w i th in - season  
gonad ic  d e v e l o p m e n t  (exact  s p a w n i n g  time) may  be  more  subtle.  In an  es tua r ine  sys tem 
l ike  the  Trondheimsf jord  the  aqua t ic  env i ronment  m a y  u n d e r g o  d rama t i c  changes  
dur ing  the pe r iod  in  which  cod spawning  occurs (approx imate ly  March  to June).  The  
chang ing  mi l i eu  factors inc lude  wa te r  t empera ture ,  su r face- layer  sal ini ty,  b rack i sh  
wa te r  run-off, p l a n k t o n  blooms,  and  a b u n d a n c e  of p reda to r s  on eggs  and  larvae.  
Rela t ive ly  modes t  d i f ferences  in r i pen ing  t ime for H b I  geno types  m a y  resul t  in r ad ica l ly  
different  env i ronments  for thei r  offspring and  thus contr ibute  s ign i f ican t ly  to e . g .  
survival  rates. It is thus  poss ib le  that  a somewha t  d e l a y e d  s p a w n i n g  (on average)  of 
Hb /Lposses s ing  geno types  m a y  be  an  a d v a n t a g e  which  counterac ts  the  effect of the 
be t t e r  growth  a n d  lower  ma tu ra t ion  age  for Hb/2-possessing genotypes .  However ,  mi l i eu  
factors show annua l  var ia t ion,  and  such effects are  p r o b a b l y  not  eff ic ient  in  ma in t in ing  
a l l e l e  f requencies  at  a s t ab le  level .  

The  exac t  w a y  in wh ich  i nd iv idua l  haemog lo b in s  in f luence  e. g. g rowth  ra tes  is not  
known.  P resumab ly  t hey  act  t h rough  gene ra l  effects on i nd iv idua l  v igour  a n d  s t amina  
(hunt ing/compet i t ion) .  In this  context ,  the  obse rved  sexua l  d i f ferences  wi th  respec t  to 
the  in t r ins ic  r ank  of geno types  (Table 6) a re  in te res t ing  and  ind ica te  subs tan t i a l  differ-  
ences  in the  gene ra l  b io logy  or behav iou r  b e t w e e n  sexes.  Sexua l  b e h a v i o u r a l  differ- 
ences  among  s p a w n i n g  cod are  w e l l - k n o w n  and  often manifes ted ,  for ins tance  in  the  
propor t ion  of males  and  females  in gi l l  net  catches  (e. g. pass ive  gear):  a m o n g  approx i -  
ma te ly  1000 spawners  caugh t  wi th  gi l l  nets  in the Trondhe imsf jo rd  in  1977, some 980 
were  ma les  (unpub l i shed  mater ia ls) .  This p h e n o m e n o n  is b e l i e v e d  to be  caused  by  a 
gene ra l ly  h ighe r  l eve l  of ac t iv i ty  in  males  on the s p a w n i n g  grounds.  Pat terns  of act ivi ty  
and  behav iou r  in sexes  among  immatures  a re  l a rge ly  unknown,  but  migh t  prove  to be  an 
in te res t ing  f ie ld for s tudies.  

At  any  rate, the  very  ex i s tence  of different  H b I  geno typ ic  growth  pa t te rns  may  
ind ica te  that  the growth  process  in f ishes involves  in tense  hun t ing  a n d  compe t i t i on  for 
food in  which  inhe r i t ed  a d v a n t a g e s  are  r ead i ly  expres sed  in  growth  rates,  a n d  it a p p e a r s  
tha t  g rowth  ra tes  m a y  b e  a more  sens i t ive  ind ica tor  of the  ac t ion  of se lec t ion  forces than,  
e. g., d i f ferent ia l  mor ta l i ty  as  d e t e c t e d  from obse rved  and  e x p e c t e d  (Hardy-Weinberg)  
geno typ ic  dis t r ibut ions .  In the  p r e sen t  case, w e  wou ld  not  expec t  to f ind such subs tan t i a l  
H b I  geno typ ic  growth  d i f ferences  a m o n g  capt ive  cod wh ich  are  fed  in  excess  in  the  
laboratory.  An  expe r imen t  w h i c h  a ims  at  the  c lar i f icat ion of this  aspec t  is cur ren t ly  in  
progress .  

If, as seems p robab le ,  env i ronmen ta l  t empera tu re  is the  factor r e spons ib l e  for the  
obse rved  H b I  geno typ ic  g rowth  differences,  one migh t  expec t  the  effects to vary  
geograph ica l ly .  The  re la t ive  propor t ions  of a l le les  at H b I  in cod from different  c l imat ic  
reg ions  (cf. "Introduct ion")  m a y  be  in t e rp re t ed  as ind ica t ions  of such se lec t ion  regimes ,  
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b u t  t h e i r  e x i s t e n c e  r e m a i n s  to  b e  c o n f i r m e d  b y  d e t a i l e d  a n a l y s e s .  In  s e a r c h  for  g e n e r a l  

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

p a t t e r n s  of / - /h i  g e n o t y p i c  p e r f o r m a n c e s ,  w i t h  r e s p e c t  to  t h e  c h a r a c t e r i s t i c s  l i s t e d  i n  

T a b l e  6, i n  c o d  s t o c k s  i n h a b i t i n g  a r e a s  of l o w  a n d  h i g h  t e m p e r a t u r e  e x t r e m e s  for  t h i s  

s p e c i e s .  

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

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

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

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

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

w e r e  n o  s i g n s  of g e n e t i c  h e t e r o g e n e i t y  a t  a n y  o n e  of four  i n d e p e n d e n t  e n z y m e  loci .  

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

o b s e r v a t i o n s  as  r e p r e s e n t a t i v e  for  o c c u r r e n c e s  i n  o n e  M e n d e l i a n  p o p u l a t i o n .  
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