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ABSTRACT: A total of 262 specimens (0-, and f-group) of Atlantic cod (Gadus morhua) representing 
4 different yearclasses were caught in Trondheimsfjorden, Norway, during 1977-1984. They were 
genotyped by agar gel etectrophoresis for the polymorphic haemoglobin locus HbI (Sick, 1961). The 
analyses revealed a highly significant (P = 0.0003} heterogeneity of HbIatlele frequencies between 
yearclasses. The difference in the frequency of the HbI-1 allele between the first {1977) and the last 
(1983) yearclass amounted to 0.18 (_+ 0.07). The results appear to support recent reports on 
considerable selection effects at HbI, and stress the unreliability of allele frequencies at this locus 
for use in studies of the genetic population structure of cod. 

INTRODUCTION 

The haemoglob in  (HblJ polymorphism of At lant ic  cod (Gadus morhua) was first 
described by Sick [1961). Subsequen t  studies on cod stocks throughout  the species range  
revealed an extensive regional  var iat ion in  HbI al le le  f requencies  (Frydenberg  et al., 
1965; Sick, 1965a, b; M~ller, 1968, 1969; Wilkins,  1971; Jamieson  & Jonsson, 1971; 
Jamieson & Otterlind0 1971). Usual ly  in these studies the HbI allele f requencies  were 
treated as neutra l  genet ic  markers,  thus ind ica t ing  a h igh amoun t  of genet ic  substructur-  
ing in cod, even  wi th in  geographica l ly  very restricted areas (cf. e.g. Moller, 1969). 

On both sides of the North Atlantic,  and  in the Baltic Sea there are north-south clines 
in Hblallele frequencies  (Frydenberg,  1965; Sick, 1965a, b). Kirpichnikov (1981) consid- 
ered these clines as be ing  supported by env i ronmen ta l  selection, and  Karpov & Novikov 
(1980) provided a possible physiological  basis  for this by  showing  that the t empera ture  
effect on oxygen dissociation curves differed subs tant ia l ly  be t w e e n  the three common 
/-/hi genotypes. In fact there have b e e n  several  reports on apparen t  select ion effects on 
the HbI genotypes;  besides  sexual  differences in  a l le le  f requencies  (Frydenberg et al., 
1969; Mork et al., 1982), observat ions are reported on genotypic  differences in  growth 
(Mork et al., 1984a, b; Mork & Sundnes ,  1984), sexual  matura t ion  age (Mork et al., 1983), 
wi th in-season gonad  matura t ion  (Mork et al., 1983), a n n u a l  mortali ty (Mork et al., 
1984a), and haematocri t  (Mork & Sundnes ,  1984). 

However, the actual  effect that such phenomena ,  a lone  or in  combinat ion ,  may have 

* Contribution No. 229, Biological Station, N-7000 Trondheim, Norway 

© Biotogische Anstalt Helgoland, Hamburg 



56 J. Mork & G. Sundnes 

on the temporal stability of HbI  allele frequencies in various stocks has been only little 
studied. Mork et al. (1984a) reported no detectable difference of Hblallele frequencies 
in samples of adult cod taken in 1963 and 1977-80, respectively, in the Trondheimsfjord, 
Norway. That comparison was, however, performed on samples containing several year- 
classes, in which a potential year-to-year variation may be masked. Also, potential 
changes of genotypic composition in yearclasses with age would tend to reduce the 
validity of such comparisons. Presumably, a better approach to the study of temporal 
stability of HbI  allele frequencies might be performed on samples which were 
homogeneous with respect to age, and preferably at as low an age as practically 
possible. 

The present study follows this approach. It deals with H bI  allele frequency differ- 
ences between yearclasses as observed among samples of 0-group and 1-group cod 
taken in the Trondheimsfjord, Norway, during 1977-1984. 
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Fig. I. Gadus morhua. Sampling locations A and B in Trondheimsfjorden, Norway 
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MATERIAL AND METHODS 

Samples  of j uven i l e  At lan t ic  cod (Gadus morhua) were  co l lec ted  for the  p re sen t  
s tudy in Trondhe imsf jorden ,  N o r w a y  (Fig. 1). Normal ly ,  the  ma in  par t  of the  a n n u a l  
spawning  of cod in this f jord t akes  p l ace  in March,  Apri l ,  and  May.  The  p resen t  offspr ing 
groups  were  co l lec ted  in Oc tober  in  the  y e a r  of s p a w n i n g  (0-group),  or in  M a r c h - A p r i l  in 
the fol lowing yea r  (1-group). 0 -group  spec imens  were  co l lec ted  wi th  a beach  se ine  in 
a rea  A, whi l e  1-group spec imens  were  t a k e n  wi th  a sh r imp  t rawl  e q u i p p e d  wi th  a smal l -  
mesh  net  at loca t ion  B, a sha l low s ide -a rm to the  ma in  fjord. Fur the r  s a m p l e  informat ion  
is g iven  in Tab le  1. 

Table 1. Gadus morhua. Sample information. (See Fig. t for location code) 

Sample Catch date Location No. of Sample Year 
specimens type class 

1 Oct 10, 1977 A 12 0-group 1977 
2 Mar 30, 1978 B 44 1-group 1977 
3 Oct 15, 1980 A 7 0-group 1980 
4 Oct 7, 1981 A 54 0-group 1981 
5 Oct 12, 1983 A 76 0-group 1983 
6 Apt 27, 1984 B 69 1-group 1983 

Samples  from loca t ion  A and  B were ,  in part ,  t r ea ted  s e pa ra t e ly  in the s ta t is t ical  
analyses .  This was  r e g a r d e d  as a d v a n t a g e o u s  for the  pu rpose  of compar ing  yea rc l a s s  
a l le le  f requencies ,  s ince  this ac t ion s imu l t aneous ly  d i v i d e d  the ma te r i a l  into 0 -group  
and 1-group samples  (Table 1). In addi t ion ,  this  ac t ion  p r e v e n t e d  b ias  due  to po ten t i a l  
effects of local  mi l i eu  differences.  The  h y d r o g r a p h y  of the  two s a m p l i n g  locat ions  is 
different. In short, loca t ion  A is s i tua ted  in the  ma in  f jord w h e r e  the annua l  t e m p e r a t u r e  
var ia t ion is ma in ly  conf ined  to the  u p p e r  layers ,  wh i l e  the  annua l  t e m p e r a t u r e  var ia t ion  
at locat ion B concerns  the  ent i re  wa te r  co lumn from surface to bottom. Thus, whi l e  cod 
spec imens  at locat ion A m a y  e scape  from u n p l e a s a n t  t e m p e r a t u r e s  by  s e e k i n g  d e e p e r  
water  where  the  t empe ra tu r e  is 6-8  °C th roughout  the year,  spec imens  at loca t ion  B must  
exper i ence  t empera tu re s  r ang ing  from 0 -2  °C in w in t e r  to 16-20 °C in s u m m e r  (Mork & 
Sundnes,  1984, and  re ferences  therein) .  

There  are  no phys ica l  bar r ie rs  b e t w e e n  loca t ion  A and  B. The  e x c h a n g e  of p e l a g i c  
eggs  and la rvae  is p r o b a b l y  ex tens ive  due  to a s t rong t ida l  current  which  fills the  s ide  
fjord wi th  surface wa te r  from the  m a i n  fjord. It is thus  a s s u m e d  tha t  cod at  loca t ion  A and  
B belongs  to the same gene  pool.  Therefore ,  we  also pe r fo rmed  yearc lass  compar i sons  
where  O-group and  1-group s amp le s  r ep r e sen t i ng  the s ame  yea rc l a s s  were  poo l ed  over  
locations.  

H a e m o g l o b i n  geno typ ing  was  pe r fo rmed  by  aga r  ge l  e l ec t rophores i s  acco rd ing  to 
Sick (1965a), and  the e m p l o y e d  gene t i c  nomenc la tu re  accords  wi th  Sick (1961). Indi-  
v idual  age  of spec imens  was  c h e c k e d  by  otol i th  r e a d i n g  accord ing  to Rol lefsen (1933). 
The G (log l ike l ihood  ratio) stat ist ic used  for tes t ing  h e t e r o g e n e i t y  of propor t ions  is 
descr ibed,  for example ,  by  Sokal  & Rohlf (1981). 
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RESULTS 

T h e  r e s u l t s  of t h e  e l e c t r o p h o r e t i c  a n a l y s e s  a re  l i s t ed  in  T a b l e  2. At  b o t h  loca t ions  

t h e r e  w a s  a s t a t i s t i ca l ly  s i g n i f i c a n t  b e t w e e n - y e a r c l a s s  v a r i a t i o n  in  H b l a l l e l e  f r e q u e n c i e s  

(Tab le s  3 a n d  4). A l t h o u g h  l e s s  p o w e r f u l ,  t e s t s  of t he  g e n o t y p i c  c o m p o s i t i o n s  a l so  

r e v e a l e d  s u b s t a n t i a l  h e t e r o g e n e i t y  b e t w e e n  y e a r c l a s s e s  at  b o t h  loca t ions  (case  4 a n d  5, 

Table 2. Gadus morhua. HbI genotypic composition and calculated allele frequencies for year 
classes. Abbreviation: qHbI-1 = frequency of allele 1 at haemoglobin locus I (sensu Sick, 1961) 

Location Yearclass No. of Hblgenotypes  

11 12 22 N qHbI-1 

A 1977 4 7 1 12 .625 
A 1980 4 3 0 7 .786 
A 1981 17 24 13 54 .537 
A 1983 16 33 27 76 .427 

Sum A 1977-1983 41 67 41 149 .500 

B 1977 15 22 7 44 .591 
B 1983 10 34 25 69 .391 

Sum B 1977-1983 25 56 32 113 .469 

Sum A + B  1977-1983 66 123 73 262 .487 

Table 3. Gadus morhua. Location A. Test of heterogenei ty (by a 4 x 2 G contingency tabte) of HbI 
allelic proportions in 0-group samples from 4 yearclasses. Observed and expected (in parentheses) 

number  of alleles in each sample are listed 

Yearclass HbI- 1 HbI-2 2 N 

1977 15 (12.0) 9 (12.0) 24 
1980 11 (7.0) 3 (7.0) 14 
1981 58 (54.0) 50 (54.0) 108 
1983 65 (76.0) 87 (76.0) 152 

Sum 149 149 298 

G = 10.165, d.f. = 3, P = 0.017 

Table 4. Gadus morhua. Location B. Test (by a 2 x 2 G contingency table) of heterogeneity of HbI 
allelic proportions in l -group samples from 2 yearclasses. Observed and expected (in parentheses) 

number  of alleles in each sample are listed 

Yearclass HbI- I HbIo2 2N 

1977 52 (41.3) 36 (46.7) 88 
1983 54 (64.7) 84 (73.3) 138 

Sum 106 120 226 

G = 8.632, d.f. = 1, P = 0.003 
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T a b l e  5). N e v e r t h e l e s s ,  g o o d n e s s  of fit  G tes ts  f a i l e d  to d e t e c t  d e v i a t i o n s  f rom H a r d y -  
W e i n b e r g  e x p e c t a t i o n s  w h e n  t h e s e  h e t e r o g e n e o u s  s a m p l e s  w e r e  p o o l e d  w i t h i n  e a c h  

loca t ion  (case 1 a n d  2, T a b l e  5). 
In n o n e  of t he  y e a r c l a s s e s  r e p r e s e n t e d  at  bo th  l oca t i ons  w e r e  t he r e  a n y  d i f f e r e n c e s  

in g e n o t y p i c  or  a l l e l i c  p ropo r t i ons  b e t w e e n  A a n d  B (case  6 a n d  7, T a b l e  5). T h u s  the  

Table 5. Gadus morhua. Summary of test results. Abbreviations: gf = goodness of fit G test, ct = 
contingency table G test, df = degrees of freedom, P = probability. (See Table 1 for sample 

numbers) 

Case Test of Test Sample G- df P 
type value 

1 Hardy-Weinberg fit gf Pooled loc. A 1.513 1 0.216 

2 Hardy-Weinberg fit gf Pooled loc. B 0.003 I 0.955 

3 Hardy-Weinberg fit gf Pooled A + B 0.957 1 0.328 

4 Betw. yearclass geno- 4 × 3 Loc. A: all 11.804 6 0.066 
typic heterogeneity ct samples 

5 Betw. yearclass geno- 2 × 3 Loc. B: all 8.762 2 0,013 
typic heterogeneity ct samples 

6 Betw. location geno- 2 × 3 1 vs 2 and 2.064* 4" 0.724 
typic heterogeneity ct 5 vs 6 

7 Betw. location alle- 2 × 2 As in case 6 0.487 * 2" 0.784 
lic heterogeneity ct 

8 Betw. yearclass geno- 4 × 3 Smpls. (1 & 2), 19.915 6 0.003 
typic heterogeneity ct 3, 4, (5 & 6) 

9 Betw. yearclass 4 × 2 As in case 8 18.803 3 0.0003 
allelic heterogeneity ct 

• Pooled G and df from two tests 

d i f fe ren t  t e m p e r a t u r e  r e g i m e s  on  t h e  two  loca t ions  (cf. " M a t e r i a l s  a n d  M e t h o d s " )  h a v e  
not  a f f ec t ed  the  g e n o t y p i c  c o m p o s i t i o n s  d e t e c t a b l y .  W h e n  t h e s e  c o r r e s p o n d i n g  y e a r -  

c lasses  w e r e  p o o l e d  o v e r  loca t ions ,  t h e  b e t w e e n - y e a r - c l a s s  h e t e r o g e n e i t y  of g e n o t y p i c  

a n d  a l l e l i c  p ropor t ions  w a s  e v e n  m o r e  s i g n i f i c a n t  (case  8 a n d  9, T a b l e  5). Still ,  h o w e v e r ,  

the  g o o d n e s s  of fit G tes t  w a s  u n a b l e  to d e t e c t  a n y  d e v i a t i o n  f rom H a r d y - W e i n b e r g  
ex p ec t a t i ons  in the  p o o l e d  m a t e r i a l  (case 3, T a b l e  5). 

T h e r e  was  a c o n s i d e r a b l e  d rop  in t he  f r e q u e n c y  of t he  HbI-1 a l l e l e  f rom the  1977 

yea rc lass  to the  1983 yearc lass .  P o o l e d  o v e r  l oca t i ons  the  ac tua l  f r e q u e n c i e s  w e r e  0.598 
and  0.416, r e s p e c t i v e l y ,  g i v i n g  a d i f f e r e n c e  of 0.18 ( s t andard  e r ror  0.07) for this  s i x -yea r  

per iod .  H o w e v e r ,  i t  c anno t  b e  d e t e r m i n e d  f rom the  p r e s e n t  m a t e r i a l s  w h e t h e r  th is  d rop  

r e p r e s e n t s  a g e n e r a l  t rend,  or  is jus t  a f l u c t u a t i o n  a r o u n d  a fa i r ly  s t ab l e  l o n g - t e r m  m e a n  
l eve l  of qHbI-1 in  th is  f jord  stock.  
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DISCUSSION 

Cod HbI  allele frequencies in Trondheimsfjorden have been measured at irregular 
intervals during the last 20 years (4-5 generations). The first estimate was reported by 
Frydenberg et al. (1965); qHbI-1 ~ 0.485 based  on 163 specimens. The qHbl-1 = 0.477 
(N ---- 851) reported by Mork et al. (1984a) thus did not indicate any change of allele 
frequencies at HbI  in this fjord stock during 1963 and 1977-80. Both these estimates 
were, however, based on samples with mixed age groups. 

In fact, the overall  qHbI-1 for the pooled yearclasses in the present study, 0.487 (N = 
262; Table 2), is practically identical  with that reported by Frydenberg et al. (1965). 
However, the closer inspection performed in the present study revealed an extensive 
genetic heterogenei ty  between the yearclasses which made up our samples. It appears 
thus that the mean qHbI- I  of multiple yearclasses is too coarse a measure to detect the 
actual fluctuations of HbI  allele frequencies. Of course, such fluctuations can be fatal if 
HbI  al lele  frequencies are used as population characteristics, which in fact has been 
done in a number  of studies on cod population structure (cf. "Introduction"). Chances are 
that this may have led to erroneous conclusions. 

It is common practice to accept the lack of significant deviations from Hardy- 
Weinberg distribution as sufficient insurance of the genetic homogeneity at the locus 
under  study. The present results clearly demonstrate the dangers of such practice, and 
the relative impotence of the goodness of fit test in the detect ing of certain kinds of 
heterogeneity.  Thus, while the HbI  genotypic distribution in pooled materials (last row 
in Table 2) appeared  close to Hardy-Weinberg  expectations according to the goodness of 
fit test, the actual heterogenei ty  of both genotypic and allel ic proportions among the 
individual  sub-samples was shown to be highly significant (cf. c a s e  3 vs 8 and 9, 
Table 5). 

Recent studies have reported a number  of fi tness-related traits that may differ 
between cod HbI  genotypes in Trondheimsfjorden, e.g. growth (offspring production), 
annual mortality, age at maturation, and within-season gonad maturation. Some effects 
were sex-dependent ,  and sexual differences in HbI  al lele  frequencies have also been 
reported (Mork et al., 1982, 1983, 1984a, b). Mork et al. (1984a) expected such factors to 
have considerable effect on HbI  allele frequencies among the offspring from spawning 
events. The present  observations may be the manifestations of such effects, but certain 
assumptions have to be made. 

One assumption is that one may ignore the contribution of potential  immigrants 
(spawners or fry) to the year- to-year  variation in Hblal le le  frequencies. This assumption 
seems fulfilled: the Trondheimsfjord cod may be regarded as a self-containing unit of the 
Norwegian coastal cod stock. It is known that only 2 out of 46,000 recaptures from cod 
taggings on the Norwegian coast since 1948 have been taken in Trondheimsfjorden 
proper  (pers. comm. with O. R. Godo, Institute of Marine Research, Bergen). As concerns 
pe lagic  eggs and larvae the estuarine circulation of the fjord will  tend to carry plank- 
tonic material  out of, not into, the fjord. Finally, juvenile specimens of Norwegian coastal 
cod have been  shown to be very stationary after settling (Moksness & Oiestad, 1980, and 
references therein). Thus there is no reason to expect that immigrants may have affected 
the present  results substantially.  

Another assumption concerns the potential  micro-geographical  segregation of HbI  
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genotypes according to habi ta t  t empera ture  regimes  which was men t ioned  in  Karpov & 
Novikov (1980). Such segregat ion has hitherto not b e e n  documented ,  but  if existing, it 
would be no less fatal than select ion for the use of HbIal le le  f requencies  to de l inea te  the 
genetic popula t ion  structure of cod. Anyhow, the sampl ing  des ign  of the present  
invest igat ion (sampling the same locations, at the same time of the year) would  presum- 
ably min imize  the effect of a potent ia l  segregat ion  and,  in  particular,  the hydrography at 
location B (cf. "Materials  and  Methods")  in  fact gives cod spec imens  no choice with 
respect to temperature.  

Finally, it may be men t ioned  that the cod stock in  Trondhe imsf jorden  is fairly large 
(it supports a local fishery), and  that temporal  f luctuat ions in stock size are moderate  
(unpubl i shed  data). Therefore, popula t ion  bot t lenecks  are not among  the potent ia l  
causes for the present  results. 

Thus it appears  that the most l ikely exp lana t ion  for the year- to-year  var ia t ion  in  HbI  
allele f requencies  observed in  the present  study is to be  found in  the spectre of apparen t  
selection effects that has previously b e e n  reported for the cod stock inhab i t ing  Trond-  
heimsfjorden (Mork et al., 1982, 1983, 1984a, b). 

The present  results support  the conclusion reached by Mork et al. (1983) that cod 
HbI  allele f requencies  are un re l i ab le  for use in genet ic  popula t ion  structure analyses,  
and cha l lenge  the con t inued  practice by some workers in  the field (e.g. Jorstad, 1984) of 
in terpret ing HbI  allele f requency differences as marks of genet ic  isolat ion be t w e e n  
groups of cod. 

Besides, the present  analyses  have demonst ra ted  the impor tance  of checking sam- 
ples for intr insic he terogenei ty  (e.g. be tween  yearclasses) before performing inter-  
sample testing, and  have i l lustrated as wel l  the low power  of the goodness-of-fi t  test for 
detect ing in t ra-sample  heterogenei ty .  
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