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The two common alleles at the polymorphic haemoglobin
locus HpI (Sick, 1961) in the Atlantic cod (Gadus morhua
L.) code for proteins whose functional properties are
differentially influenced by environmental temperatures
(Karpov and Novikov, 1980). In the present study HbT
genotypic mean lengths in a total of 275 immature speci-
mens (0.5 - 1.5 year of age) from 8 samples taken in the
Trondheimsfjord and Oslofjord during 1977-1981 were in-
vestigated by rank correlation analysis. In males the
overall genotypic mean length rank was #bI2~2 >HbI1-2
>HbII1-1, while in females HbII-2 >pbI2-2 >HbII-1; both
ranks were highly significant.

The age at first spawning (Ap) was determined by oto-
lith reading in a sample of 118 male cod caught during
spawning in the Trondheimsfjord in 1981. 1In this sample
the individual Ay ranged from 4-7 years with a signifi-
cantly lower mean for the Fb7I2-2 genotype. The Ay of
heterozygotes was intermediate but not significantly
lower than for the HbII-1 genotype. Some population
genetic and aguacultural implications of these results
are briefly discussed.

*Contribution No.. 221. Biological Station, N-7001 Trond-
heim Norway
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INTRODUCTION

The haemoglobin locus EbI of the Atlantic cod is poly-
morphic (Sick, 1961). Two common alleles are widespread
throughout the range of the species, although in propor-
tion which differ considerably between stocks. The HbIZ
allele is most abundant in stocks inhabiting cold waters
(West Atlantic, Greenland, Iceland, Barents Sea and the
inner Baltic). The frequency of this allele increases
from south to north among cod on the east coast of America,
on the coast of Norway and in the Baltic (Frydenberg et
al., 1965; Sick, 1965a; b). Is has been suggested that
these clines are supported by natural selection (Kirpich-
nikov, 1981). A selection may act through temperature
regimes. Karpov and Novikov (1980) presented experimental
data on the effect of temperature on the functional pro-
perties of erythrocytes from the three common cod haemo-
globin genotypes which fitted well to observations of
the relative abundance of the alleles in natural popula-

2~2 polecule was by far

1-1

tions. At low temperatures the FpI
the most efficient oxygen carrier, while the pbI mole~
cule showed similar advantages at_high temperatures (>13°C).
Erythrocytes from heterozygotes (HbIl_Z), which contain
both molecules in equal proportions, were intermediate in
performance at all temperatures. Seemingly in accordance
with these experimental data, Mork et al>(1983) reported

a correlation betweeniybI genotype and size among immature
cod from the Trondheimsfjord. In four succeeding age

groups (0.5 - 3.5 year, pooled sexes) the rank of mean
lengths was HbIZ=2 >HbTI-2 >ppri-1,

Since the egg number in cod females is a linear func-
tion of body weight (Daan, 1975) these finding may point
to-an explanation for the observed distribution of HbI
alleles in the various climate regions. They also indi-
cate that the development of area-characteristic HbI

allele frequencies may be, in evolutionary terms, an
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extremely rapid process.

The existence of HbI genotypic size differences will be
notorious in creating problems in obtaining unbiased samples
for studies of, e.g., population HbI allele frequencies and
genotypic growth rates, because usually the sampling gear
employed is size-selective. Preferably therefore, reported
field observations on genotypic growth differences should
be checked experimentally to exclude such sampling erxrors
(Mork et al., 1983), and also to see if growth rate differ-
ences are manifested in captive cod and may thus be uti-
lized in cod aquaculture.

Pending results from such experiments, which are current-
ly in progress, we present here additional population data
which support earlier observations and clarify some aspects
discussed by Mork et al. (1983) for the apparent selection
at HbI in Atlantic cod. These aspects concern genotypic
differences in growth and in age at first spawning, both
of which are important factors which need to be clarified
in relation to population genetic analyses as well to the

developing field of cod aquaculture.

MATERIALS AND METHODS

The procedures for blood sampling and agar gel electro-
phoresis of haemoglobins followed Mork et al. (1983} and
Sick (1965a), respectively. Our genetic nomenclature

conform with Sick (1965a).
HbI genotypic mean length analyses

To avoid bias due to effects from commercial fisheries
on the HbI genotypic length distribution among cod in
the sampled areas (cf Mork et al., 1983), only 0.5 - 1.5
year old cod specimens were considered in the mean length

analyses. The batches for analyses (grouped according
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to sex) were compiled from eight samples taken at diffe-
rent times and locations in Norwegian waters during
1977-1981 (Table 1).

TABLE 1
Cod samples used for HbI gengtypic mean length analyses.

The sampling locations Beitstadfjord, Borgenfjord, and
Verrabotn are situated within the Trondheimsfjord

Batch Location Date Age Sex Numbgr of Gear
(year) specimens

A Beitstad- ,.1: 77 0.5 Males 7 Beach
fjord seine

g beitstad- 4.0 _g1 0.5 Males 21 —-
fjord ) o

¢ Beltstad- 4.4 _g1 0.5 Females 23 _-
fjord
Borgen- B Shrimp

D fiord Mar.-78 1.0 Males 17 frawl

E BQrgen— Mar.-78 1.0 Females 27 —-"-
fjord

F B?ltStad_ Oct.-77 1.5 Males ) 4 Be?Ch
fjord seine
Borgen- _ Shrimp

G £jord Oct.-78 1.5 Males 23 trawl

H qugen— Oct.-78 1.5 Females 22 ==
fjord

1 Bgrgen— Oct.-80 1.5 Males . 27 =
fjord
Borgen-— _ _n_

J fiord Oct.-80 1.5 Females 19
Verra- w_

K botn Oct.-80 1.5 Males 5

L Verra- n_
botn Oct.-80 1.5 Females 7 -

M Oslo- _ Trap
fiord Dec.-81 1.5 Males 31 net

N Oslo- Dec.-81 1.5 Females 42 -"—

fjord




Only batches where all the three common HbI genotypes

were represented in a particular age/sex groups were in-

cluded in the analyses. By treating the sexes separately

a larger number of groups were available for trend ana-
lyses, biases due to sexual growth differences were
avoided, and potential sexual differences with respect

to genotypic mean length rank trends could be detected.
Age at maturation for EbI genotypes

The age at first spawning was recorded by otolith
readings (Rollefsen, 1933) in a sample of 123 cod caught
with shrimp trawl during spawning in Verrabotn on Apr.
23, 1981. This particular sample contained almost ex-
clusively male cod; a total of 5 females were excluded
from the statistical analyses, leaving 118 male cod for

study.

RESULTS
EbI genotypic mean length analyses

The calculated mean lengths for HbI genotypes in

samples A-N are shown in Table 2.
Within each batch the genotypic mean lengths are

based on different number of specimens and are thus not
equally reliable estimates of the respective population
parameters. Before the application of trend tests, the
mean lengths were therefore standardized according to
Mork et al. (1983):

u; = (x; - W/ oy /v))

i i
where

Ui = standardized mean length of specimens in the i-th

genotype group
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TABLE 2

Mean lengths of HbI genotypes calculated for immature

cod grouped according to age and sex

726
|
|
|
|

Mean length of genotypes (cm)

Batch

apr?? aprl™? aprl™l
A 15.60 12.30 9.95
B 9.04 8.78 7.40
o 9.30 10.06 9.08
D 20.33 18.82 17.44
E 18.70 19.22 18.32
F 32.00 28.00 26.50
G 30.50 29.18 28.50
H 29.00 28.56 28.20
I 23.25 21.00 21.20
J 20.00 20.80 19.60
K 25.00 24.00 23.00
L 17.20 17.89 17.10
M 33.00 32.91 30.75
N 33.60 33.70 33.57

genotype group
= overall mean length (pooled genotypes) in the batch

o, = standard deviation of mean length in the i-th geno-
type group
n, = number of specimens in the i-th genotype group

When, after proper standardization, the genotypic mean
length in each sample (A-N) were ranked 1-3 from higher
to lower values, the HbII~I genotype were inferior in all
Sampies except one (13 out of 14 possible; Sign test;
P = 0.0017). The intrinsic rank of #bI2-2 and Hbrl-2
seemed less consistent until samples were grouped accord-
ing to sex; then there appeared to be a consistent differ-~
ence between sexes with respect to genotypic size rank

|
X, = calculated mean length of specimens in the i-th
% (Table 3).
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TABLE. 3

Ranks of standardized HbI genotypic mean length in samples
of immature male and female cod (1-3 from higher to lower
value)

_Rank of standardized mean length for genotypes

Batch
wp1?7? wprl™? aprl T
Males
A 1 2 3
B 1 2 3
D 1 2 3
F 1 2 3
G 1 2 3
I 1 3 2
K 1 2 3
M 2 1 3
Females
C 2 1 3
E 2 1 3
H 2 1 3
J 2 1 3
L 2 1 3
N 2 1 3

The statistical significance of the observed patterns
for males and females in Table 3 may be tested by Kendall's
T~tests for rank correlation (Kendall, 1962), assuming that
the test statistic S from the test on each sample will be
normally distributed with expected value = 0. (The variance
of S = [2N(N-1) (2N+5]1/36, where N=3, the number of gehotype
groups in each test; cf Mork et al, 1983). From such tests
it turns out that in males the HbI genotypic mean length
rank; Eb12-2 >ppri-2 >ppri-1 is highly significant (pooled
S for 8 tests = 20; Student's t = 3.69, P = 0.00024), as
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also is the rank in females; #pri=2 >ppre-2 >ppri-1 (pooled
s from 6 tests = 18, t = 3.83, P = 0.00013).

Age at first spawning for HbI genotypes

As revealed by otolith readings the age at first spaw-
ning (&;) in the sample of 118 male spawning cod varied
between 4 and 7 years. The actual distributions of Ay

within genotypes are shown in Table 4.
TABLE 4

Number of specimens maturing at various age within cod
haemoglobin genotypes (cumulative percentages in paren-
thesis). Data obtained by otolith readings in 188 male
spawners

Number of recruit spawners

Geno- and cumulative % at age (years) Total

type 4 5 5 7 number
2=-2

apréT? 11(373%) 14 (833) 5(100%) - 30

aprt™? s (129) 22 (543) 19( 90%) 5(100%) 52

wprl™l 3 89) 17(56%) 9( 81%) 7(1008%) 36

There is a statistically significant heterogeneity in
the genotypic distribution of Ay i Table 4 as revealed by
a 4x3 x2 contingency table (expected values under the
null hypothesis of no heterogeneity derived from column
totals) : X26 =.18.297, P = 0.0055. The mean recruiting
age for genotypes were: AbI%=2: 4.80+0.71, EbI1=2:
5.44:0.83, #bI!"1: 5.56+0.91. By single factor analyses
of variance and. subsequent Newman-Keul test it was shown
that the mean A, for AbI2-2 was significantly lower than

for the two other genotypes (Table 5).
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TABLE 5

Analyses of variance of mean age at first spawning for the
three common cod HbI genotypes. Data from 118 male spawners

Source of variation Sum of squares DF Mean sguare
Between genotypes 10.884 2 5.442
Within genotypes 78.516 115 " 0.683

Total 89.400 117

F =7.91, P =-0.00057
Newman-Keul test (significance niveau = 0.001):
#pI2=2 & pprl-2 = pprl-1

DISCUSSION

>The existence of HbI genotypic differences with respect
to growth and age at maturation, which were indicated by
data from Norwegian coastal cod reported by Mork et al.
(1983), are strongly supported in this study. The present
analyses of extended materials has also uncovered a pre-
viously undetected sexual difference in the effect of HbI .
genotype on growth (Table 3). Potentially, a superior
growth of #bI12 females will tend to stabilize the gene
frequencies (balanced polymorphism) while a superior growth
of HbI?~2 males will tend to break down the equilibrium.
The reason for this sexual differences is at pfesent»not
known. Presumably, behavioural differences (level of
‘activity, habitat preference) are involved, since tempera-
ture-related 0, demands at present seem to be the most
probable explanation for the apparent differences for cod
HbI genotypes. .

For this reason it is difficult to prediét the results

from HbI genotypic growth experiments in the laboratory,
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where the specimens have no habitat choice and do not
have to hunt the prey. It is, nevertheless, important
to clarify if any genotypic growth differences are mani-
fested when the genotypes are kept at controlled, equal
conditions. Such conditions can only be achieved in the
laboratory, and the relevant experiments are in progress.
As discussed by Mork et al. (1983), current cod HbI
,allele frequencies, which: seem to be in a state of equi-
librium in the investigated areas, are, potentially,
not balanced by natural selection alone, but are also
eignificantly influenced by human impact in the form of
size—eelect;ve fishing gear. Such gear will predictably
prevehtvfast growing specimens from producing proportional
'amounts of'offspring. Thus, observed. allele frequencies
“may represent a kind of pseudo-equilibrium influenced by
‘genotypic size (egg.number), genotypic age at maturation,
‘ehd intensity. of commercial exploitation with size-selecting
~gear. A temporal and spatial variation in these factors
dnd their relative influence'on allele frequencies must be
expected, but they may eventually reach a state of equili-
“brium where the various forces cancel each other out. - Al-
though artificial selection by fishing gear may retard the
:‘quIllowering effect of better growth of HbI%~possessing;
it seems ‘that the HbIl-possessing‘genotypes,nevertheless
must have some edvantageS‘under natural conditions in
Votder to explain the persistance. of this allele in evolu-
* tionary frames. After 'all, human exploitation with selec-
- tive gear is of. recent origin.  Such reasoning raises the
question as ‘to whether cod individuals can actively choose
’habltats sultable for thelr haemoglobln genotype. = Karpov
rand:] Nov1kov (1980) reported such ‘behaviour of cod haemoglo-=
bin genotypes in relation to-environmental temperatures,
"but this has not been confirmed experimentally.
. Obv1ously, there are questlons ‘which remain to be ans-
Jwered 1n connectlon w1th the haemoglobin polymorphlsm of

cods: “The" present materlals gave no information on the age
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at first spawning for female HbI genotypes, and in males
the superior growth of heterozygoteé compared to the gpri-1
genotypes was not reflected in a significantly lower age
at maturation, although a connection between fast growth
and low maturity age was indicated by the #bI2~2 homozy-
gotes. Such inconsistencies might point to the existence
of sampling artifacts: the very existence of genotypic
selection by fishing gear will tend to level out potential
differences and may create unpredictable sample artifacts.
It was noted that our sample of 118 male spawning cod was
probably a growth-selected part of the population; they
were among the survivors after several years of commercial
exploitation. Also it might be questioned how realistié
samples collected with the present gear picture the real
connection between growth rates and age at first spawning.
It might be that the slower growing genotype in fact matures
at the same age as the fastgrowing individuals, only that
they were not caught by the present gear due to, e.qg.,
gear—induced size-selection or behavioural differences like
size-dependent shoaling. On the other hand, inconsistent
results are not necessarily sampling artifacts; age at
maturation is, in any case, not determined by growth rates
‘alone, and our results are probably influenced by a number
of currently unidentified factors, physiological, and per-
haps also behavioural.

A low age at maturation would perhaps not be a desirable
trait in cod aguaculture since it is sometimes connected
with a pronounced growth retardation. If HbI genotypic
growth differences are manifested in cod aquaculture as in
the present material from natural populations, this pro-
blem may arise but can be dealt with by an adequate selec-
tion programme.

The present materials are too scarce and, for reasons
discussed above, not adequate for reliable estimation of
genotypic differences in production {(growth) in nature,
and definitely not in captivity. However, the consistency
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of the trends observed (Table 3) indicates that the differ-

ences may be considerable in natural populations.

ACKNOWLEDGEMENTS

We are indepted to R. Hartvigsen for otolith readings.
This study was supported by grants from the Norwegian
Fisheries Research Council (I 309.07) and from Nansen-
fondet.

REFERENCES

Daan, N., 1975. Consumption and production in North Sea cod,
Gadus morhua: An assessment of the ecological status of
the stock. Neth. J. Sea Res., 9: 24-55.

Frydenberg, 0., Mgller, D., Navdal, G. and Sick, K., 1965.
Haemoglobin polymorphism in Norwegian cod populations.
Hereditas, 53: 257-271.

Karpov, L.K. and Novikov, G.G., 1980. The haemoglobin
alloforms in cod (Gadus morhua L.), their functional
characteristics and distribution in the populations.
Voprosy .ichtiologii (T 20), 6: 823-827. (Translated
from Russian:)

Kendall, M.G., 1962. Rank correlation methods. 3rd. ed.

) Charles Griffin, London, 199 pp.

Kirpichnikov, V.S., 1981. Genetic bases of fish selection.
Springer-Verlag, Berlin, 410 pp.

Mork, 'J., Giskegdegdrd, R. and Sundnes, G., 1983. Popula-
tion genetic studies in cod (Gadus morhua L.) by means
of the haemoglobin polymorphism; observations in a Nor-
wegian coastal population. FiskDir. Skr. Ser. HavUnders.
17: In press.

~ Rollefsen, G., 1933. The otoliths of the cod. FiskDir.

Skr. Ser. HavUnders., 4: 1-14.
Sick, K., 1961. Haemoglobin polymorphism in fishes.
Nature, London, 192: 894-896.

Sick, K., 1965a. Haemoglobin polymorphism of cod in the
.Baltic and Danish Belt Sea. Hereditas, 54: 19-48.
Sick,; K., 1965b. Haemoglobin polymorphism of cod in the
" North Sea and North Atlantic ocean. Hereditas, 54:

49-69.

’



