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ABSTRACT  
Haemoglobin polymorphism in cod (Gadus morhua L) has been investigated throughout the last 50 years. 
Field studies have shed light on the geographic distribution of the two common alleles (HbI

1
 and HbI

2
), 

and laboratory studies have shown effects of genotype on physiological traits such as growth, 
reproduction and hypoxia tolerance. The geographic distribution of alleles shows a correlation with 
temperature, with increasing frequency of HbI

1
 in warmer areas. This is likely due to temperature related 

differences in oxygen affinity of the three genotypes. We provide a general ecological introduction to cod 
haemoglobin polymorphism and a detailed discussion of physiological studies, particularly laboratory 
growth studies. Although differences in oxygen uptake are almost certainly a contributory mechanism to 
observed differences in traits such as growth rate, many other environmental, behavioural and social 
factors may also contribute, making it difficult to quantify the effect of HbI either experimentally or in the 

field.  
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1. Introduction 26 

Haemoglobin (Hb) polymorphisms are common in many fish species such as salmon 27 

(Oncorhynchus tshawytscha), rainbow trout (Oncorhynchus mykiss) and carp (Cyprinus carpio) 28 

(Buhler and Shanks, 1959). In the early 1960s, the Danish geneticist Knud Sick was the first to 29 

describe Hb polymorphism in whiting (Merlangius merlangus) and Atlantic cod (Gadus morhua) 30 

(Sick, 1961). In cod, two haemoglobin loci were distinguished using agar gel electrophoresis; 31 

HbI and HbII. Gene products of HbI, predominating in adult cod, were polymorphic. Sick (1961) 32 

described a simple polymorphism at this locus with two alleles (HbI
1
 and HbI

2
) segregating into 33 

three easily distinguished genotypes; the two homozygotes HbI-1/1 and HbI- 2/2, and the 34 

heterozygote HbI-1/2.  35 

HbI
1
 and HbI

2 
are predominant throughout the species' range, but additional alleles exist (Sick, 36 

1965a; Sick, 1965b; Frydenberg et al., 1965; Husebø et al., 2004; Verde et al., 2006; Borza et al., 37 

2009; Halldórsdóttir and Árnason, 2009a; Halldórsdóttir and Árnason, 2009b; Andersen, 2012). 38 

Furthermore, studies using high-resolution techniques like IF (Isoelectric Focusing) have 39 

reported a previously undetected banding variability which probably represents both different 40 

alleles at HbI as well as other loci (Fyhn et al., 1994; Husebø et al., 2004). Among the reported 41 

rare genotypes, some appear to be more abundant in the far northern parts and others in the 42 

southern parts of the cod's range (Frydenberg et al., 1965; Sick, 1965b; Møller, 1968; Husebø et 43 

al., 2004; Andersen, 2012). Most recent papers do not show photos of gels with the actual HbI 44 

genotypes as they appear on different electrophoretic platforms. Therefore the respective 45 

interpretations of the HbI banding patterns cannot be cross-checked.  46 

The genetic and molecular basis of the HbI protein variants and the link between the genotype 47 

and the physiological functions of the Hb gene products have been described in detail by Andersen 48 

et al. (2009) and Andersen (2012). For a detailed biochemical and molecular background to cod 49 

haemoglobin, we refer to the review by Andersen (2012). 50 
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The observed HbI genotypic distributions with HbI
1
 decreasing from south to north (Sick, 1965a; 51 

Sick, 1965b; Frydenberg et al., 1965; Karpov and Novikov, 1980; Mork and Sundnes, 1984; 52 

Husebø et al., 2004; Andersen et al., 2009) have been associated with both geographic, between 53 

stock, differences in environmental temperatures and with individual, within stock, temperature 54 

preferences on a more local scale (Karpov and Novikov, 1980; Petersen and Steffensen, 2003; 55 

Behrens et al., 2012). Both explanations have been anchored to genotypic differences in 56 

physiological performance (e.g., Mork et al., 1983; Brix et al., 1998; Pörtner et al., 2001) and 57 

strongly suggest that cod haemoglobins are affected by natural selection (Kirpichnikov, 1981; 58 

Mork and Sundnes, 1985; McFarland, 1998; Andersen et al., 2009; Halldórsdóttir and Árnason, 59 

2009a). Natural selection and behavioural habitat preferences are complementary explanations; 60 

environmental barriers may have led to genetic differentiation through local adaptations, and 61 

behaviour could potentially help maintain the variation. An example of this was recently 62 

demonstrated for the Icelandic cod stocks, where genetic differentiation (Pan I and 63 

microsatellite) was correlated with homing preferences for distinct spawning areas, i.e., 64 

preference for the warmer south-western areas or the cooler north-eastern areas (Pampoulie et 65 

al., 2011). 66 

Physiological performance and aerobic capacity is determined by the ability to bind and unload 67 

oxygen. Haemoglobins with a high affinity bind O2 at lower ambient levels, and the partial 68 

pressure at which haemoglobins are half saturated, P50, is low. However, high O2 affinity entails 69 

a matching reduction in the partial pressure of oxygen in the tissue for unloading of O2 at the 70 

tissues.  71 

Laboratory studies investigating the relationship between HbI polymorphisms, temperature 72 

preference and physiological performance are inconsistent. Differences in experimental design 73 

and methodology between studies may influence the outcome of the experiments, leading to 74 

results which in some cases appear to contradict the expectations arising from studies of 75 

geographical allele frequency distributions. Possible reasons for such inconsistencies need to be 76 

explored in order to move towards a more comprehensive understanding of the significance of 77 
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the HbI polymorphisms. Epigenetic and compensatory mechanisms influence physiological 78 

performance, thereby making it difficult to distinguish the effect of haemoglobin from other 79 

factors. 80 

This review presents and discusses laboratory studies of the three main cod HbI genotypes, 81 

examining the experimental design, methods and conclusions drawn. The observed allelic 82 

distribution in natural populations is analysed in relation to temperature, and the physiological 83 

performance of the different haemoglobin genotypes is discussed. Proposals for future research 84 

are presented and evaluated. 85 

 86 

2. Distribution 87 

HbI allele frequencies, which were related to latitude in the early studies (Sick, 1961a; Sick, 88 

1961b; Frydenberg et al., 1965), have been corroborated in more recent reports (e.g., Karpov and 89 

Novikov, 1980; Mork and Sundnes, 1984; Husebø et al., 2004; Andersen et al., 2009). However 90 

it is evident that latitude per se has no effect on HbI allele frequency and that the observed clines 91 

are due to water temperature (Pörtner et al., 2001).  92 

Cod homozygous for HbI
2
 are termed the cold-water type and cod homozygous for HbI

1
 the 93 

warm-water type (Frydenberg et al., 1965; Pörtner et al., 2001). With the possible exception of 94 

Baltic Sea cod, which is also the most genetically divergent of all cod stocks (Mork et al., 1985), 95 

the temperature related cline in cod HbI allele frequencies appears consistent in studies published 96 

so far, and applies to both sides of the North Atlantic (Table 1).      97 

In some areas, e.g., along the Norwegian coast (Møller, 1966; Møller, 1968; Dahle and Jørstad, 98 

1993; Nordeide and Båmstedt, 1998; Wennevik et al., 2008) and in Icelandic waters (Jamieson 99 

and Jónssen, 1971; Jamieson and Birley, 1989), intermingling of populations with different HbI
1
 100 

frequencies occurs during the spawning season, thus changing the prevailing HbI pattern. The 101 

North East Arctic cod stock migrates from the cold Barents Sea to spawn in areas along the 102 
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Norwegian coast in February to April and this gives rise to a marked decrease in the HbI
1
 103 

frequency in those locations (Fig. 1). The noteworthy heterogeneity seen in the Icelandic waters 104 

(Table 1) may be explained by the existence of two genetically differentiated spawning 105 

components with one component preferring the warmer waters southwest of Iceland and the 106 

other the cooler waters in the northeast (Pampoulie et al., 2011). In other areas, where seasonal 107 

cod migrations are small and do not involve large temperature differences, e.g., the North Sea, 108 

there is no obvious seasonal change in local HbI
1 

frequency (Fig. 2). 109 

Overall, the HbI allele frequencies for the entire range of cod show an increase in HbI
1
 with 110 

increasing temperature (Fig. 3, 4). However, the relationship between temperature and HbI
1 

111 

appears to be stepped, with the proportion of HbI
1 

below 0.2 up to 4˚C, above 0.5 at temperatures 112 

above 8˚C and highly variable in the temperature range 5-8˚C. While this may in part be 113 

explained by the kind of seasonal differences in HbI
1
 frequency observed at the Norwegian coast 114 

due to migration, it may also indicate that other genetic and environmental factors can influence 115 

the distribution of the HbI genotypes. 116 

In some studies on the population structure of cod, authors have interpreted the geographic HbI 117 

allele frequency differences as signs of a complex genetic subdivision into separate and isolated 118 

populations (Dahle and Jørstad, 1992). However, if temperature is acting selectively then the 119 

utility of this locus as a neutral population marker is questionable (Mork et al., 1984b; Mork and 120 

Sundnes, 1985).  121 

In the early juvenile stages of cod gene products of HbII predominate and HbI genes do not 122 

become active until the fish are 3-4 cm Fyhn et al. (1995). The authors hypothesized that the 123 

change in gene expression could be related to adaptation to a new environment, i.e., the shift 124 

from pelagic to demersal life style. 125 

 126 

3. Physiological performance 127 
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Temperature is regarded as ‘the ecological master factor’ of ectothermal organisms (Brett, 1971) 128 

as it influences all aspects of their physiology (Lefrancois and Claireaux, 2003; Pörtner and 129 

Knust, 2007). Growth rate is maximised within a species-specific range of temperatures, often 130 

referred to as the optimal temperature for growth (Topt), which for satiation fed, maturing and 131 

adult Atlantic cod kept at normoxic conditions ranges between 11 and 14°C (Jobling, 1983; 132 

Claireaux et al., 2000; Colosimo et al., 2003; Brix et al., 2004; Jordan et al., 2006). However Topt 133 

declines with increasing size in cod and is, thus, much higher in smaller fish (Pedersen and 134 

Jobling, 1989; Björnsson and Steinarsson, 2002).  Topt is also reduced when food is limited 135 

because maintenance costs are higher at high temperatures (Brett, 1971). It is noteworthy that 136 

growth rates and condition factors increase with temperature over the actual thermal range 137 

occupied by cod in the wild and are highest in the warmest areas in which they occur (Dutil and 138 

Brander, 2003; Rätz and Lloret, 2003).  139 

The reported Topt found in laboratory experiments with satiation fed cod is higher than 140 

observations from the field; a comprehensive tagging study encompassing thermal history data 141 

(>90 days) for more than 300 cod from 8 geographical areas demonstrated that maximum growth 142 

rates were obtained by fish having a mean thermal history of 8-10°C (Righton et al., 2010). This 143 

is probably due to differences in feed intake, but it is a mistake to regard it as evidence of food 144 

limitation, since the satiation fed experimental environment (or the environment of a fish farm) is 145 

an abnormal one.  146 

 147 

3.1 Temperature preference 148 

In theory, the preferred temperature of a fish (Tpref) should reflect the optimal temperature for 149 

growth (Topt), but thermoregulatory behaviour may not always ensure this (Jordan et al., 2006; 150 

Behrens et al., 2012). Basically, temperature preference strategies are extremely complex and 151 

vary with the physical environment (e.g., oxygen availability, Schurmann and Steffensen, 1992; 152 

Petersen and Steffensen, 2003) and internal factors / physiological state of the fish (e.g., 153 
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digestive status (Gräns et al., 2010), size and age (Pedersen and Jobling, 1989; Glover et al., 154 

1997; Björnsson and Steinarsson, 2002; Swain and Kramer, 1995; Gräns et al., 2010; Behrens et 155 

al., 2012)). Selecting a colder environment increases the blood oxygen affinity which increases 156 

the oxygen binding at the gills but may lower the oxygen unloading at the tissues. It also lowers 157 

the metabolism. These conditions favour energy conservation but not digestion, growth and fast 158 

swimming (Brett, 1971). Thus, there may be a trade-off between activities like feeding, 159 

digestion, predator avoidance and migration when selecting a thermal environment. 160 

The geographic distribution of the two major haemoglobin alleles indicates that HbI-1/1 is 161 

adapted to warm waters and HbI-2/2 to cold waters (Sick, 1965a; Pörtner et al., 2001; Brix et al., 162 

2004). Two separate studies have investigated the preferred temperatures of the HbI types, with 163 

partially discrepant results. Petersen and Steffensen (2003) observed a significant and rather 164 

pronounced difference between the two homozygotes with HbI-1/1 showing preference for 165 

temperatures of 15.4±1.1°C and HbI-2/2 for temperatures of 8.2±1.5°C when kept under 166 

normoxic conditions. During hypoxia (35% air saturation), Tpref for HbI-1/1 fish fell to 167 

9.8±1.8°C, whereas no change was observed in HbI-2/2 fish (Petersen and Steffensen, 2003). 168 

The authors, however, hypothesized that a similar decrease in Tpref of HbI-2/2 might be observed 169 

if the oxygen levels were further reduced (<33%).  170 

The observed dissimilarities in Tpref was recently confirmed by Behrens et al. (2012); HbI-2/2 171 

preferred temperatures of 8.9±0.2°C, consistent with findings by Petersen and Steffensen (2003), 172 

but HbI-1/1 preferred substantially lower temperatures (11.0±0.6°C) than reported by Petersen 173 

and Steffensen (2003), yet still significantly higher than the value for HbI-2/2 cod within the 174 

same study. The discrepancy between the two studies might be due to different methodologies, 175 

shuttle box versus an annular preference chamber. Furthermore, based on PCR and SNPs (single 176 

nucleotide polymorphisms), Behrens et al. (2012) observed that 17% of the experimental fish 177 

had recombinant haplotypes that were not compatible with any of the HbI genotypes, and it is 178 

possible that these haplotypes disturbed the overall pattern of temperature preference in both 179 

studies. Similar biases have been emphasized by other studies (Brix et al., 1998; Husebø et al., 180 
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2004; Andersen et al., 2009; Borza et al., 2009). Heterozygotes display less distinct temperature 181 

preferences, not significantly different from any of the homozygotes, and with greater inter-182 

individual variation (Behrens et al. 2012). Furthermore, heterozygotes have a high degree of 183 

plasticity in their expression of the two haemoglobins (Brix et al., 2004; Andersen et al., 2009; 184 

Borza et al., 2009) and are, thus, likely to thrive in a broader thermal range. 185 

 186 

3.2 Oxygen transport  187 

The earliest study on the in vitro oxygen affinity of the three common cod HbI genotypes was 188 

performed on intact erythrocytes and showed highest oxygen affinities for HbI-2/2 and HbI-1/1 189 

at temperatures below and above 15°C, respectively (Karpov and Novikov 1980). These 190 

genotype-specific oxygen affinities have later been confirmed by other in vitro studies performed 191 

on haemolysates, although with less pronounced differences (Brix et al., 1998; Pörtner et al., 192 

2001). However, in an in vitro study of haemolysates by McFarland (1998), a slightly different 193 

result was obtained: in fish acclimated to 10 and 16˚C, no genotypic differences were found, but 194 

at an acclimation of 4˚C, HbI-2/2 had a higher O2 affinity. Similarly, when 10˚C acclimated fish 195 

were exposed to 4 and 16˚C, the HbI-2/2 had higher O2 affinity. If the fish were allowed no 196 

acclimation time prior to experiments, a steady decrease in the affinity of HbI-2/2 between 4 to 197 

16 ˚C was evident. The O2 affinity of HbI-1/1 was shown to be less temperature sensitive, and in 198 

later molecular studies this type is referred to as the temperature-insensitive haplotype (Andersen 199 

et al., 2009; Andersen, 2012).  200 

Haematocrit, the ratio between erythrocytes and blood plasma, is also relevant in relation to 201 

physiological performance as more erythrocytes will enhance the blood oxygen carrying 202 

capacity. Mork and Sundnes (1984) investigated haematocrit in juvenile and adult cod from a 203 

Norwegian fjord and found higher haematocrit values in males homozygous for HbI
2
, but no 204 

differences between genotypes for females. Their results were later supported by McFarland 205 

(1998) who found higher haematocrit values in adult HbI-2/2 at 5 and 10˚C, regardless of sex. In 206 
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addition, when  fish were allowed a period of 4 weeks acclimation prior to the blood sampling, 207 

the HbI-2/2 type was also observed to have a higher haemoglobin concentration compared to the 208 

HbI-1/1 type (McFarland, 1998). 209 

Despite small dissimilarities in the above mentioned studies, it appears that HbI-2/2 has superior 210 

oxygen transport capabilities at low ambient temperature especially under hypoxic conditions, 211 

which is also reflected in the distribution of the HbI
2
 allele. 212 

 213 

3.3. Hypoxia tolerance 214 

Having a high oxygen affinity is considered advantageous for individuals encountering hypoxic 215 

conditions (Brix et al., 1998). The critical oxygen saturation (Scrit) can be defined as the O2 level 216 

where a fish can no longer maintain an oxygen uptake that supports the standard metabolic rate 217 

(SMR; the oxygen uptake of resting, fasting fish) and can as such be used as a measure of 218 

hypoxia tolerance. Few studies have investigated the response of the HbI genotypes to hypoxia, 219 

and with ambiguous results. The first study was conducted on wild-caught adult cod that were 220 

allowed at least 4 weeks of acclimation to 4, 10 or 16˚C (McFarland, 1998). No differences were 221 

observed in Scrit values at 10 and 16˚C, but at 4˚C, HbI-2/2 had a lower Scrit. This also coincided 222 

with a significantly lower SMR in HbI-2/2 at this temperature. When fish acclimated to 10˚C 223 

were exposed to 4 and 16˚C, the lowest Scrit was seen in HbI-2/2 and HbI-1/1, respectively. 224 

McFarland (1998) concluded that HbI-2/2 is more tolerant to hypoxia but only when the fish are 225 

in a resting, fasting state which is supporting their SMR. 226 

Two separate studies on juvenile offspring from wild-caught cod acclimated for either 1 or 5 227 

weeks, failed to find any differences between the two HbI types in the avoidance of hypoxic 228 

environments, ventilation rates or cortisol levels (Skjæråsen et al., 2008; Gamperl et al., 2009). 229 

However, Gamperl et al., (2009) observed HbI-1/1 to have a lower Scrit than the other 230 

homozygote, suggesting that this genotype as opposed to the above-mentioned findings is more 231 

tolerant of hypoxia (Gamperl et al., 2009). Conversely, Methling et al. (2010) observed higher 232 
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plasma cortisol and lactate levels in HbI-1/1, after hypoxia exposure indicative of an increased 233 

level of stress in wild-caught juveniles allowed 3 weeks of acclimation. Petersen and Steffensen 234 

(2003) also hypothesized that HbI-2/2 is more tolerant to hypoxia based on their observation that 235 

this genotype did not shift its Tpref at hypoxia. Altogether the above suggests that stress response 236 

and the associated metabolic adjustments may be HbI-dependent – although it is not yet clear 237 

how and to what degree.  238 

The apparent lack of a clear correlation between oxygen affinity and hypoxia tolerance may be 239 

partly due to the fact that in vitro studies of O2 affinity do not take into account the possibility of 240 

in vivo compensatory mechanisms. These can be of behavioural character e.g., avoidance of 241 

hypoxic habitats, increased ventilation, reduced activity levels or cessation of feeding 242 

(McFarland, 1998; Gamperl et al., 2009), and/or related to cellular compensatory control of Hb-243 

O2 affinity. Here organic phosphates (in fish mainly ATP and GTP) can be of major adaptive 244 

significance as these, when bound to the Hb, lower the O2 affinity (Weber & Jensen 1988; 245 

Jensen et al., 1998). Thus, reducing the level of red blood cell organic phosphates is a mean to 246 

increase blood oxygen affinity during hypoxia (Val, 2000; Nikinmaa, 2001), which has also been 247 

documented in cod by McFarland (1998), who found a decrease in P50 concurrently with a 248 

decrease in ATP and GTP levels, thereby increasing the oxygen uptake in the blood. In 249 

conclusion, compensatory mechanisms are likely to reduce the genotypic differences, indirectly 250 

suggesting that the genotypes are in fact exceptionally flexible. 251 

 252 

3.4 Growth 253 

The growth rate and growth potential of a fish is determined by its developmental stage, 254 

genotype and environment (e.g., food availability and quality, temperature and oxygen 255 

availability). Separating the effects of each of these factors is ultimately impossible, because they 256 

interact antagonistically or synergistically, and this is one highly plausible reason for the 257 

inconsistent and contradictory results obtained in studies dealing with growth of cod with 258 
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different haemoglobin genotypes. Conclusions drawn from comparing length and weight data 259 

from the field are also restricted by limited knowledge of the environmental and physiological 260 

history of the fish. Field estimates of growth show general trends for individuals or populations 261 

living in a particular area and under a more or less well-known set of environmental conditions. 262 

Differences in growth rate between cod stocks were documented as early as the 1930s, when the 263 

Norwegian coastal cod were observed to grow faster and mature earlier than the Northeast Arctic 264 

cod (Hylen, 1933; Rollefsen, 1934). However, a common-garden experiment by Godø and 265 

Moksness (1987) demonstrated that fish from these two stocks grow and mature at the same rates 266 

under identical environmental conditions and this is confirmed by other studies (e.g., Taranger et 267 

al., 2006). 268 

Some field studies, comparing lengths of cod with different genotypes, have shown growth-269 

related differences whereas others have not (Sick, 1965a; Gjøsæter et al., 1992; Jørstad and 270 

Nævdal, 1994).  Higher growth rates of HbI-2/2 have been reported in colder areas with 271 

temperatures closer to the genotype’s Tpref (Mork et al., 1983; Mork and Sundnes, 1984; Mork et 272 

al., 1984a; Mork et al., 198ba). For instance, in the Baltic Sea where the temperature and HbI
1
 273 

frequency decrease from west to east, a similar decrease in length and weight of HbI-1/1 is seen 274 

(Pörtner et al., 2001). In the southern part of the North Sea, where HbI
1
 is the predominant allele, 275 

HbI-1/1 fish are generally larger than HbI-2/2 fish (Pörtner et al., 2001). In conclusion, HbI-2/2 276 

appears to be superior to HbI-1/1 at colder temperatures, and vice-versa (Mork and Sundnes, 277 

1984).  278 

Comparing results and drawing conclusions from laboratory studies is made difficult by the 279 

diversity of methodology, duration, acclimatization period, tank environment, temperature 280 

regime, photoperiod, feed, and so forth. We assume that HbI genotypes, according to Sick 281 

(1961), were correctly identified by the various electrophoretic techniques employed in the 282 

different studies, and, thus, that the observed inconsistencies are caused by other issues. An 283 

overview of these as well as other physiology studies is given in Table 2. 284 



 

 

13 

 

 

The most commonly drawn conclusion from laboratory studies is that no HbI genotypic 285 

differences in growth exist (Colosimo et al., 2003; Gjerde et al., 2004; Jørstad et al., 2006; 286 

Jordan et al., 2006). The varieties of experimental design may, nevertheless, mask the actual 287 

effects of HbI. Two studies show significant differences; Nævdal et al. (1992) found higher 288 

growth rates for HbI-2/2 at all temperatures (6-14˚), whereas Imsland et al. (2004) observed 289 

highest growth rates in HbI-2/2 at high temperatures (13-16˚C) and in HbI-1/1 at low 290 

temperatures (7˚C). The results obtained in the latter study deviates from all earlier findings 291 

regarding allelic distribution, Tpref and O2 affinity. The difference in growth could possibly be 292 

caused by a sibling or pedigree effect as the experimental animals were offspring from wild-293 

caught fish and if a skewed proportion of the juveniles originate from the same parents, they are 294 

likely to be more similar in physiological performance. Glover et al. (1997) observed a tendency 295 

for higher growth in HbI-2/2 at 12˚C and in HbI-1/1 at higher temperatures, but the results were 296 

not significant. A fourth study, showed the opposite pattern: HbI-1/1 grew faster than HbI-2/2 297 

when fed in excess (Gamperl et al., 2009). Reducing the amount of food removed this 298 

discrepancy (Gamperl et al., 2009).  299 

Most of the laboratory studies selected juveniles randomly without considering the family 300 

relations. In a more recent study conducted by Gamperl et al. (2009) two heterozygotes were 301 

crossed and the offspring used for the experiments – thereby reducing the amount of unknown 302 

genetic factors potentially influencing the experiments. In this study HbI-1/1 was observed to 303 

grow faster throughout the first 9 months when kept at 10˚C and fed in excess. Gjerde et al. 304 

(2004) also used full-sib families in their study, and although they did not find differences in 305 

growth, they observed a relatively high degree of heritability of growth (body weight), i.e., 306 

siblings resembled each other. They hypothesized that additive genetic effects (other than 307 

haemoglobin) likely influenced the results. On the contrary, Jørstad et al. (2006) were unable to 308 

distinguish between effects of genotype and family in their experiments. To disentangle this, 309 

future experiments should be based on well-defined families preferably with heterozygotic 310 

parents. 311 
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In most growth studies fish are fed ad libitum, simulating commercial fish farm conditions. 312 

However, acknowledging that food is rarely found in excess in nature and further that fish 313 

behave differently according to their personality (Adriaenssens and Johnsson, 2011), keeping 314 

experimental animals under such artificial conditions may likely produce results not comparable 315 

to what is observed in the wild. Salvanes and Hart (2000) investigated feeding behaviour in cod 316 

with different haemoglobin genotypes and found that HbI-2/2 had the highest prey capture 317 

success and were generally the first to take prey. It was, hence, concluded that in situations 318 

where fish have to compete for food, cod homozygous for HbI
2
 have an advantage. Exposing 319 

experimental animals to more natural feeding conditions would presumably result in more 320 

pronounced behavioural differences, mimicking those seen in nature. 321 

Another issue in relation to behaviour is that genotypes are often held together randomly with no 322 

consideration of haemoglobin composition. If a tank is dominated by fish homozygous for HbI
2
, 323 

which are known to be more competitive, this is likely to influence the results. Salvanes and Hart 324 

(2000) used two types of experimental setup; one in which three fish (one of each genotype) 325 

where held together and another in which four fish were chosen at random. The “group” factor 326 

was shown to have a significant effect on feeding behaviour, emphasizing the importance of 327 

knowing and if necessary manipulating the haemoglobin composition in tanks. Additionally, the 328 

experiments should be replicated to control for “tank effects”. In this study HbI-2/2 was shown 329 

to be superior, however other combinations of haemoglobin genotypes may result in a shift in 330 

competitive superiority (Salvanes and Hart, 2000). In nature, cod of different genotypes usually 331 

co-exist, and it would, thus, be interesting to test for competitive performance within different 332 

groupings. Only in one of the growth studies were the genotypes reared separately (Jørstad et al., 333 

2006) and the results did not show any differences in growth.  334 

Considering that cod show plasticity in their expression of the different haemoglobin 335 

components (Brix et al., 2004; Andersen et al., 2009; Borza et al., 2009), an acclimation period 336 

prior to temperature experiments will likely influence the growth rate and perhaps impede the 337 

actual haemoglobin effects. In addition to this, epigenetic compensation mechanisms controlled 338 
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by other loci may disguise these effects further (Stearns, 1992; Donelson et al., 2012). The length 339 

of the acclimation period varies significantly between studies; from a few days (Jordan et al., 340 

2006, Gamperl et al., 2009) up to several months (Nævdal et al., 1992; Imsland et al., 2004). A 341 

long acclimation period seem to reduce the differences between the genotypes, acclimation time 342 

should be kept at a minimum. However, this raises the problem that stressed fish most likely will 343 

not feed voluntarily, which consequently influences the results. A short acclimation period may, 344 

in theory, favour the more stress-resistant HbI type. 345 

In most of the experimental studies, 2
nd

 generation cod i.e., offspring from wild-caught fish, were 346 

used. Collection of the parental fish from the wild differed between the studies both with regard 347 

to the time of year and fishing method (trawl, long line, etc.). This may have had large impacts 348 

on the experiments described previously due to differences in the environment inhabited by the 349 

parent fish. Seasonal changes such as migration to and from spawning / feeding areas as well as 350 

gear type will influence the “selection of fish”, likely biasing the sampling in a particular, 351 

however, largely unknown direction. The conditions experienced in captivity are far from 352 

natural, despite attempts to make them so i.e., matching the photoperiod and temperature 353 

experienced by the fish in the wild. Lack of predators, limited space for movement and constant 354 

feeding regimes constitute some of the main differences. These will inevitably result in some 355 

degree of acclimatization, and this phenotypic plasticity may be reflected in the offspring. 356 

Studies, in which offspring from farmed fish have been used, may also be a source of variation 357 

as these fish are likely to have adapted to the farmed conditions through several generations.  358 

 359 

4. Discussion and Conclusion 360 

The observed latitudinal cline in HbI
1
 frequency is widely believed to be the result of selection 361 

with cod homozygous for HbI
1
 and HbI

2
 preferring warmer and colder waters, respectively. This 362 

relationship is also reflected in the oxygen affinity, which is highest for HbI-2/2 at lower 363 

temperatures and vice versa for HbI-1/1. The heterozygote is somewhere in-between and is likely 364 
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to be the most flexible of the three common genotypes as it possesses both haemoglobins in 365 

equal quantities.  366 

Despite the clear association between the haemoglobin genotype and the preferred temperature 367 

and oxygen affinity, correlations with other physiological traits such as thermal tolerance and 368 

growth are less obvious. This may be due to both the difficulty of estimating the influence of a 369 

single factor (HbI) when a number of factors interact, and also to limitations of experimental 370 

designs. 371 

Fish growth is affected by multiple environmental and genetic factors. Laboratory experiments 372 

allow for a certain amount of control and reduce some of the influential factors but, nevertheless, 373 

introduce new problems such as tank and sibling effects. Experimenters also have to deal with 374 

fish personality (competition, aggression, and cooperative behaviour), acclimation time and 375 

feeding regime which are all likely to affect the outcome, although often in unpredictable ways. 376 

Having emphasized all the problems and pitfalls with different experimental setups, it seems 377 

appropriate to outline what a good approach to study HbI genotypic growth rates is. Experiments 378 

should be performed on full-siblings by crossing of two wild-caught heterozygotes. Several 379 

families should be included in the study allowing for differences in phenotypic plasticity due to 380 

variation in the environment inhabited by the families (northern/southern latitudes, different 381 

depth regimes, coastal/offshore, etc.). Full-siblings within each family should be exposed to 382 

different temperature regimes and oxygen saturation levels, and if possible also different feeding 383 

regimes (ad libitum/minimum). The tanks should ideally be deep, allowing for vertical 384 

migrations, and the haemoglobin composition should either be balanced or differ between tanks 385 

to test for effects of competition (and fish behaviour in general). Acclimation periods should be 386 

kept at a minimum, yet enabling all the fish to fully recover from stress, to allow for the actual 387 

HbI genotypic variation to manifest itself. Fish farm facilities would probably be the most 388 

suitable for such a large-scale experiment which is, of course, very labour- and costs consuming. 389 
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An enhanced understanding of cod haemoglobins and their influence on various physiological 390 

traits will help both in understanding genome-environment interactions in natural cod 391 

populations, and be beneficial for optimizing the conditions for cod rearing in aquaculture. The 392 

knowledge will give better insight into processes affected by climate change, making prediction 393 

of the response of cod with different haemoglobin genotypes more reliable. In aquaculture, the 394 

knowledge can be used to improve facility settings to fit a particular HbI genotype, potentially 395 

maximizing the yield.  396 

The candidate gene approach (single nucleotide polymorphisms, SNPs) may offer some 397 

promising prospects in relation to our understanding of natural selection working on specific 398 

genes and resulting in certain life-history traits and strategies (Hemmer-Hansen et al. 2011). 399 

Polymorphic candidate genes of known function can link genetic variation with individual 400 

differences in physiological functions (Hemmer-Hansen et al. 2011). For example, an association 401 

between particular SNPs and growth has been demonstrated in Arctic charr (Salvelinus alpinus) 402 

(Tao and Boulding, 2003). Efforts to relate genetic variation with physiological traits using SNPs 403 

have also been made for Atlantic cod (Moen et al., 2008; Nielsen et al., 2009; Hubert et al., 404 

2010). However, whether the candidate gene approach can shed light on the effects of different 405 

haemoglobins and potential cooperation between haemoglobin loci is yet to be investigated. 406 

In conclusion, it is important to keep in mind that haemoglobin is not the only factor influencing 407 

the physiology of cod – epistatic interactions as well as pleiotrophic effects are likely to be 408 

involved in shaping the various phenotypes observed in different experimental situations. To 409 

establish an experimental design, which can disentangle the various genetic sources of variation 410 

and their interactions is a very challenging goal, thus the underlying complexities must be kept in 411 

mind when interpreting experimental results.  412 
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Figure captions 631 

Fig. 1 Monthly HbI
1 

allele frequencies along the Norwegian coast. The HbI
1
 frequencies are 632 

based on reported cod blood sampling from a wide range of authors (see Supplementary Material 633 

for a complete table with HbI
1
 frequencies). 634 

Fig. 2 Monthly HbI
1 

allele frequencies in the North Sea. The HbI
1
 frequencies are based on 635 

reports by a wide range of authors, while the annual average bottom temperatures are adopted 636 

from other sources as well (see Supplementary Material for a complete table with HbI
1
 637 

frequencies and the matching bottom temperatures). 638 

Fig. 3 HbI
1
 frequency as a function of bottom temperature. The HbI

1
 frequencies are based on 639 

reports by a wide range of authors, while the annual average bottom temperatures are adopted 640 

from other sources as well (see Supplementary Material for a complete table with HbI
1
 641 

frequencies and the matching bottom temperatures). 642 

Fig. 4 HbI
1
 frequencies of cod in the North Atlantic. HbI

1
 frequencies are shown with different-643 

sized circles and bottom temperatures are shown as squares with a colour gradient. Both 644 

variables are based on the values shown in table 1. For simplicity, some of the values have been 645 

aggregated according to area.  646 
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Tables 647 

Table 1 HbI
1
 frequencies for different geographical areas 648 

Tabulated HbI
1
 values are averages for a given period and area. The data are aggregated in the 649 

most suitable way to reduce the number of samples, thus the exact same values may not be found 650 

in the original source. The latitude and longitude correspond to the approximate midpoint of each 651 

area. Bottom temperatures are averages for the period 1960-2010 taken from ICES. 652 

Year 

 

Month 

 

HbI
1
 freq. 

 

Latitude 

 

Longitude 

 

  

Bottom 

temperature 

Source 

 

 

North 

America 

 

1967-81 - 0.05 54 -57 0 Jamieson and Birley 1989 

1967-81 - 0.06 49 -56 0 Jamieson and Birley 1989 

1962 6 0.04 47 -52 0 Sick 1965b 

1967-81 - 0.1 47 -60 1.75 Jamieson and Birley 1989 

1967-81 - 0.07 42 -68 8 Jamieson and Birley 1989 

1963 1 0.07 39 -75 8 Sick 1965b 

1962 3 0.08 41 -70 8 Sick 1965b 

 

Greenland 

 

1969-74 3-7 0.09 74 -26 2 Jamieson and Birley 1989 

1961/63 9 0.01 66.5 -50.5 2 Sick 1965b 

 

Barents Sea 

 

1993 1 0.14 68 41 4 Fyhn et al. 1994 

1993 1 0.08 70 40 4 Jørstad and Nævdal 1993 

1964-67 1/11 0.11 72 26.5 4 Møller 1968 
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White Sea 

 

1974-80 6-8 0.16 65 35.5 2 Karpov et al. 1984 

1974-80 9-11 0.16 65 35.5 2 Karpov et al. 1984 

 

Baltic Sea 

 

1962 5 0.04 63 18 3 Sick 1965a 

1962 10 0.01 63 18 3 Sick 1965a 

1962 5 0.01 60 19 4 Sick 1965a 

1999 4 0.01 54.5 18.5 5 Pörtner et al. 2001 

1999 4 0.1 54 14.5 5 Pörtner et al. 2001 

1999 4 0.61 54 10.5 5 Pörtner et al. 2001 

1968 4/7/8 0.27 54.5 14.5 5 

Jamieson and Otterlind 

1971 

1968 8 0.15 57 18.5 5 

Jamieson and Otterlind 

1971 

1968 12 0.43 55 14.5 5 

Jamieson and Otterlind 

1971 

1961-62 2-8 0.21 54.5 14 5 Sick 1965a 

1968 7-8 0.34 54.5 13.5 5 Jamieson and Birley 1989 

1962 3 0.03 55 19 5 Sick 1965a 

1961 11 0.04 56 18.5 5 Sick 1965a 

1961 10 0.03 59 21 5 Sick 1965a 

1968 10-12 0.51 57 18.5 5 Jamieson and Otterlind 

1961-63 10-11 0.3 54.5 14 5 Sick 1965a 

1968 9-12 0.44 54.5 13.5 5 Jamieson and Birley 1989 

 

Iceland 

 

1968 12 0.4 66.5 -17 5.8 

 

 

Jamieson and Jonsson 

1971 

1969-74 2-12 0.19 66.5 -22.5 5.8 Jamieson and Birley 1989 
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1969-74 2-12 0.11 66 -23 5.8 Jamieson and Birley 1989 

1969-74 2-12 0.32 66.5 -20 5.8 Jamieson and Birley 1989 

1969-74 2-12 0.3 66.5 -15.5 5.8 Jamieson and Birley 1989 

1969-74 2-12 0.61 63.5 -20 5.8 Jamieson and Birley 1989 

1969-74 2-12 0.09 63 -22 5.8 Jamieson and Birley 1989 

1969-74 2-12 0.1 64 -13 5.8 Jamieson and Birley 1989 

1968-69 3/4/6 0.16 64.5 -21.5 5.8 

Jamieson and Jonsson 

1971 

 

Danish 

waters 

 

1961 8 0.63 57 11 7 Sick 1965a 

1968 12 0.62 55 12 7 

Jamieson and Otterlind 

1971 

1961 2/4/8 0.61 55.5 11 7 Sick 1965a 

1993 6 0.59 58 8 7 Fyhn et al. 1994 

1961 6-8 0.66 57 9 7 Sick 1965a 

1961-62 3/8 0.62 54.5 11 7 Sick 1965a 

1961 5 0.62 55.5 12 7 Jamieson and Birley 1989 

1961 11 0.58 55.5 11 7 Sick 1965a 

1961 11 0.62 55 12 7 Sick 1965a 

1994 10 0.59 55 10 7 Husebø et al. 2004 

1994 10 0.67 55 12 7 Husebø et al. 2004 

 

Norwegian 

coast 

 

1985-90 - 0.25 68.5 17.5 7.13 Dahle and Jørstad 1993 

2002 4 0.36 68 16 7.13 Dahle and Jørstad 1993 

1992 4 0.22 62 5 7.13 Fyhn et al. 1994 

1994 4 0.39 63 5.5 7.13 Husebø et al. 2004 

1965-67 2-4 0.17 67.5 14.5 7.13 Møller 1968 
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1962 2-3 0.52 59 5 7.13 Frydenberg et al. 1965 

1961-62 2-3 0.63 58 7 7.13 Frydenberg et al. 1965 

1962 2-3 0.12 67.5 13.5 7.13 Frydenberg et al. 1965 

1962 3 0.49 63.5 11.3 7.13 Frydenberg et al. 1965 

1963 3 0.1 70.5 31.5 7.13 Frydenberg et al. 1965 

1994 3 0.22 68.5 16.5 7.13 Husebø et al. 2004 

1965-66 3 0.14 67 10.5 7.13 Møller 1968 

1965-66 3 0.23 69.5 17.5 7.13 Møller 1968 

1965-66 3 0.24 70.5 24.5 7.13 Møller 1968 

1987-90 3-4 0.21 67.5 14 7.13 Dahle and Jørstad 1993 

2002 3-4 0.23 71 27 7.13 Dahle and Jørstad 1993 

1992 3-4 0.12 67 12 7.13 Fyhn et al. 1994 

1994 3-4 0.6 60 4 7.13 Husebø et al. 2004 

1978/84 3-4 0.47 63.5 11 7.13 Mork and Sundnes 1985 

1966-67 3-4 0.27 62.5 6 7.13 Møller 

1995-97 3-4 0.23 67.5 13.5 7.13 

Nordeide and Båmstedt 

1998 

2002-03 3-4 0.2 68 13.5 7.13 Wennevik et al. 2008 

1992-93 4-5 0.57 60 6 7.13 Fyhn et al. 1994 

1962 1 0.5 62 5 7.13 Frydenberg et al. 1965 

1962 1 0.64 58.5 9 7.13 Frydenberg et al. 1965 

2002 3-5 0.63 60 4 7.13 Dahle and Jørstad 1993 

1994 5 0.6 58.5 9 7.13 Husebø et al. 2004 

1989-91 5-8 0.61 59 9.5 7.13 Gjøsæter et al. 1992 

1977-83 10 0.5 63.5 11 7.13 Mork and Sundnes 1985 

1962 9 0.42 65 11 7.13 Frydenberg et al. 1965 

1961-62 9 0.44 62.5 7 7.13 Frydenberg et al. 1965 

1994 9 0.58 58.5 9 7.13 Husebø et al. 2004 

1986-90 9-1 0.6 59 9.5 7.13 Gjøsæter et al. 1992 

2001 9-11 0.43 67 13 7.13 Dahle et al. 2006 

 

Faeroe 

Waters 4 0.07 61.5 -6 7.4 Sick 1965b 
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1961/63 

1992 1 0.08 62 -7 7.4 Fyhn et al. 1965 

1961-62 7-8 0.02 65.5 -21.5 7.4 Sick 1965b 

1971/1976 3-6 0.06 62 -7 7.4 Jamieson and Birley 1989 

1971/1976 3-6 0.19 60.5 -9 7.4 Jamieson and Birley 1989 

1961-62 5/8 0.02 64 -20 7.4 Sick 1965b 

1970/1976 - 0.6 0.35 -6 9.57 Jamieson and Birley 1989 

1971-

72/74/77 3 0.57 53.5 -5 10.56 Jamieson and Birley 1989 

1966 

 

North Sea 

 4/8 0.58 60 -1 7.62 Wilkins 1969 

North Sea 

 

1970 1 0.44 58 3 7.62 

Jamieson and Thompson 

1972 

1967-81 7 0.58 59.5 1.5 7.62 Jamieson and Birley 1989 

1970 6 0.63 58 -5 7.62 

Jamieson and Thompson  

1972 

       

1965 4 0.55 57 -2 8.56 Wilkins 1967 

1969 12 0.68 54 2 8.56 

Jamieson and Thompson 

1972 

1999 2 0.66 55.5 6.5 8.56 Pörtner 

1966 2 0.54 57 -2 8.56 Wilkins 1967 

1966-67 2/4/6 0.6 56 -4.5 8.56 Wilkins 1969 

1967-81 2-3 0.67 55 2 8.56 Jamieson and Birley 1989 

1961-63 2-9 0.62 55.5 6.5 8.56 Sick 1965b 

1967-81 1/11 0.67 59.5 1.5 8.56 Jamieson and Birley 1989 

1962 7 0.65 57 2 8.56 Sick 1965b 

1966 9 0.6 57 -2 8.56 Wilkins 1967 

1969-70 12-1 0.53 52 -2.5 11.62 Jamieson and Thompson 
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1972 

1968/70 2 0.66 53 3 11.62 

Jamieson and Thompson 

1972 

1967-81 2-4 0.63 52 2.5 11.62 Jamieson and Birley 1989 

1963 1 0.72 52 3 11.62 Sick 1965b 

1967-81 10-12 0.6 52 2.5 11.62 Jamieson and Birley 1989 

1968 12 0.73 50.5 -2.5 12.23 Jamieson and Thompson 

1966 2 0.5 50 -4 12.23 Wilkins 1969 

1971 3 0.6 50.5 0 12.23 Jamieson and Birley 1989 
 

 653 

 654 

Table 2 Overview of experimental and field studies on cod HbI 655 

Study Focus Stage 

 

Area N Results Authors’ 

Comments 

Reference 

Lab  O2-affinity 

0-20˚C 

In-vitro 

Adults White Sea - HbI-2/2 have higher O2-

affinity <15˚C and HbI-

1/1 >15˚C 

 

 Karpov 

and 

Novikov 

(1981) 

        

Field Maturation Adults  Trondheims

fjord 

276 HbI-2/2 males mature 

earlier  

HbI-2/2 females have 

more developed gonads 

early in the season 

 

Results are 

likely secondary 

effects of 

growth 

Mork et al. 

(1983) 

Field Haemat-

ocrit 

Juv., 

adults 

Trondheims

fjord 

149 HbI-2/2 males have higher 

haematocrit 

HbI-2/2 juvenile males are 

larger 

Large seasonal 

temperature 

fluctuations 

may influence 

the result 

 

Mork and 

Sundnes 

(1984) 
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Field Growth  

Maturation 

 

Adults Trondheims

fjord and 

Olso fjord 

- HbI-2/2 are larger than 

HbI-1/1 

(males: HbI-2/2 > 1/2 > 

1/1, females: HbI-1/2 > 

2/2 > 1/1) 

Male HbI-2/2 mature 

earlier 

 

Size-selective 

fishing will tend 

to level out 

potential 

genotypic 

differences 

Mork et al. 

 (1984b) 

Field Growth 

Genotypic 

frequency 

 

Im-

mature 

Trondheims

fjord 

119 HbI-2/2 are largest, HbI-

1/1 smallest 

Year-class variation 

HbI unreliable 

as a population 

marker 

Mork et al. 

(1984b) 

Lab Growth 

6, 10, 14˚C  

Larvae  Farmed 

(origin: 

Bergen) 

100 

per 

exp. 

HbI-2/2 have highest 

growth rate at all 

temperatures 

HbI-1/1 have lowest 

Perhaps due to 

differences in 

metabolic 

capacity 

 

Nævdal et 

al. (1992) 

Field Growth  Juv., 

adults 

Skagerrak 12-

1300 

No differences The benefit of 

being of a 

particular 

genotype may 

be temperature 

dependent 

 

Gjøsæter et 

al. (1992) 

Field Growth Juv.  

4-24 

months 

Tromsø/ 

Bergen and 

Barents Sea 

Ca. 

2500 

Only significant 

differences (HbI-2/2 

larger) in 1 out of 10 

samples (consisting of 281 

fish) 

 

 Jørstad and 

Nævdal 

(1994) 

 

Lab 

 

Growth 

12, 14, 16, 

18, 20⁰C 

Juv. Bergen 50 

per 

exp. 

A non-significant 

tendency for higher 

growth in HbI-2/2 at 12⁰C 

Perhaps 

significant 

differences if 

Glover et 

al. (1997) 
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3 diff. light 

regimes 

 

and for HbI-1/1 at higher 

temperatures 

the O2 sat. level 

was less 

favourable  

 

Lab O2-affinity 

10, 15 and 

20˚C 

In-vitro 

 

Adults  Bergen 60-

70 

per 

exp. 

 

HbI-2/2 have higher O2-

affinity at 10-15˚C and 

HbI-1/1 at 20˚C 

Perhaps due to 

differences in 

metabolic 

capacity 

 

Brix et al. 

(1998) 

Lab O2-affinity 

5, 10, 16˚C 

In-vitro 

Hypoxia 

tolerance 

Haematocr

it 

 

Adults Øresund, 

Denmark 

and 

Lowestoft, 

Norway 

(Haemato-

crit) 

40-

70 

HbI-2/2 have higher O2-

affinity at 4˚C 

(acclimation) and at 4 and 

16˚C (acute exposure) 

HbI-2/2 have lower Scrit at 

4˚C and HbI-1/1 at 16˚C 

HbI-2/2 have higher 

haematocrit at 5 and 10˚C 

 

HbI-2/2 has 

superior oxygen 

transport at low 

temperatures 

which supports 

the observed 

increase in HbI
2
 

with latitude 

McFarland 

(1998) 

Lab 

 

Competitio

n 

Feeding 

behaviour 

 

1-

group 

Farmed 

6-7˚C 

(origin: W. 

Norway) 

 

29 HbI-2/2 have highest 

capture success and take 

prey first 

 

When fish have 

to compete for 

food HbI-2/2 

have an 

advantage 

 

Salvanes 

and Hart 

(2000) 

Field/ 

Lab 

Growth 

(field) 

O2-affinity 

(lab) 

4, 8˚C 

In-vitro 

Adults 

 

North Sea 

and Baltic 

Sea 

803: 

field 

30: 

lab 

HbI-2/2 are largest in the 

Baltic Sea and smallest in 

the North Sea 

HbI-2/2 had higher O2-

affinity at 4˚C 

 

 

Genetic 

differences in 

temperature 

specific growth 

rate cannot be 

overcome by 

acclimation 

 

Pörtner et 

al. (2001) 

Lab Growth 1- Farmed 44 No differences Temperature Colosimo 
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O2-affinity 

4, 12˚C 

In-vitro 

 

group (origin: W. 

Norway and 

Barents 

Sea) 

and 

16 

(O2) 

Highest O2-affinity at 

12˚C irrespective of 

genotype 

drives the 

aggregation of 

physiologically 

similar 

individuals 

 

et al. 

(2003) 

Lab Tpref Juv.  Øresund 16 HbI-2/2: 8.2±1.5˚C 

(norm/hypoxia) 

HbI-1/1: 15.4±1.1°C 

(normoxia) and 9.8±1.8˚C 

(hypoxia) 

 

A similar 

decrease in Tpref 

for HbI-2/2 may 

occur at O2 

levels < 33% 

 

Petersen 

and 

Steffensen 

(2003) 

 

Lab O2-affinity 

4, 12˚C 

In-vitro 

1-

group 

Farmed 

(origin: W. 

Norway)  

126 HbI-2/2 have higher O2-

affinity at 4˚C  

No differences at 12˚C 

 

Acclimation 

changes the 

relative amount 

of the different 

Hb components  

 

Brix et al. 

(2004) 

Lab Growth  

 

Juv. Farmed 

9-11˚C 

(origin: W. 

Norway and 

Barents 

Sea) 

 

Ca. 

6100 

No differences  Gjerde et 

al. (2004) 

Lab Growth  

7, 10, 13, 

16˚C and 

T-steps 

(16, 13, 

10˚C) 

Juv. Farmed 

10˚C 

(origin: 

Western 

Norway) 

220 HbI-2/2 have higher 

growth rate at 13-16˚C  

HbI-1/1 at 7˚C 

No differences at 12˚C 

(most pronounced under 

T-step exp.) 

HbI-1/1 have 

lowest Topt 

(12.5 ˚C) and 

HbI-1/2 highest 

(14.5˚C) 

Perhaps due to 

differences in 

metabolic 

Imsland et 

al. (2004) 
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capacity 

 

Lab Growth 

(4-16˚C) 

 

Juv. Farmed + 

wild 

(origin: W. 

Norway and 

Barents 

Sea) 

 

570 No differences Not able to 

distinguish 

between 

differences 

related to family 

group and 

genotype 

 

Jørstad et 

al. (2006) 

Lab Growth  

6, 14˚C 

Energy 

retention 

and feed 

conversion 

efficiency 

 

Juv. Farmed 

8˚C 

(origin: W. 

Norway) 

306 No differences in growth 

HbI-2/2 have a tendency 

for highest energy 

retention and feed 

conversion efficiency 

Tpref is not 

necessarily a 

good indicator 

for Topt  

Jordan et 

al. (2006) 

Lab Hypoxia 

avoidance 

behaviour 

5, 15˚C 

Juv. Farmed 

8-10˚C 

(origin: 

Bergen) 

28 No differences in 

avoidance response or 

ventilation rates 

HbI-1/1 swam faster than 

HbI-2/2 at 15˚C 

Overall reduced 

swimming 

speed and 

avoidance of 

most hypoxic 

habitat 

 

Skjæraasen 

et al. 

(2008) 

 

Lab Temp. and 

hypoxia 

avoidance 

 

Juv. Farmed 

10˚C 

(origin: 

Nova 

Scotia) 

100-

400 

No significant differences 

but HbI-1/1 had lower Scrit 

indicating that this 

genotype is slightly more 

tolerant to hypoxia 

HbI-1/1 grew faster in the 

first 9 months and had 

higher mortalities 

Differences in 

growth is likely 

not caused by 

reduced SMR or 

higher 

metabolic 

capacity 

Gamperl et 

al. (2009) 
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Lab Hypoxia/st

ress 

response 

5, 10 and 

15˚C 

 

Juv. Øresund 50-

60 

HbI-1/1 have higher 

plasma cortisol and lactate 

levels indicative of an 

increased level of stress 

HbI-2/2 are 

perhaps more 

tolerant to 

hypoxia 

Methling et 

al. (2010) 

Lab Tpref Juv. Øresund 24 HbI-2/2: 8.9±0.2°C 

HbI-1/1: 11.0±0.6°C 

HbI-1/2 have a wider 

range of Tpref 

HbI-1/2 are 

likely more 

flexible 

Behrens et 

al. (2012) 

 656 
  657 
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Figures 658 

Fig. 1 Monthly HbI
1 

allele frequencies along the Norwegian coast 659 

 660 

Fig. 2 Monthly HbI
1 

allele frequencies in the North Sea 661 

 662 

  663 
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Fig. 3 HbI
1
 frequency as a function of bottom temperature 664 

 665 

Fig. 4 HbI
1
 frequencies of cod in the North Atlantic 666 

 667 


