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Abstract 

There are mounting evidences of a more complex structure within Atlantic cod (Gadus 

morhua) stocks than previously assumed. The Icelandic stock consists of many spawning 

components, with genetically distinct ecotypes that exhibit different migratory behaviour, 

potentially various conditions and growth properties which leads to differences in age-at-

maturity and might possess different vulnerability to fishing pressures. Failure to recognise or 

account for stock diversity is of great concern because it can lead to erosion of spawning 

components, depletion of the smaller or less productive population, loss of genetic diversity 

and overfishing. Therefore, a development of a method to discriminate between the ecotypes 

in an easy, accurate and cost-efficient way is of particular value for the management of the 

stock. The aim of this thesis to test whether otolith shape can be used for identifying ecotypes 

found within the Icelandic cod stock. This was conducted by developing a discriminant 

function based on otoliths from cod that had been tagged with Data Storage Tags, which until 

now remains the only definitive way to identify between ecotypes. The discriminant function 

was also validated by exploring the relationship between otolith shape and the Pantophysin 

genotypes that have been shown to differ in frequency between the ecotypes. The results 

were promising with great success in identifying ecotypes. Otolith shape assessment is, 

therefore, suggested as a method fisheries scientists can use when exploring the cod stock in 

Iceland. In this thesis we also explored the applicability of gluing broken otoliths back 

together for use in population discrimination studies, with success. 



 

Útdráttur 

Rannsóknir á þorski (Gadus morhua) í Atlantshafi benda til þess að uppbygging stofna sé 

mun flóknari en áður hefur verið talið. Íslenski þorskstofninn er byggður upp af mörgum 

hryggningarhópum, og erfðafræðilega mismunandi vistgerðum (e. ecotypes) sem sýna 

mismunandi farhegðun, ástand og vöxt sem leiðir til munar í kynþroskaaldri og áhrif af 

veiðum getur hugsanleg leitt til ólíks veiðiálags milli hópa. Það getur haft alvarlegar 

afleiðingar að leiða hjá sér og taka ekki tillit til slíks stofnbreytileika. Það gæti leitt til 

fækkunar á hryggningarhópum, að smærri og viðgangsminni hópar hverfi, að erfðabreytileiki 

minnki og getur einnig endað með ofveiðum. Af þessum sökum er mikilvægt fyrir 

fiskveiðistjórnun að innleiða aðferð til að greina á milli hópa sem er í senn auðveld, nákvæm 

og ódýr í notkun. Markmiðið með þessu doktorsverkefni var að athuga hvort hægt væri að 

nýta útlit kvarna til slíkrar aðgreiningar á vistgerðum íslenska þorskstofnsins. Þetta var gert 

með því að hanna aðferðina með kvörnum úr gagnamerktum (e. Data Storage Tagged) 

þorskum sem, þar til nú, eru einu þorskarnir sem er hægt að greina til vistgerða. Aðferðin var 

einnig sannreynd með því að kanna samband milli kvarnaútlits og Pantophysin erfðamarksins 

sem finnst í mismunandi tíðni milli vistgerða. Niðurstöðurnar voru jákvæðar og aðferðin 

árangursrík í aðgreiningu vistgerða. Við mælum með að greining á kvarnaútliti sé þar með 

hagnýtt af vísindamönnum við greiningar á íslenska þorskstofninum. Í þessu verkefni var 

einnig sýnt framá að brotnar kvarnir geta verið nýttar til rannsókna á aðgreiningu stofna með 

því að líma þær saman aftur. 
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1 Introduction 

„Det er et gammelt sporgsmål, hvorfra Værtids-Torsken kommer og lægger sig under 

Strandbredden i Island
1
“(Magnússon and Helgason, 1944). 

This question was posed by Skúli Magnússon, the Govenor of Iceland, as early as 1785, 

around the same time as Carolus Linnaeus was laying the groundwork for his systematic 

naming of species. That Icelanders should have been curious about piscine behaviour should 

not be surprising, since fishing was at the time the major contributor to the national economy, 

and indeed is still responsible for 10% of the gross domestic product (GDP), or 25% if 

derived sectors are included (Hagfræðistofnun Háskóla Íslands, 2007). The question above 

was based on the observation that some cod appeared in shallow inshore waters at the 

beginning of February each year and disappeared at the beginning of May. What Magnusson 

found most intriguing was that these cod were usually in good condition, being fat with large 

livers and gonads, and therefore of a very high value to the fishermen (Magnússon and 

Helgason, 1944). The migratory behaviour of cod was already relatively well known at the 

time, although the origin of the cod was unclear. The old question above is related to the 

topic of this thesis, the identification of different migratory types of cod in Icelandic waters 

being its key focus. 

1.1 Migration 

Migration is necessary to the survival of many animals, and can take different forms and have 

different purposes. In a paper titled “What is migration?” Dingle and Drake (2007) describe 

the variation in the patterns of migration, which can range from obligate or facultative, i.e. 

vital to the life history and survival of the species in question, or merely a proximate response 

to environmental or ecological conditions, respectively. Migration varies in the sense that it 

can range from regular migration between set locations, a round-trip, or even one-way 

(Dingle and Drake, 2007). Many examples of animal migration are well known, to scientists 

as well as the general public. Examples include well-known picturesque migrations of huge 

herds of ungulates in Africa, which are often the focus of nature photographers and film 

makers. Birds are also well known for their migrations, some which can cover vast distances, 

as is the case for the Arctic tern (Sterna paradisaea), which breeds at high northern latitudes, 

such as Iceland and Greenland, while overwintering in high southern latitudes, such as the tip 

of Africa and South America, and can thus travel up to more than 80.000km annually 



2 

(Egevang et al., 2010). Fish migration is also common. Some of the best known migrations 

involving fish include the homing and spawning migration of salmon and the feeding 

migration of herring and capelin. The Norwegian spring-spawning herring (Clupea harengus) 

used to overwinter off Iceland, but following a cold period during the latter half of the 1960s, 

its migration behaviour changed,and now the species resides solely within Norwegian waters 

(Jakobsson and Østvedt, 1999; Kvamme et al., 2003). The opposite may be seen in the 

migration pattern of mackerel (Scomber scombrus) which has recently started to migrate 

west-north to Iceland, due to a recent warm period in the North Atlantic Ocean, and has 

subsequently become commercially valuable to the Icelandic fishing industry (Astthorsson et 

al., 2012). These two last examples demonstrate the importance of migrations in fish stocks, 

and by studying them we increase our knowledge of their effects on fish stocks, as well as 

our understanding of the driving factors responsible. Such information can be vital in 

pursuing sustainable fisheries. Understanding and analysing migratory behaviour involves 

identification of individuals and groups, and most often the tracking of movements by 

tagging. As mentioned above, the movement of cod in Iceland had been observed early on 

but not fully resolved, and it was not until 1904 that the first tagging of cod in Icelandic 

waters was conducted (Schmidt, 1907). 

1.2 Atlantic cod migrations 

Atlantic cod (Gadus morhua) has been tagged across the North Atlantic in numbers reaching 

hundreds of thousands, with recaptures in the tens of thousands, and these have all been 

analysed and reviewed by Robichaud and Rose (2004), revealing its general migrating 

behaviour. When summarized, the migration behaviour can be categorized into four main 

patterns showing varying degrees of homing and dispersal. Robichaud and Rose (2004) 

named these categories as (1) sedentary residents, (2) accurate homers, (3) inaccurate homers, 

and (4) dispersers. The first three groups show homing behaviour with the first one being 

recaptured all year round within a small geographical range from the tagging site. The second 

and third group migrate away from the tagging site on a seasonal basis, but differ as to their 

accuracy i.e. homing to the original site. The last group may be recaptured within a large 

geographical area and does not seem to be loyal to either feeding or spawning grounds 

(Robichaud and Rose, 2004). The cod stocks could also be separated into inshore coastal 

groups and offshore groups. There was no difference between the relative frequency of the 

inshore and offshore types between the north-west and north-east Atlantic (Robichaud and 

Rose, 2004). There was, however, a difference in the frequency of inaccurate homers 

between the north-west and the north-east Atlantic, with a higher occurrence in the former. In 

the north-east Atlantic, the accurate homing migrant groups were larger than the sedentary 

ones. The hypothesis put forward by Robichaud and Rose (2004) to explain this difference 
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was that the pattern was related to oceanographic differences. The north-east Atlantic has a 

stable influx of warm water from the Gulf Stream, while the north-west is more variable with 

cold water masses meeting the warm water carried north by the Gulf Stream. This is similar 

to the situation off Iceland, where cold Arctic water meets the warmer Atlantic Ocean. 

1.3 Hydrographic conditions in Icelandic waters 

The hydrographic conditions in Icelandic waters are quite complex and play an important role 

in the ecological patterns observed in the oceans around Iceland, from the timing of the 

phytoplankton bloom to the distribution of large marine mammals. The oceanography is 

determined by the contrasting properties of cold Artic water from the north and the warmer 

Atlantic water of the Gulf Stream from the south. The pattern of the ocean currents, in turn, is 

shaped by the benthic topography. Iceland sits on top of the mid-Atlantic Ridge, stretching 

from south-west to the north-east, as well as two other ridges, the Faroe-Iceland Ridge to the 

south-east and the Iceland-Greenland Ridge to the north-west (Figure 1.1). Valdimarsson and 

Malmberg (1999) deployed satellite tracked drifters into the ocean south of Iceland  so as to 

follow the pathway of the warm Atlantic water reaching the Icelandic area, as this was the 

most debated feature of the water circulation at the time. The flow of ocean currents around 

Iceland varies annually as well as seasonally, with the variation being more pronounced in 

northern Icelandic waters than in the south (Malmberg and Kristmannsson, 1992; 

Valdimarsson and Malmberg, 1999). The main properties may be briefly summarized as 

follows: Upon reaching the southern coastal shelves of Iceland, the Atlantic water flows via 

the Irminger current along two routes, with the Reykjanes ridge (a part of the Atlantic ridge) 

playing an important role. It can flow, either directly east towards an area north of the Faroes, 

or take a northward course along the west of Iceland into North Icelandic waters, continuing 

eastwards and then south towards the same area north of the Faroes as the formerly described 

branch. The strength of the latter current, the N-Icelandic Irminger current, upon reaching 

North Icelandic waters is variable and is highly deterministic for hydrographic conditions 

north of Iceland (Jonsson and Valdimarsson, 2005) (Figure 1.1). 
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Figure 1.1 Proposed three-dimensional circulation scheme of Icelandic waters. Dashed 

arrows denote deep currents. EGC – East Greenland Current, EIC – East Icelandic Current, 

FC – Faroe Current, IC – Irminger Current, ICC – Icelandic Coastal Current, ICUC – 

Icelandic Coastal Undercurrent, iNIIC – inner NIIC, ISC – Icelandic Slope Current, NIJ – 

North Icelandic Jet, NIIC – North Icelandic Irminger Current, OF – Overflow, oNIIC – outer 

NIIC, SIC – South Icelandic Current, WIIC – West Icelandic Irminger Current (Logemann et 

al., 2013) 

Colder Polar Water, originating in the surface layers of the Arctic Ocean, in turn flows 

southwards carrying cold, low saline water along eastern Greenland through the Denmark 

Strait via the East-Greenland current. The East-Icelandic current, taking an eastward route 

towards the area north of the Faroes, and meeting the warmer water mass southeast of 

Iceland, also has its origin in the cold Arctic. This results in the waters north-east of Iceland 

being more Arctic than Atlantic in character. These hydrographic conditions are responsible 

for the formation of strong horizontal and vertical temperature gradients east and west of the 

country, where the cold Arctic waters meet the warm Atlantic waters. The temperature fronts 

are strongest in areas north-west and south-east of Iceland, but their actual position varies 

based on the strength of the two contrasting water masses (Valdimarsson and Malmberg, 

1999). Finally, the Icelandic coastal current plays an important role, in the drift of cod larvae 

from the main spawning area in the south, towards nursing areas in the north-west. The flow 

of this current is mainly driven by meteorological conditions such as wind-speed and 

direction, river runoff, air temperature, and precipitation (Logemann et al., 2013). 
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1.4 Icelandic Cod 

1.4.1 Biology 

The ocean around Iceland is divided into nine areas and a number of statistical squares 

(Figure 1.2). Studies on the biology of cod have often made use of these areas.  

 

Figure 1.2 The nine subareas and the statistical squares used by the Marine Research Institute during fisheries 

research. From Jónsson (1996). 

The main spawning of cod in Icelandic waters takes place at the south-west and the west 

coast in areas 9, 1, and 2 (Figure 1.2). Eggs and larvae spawned are carried away from these 

areas by coastal currents towards nursery areas in the north and north-west (Brickman et al., 

2007). Their abundance and distribution depend on the strength of the currents, with larvae 

even thought to drift to the west coast of Greenland in some years (Schopka, 1994; Begg and 

Marteinsdottir, 2000; Begg and Marteinsdottir, 2002b; Jonsson and Valdimarsson, 2005). 

With more detailed description of the stock, smaller spawning components have be found in 

the west, north and the east, and it has been suggested that these might contribute more 

significantly to the overall productivity of the stock than had previously been reported (Begg 

and Marteinsdottir, 2000; Begg and Marteinsdottir, 2002b; a; Marteinsdottir and Begg, 2002; 

Marteinsdottir et al., 2006; Jonsdottir et al., 2007). Such smaller and localized spawning 

stocks can also be seen within other cod stocks such as in the Gulf of Maine (Ames, 2004), in 
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the fjords of Norway (Salvanes et al., 2004) and in the North Sea (Hutchinson et al., 2001). 

Spawning of Icelandic cod takes place during the spring, from mid-March until the end of 

May. The main pray items of cod vary with the size of the cod, with small cod preying on 

invertebrates such as crustaceans (decapods and copepods). As cod grow larger, small fish 

species, especially capelin (Mallotus villosus), becomes a more important part of their diet. 

Finally, when the cod become large enough they start eating larger fish species such as 

Sebastes spp and gadids (Magnusson and Pálsson, 1991; Jaworski and Ragnarsson, 2006). 

The composition tends to vary both spatially and seasonally, and could affect the condition of 

cod. The variation translates, for example, into differences in the hepatosomatic index (H), 

which measures the relative weight of the liver vs gutted weight. This was found to be higher 

in cod feeding in deep waters (> 200m) than in those feeding in shallow waters. This 

difference was explained primarily by differences in food supply, rather than temperature and 

its attendant effect on metabolic rate (Pardoe et al., 2008). For gadoids, the liver serves as the 

main storage organ for lipids, which in turn are important for the condition of the cod. Stored 

lipids are important for somatic growth and migration, and the overall condition of an 

individual is important for its reproductive success, larval growth, egg size, and viability 

(Kjesbu et al., 1991; Marteinsdottir and Steinarsson, 1998; Marteinsdottir and Begg, 2002; 

Yoneda and Wright, 2004; 2005). Spatial differences in life history traits, such as those 

mentioned earlier, demonstrate that information about the migratory behaviour of cod off 

Iceland is important. Does cod migrate between the northern and southern spawning sites? 

Are all cod migratory during feeding, or are there also sedentary individuals? Are there 

variations in vertical migrations? The key to answering these questions lies in the information 

available from tagging efforts of the Marine Research Institute in Iceland (MRI). 

1.4.2 Tagging in Icelandic waters 

Jónsson (1996) is responsible for the largest tagging experiment conducted on cod in 

Icelandic waters. He tagged of total 84 578 cod during 1948-1986, of which 10 969 (13%) 

were recaptured. When the results are summarized, there was evidence of both sedentary and 

migratory behaviour within the Icelandic cod stock. Most of the mature cod from the main 

spawning grounds at the south-west coast (areas 1 and 9, Figure 1.2) migrated north post-

spawning towards rich feeding grounds, especially to the frontal zones in the north-west and 

south-east (Figure 1.3). When Robichaud and Rose (2004) applied their four category 

classification mentioned earlier, on the work of Jónsson (1996), they categorized the 

migrating behaviour of the Icelandic cod stock as being mostly accurate homers or sedentary. 

These were not uniform for all nine areas; cod in areas 1 and 9 were categorized as being 

accurate homers, cod in area 2 were sedentary, cod in areas 3, 4, 5, and 6 were either 

sedentary or accurate homers, cod in area 7 were identified as being accurate in homing, 

while cod in area 8 were inaccurate (Robichaud and Rose, 2004).  
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A practical problem with tagging is the lack of information on the whereabouts of the fish 

from the time of tagging until recapture. Furthermore, only individuals that happen to be in 

the area of targeted fishing are recaptured. Therefore, the observed migration pattern reflects 

the behaviour of the fishing fleet, while a portion of the tagged fish may never be recaptured, 

as they stay outside the main fishing areas. Fishermen know, by experience, that after the end 

of the spawning season, targeting of the frontal zones in the north-west and the south-east is 

likely to yield a good catch. Fisheries have therefore focused on these areas. This is easily 

seen in the in the year 1991, as displayed by Jónsson (1996) (Figure 1.3). The main fishing 

grounds at present are very similar to the 1991 pattern, and figures like the one below can be 

found in the MRI’s annual reports. 

 

Figure 1.3. The Icelandic cod fishery in 1991. Tonnes landed per nautical square mile in a) January – May and 

b) June – December. All fishing gear combined. From Jónsson (1996). 

Conventional tagging, as used by Jónsson (1996), has revealed important but limited 

information about the Icelandic cod stock, revealing only locations of release and recapture. 

For this reason, the technological development of data storage tags (DSTs) was revolutionary 

and made it possible to map in more detail the whereabouts of the fish during the time period 

between tagging and recapture. These tags can record environmental information over the 

battery lifetime of the tags (3 – 9 years) and the data storage capacity. Due to the pioneering 

work by Vilhjálmur Thorsteinsson from 1995-2005, one of the largest databases on cod DSTs 

recaptures in the world exists at the MRI in Reykjavík, Iceland.  

The first tagging experiment conducted by Mr. Thorsteinsson was conducted in 1995-1997, 

using DSTs manufactured by the Icelandic company Star-Oddi (Pálsson and Thorsteinsson, 

2003). These tags were surgically inserted into the fish and were capable of recording both 

ambient temperature as well as depth (pressure). This provided insight into the time period 

between release and recapture, such as information about vertical migrations, habitat choice, 

and feeding strategies. The ability of the DSTs has progressed since then, especially in regard 
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to battery life and data storage capacity. The current types, DST-centi and DST-milli, were 

used in tagging of cod between 2002-2005, and with these, 1104 cod were tagged and 

released, with 347 recaptured (31.4%) (Thorsteinsson et al., 2012). Many of the recaptured 

fish were not at liberty long enough for the information from the DSTs to be useful, however, 

with around half of the individuals (203) at liberty for more than 6 months allowing for data 

about both spawning and feeding seasons.  

1.5  Two ecotypes of cod in Icelandic waters 

The analyses of the temperature and depth data from the DSTs have revealed at least two 

distinct ecotypes of Icelandic cod (Pálsson and Thorsteinsson, 2003; Pampoulie et al., 2008; 

Grabowski et al., 2011; Thorsteinsson et al., 2012). These two ecotypes differ in behaviour 

during feeding season, as well as in their choice of spawning sites. These ecotypes have been 

named coastal and frontal. The coastal ecotype stays in relatively shallow waters throughout 

the year (< 200m). The coastal type is also most often stationary, although some individuals 

of this type tagged in the southern spawning grounds have been recaptured in shallow waters 

in the north during feeding season (Pálsson and Thorsteinsson, 2003; Thorsteinsson et al., 

2012). Frontal cod, on the other hand, are migratory during feeding season and are found in 

deeper waters (> 200m). Both ecotypes are found within the northern and southern 

components of the Icelandic stock (Pálsson and Thorsteinsson, 2003; Pampoulie et al., 2008; 

Grabowski et al., 2011). The identification of these two ecotypes is based on visual 

assessment of both the temperature and depth profiles of the DSTs. A general coastal profile 

has depth levels that are shallower than 200m, and the temperature shows a typical summer 

increase in temperature rising, steadily from spring, and reaching a maximum in the early 

autumn months before, decreasing again (Figure 1.4a).  
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Figure 1.4. General DST profile. A: coastal behavior type and B: frontal behavior type. The red lines represent 

temperature (C°) and blue lines depth (m). Spawning and feeding migration are indicated by arrows. Note 

different scale. Modified from Pampoulie et al. (2008). 

The frontal behaviour type has quite different profiles, with much deeper migrations and 

large fluctuations in temperature, and depth during the feeding season. This indicates that 

these individuals are undertaking vertical migrations and, as mentioned earlier, that these take 

place at the frontal zones along the edge of the continental shelf, where two water masses 

with different temperature meet (Figure 1.4b). There are also indications that these two 

ecotypes may be isolated during spawning, as the migrating type is more likely to spawn in 

deeper waters than is the coastal type (Grabowski et al., 2011). This reproductive isolation 

may play an important role in maintaining the diversity seen both in behaviour as well as the 

genetic divergence between these ecotypes. 

1.5.1 Pantophysin locus 

Genetic analyses of the Icelandic cod stock have revealed some divergent patterns between 

different components of the stock. Jónsdóttir et al. (1999) reported a genetic differentiation 

among cod at different inshore and offshore spawning and feeding locations south and south-

east of Iceland at the synaptophysin locus, later renamed the pantophysin locus (Pan I). 

Pantophysin is an integral membrane protein found in both neuroendocrine and non-

neuroendocrine tissues, and plays a role in the development of skin (Haass et al., 1996a; 

Haass et al., 1996b; Haass et al., 2000; Haass et al., 2001). The genetic difference, at the Pan 

I locus, was found to be temporally stable (Jónsdóttir et al., 2001), and significant differences 

in growth performance and condition were also detected (Jónsdóttir et al., 2002). Later, when 

the relationship between the Pan I locus and growth and condition around Iceland was 

analysed in more detail, a more complicated pattern emerged. Pan I
AA

 grew fastest among 

cod in the south, while cod carrying the Pan I
BB

 genotype grew fastest in the north. Also, Pan 
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I
AA

 individuals were in better somatic condition and displayed a lower hepatosomatic index 

than the other Pan I genotypes (Jónsdóttir et al., 2008). Pampoulie et al. (2006) analysed 

allelic variation at nine microsatellites and the Pan I locus among different spawning 

locations around Iceland. The microsatellite indicated a weak, but significant, divergence 

(FST = 0.003) between cod from the north-eastern and south-western regions. A similar 

study found very small differences between these two components, suggesting that such a 

small difference is negligible and unlikely to have any biological meaning (Eiriksson and 

Arnason, 2013). However, a more marked difference was detected at the Pan I locus (FST = 

0.261) between these areas, indicating a possible relation to temperature. Differences were 

also detected with depth, with the Pan I
B
 allele increasing in frequency with depth. This 

pattern of Pan I allele frequency with depth was also detected by Arnason et al. (2009). 

Furthermore, when the Pan I locus was analysed among the DSTs cod, a clear separation was 

found between the frontal and the coastal types, with Pan I
BB

 types associated with the 

former, while Pan I
AA

 was more frequent in the latter (Pampoulie et al., 2008).  

The difference in the allele frequency of the Pan I locus is not unique to Icelandic waters. 

The stationary Norwegian Coastal Cod and the migratory Northeast Arctic cod have also 

been found to differ at Pan I, with the former being more frequently of the Pan I
AA

 genotype, 

while the Pan I
BB

 is found in the latter (Fevolden and Pogson, 1997; Nordeide and Båmstedt, 

1998; Sarvas and Fevolden, 2005; Skarstein et al., 2007). The relationship to depth has also 

been reported in Norwegian waters (Sarvas and Fevolden, 2005; Fevolden et al., 2012), and 

that with temperature in the northeast Atlantic (Case et al., 2005). Temporal changes in the 

frequencies of genotypes at the Pan I locus among spawning Icelandic cod have also been 

observed. The hypothesis proposed as an explanation was increased fishing pressure on the 

migrating Pan I
BB

 type, due to changes in both spatial and seasonal patterns, as well as 

technological changes in commercial fisheries, such as in types of fishing gear (Jakobsdóttir 

et al., 2011). Furthermore, by actively seeking larger and older fish, fishing pressure may 

have a greater effect on the Pan I
BB

 genotype more, as these cod grow more slowly and have 

a higher age-at-maturity (Jakobsdóttir et al., 2011). Scientists have now identified more than 

a thousand single nucleotide polymorphisms (SNPs) that have aided understanding of the 

potential evolutionary pathways of the Atlantic cod (Bradbury et al., 2010; Bradbury et al., 

2011). Importantly for the Icelandic cod, several specific genomic locations with high genetic 

differentiation, called “genomic islands”, have been identified (Hemmer-Hansen et al., 2013). 

These genomic islands were investigated in relation to the migratory and stationary ecotypes 

of cod in both Norway and Iceland. The results indicated similarities in the genomic 

signatures of the specific ecotypes in both areas, and that the two ecotypes may have already 

been present before the last glacial maximum, around 21 000 year ago. Additionally, when 

the SNPs were mapped and their distribution on the genome was analysed, linkage groups 

(LG) displayed high levels of differentiation between the ecotypes. One of these linkage 
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groups, called linkage group 1 (LG1), comprises the Pan I locus (Hemmer-Hansen et al., 

2013). Moreover, SNPs in the rhodopsin gene (RH1), also located within the LG1, were 

sequenced and found to be strongly divergent between the coastal and frontal behaviour types 

of cod in Icelandic waters (Pampoulie et al., 2015). Rhodopsin is a visual pigment 

responsible for the absorption of dim-light reflecting adaptation to environmental light 

conditions at different depths, and which is therefore likely to be favourable at the depths 

encountered by the frontal cod. These studies strengthen the evidence for the existence of 

ecologically and genetically divergent ecotypes within the Icelandic cod stock. 

1.6 Stock structure complexity 

Taken together, there is mounting evidence of a more complex structure within the Icelandic 

cod stock than previously thought. The stock consists of many spawning components, with 

genetically distinct ecotypes that exhibit differences in terms of migratory behaviour, 

condition, and growth properties, body morphology and age-at-maturity. Although, not 

confirmed, the different components do likely differ as well with respect to catchability and 

vulnerability to fishing pressures.  

Detailed knowledge on all of these traits is highly important for management considerations. 

In the Icelandic stock, these high levels of population richness have been suggested to be 

responsible for lower fluctuation in recruitment variation within this stock compared to other 

stock in the North Atlantic (Begg and Marteinsdottir, 2000). Mismatches between simple 

management units (assuming panmixia) and actual ecological complexity, including 

metapopulations of distinct spawning aggregations within harvested stocks, can have serious 

consequences and may lead to unequal exploitation of stock sub-units as well as erroneous 

estimations of stock sizes (Stephenson, 1999; Frank and Brickman, 2000; Sterner, 2007; 

Hutchinson, 2008). All of the North Atlantic cod stocks have oscillated in size during 

historical times (Marteinsdottir, et al., 2005). Some of the stock have declined below 

sustainable levels and recovery is slower than expected (Frank and Brickman, 2000; 

Hutchings, 2000) Therefore, fisheries managers are expected to do everything possible to 

conserve diversity of stocks and any new method that assist in categorizing different units 

should be wlcomed.  

Many different approaches towards identifying stock components have been developed and 

are being applied, including body morphology, meristic characters such as number of fin 

rays, parasitic fauna, and fatty acid profiles, to name but a few (see references within Cadrin 

et al., 2013). Genetic markers are also widely used. For example, morphological variation has 

been detected in Icelandic cod using Pan I as a proxy for ecotypes, with Pan I
BB

 types found 

to have greater gaps between their fins (McAdam et al., 2012). Pan I has also been used as a 
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marker for assessing the accuracy of stock identification between the North-East Arctic cod 

and the Norwegian Coastal cod in Norwegian waters (Berg et al., 2005). There is, however, 

one major problem with using the Pan I locus to distinguish cod ecotypes in Iceland. This is 

due to the fact that the Pan I heterozygotes cannot be identified as these individuals have 

been shown to be equally frequent in both ecotypes (Pampoulie et al., 2008). Tagging and 

recovery of DSTs remains the only definitive way to identify the ecotypes. This is, however, 

impractical for assessment purposes and there remains a need to easily and cost-effectively 

discriminate between the ecotypes. A  new and better identification method for the Icelandic 

cod ecotypes is therefore needed. 

1.7 Are otoliths the key? 

Otoliths are a calcified structure in the inner ear of fishes that facilitate the orientation of the 

fish as well as its hearing. There are three pairs of otoliths: sagittae, lapilli, and asterisci, with 

the first pair being the most commonly used in cod studies, as it is the largest one (Campana 

and Casselman, 1993). Otoliths are routinely sampled in fisheries research as they can be 

very useful for several different reasons (Begg et al., 2005). Firstly, since Reibisch’s (1899) 

discovery of the formation of annuli in otoliths, which may be used in the same way as the 

well-known dendrochronology of year-rings in trees, otoliths have been important for 

assessing the age of individual fish. Daily increments of otoliths were later discovered by 

Pannella (1971), and have been used for studying the early life history and growth patterns of 

fish (Campana and Neilson, 1985; Begg et al., 2005). Otoliths are also useful for gathering 

information about the environmental conditions that the individual fish has encountered 

throughout its life-history, due to the metabolically inert nature of otoliths (Campana and 

Casselman, 1993; Begg et al., 2005). These environmental clues can e.g. be revealed by 

analysing the chemical composition of each otolith from its core (formed at hatching) to its 

edge (time of death), detailing the complete life history of each fish. Such techniques have 

been applied as a means for gathering information about various scientific questions, 

including tracking of the movements of individual fish between different water masses 

(Elsdon et al., 2008), the identification of natal rivers (Thorrold et al., 1998), and the study of 

natal homing (Thorrold et al., 2001). In Icelandic waters, the elemental fingerprints of cod 

otoliths have been used to quantify the contribution of different spawning components to 

mixed fisheries (Jonsdottir et al., 2007), as well as to discriminate spatial groups of juvenile 

cod, and to backtrack spawning cod to their area of origin (Thorisson et al., 2010). Scientists, 

however, need to be careful about their assumptions when working with otolith chemistry, 

especially when working with exclusively marine species such as cod. First, there must be a 

variation in the elemental composition of the water masses encountered by the fish during its 

lifetime for any elemental fingerprints to be detected, and stock components must have 
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different exposure histories if the idea is to distinguish between them based on otolith 

chemistry (Sturrock et al., 2012; Trueman et al., 2012). Second, elemental composition of 

otoliths may also be influenced by physiological factors, such as blood plasma, which in 

some instances may outweigh the environmental influence (Sturrock et al., 2014). 

Finally, otolith shape can be easily used to identify fish species. With the development of 

image analysis techniques, the ability to distinguish stock components within a species has 

been developed (Stransky, 2014). It can be difficult to design an experiment to identify the 

factors that have an effect on otoliths shape, as it is not possible to sample otoliths from 

individuals without killing them. Most studies, therefore, try to identify factors that differ 

between the groups of fish being studied, and to estimate the correlation between otolith 

shape and these factors, making assumptions about the causal relationship. There are, 

however, very few experimental studies that have reported any potential factors controlling 

otolith shape. Brown et al. (2001) examined the relationship between otolith and osteological 

development in walleye pollock (Theragra chalcogramma) and identified five stages of 

otolith development. Different accessory growth centres appear during these different stages 

and are linked to development or ossification of important structures in the fish. Hüssy (2008) 

controlled for both temperature and food availability in her experimental setup, and found 

that the number of lobes formed on juvenile cod otoliths was positively related to food 

consumption, resulting in a more rectangular otolith. Secondary growth centres related to 

metamorphosis were also observed by Modin et al. (1996) in plaice (Pleuronectes platessa 

L.). Early development, therefore, appears to be important for otolith development and hence 

otolith shape. In general, it is beleived that the difference between the shapes of otoliths at the 

species level may be linked to habitat choice and behaviour. 

As previously mentioned, one of the functions of the otoliths is to facilitate the sense of 

orientation made by individual fish. This is due to the fact that otoliths are roll slightly around 

slightly in the inner ear, touching fine hair cells when the fish move. The movement of these 

hair cells sends nerve signals to the brain, which are then interpreted in a similar manner 

signals to our brains tell us whether we are ascending or descending in an elevator. It has, 

therefore, been suggested that fish living in a complex habitat such as coral reefs have 

relatively large otoliths, while fish such as tuna which swim in a constant, high speed, 

unidirectional movement such as tuna have relatively small otoliths. This may be explained 

by the fact that a strong force is generated by such rapid movements, and small otoliths 

would thus suffice to stimulate the hair cells (Popper et al., 2005). On the other hand, when 

trying to explain the difference in otolith shape within species, other factors have been 

suggested. It can be difficult to distinguish between genetic and environmental effects on 

otolith shape, with genetic contribution also being suggested as an explanation for observed 

differences (Lombarte and Lleonart, 1993; Cardinale et al., 2004). Thus, stock components 
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that differ in their life-history or genetic structure can potentially be distinguished based on 

the shape of their otoliths. Otolith shape has, for example, been shown to differ between 

dispersed and resident components of winter-spawning Celtic stock of Atlantic herring 

(Clupea harengus) (Burke et al., 2008), between stock components of the Horse mackerel 

(Trachurus trachurus L.) in the North-East Atlantic and Mediterranean (Stransky et al., 

2008b), and between spawning populations of the Atlantic cod in the North-Sea and West of 

Scotland (Galley et al., 2006), the Baltic Sea (Paul et al., 2013), as well as between the 

Northeast Arctic cod and the Norwegian Coastal cod in Norway (Stransky et al., 2008a). 

Several studies have suggested growth rate as the determining factor for otolith shape. These 

include studies of cod in the North Atlantic (Campana and Casselman, 1993), silver hake 

(Merluccius bilinearis) in north-west Atlantic waters (Bolles and Begg, 2000), and haddock 

(Melanogrammus aeglefinus) on Georges Bank (Begg and Brown, 2000). Growth rate has 

also been suggested as a potential cause for the otolith shape differences observed between 

individuals of a coral reef fish (Lutjanus kasmira) from different habitats (Vignon, 2012). It 

has even been suggested that without growth rate differences, the use of otolith shape as a 

stock assignment tool would be difficult or even impossible (Campana and Casselman, 

1993). Otolith shape of cod has already been used to distinguish between spawning 

components in Icelandic waters. Jonsdottir et al. (2006) found that spawning groups in the 

north could be separated from spawning groups in the south, particularly by otolith size 

parameters (weight, area, and length), while Fourier amplitudes explained a considerably 

smaller part of the variation between these components. In addition, there was a clear 

separation between cod spawning at different depths at the southern spawning sites. These 

results confirmed the observation in an earlier study by Petursdottir et al. (2006), who found 

that otolith shape differed between cod spawning at different depths at Selvogsbanki, the 

main spawning area in the south. It must be noted that Jonsdottir et al (2006) did not have any 

information on the different ecotypes. The north vs south samples probably contained both 

ecotypes, and the discrimination between the deep and shallow south samples may have been 

shaped by a relatively large proportion of the frontal ecotypes being present in these samples. 

In this thesis the main focus is on the different ecotypes. The aim is to test whether otolith 

shape is a suitable candidate for an identification key for the Icelandic cod ecotypes. 

1.8 Aims of the thesis 

The main objective of this thesis was to explore the potential use of otolith shape as a 

identification key for ecotypes of cod in Icelandic waters.  



Introduction 

15 

In an effort to increase the sample size of cod tagged with DSTs (DST cod) we tested 

whether shape parameters of an otolith were affected if that otolith was manually broken and 

subsequently glued back together (Figure 2.1). This was the aim of Paper I. 

In Paper II, we made use of otoliths from the DST cod sampled by the MRI. These 

individuals could reliably be identified to ecotype by analysing the temperature and depth 

profiles from the DSTs, and thus were an excellent source of otoliths with which to develop a 

discriminant function. Here, both whole and glued otoliths were used, making use of the 

results from Paper I. 

In Paper III, we tested additional shape parameter extractions on the DST cod. In Paper II, 

we applied Fast Fourier Transforms along with standard two dimensional shape measures. 

Here, we also tested Elliptic Fourier Transforms and Wavelet Transforms as recent papers 

have shown a great ability of Wavelet transforms to identify between stock components for 

example in Atlantic herring populations (Libungan et al., 2015). We wished to ascertain 

whether this was also the case for Atlantic cod. 

Finally in Paper IV, we explored the relationship between otolith shape and the Pan I locus, 

and how these two markers of the Icelandic cod ecotypes correlate. In this way, the results 

seen in Paper II and III could be validated using a larger sample. 
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2 Methods and Results 

In Paper I, II, III, and IV, high contrast, calibrated otolith images were captured with a 

microscope at 0.63x magnification linked to an 8 bit MediaCybernetics® PL-A662 digital 

camera, powered by PixeLINK™, resulting in a dark two-dimensional otolith shape on a 

bright background (Figure 2.1). The right otolith was chosen and placed with the rostrum in 

the lower left corner. When only the left otolith was available, its image was flipped and 

transformed using standard image editing tools. The outline of each otolith was automatically 

traced by ImageJ™ software using a pixel gradient of the otolith silhouette. The outline was 

used in different ways depending on which shape transform was applied, a Fast Fourier 

Transform, Elliptic Fourier Transform, or Wavelet Transform. See Papers II and III for 

detailed description of these methods. In Paper III, we also made use of a new package 

within the R software, called shapeR, developed in house by Libungan and Palsson (2015). 

This software is specifically designed to extract otolith outlines and perform Elliptic Fourier 

Transforms and Wavelet Transforms, as well as some relevant statistical analysis. 

2.1 Broken otoliths 

When all the DST individuals that were at liberty long enough for their behaviour to be 

identified had been located, the otoliths of many of them were either missing or broken. In all 

cases one of the otolith pair had been used in a standard age determination technique 

involving a cross-section through the core of the otolith and therefore not usable in a shape 

analysis. When an age reader felt the need to verify his or her age assessment on a hard to 

read otolith, the second otolith of the pair was broken by hand using the common break (and 

burn) technique (Christensen, 1964). The samples used were random cod otoliths from the 

large archive of otoliths sampled by the MRI. To estimate the effect of gluing, two sets of 

ANOVAs were carried out, one to determine the distortion of the photographing procedure, 

and a second to estimate the effect of gluing. Finally, a cluster analysis was performed to 

determine if using broken otoliths would alter the outcome of a discriminant analysis, i.e. 

whether it was likely that an individual would be classified differently by its whole otolith 

versus the same otolith after breaking and subsequent gluing. 
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Figure 2.1. Cod otoliths. High contrast images were captured using a microscope, resulting in a dark two-

dimensional silhouette of the otoliths. The contrast was further increased from the original, using standard 

image editing features in the ImageJ software. Two images of the same otolith are shown here, a whole 

unbroken otolith on the left, and on the right, the same otolith broken manually and subsequently glued back 

together. 

There were measurable effects of gluing otoliths back together subsequent to breaking. The 

effect, however, was so small that it had as little or no effect on population discrimination 

analysis. This was well demonstrated by the results from the cluster analysis, in which the 

effect, measured by the distance between the whole and the broken, glued otolith on a 

dendrogram was close to being zero. The result from Paper I was presented during the 

Annual Science Conference of ICES 2013 in Reykjavík, Iceland. The contribution to the 

conference was awarded as the Early Career Scientist Award for the best poster presentation.  

2.2 DST cod otoliths 

The individuals in Paper II had to be assigned to a behaviour group based on the temperature 

and depth profile of their DST data. Three values were calculated from the DST data, which 

were used together to classify the cod behaviour. These values were based on the calculated 

range (difference between the largest and the smallest value) and the average value. Thus, the 

daily range in temperature, depth, and mean depth were used. Daily means in temperature 

were not used, as this might have produced an undesired separation of fish residing in the 

cold northern waters versus those residing in warm southern waters. The raw dataset needed 

to be simplified before it was suitable for Cluster Analysis. This was accomplished by 

assigning three numbers per day, according to the relative time each individual spent at 

predefined bins. This is explained in more detail in Paper II. By using this simplification and 

subjecting the output to a Cluster Analysis, we obtained an objective and clear view of the 

migration behaviour within the Icelandic cod stock. This revealed a depth gradient, resulting 

in the formation of four groups: coastal, intermediate coastal, intermediate frontal and frontal 

(Figure 2.2). 



Methods and Results 

19 

 

Figure 2.2. The difference of variance in temperature and depth among the ecotypes. (A) daily temperature 

range (°C,) (B) depth range (m), and (C) mean daily depth (m), between the four groups which were formed in 

the Cluster Analysis. ANOVA and a Tukey’s Honestly Significant Difference test was used to test for difference 

between the four groups. There is a significant difference (p < 0.05, df = 3, 198) in all pairwise comparisons, 

except in temperature range per day, where only the frontal behavior measures as different from the rest. 

The discriminant function that was found to best fit the data according to the Akaike 

Information Criterion was developed with two Fast Fourier Transform descriptors (FD8 and 

FD3), roundness, aspect ratio, and circularity of the otoliths. This discriminant function 

distinguished between the coastal and frontal individuals with close to 90% accuracy, while 

the intermediates were classified more erroneously (Paper II). Interestingly, the gradient 

seen in the DST profiles (Figure 2.2) was echoed when the average otolith shape for each of 

the four groups was reconstructed, with the greatest difference being observed between the 

coastal and the frontal, and the two intermediate groups in-between (Figure 2.3) 



20 

 

Figure 2.3. The average otolith shape among the ecotypes of cod in Icelandic waters. The figures are made with 

an inverse Fast Fourier Transformation reconstruction of the otolith shape, averaged over each of the four 

groups identified from the Cluster Analysis of DST data. In the upper-left panel, all four groups are compared, 

revealing a gradient from being more round (coastal) to a flatter and more elongated shape (frontal). On 

average the frontal otoliths have smaller values when calculated for Roundness than the coastal. The other 

three panels are plotted to ease the visual comparison between the groups. 

2.3 Comparing different shape descriptors 

There are several differences between the three shape descriptors, i.e. the Fast Fourier 

Transform (FFT), Elliptic Fourier Transform (EFT) and Wavelet Transform (WT), used in 

Paper III. These differences are practical as well as functional. The practical difference is 

mainly due to fact that a package within the popular statistical software R (R Core Team, 

2014) has been specifically developed to analyse otolith shape from standard images called 

shapeR (Libungan and Palsson, 2015). This R-package is easy to use and can produce 

standardized shape parameters with EFT and WT, which may then be evaluated with a built 

in discriminant function analysis. All three transforms were applied to the same set of 

photographs. The methods describe the otolith shape from the photos in different ways. The 

functional difference between the methods is mainly due to the fact that the FFT and EFT 

only work on the X and Y, or Cartesian, coordinates. The WT, on the other hand, makes use 

of the angle position relative to a geometric centroid of the otolith (radial), producing so 
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called polar coordinates. The Cartesian coordinates are extracted at 128 equidistant points 

around the perimeter for the EFT and 256 points for the FFT, while the polar coordinates are 

extracted at 1024 equidistant phase angles (Parisi-Baradad et al., 2005). This difference 

means that both Fourier transforms are limited to describing overall shape, by analysing 

different cosine and sine wave frequencies (FFT), and fitting a series of elliptic closed 

contours (EFT) (Kuhl and Giardina, 1982). The WT, on the other hand, can also localise the 

difference by adding the time aspect (angles) into its algorithms. The methods also differ in 

the way the coefficients are standardized (see Paper III). 

 

Figure 2.4. Average DST profiles of the coastal individuals. The lines are coloured according to the predicted 

probability of their behaviour based on EFT (top panel) and FFT (bottom panel). Depth profiles are on the left 

and temperature profiles on the right; both plotted as 53 average points (week 0-52), along with standard 

deviation (vertical lines). The number of individuals behind each line is different. Top panel; 1 frontal, 1 int. 

frontal, 1 int. coastal, and 20 coastal predicted individuals. Bottom panel; 1frontal, 1 int. frontal, 2 int. coastal, 

and 19 coastal predicted individuals. The legend keys shown on the top-left graph is the same for all graphs. 

Note the different scales. 
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The Fourier methods were equally good at assigning the DST otoliths to correct ecotype 

groups, while the WT was not as successful (Paper III). This difference in success rate could 

be due to the fact that the main difference observed between the otolith of the ecotypes could 

be found in the overall shape of the otoliths, rather than in localized and detailed features or 

singularities in the shape (Figure 2.3). There are also differences between the Fourier 

methods for the wrongly classified individuals. Each method, for example, wrongly identified 

one coastal individual as frontal, although not the same one. The individual wrongly 

identified by the EFT was the one that showed both the deepest and the coldest profile of all 

the coastal fish, while the individual wrongly classified by the FFT showed an average 

coastal depth and temperature profile (Figure 2.4). This could be indicative of the EFT 

capturing the gradient of the otolith shape differences between the ecotypes in better detail 

than the FFT.  

2.4 Otolith shape and Pantophysin I 

Based on Papers II and III, there are good reasons to believe that otolith shape can be used 

to discriminate among ecotypes of cod in Icelandic waters. However, the papers are based on 

a small sample size of DST cod. Therefore, the evidence from these papers needs to be 

validated by a larger sample. The best and most reliable option would be to tag more cod 

with DSTs and to determine the ecotype class of the individuals by a Cluster Analysis of their 

DST profiles. Unfortunately, this is both time consuming and expensive. An alternative 

approach would be to examine the relationship between two markers of the ecotypes, i.e. 

otolith shape and the Pan I genotypes. This was done in Paper IV, by analysing the otolith 

shape and the Pan I of cod sampled around Iceland by the MRI, Matís Ltd, and the 

University of Iceland. Since the EFT method from Paper III gave the best results for the 

DST cod, we applied it in this paper.  

The results indicate a good relationship between the two markers. The majority of the Pan 

I
AA

 genotyped individuals were predicted to be coastal based on their otolith shape, and 

similarly the Pan I
BB

 genotypes were predominantly frontal. In fact a very similar gradient 

was detected as could be seen in Paper II (discussed later). The heterozygotes were equally 

represented in both frontal and coastal ecotypes (Figure 2.5). The otolith shape could also be 

used to successfully predict the genotype of the individuals, with only 9% of the Pan I
AA

 

being predicted to be Pan I
BB

, and 9% vice versa as well. Interestingly, the DST sample, used 

in Paper II and III, was poorly represented by the Pan I
BB

 genotype, with a majority of the 

frontal individuals being Pan I
AB

.  
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Figure 2.5. Relative frequencies of the Pan I genotypes among the ecotypes of cod. The number of individuals is 

given above each column. The darkest column represents Pan I
AA

 individuals, the grey column Pan I
AB

, and the 

light coloured Pan I
BB

. The intermediate coastal (IC) and intermediate frontal (IF) are abbreviated in order to 

fit the figure. 
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3 Conclusions and Future Perspectives 

In our gluing experiment presented in Paper I, we demonstrated that in most cases the otolith 

can be glued back together following manual fracturing and used for population 

discrimination. It should, however, always be a protocol to photograph otoliths prior to 

breaking them, especially when dealing with otoliths from very important samples, as in the 

case of the DST individuals. Otoliths are stored in large archives all around the world, and 

many of them are probably broken. The gluing method may, therefore, provide new 

opportunities in terms of studies that can be performed using otoliths from these archives. 

Results from Papers II, III, and IV have demonstrated that otolith shape can be used as an 

identification key for the ecotypes of cod in Icelandic waters. This is important for fisheries 

management in Iceland (see discussion below). To date, no methods have been available to 

perform this identification. The method presented here offers a relatively accurate, easy to 

use, and cost effective way to distinguish the ecotypes. The results also revealed the gradient 

in the migrating behaviour of cod better than any previous analyses of the behaviour of the 

different ecotypes. The main reason for this is the objective and pair-wise comparison of 

individuals by the Cluster Analysis approach in Paper II. In the former analysis, a depth of 

200m was identified as a critical cut-off value between coastal and frontal ecotypes. The time 

spent below or above this cut-off value varied between papers, with coastal individuals either 

spending >90% or >70% of their time at depths less than 200m (see discussion in Paper II 

for references). All the papers identified intermediate individuals, despite this cut-off value 

being relatively strict. In this study, the approach helped to establish the existence of the 

additional two ecotypes of cod demonstrating intermediate behaviour compared to the frontal 

and coastal groups. In previous classifications, most of the intermediate frontal individuals 

would have been identified as coastal. As a result, a discriminant function based on previous 

classification would have been made with otoliths possibly so similar in shape that the 

function would not have identified any difference between the ecotypes. Furthermore, when 

the Pan I genotypes were identified within the DST sample, there was an apparent lack of 

Pan I
BB

 genotypes (Paper IV). If we assume that Pan I exerts some deterministic effect, on 

otolith shape, either directly or more likely indirectly, the DST sample, applied to the 

development of the discriminant functions used to predict ecotypes based on otolith shape 

(Paper II and III), might be less than optimal. This is based on the assumption that a 

sample, with a frontal ecotype group better represented by Pan I
BB

 individuals would be 

farther away from the coastal Pan I
AA

 individuals on the otolith shape gradient seen in Paper 
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II (Figure 2.3). Therefore, the current discriminant function can likely be improved by 

additional tagging experiments that would include greater numbers of Pan I
BB

 genotyped cod. 

 

 

Figure 3.1 Schematic summary of the cod ecotypes in Icelandic waters. There is a clear gradient in all aspects. 

The relative frequency of the Pan I genotypes shows a sharp gradient in regards to depth both during feeding 

season and during spawning. There is a gradient in the migratory behaviour from being coastal to frontal with 

intermediates in-between. Finally, there is a gradient in the shape of the otoliths from a round to an elongated 

shape. The drawings of cod represent the adult and offspring genotypes. The drawings are used with the kind 

permission of © Jón Baldur Hlíðberg. 

Several gradients are evident from the results of this thesis as well as from prior studies. A 

depth gradient is evident in migratory behaviour, especially during feeding season, but also 

potentially during spawning. There is a gradient in the frequency of the Pan I genotypes, with 

Pan I
AA

 genotypes being more frequent at shallow depths and within the coastal ecotype, 

while the Pan I
BB

 is more frequent at greater depths and within the range of the frontal 

ecotype (Pampoulie et al., 2008). There is evidence of a gradient in the body shape of cod 

with Pan I
BB

 genotypes having greater gaps between their fins and being more streamlined 

than Pan I
AA

 genotypes, which exhibited a deeper body shape, with the Pan I
AB

 

heterozygotes being intermediate for these traits (McAdam et al., 2012). Finally there is a 

gradient in the shape of the otoliths from round to elongated, as seen in the presented data 

(Figure 3.1). As mentioned earlier, the differences observed in otolith shape between stock 
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components have usually been linked to differences in growth rate (e.g. Campana and 

Casselman, 1993). There are several lines of evidence that growth rate differs between the 

ecotypes. The first analysis of the DST tagged cod revealed that growth rate was inversely 

related to depth and positively related to ambient temperature, resulting in a higher growth 

rate among the shallow coastal ecotypes (Pálsson and Thorsteinsson, 2003). Growth rate has 

also been analysed in relation to the Pan I genotypes, with studies both in Icelandic and 

Norwegian waters. The Icelandic studies indicated that Pan I genotypes had different growth 

patterns, with Pan I
AA

 genotypes having greater weight and length-at-age in the south 

compared to the Pan I
BB

 genotypes, while length-at-age in the north was greater for the Pan 

I
BB

 genotypes (Jónsdóttir et al., 2002; Jonsdottir et al., 2008). The authors of both of these 

papers believed that the observed difference revealed by their studies might be related to 

migratory patterns exposing the individuals to variations in temperature and food supply. 

Furthermore, the ongoing study of the LG1, which contains both the Pan I loci and the RH1, 

indicates a local adaptation and that several genes within the LG1 are related to the 

gonadotropin releasing hormone (GnRH) which is heavily related to growth (Pampoulie, 

personal communication). GnRH has been linked to several functions in Atlantic cod, such as 

appetite regulation during early development (Tuziak and Volkoff, 2013), and it has been 

shown to have increased expression in the pituitary during spawning (Hildahl et al., 2011). 

Therefore, several other potential genes within LG1 are more likely to be under selection than 

Pan I, and it would be interesting to examine the relationship between these and otolith 

shape. We will not be able to discover what factors rule otolith shape in the Icelandic cod 

ecotypes using the data gathered for this thesis. We can, however, confidently state that 

several factors that differ between the ecotypes have already been named as potential factors 

affecting otolith shape. These are growth rate, food intake, genetics, migrating behaviour, 

temperature, and depth selection (discussed above). 

Some gaps in our knowledge remain, the most important one being the juvenile years. 

Particle tracking studies have shown that the eggs and larvae from different spawning areas 

drift into overlapping nursery sites (Brickman et al., 2007). At the time of the Brickman’s 

study, the models lacked vertical resolution, but today a three dimensional model 

demonstrating the hydrodynamics at all depths around Iceland is available (Logemann et al., 

2013). However, this model has not been applied to study potential stratification in currents 

along with temporal and spatial variation in the dispersal of cod larvae. Therefore, the 

significance of the deep versus shallow spawning areas in terms of different offspring 

destinies has not been demonstrated. Finally, we have little information on the initiation of 

different behaviours or on the fidelity of the different ecotypes to spawning areas. A recent 

study of the DST cod, applying a tidal location model, indicated that the behaviour was 

consistent and that the timing was similar between years. The results also indicated that the 

feeding migrations were undertaken in groups or shoals (Thorsteinsson et al., 2012). 
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Unpublished data on cod tagged at spawning sites did demonstrate considerable fidelity to the 

larger spawning areas (Thorsteinsson et al., in prep). Another important piece of information 

that is still missing is the time of initiation of the  migratory behaviour, i.e. is the behaviour 

determined at birth or does it reflect a diversification in behaviour that is initiated later in life 

at a critical time in the life history of the fish. We might be able to answer some of these 

questions by linking shape analysis with microchemical analysis of the otoliths. It is possible 

that differences during early life stages of the juveniles between the ecotypes will be reflected 

in the chemistry of the otoliths. It may also be possible to determine the onset of migrations, 

assuming differences in water chemistry between the spawning and feeding areas. It would 

also be interesting to link the DST profiles to the elemental fingerprints of the otoliths, 

especially since it has been suggested that the ratio of 
18

O and 
16

O (δ
18

O) accreted in the 

otoliths during their growth is deposited at near equilibrium with the ambient water 

composition, and is a function of the temperature encountered by the fish during its lifetime 

(Devereux, 1967). This has already proved successful, for example, in distinguishing between 

stock components, and in identifying trans-Atlantic movement and natal homing in Atlantic 

bluefin tuna (Thunnus thynnus) (Rooker et al., 2008). More importantly, it has already been 

linked to observed temperature data from DST tagged North Sea plaice (Pleuronectes 

platessa L.), indicating a good potential for sub-stock assignment from δ
18

O otolith profiles. 

The authors, however, advise caution when interpreting otolith δ
18

O data, until the underlying 

mechanism are fully resolved (Darnaude et al., 2014).  

Why is all this important for fisheries management? First of all, mounting evidence from cod 

studies in Icelandic waters indicates the existence of spatial and annual variation in the 

composition of the cod stock, and that cod differ with respect to habitat selection, conditions 

and rely on different prey items on a spatial scale. Pardoe et al. (2008) identified variations in 

liver condition, with higher levels at increasing depths, and in the northern and eastern 

regions where temperatures were low and capelin consumption was relatively high. 

Furthermore, Jakobsdottir et al. (2011) showed that there has been a decrease in the 

frequency of Pan I
BB

 genotypes within the cod stock, possibly indicating a change in fishing 

effort that affected the frontal ecotypes. Recently the cod stock in Icelandic waters has 

increased as have subsequent quota levels (Marine Research Institute, 2015). However, the 

contribution of the different ecotypes to the enlarged stock as well as the effects of increase 

fishing on the different proportions of the ecotypes is unknown. The resent emphasis on 

ecosystem-based management is based on the notion that a species cannot be adequately 

managed in isolation, and that all other species with which it interacts, whether predators or 

prey items, must be taken into account, along with the environmental conditions the species 

has adapted to. It is clear that the different cod ecotypes do utilize different parts of the 

ecosystem while feeding. This behavioural variation may be a very important factor in 

maintaining the high diversity of the Icelandic cod stock. The importance of maintaining bio-
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complexity of fish stocks and of understanding species interactions may be critical for the 

resilience of these stocks in the face of future environmental changes (Hilborn et al., 2003; 

Schindler et al., 2010). This may be even more important for cod in the North Atlantic, due to 

its dominating role in the ecosystem and any impacts may, therefore, have cascading effects 

across trophic levels potentially threatening ecosystem stability (Hutchinson, 2008). The 

future perspective from the results of this thesis should, therefore, encourage the 

implementation of otolith shape assessments as a routine sampling protocol of the MRI 

during annual surveys. Otolith shape can also be analysed within the large otolith archive 

found in the repository of the MRI in Reykjavík. This will allow for a finer, more realistic 

assessments based on new studies on the state of the Icelandic cod stock, the fishing 

mortality, and environmental effects imposed upon it. Such studies will improve our 

understanding of how the stock structure is driven by ecological forces. Furthermore, by 

acknowledging and understanding the variation in life-history and feeding strategies of the 

different stock components, we will be better able to predict the impact of anthropogenic 

forces and climate change on the stock. The first step in a successful management strategy is 

viewing the full image of the stock and its components, and this is accomplished by gathering 

extensive information. Gathering solid data for a full view of the stock is our primary 

recommendation. 
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Twenty-five Atlantic cod Gadus morhua otoliths were examined using eight shape measurements along
with Fourier analysis of their outlines to test whether discrimination using otolith shape is affected by
gluing broken otoliths. Small differences in seven of the eight shape measurements were found between
unbroken otoliths and the same otoliths after breaking and subsequently gluing together; however, none
of the Fourier descriptors differed. Cluster analyses indicated that resultant morphological differences
will have no impact when applying discriminant analysis.
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Key words: cluster analysis; Fourier analysis; gluing; morphology; otolith archives; shape
measurements.

Since Reibisch’s (1899) observation of otolith annuli, otoliths have become an espe-
cially important tool in modern ichthyology (Campana, 1999). The initial significance
of otoliths in fisheries research was due to their utility for accurate age determination.
Later, other important aspects were discovered including the use of otolith morphology
and chemistry in stock discrimination and to improve knowledge on behaviour and
habitat selection reflected by the influence of the environment on otolith growth and
elemental composition (Campana & Neilson, 1985; Campana & Casselman, 1993;
Campana, 1999; Elsdon et al., 2008; Higgins et al., 2010). In the North Atlantic
Ocean region, large numbers of otoliths from Atlantic cod Gadus morhua L. 1758 are
routinely sampled by the staff of marine research institutes responsible for assessing
commercially exploited fish stocks. In Iceland, archived otoliths are currently being
used to identify different ecotypes of G. morhua, previously described by Pálsson &
Thorsteinsson (2003), Pampoulie et al. (2006) and Grabowski et al. (2011), based on
data from data storage tags. Although many otoliths have been retrieved from data
storage-tagged fish (c. 420) many have been broken for age determination and thus
considered unsuitable for morphological analysis. Because of the high value placed on

†Author to whom correspondence should be addressed. Tel.: +354 6610332; email: hbardarson@gmail.com
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these otoliths, it was deemed appropriate to evaluate if these otoliths could be glued
together and used in a morphological analysis together with unbroken otoliths.

For this purpose, 27 unbroken sagittal otoliths from G. morhua were identified
from the archived otolith collection of the Marine Research Institute in Iceland,
which were not required for other experiments. Each otolith was photographed
whole and then broken by hand with the same technique as is commonly applied
with the break (and burn) method (Christensen, 1964; Chilton & Beamish, 1982).
Finally, all the otoliths were glued with a minimal amount of instant glue (Universal
Adhesive, transparent and waterproof, nitrocellulose, liquid glue Bison International
B.V. NL.; www.bison.net/static/products/assets/asset_8362_3.pdf) and allowed to
dry for 24 h according to the manufacturer guidelines before being photographed
again (Bison, 2013). In two cases, the otolith parts did not fit perfectly together. This
was confirmed by the visibility of light through the fractured seam when the glued
otolith was turned up against a light source. These otoliths were excluded from the
experiment. As a result, 25 of 27 otoliths were used for the evaluation. Photographs
were taken at high contrast using an eight bit MediaCybernetics PL-A662 digital
camera powered by PixeLINK (www.pixelink.com), mounted on a Leica MZ95
microscope (www.meyerinst.com). Magnification was set to either ×400 or ×630 and
once setup was finished a photograph of a micrometer scale was captured to facilitate
calibration of pixels for image analysis; if any settings needed to be changed a new
calibration photograph was taken. The otoliths were photographed with a transmitted
backlight, resulting in a dark, two-dimensional otolith image on a bright background.
The otoliths were placed horizontally with the rostrum to the lower left and the sulcus
down. Crosshairs in the ocular of the microscope were used to standardize the position
of the otoliths under the lens. Each otolith was placed under the crosshair six times in
an effort to quantify the distortion error and samples were photographed both before
breakage and after gluing. Eight shape measurements (see Table I for definitions) were
extracted in this way from the images, using ImageJ software (Schneider et al., 2012).
For consistency, all handling of the otoliths was performed by the same person.

Finally, the outline was automatically traced using pixel gradient of the silhouette
of the otolith, employing ImageJ software. A total of 256 equidistant points, given in
X–Y co-ordinates, were extracted from these outlines for each photograph and then

Table I. The eight shape measurements used in shape measurement analysis, as defined by
ImageJ software

Shape measurements Definition (from ImageJ)

Area (A) Area of otolith, counted in pixels
Perimeter (P) The length of the outer boundary of the otolith
Feret (length) (F) The longest distance between any two points along

the otolith boundary
Minimum feret (width) (FMIN) The minimum calliper diameter
Aspect ratio FMIN:F
Circularity Calculated with the formula: 4𝜋A P−2

Roundness Calculated with the formula: 4A (𝜋 F2)−1

Rectangularity The area of the smallest rectangle enclosing the
otolith:otolith area

© 2014 The Fisheries Society of the British Isles, Journal of Fish Biology 2014, 84, 1626–1633
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Table II. ANOVAs on effect of gluing broken otoliths, in which the null hypothesis is no differ-
ence in shape measurements between unbroken and glued otoliths. The ANOVA for variation in
shape measurement given otolith and treatment factor was performed on two data sets: one with
all six photographs of each otolith under each treatment and the other with only one photograph.
P-values are shown from all the ANOVAS, with bold indicating significance after correcting for

14 multiple comparisons using the Holm–Bonferroni method

Shape measurement d.f.

s.d. between
photographs of

same otolith*

Difference
caused by
breaking†

P-value
(six photographs)

P-value
(one photograph)

Area (mm2) 1 154 −342⋅5 <0⋅001 <0⋅05
Perimeter (mm) 1 2⋅473 3⋅197 <0⋅001 >0⋅05
Feret (mm) 1 0⋅373 −0⋅879 <0⋅001 <0⋅05
Minimum feret (mm) 1 0⋅433 0⋅105 >0⋅05 >0⋅05
Aspect ratio 1 1⋅8× 10−03 −2⋅2× 10−03

<0⋅001 >0⋅05
Roundness 1 4⋅5× 10−04 4⋅9× 10−04

<0⋅001 >0⋅05
Rectangularity 1 6⋅8× 10−04 −6⋅5× 10−04

<0⋅001 <0⋅01
Circularity 1 1⋅4× 10−03 −2⋅4× 10−03

<0⋅001 >0⋅05
FD 2 1 3⋅3× 10−03 −6⋅5× 10−04

>0⋅05 >0⋅05
FD 3 1 2⋅8× 10−03 −5⋅9× 10−05

>0⋅05 >0⋅05
FD 4 1 1⋅5× 10−03 −2⋅0× 10−04

>0⋅05 >0⋅05
FD 253 1 2⋅2× 10−03 5⋅5× 10−04

>0⋅05 >0⋅05
FD 254 1 2⋅9× 10−03 −1⋅8× 10−05

>0⋅05 >0⋅05
FD 255 1 6⋅8× 10−03 3⋅3× 10−04

>0⋅05 >0⋅05

FD, Fourier descriptor.
*The variation in measurement caused by photography.
†The coefficient corresponding to treatment from the ANOVA on all six photographs.

subjected to a Cartesian fast Fourier transformation, which turns the co-ordinates into
complex numbers called Fourier descriptors (FDs) (Lestrel, 1997). The two largest FDs
(FD 1 and FD 256) were used to standardize the position and the size of the otoliths on
the photographs by setting the largest FD to zero and dividing all FDs with the second
largest FD.

Two ANOVA analyses were carried out for each shape measure of interest, one
based on all 12 photographs that were taken, six before breaking and six after gluing
of each otolith, and the second on one of these six photographs. The first analysis was
intended to increase the statistical power in detecting whether breaking and gluing
otoliths produce a consistent change in shape measurements and Fourier analysis.
Also, this first analysis gives an estimate of the error in shape measurements caused
by the photographic and analysis procedure (the s.d. among the six photographs).
The gluing effect, measured as the average difference between the unbroken and
glued otoliths, can then subsequently be compared to the distortion error (Crawley,
2007; Zar, 2009). The second ANOVA is to identify whether breaking and gluing
had significant effects on the standard procedure in otolith shape analysis, i.e. based
on a single photograph. As the analyses are based on a multiple comparison, the
significance of each ANOVA was determined using the Holm–Bonferroni correction
(Holm, 1979).

© 2014 The Fisheries Society of the British Isles, Journal of Fish Biology 2014, 84, 1626–1633
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Fig. 1. The eight shape measurements, (a) perimeter, (b) area, (c) aspect ratio, (d) rectangularity, (e) feret, ((f)
minimum feret, (g) circularity and (h) roundness, measured on unbroken ( ) and glued ( ) otoliths. If the
parameter is smaller for the glued otolith the crosshair is red. The data points plotted are based on the means
of the six photographs and ordered according to the parameter size. There is not a significant effect of gluing
otoliths based on significance levels with Holm–Bonferroni corrections.
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Fig. 2. Dendrogram showing the result from a cluster analysis of the shape measurements. The otoliths are
labelled with a running number and a corresponding symbol ( , after gluing; , before gluing). A sin-
gle photograph of each otolith/treatment combination was used in this analysis. The horizontal separation
between dendrogram branches is formed according to a similarity measure, i.e. the more they are to the left
of the figure the more dissimilar are the individuals within the clusters.

A cluster analysis was used to test whether the effect of gluing would influence the
way individuals are grouped according to their similarity in otolith shape. This method
is perhaps more important because morphological analyses are usually carried out to
find differences between groups but not between individual fish, i.e. significant differ-
ences detected with an ANOVA may be too small to have a qualitative effect on the
discriminant analysis. If gluing has no effect, distinct clusters from the same otolith,

© 2014 The Fisheries Society of the British Isles, Journal of Fish Biology 2014, 84, 1626–1633
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Fig. 3. Dendrogram showing the result from a cluster analysis of the Fourier descriptors, following the same
procedure as in Fig. 2.

unbroken and glued, should be formed next to each other; if not then individuals would
form mixed clusters (for example, grouping some unbroken otoliths together but with
glued counterparts in another cluster) (Legendre & Legendre, 1998). Finally, simple
linear regression was used to test whether the effects of the gluing treatment were
dependent on the magnitude of the shape measures of the otoliths before breaking,
e.g. will otoliths that have low rectangularity or FD 2 be affected more than otoliths
with high rectangularity or FD 2 (Zar, 2009). All statistical analyses were conducted
using R v. 2.15.1 (www.r-project.org).

© 2014 The Fisheries Society of the British Isles, Journal of Fish Biology 2014, 84, 1626–1633
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Seven of the eight shape measurements and none of the FDs were significantly differ-
ent between the unbroken and glued otolith photographs after correcting for multiple
comparisons with Holm–Bonferroni (Table II). This difference was revealed only by
using all six measurements, whereas no differences were detected when analysing the
single photograph pairs.

In most cases, differences in shape measurements between the unbroken and the
glued otoliths were very small (Fig. 1) and even less when measured with FDs. The
results from the linear regression show that the differences between unbroken and glued
otoliths were not related to the initial magnitude of the shape measures or FDs (d.f. =
23, P> 0⋅05).

Even though some of the shape measurements were significantly affected by glu-
ing, the cluster analysis results suggest that the magnitude of these differences would
not be sufficient to influence the results from a discriminant analysis (Figs 2 and 3).
Twenty-five clusters with a pair of individuals were formed with a distance close to
zero on both the dendrograms, indicating clusters with individuals that have measure-
ments that are almost identical. In all cases, on both dendrograms, the pairs are made
up of the same individual otolith with the unbroken one next to its glued counterpart.
These results indicate that if these glued otoliths were used in discriminant analyses
mixed with unbroken otoliths they will end up in the same group as they would have
had they been unbroken.

This study demonstrates that otoliths of G. morhua that have been broken for age
determination can in most cases be glued back together and applied in morphological
analyses. Given the quantities of broken otoliths from G. morhua and other species
(Christensen, 1964; Stransky et al., 2005) archived in repositories throughout the
world, it is hoped that these findings might encourage researchers to revisit these
collections and allow their true value to be realized.

The project is funded by Rannís, the Icelandic Research Fund, as well as being a part of
CodMorph, a project funded by Verkefnasjóður Sjávarútvegsins under the Ministry of Industries
and Innovation, Iceland. The authors would like to thank members of the Marice team at the
University of Iceland for their reviews and comments. A special thanks is given to NorMER for
access to expert guidance.
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Abstract 

The use of data storage tags (DSTs) has increased our knowledge of the stock 

structure of the Icelandic cod (Gadus morhua). The profiles of tagged cod reveal 

different migratory strategies. This has led to definition of two ecotypes within the 

cod stock. Cod, identified as coastal cod, spend most of their time at depths less than 

200m and have a temperature profile that follows the annual coastal cycle. In 

contrast, frontal cod show deep water migrations below 200m and express a highly 

variable temperature profile characterized by the habitats inhabited during feeding 

which often appear to be at temperature fronts where the warm Atlantic waters meet 

the cold Arctic waters. In this study the DSTs profiles were analysed with Cluster 

Analysis. The results demonstrate existence of an intermediate behaviour that 

expresses a variable depth profile and a feeding migration which is both shorter in 

time and not as deep as the frontal cod. The main objective of this study was to 

develop a morphological key based on otoliths to distinguish the ecotypes. The 

shape of the otoliths was extracted with shape measurements and Fast Fourier 

Transforms. The results of a discriminant function analysis indicated a difference in 

morphology between the ecotypes with a near 90% successful classification for the 

frontal and coastal cod, and 77% if the intermediate are also classified. 
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1 Introduction 

Knowledge of structure and dynamics of populations is essential for successful 

management of harvested stocks. Mismatches between simple management units 

(e.g. assuming panmixia) and the actual ecological complexity including population 

richness’s of harvested stocks can have serious consequences and lead to unequal 

exploitation of stock sub-units as well as erroneous estimations of stock sizes 

(Stephenson, 1999; Sterner, 2007; Marteinsdóttir and Pardoe, 2008; Reiss et al., 2009). 

Indeed, many commercially harvested fish stocks consist of smaller sub-units, with 

more complex, and diverse life history strategies than their management scheme 

implies (Begg and Marteinsdottir, 2000; Smedbol and Stephenson, 2001; Wright et al., 

2006; Kell et al., 2009). Important life history parameters that may differ between sub-

units include properties such as age-at-maturation, growth rate, condition, survival, 

abundance and distribution. All of which are important for accurate stock 

assessment and successful management (Begg et al., 1999). 

Otolith shape has proven to be an efficacious discrimination tool between stock 

units. Fish otoliths are species-specific in shape and their metabolically inert nature 

makes them immune to short-term changes, thus especially useful in morphometric 

analyses (Campana and Casselman, 1993; Begg et al., 2005). Both genetic and 

environmental factors affect otolith shape, but the latter is thought to have more 
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effects (Campana and Casselman, 1993; Lombarte and Lleonart, 1993). Otolith shape 

has been shown to differ between dispersed and resident components of winter-

spawning Celtic stock of Atlantic herring (Clupea harengus) (Burke et al., 2008), 

between stock components of the Horse mackerel (Trachurus trachurus L.) in the 

North-East Atlantic and Mediterranean (Stransky et al., 2008b), and between 

spawning populations of the Atlantic cod (Gadus morhua) in the North-Sea, and West 

of Scotland (Galley et al., 2006) as well as between the Northeast Arctic cod and 

Norwegian Coastal cod in Norway (Stransky et al., 2008a).  

Atlantic cod is characterized by a great population richness, with distinct sub-stocks 

exhibiting varying degrees of migratory behavior (Robichaud and Rose, 2004, and 

references therein). In Robichaud and Rose’s (2004) review of a century of cod 

tagging experiments in the North Atlantic, migration patterns from more than 500 

studies are classified into four behavior groups varying in their degree of migration 

and accuracy in homing denominated sedentary, accurate homers, inaccurate 

homers and dispersers. These patterns of behavior can be found all around the 

North Atlantic from western shores of North America to the North Sea and up the 

coast of Norway to the Arctic Ocean. 

Evidence of different migratory behaviors among the Icelandic cod population were 

first revealed by conventional tagging (Jónsson, 1996), and later confirmed by Data 
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Storage Tags (DSTs) which record the ambient temperature and depth (pressure) 

history of the fish (Pálsson and Thorsteinsson, 2003; Thorsteinsson and 

Saemundsson, 2006). The results from the DSTs indicate that Icelandic cod stock 

consists of fish with different degrees of migration during the feeding season. There 

are fish that stay at shallow depths all year round, identified as coastal cod and fish 

that migrate during winter feeding season towards deeper areas of the continental 

shelf. They also seem to be separated by depth during spawning (Grabowski et al., 

2011). The deep migrating type has been identified as frontal cod due to their 

behavior which was detected by the DSTs. The thermal profiles of the DSTs showed 

that these individuals tended to migrate into areas characterized by temperature 

fronts where mixing of the cold Arctic and warmer Atlantic water masses occurs 

(Malmberg and Kristmannsson, 1992; Valdimarsson and Malmberg, 1999). 

The main objective of this study was to relate otolith shape to the variation in the 

migrating behavior of cod in Iceland. Some success of using otolith shape as a 

discriminator between spawning groups of cod in Iceland has already been shown 

(Jonsdottir et al., 2006; Petursdottir et al., 2006). Genetic differences at the 

pantophysin I locus (Pan I) have also been revealed with individuals carrying the 

Pan IAA genotype being more often shallow and fish carrying the Pan IBB genotype 

being mostly of the deep migratory type (Pampoulie et al., 2006; Pampoulie et al., 
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2008; Arnason et al., 2009; Grabowski et al., 2011). The genetic difference was 

revealed by analysis on the same DSTs cod as is used in this study and here the 

otoliths will be used for shape analysis, applying two-dimensional shape 

characteristics as well as Fast Fourier Transforms of the otolith outline. The 

differentiating power of the otolith shape for the behavior types will be examined 

with a discriminant analysis applying Generalized Linear Models (GLM). The results 

will be put into context of the expanding observations of a complex, mosaic stock 

structure of the Atlantic cod in Iceland. 

2 Materials and methods 

2.1 Data Storage Tags  

The electronic data storage tags (DSTs) used in the present analysis come from 

annual spring tagging experiments, conducted in Icelandic coastal waters from 2002 

to 2005 by the Marine Research Institute (MRI) of Iceland, with tags manufactured 

by Star-Oddi, Reykjavík, Iceland (Pálsson and Thorsteinsson, 2003; Thorsteinsson 

and Saemundsson, 2006). Two different types of tags, differing mainly in their 

storage capacity, were employed. DST-Milli had a capacity of 10,000 to 21,000 

records of depth and temperature and DST-Centi 130,000 records. The tags were 

13mm x 39.4mm and weigh 9.2g (5g in water). All DST-Centi were programmed to 

measure depth and temperature every 10 min while the DST-Milli were set to record 
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either at 10 min or 6 hour interval with the aim of extending the time at liberty. The 

DSTs were surgically attached in the peritoneal cavity (for information on method 

see Website: http://www.hafro.is/catag/b-fish_tags_tagging/b13-

methods_section/b1302-conv-double-cod.html). V. Thorsteinsson with license No. 

0304-1901, issued by the Icelandic Committee for Welfare of Experimental Animals 

from the Chief Veterinary Office at Ministry of Agriculture, Reykjavík, Iceland, 

carried out all surgical operations for DSTs work. 

2.2 Behavior assignment 

Of all recaptured DST’s, 423 tags included successfully recorded profiles containing 

recordings of three parameters: temperature (°C), depth (m), and time (date and time 

of day). From these we calculated three values that were used to classify the cod 

according to behavior. These were daily range of temperature, daily range of depth, 

and daily mean depth. Temperature daily means were not exploited as that might 

produce undesired separation of fish that resided in the northern cold versus 

southern warm waters rather than by behavior. According to prior analysis of the 

DST profiles, the main difference in behavior found within the cod stock in Iceland 

takes place during the feeding season (June-January) (Pálsson and Thorsteinsson, 

2003; Thorsteinsson and Saemundsson, 2006). Fish with DST profiles that lasted at 

least from June to September (203 out of the initial 423) were used in the analyses. To 

http://www.hafro.is/catag/b-fish_tags_tagging/b13-methods_section/b1302-conv-double-cod.html
http://www.hafro.is/catag/b-fish_tags_tagging/b13-methods_section/b1302-conv-double-cod.html
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simplify  the large datasets, twelve 5.0m bins for range in daily depth (<1m, 1-5m, 5-

10m, ... 45-50m, >50m), nine 0.5°C bins for the range in daily temperature (<0.5°C, 

0.5-1.0°C ... 3.5-4.0°C, >4.0°C), and twelve mean depth bins (<20m, 20-40m, 40-80m, 

… 360-400m, >400m), were assigned. Each bin is given a number from 1-12 for the 

depth bins, and 1-9 for the temperature bins. Based on these the proportion of days 

spent at each bin was calculated. As a result,  each individual gets assigned three 

numbers, one for temperature and two for depth;  e.g. if the daily temperature range 

of an individual is 30% at <0.5°C, 30% at 0.5-1.0°C and 40% >4.0°C than the 

temperature number is calculated as: 0.3×1+0.3×2+0.4×9 = 4.5. Calculation of these 

numbers was carried out for each month, yielding a total of 36 estimates per year 

(3×12). The values were there after used in a Cluster Analysis (CA) with Euclidian 

distance measures and the Ward clustering method (Legendre and Legendre, 2012). 

This approach to the simplification of the data follows the one applied by Grabowski 

et al (2011). However, here all visual, a priori assignment of behavior was avoided, 

therefore removing all subjectivity in the approach. The difference between groups 

based on the CA was tested with ANOVA, with groups as the categorical variable, 

and absolute depth, and depth and temperature range as the response variable. 

Tuckey HSD test was then applied to get a posteriori comparison between the groups, 

as the resulting groups were more than two. 
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2.3 Otolith morphology 

High contrast, calibrated otolith images were captured with a microscope at 0.63x 

magnification linked to an 8 bit MediaCybernetics® PL-A662 digital camera 

powered by PixeLINK™ resulting in a dark two-dimensional otolith shape on a 

bright background. The right otolith was chosen and placed with the rostrum in the 

lower left corner. When only the left otolith was available, its image was flipped and 

transformed using standard image editing tools. Out of the 203 individuals that were 

at liberty long enough for their behavior to be analyzed, only 56 individuals had 

whole otoliths fit for the analysis. In an effort to increase the sample size, a method 

was developed by the authors, which involved gluing otoliths that had been broken 

by hand for aging (Bardarson et al., 2014). Using this method the sample size was 

increased to 86 individuals. Four measurements were taken on each otolith from the 

two-dimensional photos using ImageJ™ software: length, width, area, and 

perimeter. From these measurements additional four shape variables (roundness, 

aspect ratio, circularity and rectangularity) were calculated using previously 

described methods (Russ, 1990; Tuset et al., 2003, Table I). Finally, the outline of each 

otolith was automatically traced by ImageJ™ software using pixel gradient of the 

otolith silhouette.  
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Table I. The eight shape variables extracted from the otoliths, as defined by ImageJ software. 

Shape variables Definition (from ImageJ) 

Area Area of otolith, counted in pixels. 

Perimeter The length of the outside boundary of the otolith. 

Feret (length) The longest distance between any two points along the otolith 

boundary. 

Minimum Feret (height) The minimum caliper diameter. 

Aspect Ratio Feret / Minimum Feret 

Circularity Calculated with the formula:  4π*Area / Perimeter2. 

Roundness Calculated with the formula: 4*Area / (π*Feret2). 

Rectangularity The Area of the smallest rectangle enclosing the otolith / Otolith 

Area. 

Two hundred and fifty six equidistant points, given as (x,y) coordinates, were 

extracted from the outline of each otolith using the tip of the rostrum as a common 

starting point. These were treated as complex numbers x+iy and subjected to a 

Cartesian fast Fourier Transformation to obtain 256 Fourier Descriptors (FDs) 

(Lestrel, 2008). The FDs were standardized for rotation and size of the otolith by 

setting the 0th FD to zero and by dividing all the FDs with the first FD, respectively. 

The FDs were then transformed by converting the complex numbers into absolute 

values (modulus of the complex numbers), resulting in 256 harmonic numbers 

(Smith et al., 2002). The FDs have the quality that the more descriptors used to 
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describe the shape, the more closely it resembles the original shape. However, in a 

discriminant analysis it is appropriate to reduce the total number of FDs to an 

adequate amount that can explain enough of the variation. The minimum number of 

FDs needed to capture at least 90% of the shape variation in our study was 

calculated with the same procedure as described in Smith et al. (2002) 

2.4 Discriminant analyses 

All otolith parameters were tested for normality before included in the Discriminant 

Analysis. Since not all fish were recorded for length, and in some cases length 

measurements by fishermen could be contested, all variables were tested for otolith 

length correlation instead of the more commonly applied fish length correlation. 

Normalizing size related variables with otolith length has been discussed by 

Campana and Casselman (1993). They concluded that it might even be more 

appropriate giving the fact that otolith length is unaffected by intersample 

differences in preservation, shrinkage and distortion. Normalization was conducted 

with a procedure that uses a theoretically derived method based on the equations of 

allometric growth described by Lleonart et al. (2000). The method is based on the 

allometric power equation: 𝑌 = 𝑎𝑋𝑏, where a and b are both constants, and X is the 

size measure (here otolith length). The important difference between using this 

equation and the widely used approach of linear equation, Y = A +BX, is that in the 
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latter case the independent term A has no sense in morphometrics where at X = 0, Y 

must be 0 (Lleonart et al., 2000). Since otolith length is used here as a normalizing 

agent it will not be used in the discriminant analysis. The effect of age on the shape 

parameters was also analyzed using ANCOVA. Generalized Linear models (GLMs) 

were used to explore the difference between the two extreme groups from the 

behavior assignment results (Cluster Analyses) with binomial errors and a logit link 

function where behavior was treated as a binary response variable i.e. either coastal 

or frontal (Quinn and Keough., 2002). The significance of variables was evaluated by 

comparing all subsets of models and the best fitting one chosen with the Akaike 

Information Criterion (AIC). The best fitting GLM was then used to predict the 

behavior of all individuals based on their otolith shape, and the success estimated 

with correct classifications. 

 

 

 

 

 



68 

3 Results 

3.1 Assignment of Ecotypes 

 

Figure 1. Dendrogram of the Cluster Analysis results depicting pair-wise dissimilarity between 

individuals. The results indicate that cod in Iceland could be described as having a gradient in 

behavior according to the depth and temperature profiles of the DST tagged recaptures. There can 

be identified two main groups which differ mainly in the depth regime they reside in during feeding 

season, with one group (1 and 2) staying at shallow inshore areas, while the other (3 and 4) migrates 

offshore to deeper areas. The results also show a gradient to this behavior, represented by the 

secondary division in the dendrogram which separates the main inshore and offshore groups into 

four subgroups. These groups are named coastal, intermediate coastal, intermediate frontal, and 

frontal, to maintain consistency in naming of the first analyses of the DST recaptured cod (Palsson & 

Thorsteinsson, 2003; Thorsteinsson & Saemundsson, 2006). 
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Two main groups of behavior were identified with the CA (Figure 1). The main 

difference between these groups is linked to the depth measurements (depth range 

and mean depth) with one group being in shallow inshore waters, the other in deep 

offshore waters (Figure 2). 

 

Figure 2. The difference of variance in daily temperature (A), and depth (B) range, and mean daily 

depth (C), between the four groups which were formed in the Cluster Analysis in Figure 1. ANOVA 

and a Tukey’s Honestly Significant Difference test was used to test for difference between the four 

groups. There is a significant difference (p < 0.05, df = 3, 198) in all pairwise comparisons, except in 

temperature range per day, where only the frontal behavior measures different from the rest. 
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Both of these groups could also be further divided into two intermediate subgroups 

(Figure 1). These groups will be identified hereafter as coastal, intermediate coastal, 

intermediate frontal, and frontal, respectively based on their placement along a 

depth gradient from the shallowest to the deepest depth occupied, as well as to keep 

up with the nomenclature of former analysis of these DST data (Figure 2). The 

inshore group was divided into subgroups that differed mainly in both depth 

parameters but not the temperature range (Figure 2). The coastal type rarely 

migrated deeper than 100m while the intermediate coastal occupied depths between 

100 and 150m. The temperature profiles of both inshore types display a graduate rise 

in temperature reaching a maximum in late summer before cooling off again 

reaching a minimum late winter (Figure 3, red lines).The frontal group differed from 

the others by all three parameters. The intermediate frontal type stayed between 150 

and 200m, while the frontal type spent most of the time below 200m (Figure 2). The 

temperature profile of the frontal type contained a high fluctuation in daily range of 

temperature during most of the feeding season, while the intermediate frontal type 

had slightly less fluctuation. This is presented by a large standard deviation (Figure 

3, blue vertical lines). The depth at spawning did also differ between the ecotypes 

where the deep migrating individuals spawn deeper in the water column (Figure 3).  
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Figure 3. The annual, weekly mean depth (left panel) and temperature (right panel) profiles of the 

four groups identified by the Cluster Analysis in Figure 1. The dots are the mean values for each 

week and the vertical lines indicate the Standard Deviation (SD). The four groups are plotted with a 

slight shift so that they do not overlap, therefore it might seem that the lines start and end at 

different weeks, which is not the case. Spawning season is between week 10 and 20 the rest is 

considered as feeding season. Frontal cods (dark blue lines) undertake deep migration during 

feeding season and are well below 200m on average, while the intermediate frontal cod (light blue 

lines) can be found at around 200m on average. Coastal cod and intermediate coastal cod do not 

show vertical migration during feeding season and can both be found below or at around 100m 

depth. The temperature profiles of the frontal cods have larger SD and also stay more level on 

average than for the other types. Although not used in the Cluster Analysis, the four types due 

experience different mean temperature during feeding season. 

3.2 Discriminant Analyses 

The outcome of the Fourier reconstruction indicated that more than 95% of the 

original shape could be described by the eight largest Fourier Descriptors. As a 

result, of all the 256 Fourier descriptors, only these eight were used in the 

discriminant analysis. Otolith area, perimeter and minimum length were all 

significantly correlated with otolith size and were consequently rescaled before 

further analysis. The same three parameters tested significantly as covariates with 
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age (ANCOVA, p< 0.05). However, after standardizing the otoliths for length, the 

effect of age was no longer significant. 

Table II. Comparison of different otolith shape models to determine the behavior of cod in Iceland 

(N = 42). The models were compared by adding one parameter at a time, the degrees of freedom 

(df), the deviance and the P-value due to the last term added, are given. The Akaike Information 

Criterion (AIC) gives an estimate of the model fit. P values give the probability of chi-square variate 

equal to the deviance. The parameters in the final model were Fourier Descriptors (FD) 3 and 8, 

Circularity, Aspect Ratio, and Roundness. 

Model df Deviance P AIC 

*4: Behavior = FD3 + FD8 + Circ + AR + 

Round  

36 

4.0908 0.129 37.69 

3: Behavior = FD3 + FD8 + Circ 38 4.4143 0.036 37.78 

2: Behavior = FD3 + FD8 39 11.256 7.94 e-4 40.20 

1: Behavior = FD3 + FD8 40 12.386 4.33 e-4 49.56 

* No parameter addition to the third model measured significantly (P <0.05), however out of all 

possible combinations, model four had the lowest AIC. 

Therefore, all of the eight shape parameters and the first eight Fourier Descriptors 

were used in the complete GLM. The best model (AIC = 37.696) consisted of two 

Fourier Descriptors, FD3 and FD8, along with three shape variables, Roundness, 

Aspect Ratio and Circularity (Table II). The equation based on the estimated values 

for the intercept and the corresponding regression coefficients is:  

)6.389.925.33638.12688.2576.388exp(1

)6.389.925.33638.12688.2576.388exp(
)(

yCircularitARRoundnessFDFD

yCircularitARRoundnessFDFD
CoastalP
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The GLM was very good at predicting the ecotypes of the coastal and frontal cod 

(91% and 90% correct respectively, Table III).  

Table III. Classification success (%) of the 86 otoliths to behaviour type by the GLM predicted results 

of behaviour based on otolith shape. Bold numbers indicate classification success for correctly 

classified cod, given a cut-off prediction value of 0.5, i.e. all below that value were classified as 

frontal the rest as coastal.  

  Behaviour types based on DST profiles 

Predicted behaviour 

type 

 frontal 

(n=19) 

int. frontal 

(n=23) 

int. coastal 

(n=21) 

coastal 

(n=23) 

frontal  90 57 48 9 

coastal  10 43 52 91 

 

The four individuals that were wrongly classified, (two frontal and two coastal) 

were not obviously different from the rest, e.g. they were not older or younger, not 

exclusively from one part of Iceland, and represented both sexes. The intermediate 

behaving cod, according to the DST CA, were classified by otolith morphology to 

either of the main behavior types with a success of only 64% (Table III). Correct 

classification of intermediate behavior types was defined such that all intermediate 

frontal with a predicted value below 0.5 were considered correctly classified while 

the rest as incorrectly classified, and vice versa for the intermediate coastal. The 

overall success rate for all four behavior types is, therefore, 77%. However, since the 
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behavior of the intermediate groups is as the name implies intermediate compared 

to the frontal and coastal groups it might be incorrect or at least inaccurate to use the 

0.5 prediction value to estimate correct assignments for these individuals.  

 

Figure 4. The inverse Fast Fourier Transformation reconstruction of the otolith shape, averaged over 

each of the four behavior groups. In the upper-left panel, all four groups are compared and it can be 

seen that there is gradient from being more round (coastal) to flatter and more elongated shape 

(frontal). On average the frontal otoliths have smaller values when calculated for Roundness than 

the coastal. The other three panels are plotted to ease the visual comparison between the groups.  

The otolith shape was reconstructed using the inverse value of the Fourier 

Descriptors (Figure 4). The average shape of the otoliths from deep migrating cod 

(frontal and intermediate frontal) was more elongated or flatter. In contrast, the 
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otoliths of the shallow individuals (coastal and intermediate coastal) were more 

round (Figure 4).There is an apparent gradient in the otolith shape with the 

intermediate types having a shape that is on average in-between the shape observed 

by the two extreme ecotypes, with the intermediate frontal closer to the frontal shape 

and the intermediate coastal closer to coastal in shape (Figure 4). 

4 Discussion 

4.1 Successful Discriminant Analysis 

In this study we demonstrated how the different ecotypes of cod in Iceland can be 

easily distinguished by otolith shape as a key. The success rate of correctly classified 

individuals of the two extreme behavior types, coastal and frontal was 90% and 77% 

when the intermediate types were also included. This is the first time that a method 

has been developed that can be used to discriminate between ecotypes of Icelandic 

cod for all individuals. Until now the Pantophysin I locus could be applied but only 

for homozygotes leaving almost half of the population, the heterozygotes, 

unidentified. This is also the first time that full attention has been put on the 

individuals displaying intermediate behavior. Until now the assignment of 

individuals into ecotypes has been based on duration of time spent below the 200m 

depth level however this has not always been consistent. Palsson and Thorsteinsson 

(2003) based their categorization on describing shallow-water cod as individuals that 
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spent most of their time, >90%, at depth less than 200m. In a study looking at the 

relationship between migration behavior and the Pantophysin locus, Pampoulie et al 

(2008), classified the shallow water coastal as an individual spending >70% of the 

time at depths less than 200m. In another study describing vertical separation of 

ecotypes during spawning, Grabowski et al (2011), used the >90% time limit 

criterion. Finally in Thorsteinsson et al (2012) the definition of a coastal behavior was 

based on criterion where the cod spent at least 70% of their time in shallow waters 

while the cod displaying frontal behavior were those that had migrated during 

feeding season to depths between 250 – 600m. In that study 12% (5 out of 41) of 

individuals were classified as coastal but were recorded at depth > 200m and 

therefore termed intermediate but still it was stated that real intermediate characters 

were not found (Thorsteinsson et al., 2012). In the current study, we used Cluster 

Analysis based on pair-wise comparisons to avoid the application of-a-priori cut-off 

values. Better resolution of the overall behavior of cod was accomplished by 

comparing the individual behavior to all other individuals. This method revealed 

the relative placement of each individual on the gradient seen in the behavior 

pattern (Figure 2). This approach established the existence of the two corresponding 

ecotypes of cod, coastal and frontal, having intermediately behaving subgroups. 
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4.2 Environmental effect 

The purpose of this study was not to analyze the underlying factors that affect 

otolith shape. However, it is interesting to see that the otolith shape seems to follow 

a gradient that is somewhat similar to body morphology (see below). This can be 

seen graphically by reconstructing the shape of the otoliths by using the average FFT 

for each of the four groups. The coastal types (Figure 4, dark orange otolith) display 

on average a higher value of roundness and are therefore deeper and rounder in 

shape compared to the frontal types (Figure 4, dark blue otolith). The intermediate 

types line up in-between with intermediate coastal closer to coastal in shape (Figure 

4). In the study on body shape Pan IBB cod were more streamlined in shape, and with 

lower aspect ratio, while Pan IAA cod had deeper bodies and higher aspect ratio 

(McAdam et al., 2012). The Pan IAB individuals expressed an intermediate body 

shape. As already mentioned the Pan IBB types have been shown to be associated 

with the deep migration behavior, while Pan IAA types are coastal (Pampoulie et al., 

2008). The slim body shape of Pan IBB might indicate that some factor is acting on the 

deep migrating cod that makes it an advantage to be streamlined. The oceanography 

of Iceland is influenced by cold Arctic water flowing from the north and warmer 

waters transported with strong currents from the south, and the thermal fronts that 

form where these two water masses meet.  The velocity of the currents in the deep 
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ocean, especially in the frontal zone formed north-west of Iceland in the Denmark 

strait where many of the frontal types migrate, can be high (Aagaard and Malmberg, 

1977; Våge et al., 2013). This environment in the deep sea might be acting as a 

shaping force on the cod in such a way that they need to be streamlined to overcome 

these currents. Shape differences linked to slow and rapid water currents was found 

in Atlantic salmon which made Pez et al. (2008) conclude that streamlined and robust 

shapes might be important for individuals exploiting resources within rapid water 

current conditions. Another possibility is that the shallow coastal types are more 

sedentary than the deep migrating types and that longer distance and more active 

swimming behavior might be acting as a shaping force (Webb, 1982; Boily and 

Magnan, 2002). This difference in activity of migration cannot, however, be verified 

with the raw data from the DST profiles alone, since the tags only record 

temperature and depth, not actual location. We have an example from a DST tagged 

cod that exhibited a coastal behavior in the DST profiles, but the tagging location 

was in the south while the recaptured location was considerable distance away north 

of Iceland. This indicates that coastal cod may undertake long distance migrations, 

in a similar manner to the frontal types. The DST data can, however, be analyzed in 

relation to tidal wave patterns to try to locate the swimming path of the fish and 

therefore estimate the distance of the migrations. This has been done successfully for 
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DST tagged cod in the North Sea (Wright et al., 2006; Pedersen et al., 2008), as well as 

in the Gulf of Maine (Gröger et al., 2007). This has also been applied to DST tagged 

cod in Iceland with results that seem to indicate that most of the coastal cods are 

sedentary in nature, but also that some indications of considerable travel range along 

the coast were observed among coastal cod (Thorsteinsson et al., 2012). It might also 

explain why some of the otoliths are wrongly classified, i.e. as mentioned before it 

might be that the otoliths from the coastal cod that were identified as frontal 

originate from cod traveling long distances, and vice versa. 

4.3 Studies using otolith shape 

The application of otolith shape in stock discrimination has been demonstrated 

successfully in many other cases, although it hasn’t been widely used as a routine 

part of stock assessments. For the purpose of stock assessment, the Norwegian 

Coastal Cod (NCC) and Northeast Arctic cod (NEAC) are identified visually by the 

shape of the first two annuli. This difference was first discovered by Rollefsen (1933) 

and is routinely applied by otolith age-readers to discriminate between the NEAC 

and the NCC (Berg et al., 2005). Stransky et al (2008a) recently compared the 

identification of stock components by the age-readers using the method described 

above with the outer shape of the otoliths, and found a good consensus between the 

two methods. Other species stock components have also been discriminated by the 



80 

otolith shape. The resident and migration component of the Celtic Sea herring was 

distinguished based on otolith shape with a high level of classification success (97%) 

(Burke et al., 2008). European and North American stocks of Atlantic salmon were 

discriminated with a 88% success, while stocks within these two were classified with 

less success (Friedland and Reddin, 1994). Stransky et al. (2008b) applied elliptical 

Fourier Transforms on otolith shape of horse mackerel and found a good separation 

between stocks in the Northeast Atlantic and Mediterranean.  

Furthermore this is not the first time that otolith shape has been used to discriminate 

among groups of cod in Iceland. Jonsdottir et al (2006) looked at the differences in 

otolith shape between spawning groups of cod in Iceland. The highest reported 

success rate was 44%. However, they rightly pointed out that most of the cod that 

was wrongly identified were mostly classified to a nearby spawning location, 

meaning that otoliths could be used to identify between cod from different 

spawning regions such as north and south of Iceland or between areas of different 

depths such as the shallow and deep water spawning sites at the SW coast of 

Iceland. The major part of the discrimination between the north and the south 

spawning cod was explained by otolith size parameters, i.e. weight, area and length, 

while shape parameters contributed little to the separation (Jonsdottir et al., 2006). 

This is contrary to our results were most of the variation is explained by Fourier 
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Descriptors and shape parameters, i.e. Aspect ratio, Roundness and Circularity 

(Table II). What needs to be understood is that Jonsdottir et al (2006) did not have 

access to the DTS tags used in this study or any other information on the behavior of 

the cod outside the spawning areas. Therefore, it is quite likely that their 

observations were based on groups of mixed ecotypes as it appears that both 

shallow and the deep water ecotypes home into similar spawning locations even 

though they spawn at different depths in the water column (Grabowski et al., 2011; 

Thorsteinsson et al., 2012). The only exception to this may be the cod that spawn at 

the deepest areas along the slopes, i.e. the cod that were discriminated from the 

shallow spawning cod in Jónsdottir et al (2006). These cod do likely represent the 

frontal ecotype as most of those have been shown to be Pan IBB (Pampoulie et al, 

2008). Similarly, Petursdottir et al. (2006) did also separate these deep water 

spawning cod from those in more shallow waters, using similar techniques in otolith 

shape analysis as used in this paper.  

Conclusion 

The present study reveals that otolith shape can be successfully used to distinguish 

between different ecotypes of cod. Otolith shape analysis is a straight forward 

method that can be applied to samples form the harvested stock either in the 

laboratory or onboard research vessels. As different ecotypes of cod do clearly utilize 
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the ecosystem in a different way and may represent sub-populations that vary in 

size and abundance independently of each other, this discrimination technique may 

assist in further exploration in to the nature and origin of the different ecotypes.  
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Abstract 

Three different shape discriminating functions (DFs) were developed based on 

otoliths from Icelandic cod (Gadus morhua) tagged with data storage tags (DSTs). The 

temperature and depth recordings of 86 DSTs were used to identify individual 

behaviour and assign each to one of four possible ecotypes, Coastal, Intermediate 

Coastal, Intermediate Frontal or Frontal.  Generalized linear models were applied to 

develop three sets of DFs based on different shape descriptors: fast Fourier 

transform (FFT), elliptic Fourier transform (EFT), and a Wavelet transform (WT), 

along with aspect ratio, otolith roundness and otolith circularity. The DFs were 

evaluated by their success in assigning to ecotypes. The difference between ecotypes 

seems to lie more in the overall otolith shape rather than in finer scale details. For 

this reason the WT performed poorly while the two Fourier transforms gave better 

results, in contrast to results seen in other species.  The DSTs depth and temperature 

profiles from individuals wrongly classified using the Fourier transforms were 

analysed to further estimate their performance.    
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1 Introduction 

Otoliths, the calcified structures found in the inner ears of fish, possess properties 

that are important for modern applied ichthyology. The most important being the 

age-reading property first discovered by Reibisch (1899) which soon after 

established otoliths as one of the key items sampled during annual surveys and 

many studies on fish or fisheries related questions as well (Campana and Neilson, 

1985; Begg et al., 2005). Otolith shape is another property that has increasingly been 

used by ichthyologists that, due to its species-specific nature, apply it for stock 

discrimination purposes. Otolith shape has been used in studies involving analysis 

of stock structure of e.g. different spawning stocks of herring (Messieh, 1972; 

Libungan et al., 2015), haddock (Begg and Brown, 2000), mackerel (Castonguay et al., 

1991; Stransky et al., 2008b), and cod (Campana and Casselman, 1993; Galley et al., 

2006; Jonsdottir et al., 2006; Petursdottir et al., 2006). Recently otolith shape was 

found to differ between ecotypes of cod in Iceland characterized by different 

migratory behaviour (Bárðarson et al., Unpublished). Based on outputs from data 

storage tags (DST’s), the ecotypes differ with respect to depth preference during 

feeding seasons whereby one stays in relatively shallow coastal waters while the 

other one migrates into deep offshore waters. The shallow cod has been identified as 

coastal cod and the deep migrating cod as frontal (Pálsson and Thorsteinsson, 2003). 
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Further analysis of the DSTs profiles revealed intermediate behaving cods that were 

found at intermediate depths (Thorsteinsson and Saemundsson, 2006; Grabowski et 

al., 2011; Bárðarson et al., Unpublished). The otoliths of the coastal type were found 

to be rounder and deeper in shape, while the frontal type possessed more elongated 

or flatter otoliths.  Furthermore, the otolith shape of intermediate behaviour types 

was found to be in-between these two aforementioned types (Bárðarson et al., 

Unpublished). 

When using otolith morphology to discriminate between stocks and populations, the 

different methods chosen can influence successfulness of the discrimination. Fourier 

transforms represent the most well established method of shape analysis. However, 

other studies have also suggested other methods such as Elliptic Fourier and 

Wavelet Transformations (Campana and Casselman, 1993; Parisi-Baradad et al., 2005; 

Sadighzadeh et al., 2012). As an example, a study on herring (Clupea harengus) 

(Libungan et al., 2015), found wavelets to have more power to discriminate 

populations and they suggested that this method should be universally adopted.  

In this study we will use the same set of otoliths as were employed in the study by 

(Bárðarson et al., Unpublished). The main purpose is to directly compare the 

different methods discussed above to evaluate the discrimination success of each one 

and explore the potential differential when employed to different taxa.  
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2 Material and methods 

The 86 otoliths from DSTs Icelandic cod were prepared and photographed according 

to the procedure explained in (Bárðarson et al., Unpublished). The aspect ratio (OA), 

roundness (OR), and circularity (OC) of the otoliths were measured using ImageJ™ 

software (Schneider et al., 2012). These shape variables are calculated from the length 

(Feret), width (minimum Feret), Area and Perimeter (Table I).  

Table I. The shape variables extracted from the otoliths, as defined by ImageJ ™ software. Only the 

Aspect Ratio, Circularity and Roundness are required for the discriminant function. 

Shape variables Definition (from ImageJ) 

Area Area of otolith, counted in pixels. 

Perimeter The length of the outside boundary of the otolith. 

Feret (length) The longest distance between any two points along the otolith 

boundary. 

Minimum Feret (height) The minimum caliper diameter. 

Aspect Ratio Feret / Minimum Feret 

Circularity Calculated with the formula:  4π*Area / Perimeter2. 

Roundness Calculated with the formula: 4*Area / (π*Feret2). 

 

The FFT coefficients were extracted from the photographs using a built in function 

within the stats-package in the statistical software R (R Core Team, 2014), the 

function is based on Singleton (1979). The EFT and WT were performed on the same 

photographs as for the FFT, but using the shapeR packages in R (Libungan and 

Palsson, 2015). All transforms involve automatic tracing of the otolith outline which 
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was achieved by increasing the contrast of the photographs so that the otoliths 

appeared as black silhouettes on a white background. This was accomplished both 

optically by having a bright light source below the otolith during photographing, 

and by adjusting the exposure, and also digitally by post-processing with the 

ImageJ™ software.  The boundary between black and white pixels was used to trace 

the outline of the otoliths which was accomplished automatically with the ImageJ™ 

software. The output was a series of x and y coordinates that were transformed in 

different manners for each of the analytical methods. FFT involves transforming two 

hundred and fifty six equidistant points that are treated as 256 complex numbers 

where x is the real and the y is the imaginary component (x+yi) into 256 Fourier 

descriptors (FDs) (Lestrel, 2008). From these the absolute value, usually referred to 

as the harmonics, were used (Smith et al., 2002). The shapeR package generates 32 

EFT harmonics, which are composed of four coefficients each, resulting in 128 

elliptic Fourier descriptors (EFDs) for each individual (Kuhl and Giardina, 1982). 

Finally 10 Wavelet levels are generated with the shapeR package, which results in 

210 wavelet coefficients (WC).  For all methods the first few descriptors suffice to 

explain most of the shape and so only 20 coefficients were chosen from each method 

for further analysis, as these could explain more than 98% of the original shape 

according to the reconstruction method described in Smith et al. (2002). Both of the 
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Fourier methods have the inherent ability to normalize the otolith images in regards 

to orientation and size of the otolith. This is achieved by setting the 0th harmonic to 

zero, and by dividing all harmonics with the 1st one, respectively for the FFT. For the 

EFT the first coefficient is fixed to 1 to normalize for size and the second to zero for 

orientation. Additionally, the harmonics of the EFT can be normalized for starting 

point by setting the 3rd coefficient to zero, while this has to be done manually by a 

selection from a mouse click before outline extraction for the FFT (Kuhl and 

Giardina, 1982; Lestrel, 2008). The tip of the rostrum was chosen as a starting point 

of outline extraction for this analysis.  For the Wavelet analysis the shapeR package 

has a function that normalizes the rotation of the otolith by placing the longest axis 

of the otolith, measured as the longest distance between any given points of the 

outline, to be at a horizontal angle (Libungan and Palsson, 2015). This also ensures 

the starting point is similar between otoliths by starting at 0° angle. ANCOVA was 

used to test for any correlation of the descriptors and shape variables with otolith 

length (allometric effect), and if needed normalized by taking the natural logarithm 

of the allometric power equation: Y=aXb described by Lleonart et al. (2000).  

Three separate discrimination functions were created, with a combination of each of 

the transforms and the two dimensional shape variables. The set of coefficients to be 

used for each discrimination function was determined with a stepwise automatic 
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procedure involving removal of one coefficient approach with generalized linear 

model (GLM) making use of the Akaike information criterion (AIC) (Quinn and 

Keough., 2002). The models with the lowest AIC were chosen as the discriminant 

function. The GLMs were developed with the coastal and frontal types as binary 

response variables applying a logit-link function. The outputs of the GLMs were 

prediction values from 0-1 and indicated the probability of the individual behaviour 

based on its otolith shape. The closer the prediction value was to one the more likely 

it was coming from a coastal type cod, and thus the closer to zero it was the more 

chance it was from a frontal cod. Prediction values were thus divided into two 

categories: 0-0.5 = frontal and 0.5-1 = coastal. Validation of the GLM classification 

success was also tested with a leave-one-out liner discriminant analysis (LDA).  

Finally the wrongly classified individuals with the FFT and EFT methods were 

further analysed by looking at the DSTs profiles both for mean temperature and 

mean depth. Here we used more detailed categories for the prediction values: 0-0.25 

= frontal, 0.25-0.5 = intermediate frontal, 0.5-0.75 = intermediate coastal and 0.75-1= 

coastal. This was to get more resolution with the DSTs profiles and to see if the 

gradient in behaviour was reflected in a similar gradient in the prediction values.  
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3 Results 

The minimum AIC model for the FFT involved two FDs (FD3 and FD8 along with 

OA, OR and OC (model I, AIC = 37.70). The EFT model involved five EFDs: 6, 7, 14, 

15, and 19 (model II, AIC = 39.65).  

exp (−388.6+257.8×𝐹𝐷8+126.8×𝐹𝐷3+336.5×𝑅𝑜𝑢𝑛𝑑.+92.9×𝐴𝑅+38.6×𝐶𝑖𝑟𝑐.)

1+exp (−388.6+257.8×𝐹𝐷8+126.8×𝐹𝐷3+336.5×𝑅𝑜𝑢𝑛𝑑.+92.9×𝐴𝑅+38.6×𝐶𝑖𝑟𝑐.)
           (Model I) 

1 −
exp(7.7+216.3×𝐸𝐹𝐷15−78.1×𝐸𝐹𝐷6+40.1×𝐸𝐹𝐷7 +147.7×𝐸𝐹𝐷19+215.9×𝐸𝐹𝐷14)

1+exp(7.7+216.3×𝐸𝐹𝐷15−78.1×𝐸𝐹𝐷6+40.1×𝐸𝐹𝐷7 +147.7×𝐸𝐹𝐷19+215.9×𝐸𝐹𝐷14)
      (Model II) 

Wavelet coefficient 11 was the only one that tested significantly different between 

behaviour types (AIC = 54.27). The WT shape descriptors assigned individual to a 

behaviour type with only 57% success rate, according to a validation by leave-one-

out LDA, and therefore not analysed any further. The GLM behaviour predictions of 

the FDs and EFDs were on the other hand much better with a success rate close to 

90% when looking at the coastal and frontal types only. When the intermediate types 

were also included the success rate was lower and comparing the two the EFDs 

performed a little bit better than the FDs (Table II). When validated with the leave-

one-out LDA the overall success of the discriminating methods measured as 81% for 

EFDs and 77% for FDs. The individuals that were wrongly classified were not the 

same between the EFT and the FFT. Coastal behaving individuals were wrongly 
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classified in two cases one as int. frontal and one as frontal for both EFT and FFT 

(Table II).  

Table II. Classification of individuals based on their otolith shape using discriminant functions (DFs) 

based on Generalized linear models with shape coefficients generated by applying Elliptic Fourier 

Transform (top half) and Fast Fourier Transform (bottom half). The behaviour of the individuals was 

known a-priori by analysing depth and temperature profiles from Data Storage Tags (DSTs) 

(Bárðarson et al., Unpublished). The predicted value ranges indicate the probability (0-1) of the 

otolith coming from a Coastal cod. Correct assignments based on the cut-off value 0.5 are shown in 

bold, and the overall success rate within brackets.  

Otolith shape 

predictions values 

Behaviour determined from DST profiles 

Coastal 

Intermediate 

Coastal 

Intermediate 

Frontal Frontal 

Fast Fourier     

Coastal (>0.75) 19  9  5  0  

Int. Coastal (0.5-0.75) 2  4  3  2  

Int. Frontal (0.25-0.5) 1  3  6  3  

Frontal (<0.25) 1  5  9  14  

Overall (F<0.5>C)  23 (91%) 21 (62%) 23 (65%) 19 (89%) 

Elliptic Fourier     

Coastal (>0.75) 20  9  8  0  

Int. Coastal (0.5-0.75) 1  4  1  1  

Int. Frontal (0.25-0.5) 1  4  8  6  

Frontal (<0.25) 1  4  6  12  

Overall (F<0.5>C) 23 (91%) 21 (62%) 23 (74%) 19 (95%) 
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Continued 

    

Wavelet Transform     

Coastal (>0.75) 7 1 6 1 

Int. Coastal (0.5-0.75) 9 14 10 8 

Int. Frontal (0.25-0.5) 7 5 3 7 

Frontal (<0.25) 0 1 4 3 

Overall (F<0.5>C) 23 (69%) 21 (71%) 23 (30%) 19 (53%) 

When these individuals were compared the two discriminating methods were 

noticeable different with the individual wrongly classified as frontal, applying the 

EFT, both swimming deeper and at a colder range than the individual identified as 

frontal using the FFT (Figure 1, bottom panel, black line). Similarly, two frontal 

behaving individuals were wrongly classified as int. coastal with the FFT, but only 

one with the EFT (Table II). The wrongly classified individual with the EFT showed 

an interesting migration towards shallower depths at the beginning of week 30 (end 

of July) but migrated back to deeper waters close to week 40 (end of September), 

which is not typical for frontal behaviour (Figure 2, top panel, green line). On the 

other hand, the frontal individuals identified as int. coastal with the FFT showed 

behaviour that was more in line with a typical frontal behaviour (Figure 2, bottom 

panel, green line). 



 

101 

 

Figure 1. Average DST profiles of the Coastal behaving individuals coloured according to 

the predicted probability of their behaviour based on EFT (top panel) and FFT (bottom 

panel). Depth profiles are to the left and temperature profiles to the right; both plotted as 53 

average points (week 0-52) along with standard deviation (vertical lines). The number of 

individuals behind each line is different. Top panel; 1 Frontal, 1 Int. Frontal, 1 Int. Coastal, 

and 20 Coastal predicted individuals. Bottom panel; 1Frontal, 1 Int. Frontal, 2 Int. Coastal, 

and 19 Coastal predicted individuals. The legend keys shown on the top-left graph is the 

same for all graphs.  
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Figure 2. Average DST profiles of the Frontal behaving individuals coloured according to 

the predicted probability of their behaviour based on EFT (top panel) and FFT (bottom 

panel). Depth profiles are to the left and temperature profiles to the right; both plotted as 53 

average points (week 0-52) along with standard deviation (vertical lines). The number of 

individuals behind each line is different. Top panel; 12 Frontal, 6 Int. Frontal, and 1 Int. 

Coastal predicted individuals. Bottom panel; 14 Frontal, 3 Int. Frontal, and 2 Int. Coastal 

predicted individuals. The legend keys shown on the top-left graph is the same for all 

graphs.  
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4 Discussions 

The results indicate that both the Fourier methods are good in predicting the 

behaviour of the coastal and frontal cod, and that the intermediate behaving 

individuals can be assigned to both ends of the behaviour gradient (Table II). The 

Wavelet Transforms were, on the other hand, not very good for predicting the 

behaviour with less than 60% success rate. This could be explained by the fact that 

the difference between the coastal and the frontal individuals lies in the elliptical or 

elongated (frontal) vs. round (coastal) shape of the otoliths but not in a precise 

location along the otolith outline (Bárðarson et al., Unpublished). This contrasts 

completely with the results of Libungan et al. (2015). They found that Wavelet 

coefficients captured better the variation in herring otolith shape between different 

stocks than Elliptic Fourier coefficients. The main difference among populations was 

found at the Excisura major area of the otoliths. These contrasting results might be 

explained by the fact that the Fourier methods capture better difference in overall 

shape as these are based on fitting harmonic functions to the whole outline of the 

otolith, while the Wavelets are more in line with discreet landmark analysis and 

therefore better for finding localized differences in shape (Parisi-Baradad et al., 2005; 

Lestrel, 2008; Stransky et al., 2008b; Sadighzadeh et al., 2012).  
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The rate of success between the two Fourier methods was not very different (Table 

II); with the EFT getting a slightly better result than the FFT. However, when the 

wrongly classified individuals were analysed there was a considerable difference 

between the methods. The incorrect classifications of the EFT involved the deepest 

migrating coastal individual as being frontal (Figure 1), and a partly shallow 

migrating frontal individual as intermediate frontal (Figure 2, top panel). The fact 

that these individuals were wrongly classified comports well as these could 

arguably be showing an outlying behaviour. The wrongly classified FFT individuals 

were, on the other hand, behaving in line with the average pattern of their group 

and showed therefore no reason to be classified wrongly (Figure 1 and 2, bottom 

panel). 

Together the success rate of the two Fourier methods and the analyses of the 

wrongly classified individuals indicate that the EFT is giving better results than the 

FFT. Also since the EFT method has the ability to standardize the analyses for otolith 

size, orientation and starting point (Kuhl and Giardina, 1982), while the FFT has to 

rely on manual inputs of starting points, the EFT is a better option in regards to 

reproducibility. The two methods need, however, to be validated with a larger 

sample size since a cross validation of an internal sample is not the ideal approach. 

The best procedure for such a validation would be to tag more cod with DSTs but 
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that comes with the defect of being both time consuming and expensive. Another 

validation approach would be to compare the otolith prediction with another 

marker, such as the Pantophysin I  (Pan I) genotype, which has been shown to follow 

migrating behaviour with Pan IAA individuals being more present in the coastal cod 

while the frontal are more often of the Pan IBB type (Pampoulie et al., 2008). 

Comparison between the Pantophysin I genotypes and the outer otolith shape of the 

Norwegian Coastal Cod and North East Arctic cod in Norway, which show a similar 

migrating behaviour and Pan I genotype frequencies as the coastal and frontal cod in 

Iceland respectively, has been tested before with good results (Stransky et al., 2008a). 

If the otolith shape will be validated successfully as a key for identifying behaviour 

of cod in Iceland, the next step should be to analyse the life-history differences 

between the behaviour types. This could be done both by looking into extensive 

otolith archives of the Marine Institute and by putting an effort into contemporary 

sampling of otoliths. Difference in life-history, such as difference in growth rate, age 

at maturity, spawning behaviour, condition and fishing pressure have already been 

indicated with earlier studies (Jónsdóttir et al., 2001; Jonsdottir et al., 2008; Pampoulie 

et al., 2008; Pardoe et al., 2008; Grabowski et al., 2011; Jakobsdóttir et al., 2011). If this 

would be confirmed with such an otolith shape study then there will be a strong 
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reason for taking this difference into consideration when planning of the fisheries 

management is conducted. 

Finally, there is a reason to advocate that when any method is applied for 

population discrimination, based on otolith shape or any other medium, that efforts 

to ground truth the applicability of such methods are based on solid and good data. 

Here we are looking at otolith shape differences between ecotypes of cod in Icelandic 

waters, and by using DST cod we can be certain that our grouping of individuals is 

correct with respect to behaviour and habitat selection.  
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Abstract 

Results of tagging experiments using Data Storage Tags (DSTs) has revealed two 

ecotypes of cod in Icelandic waters, called coastal and frontal cod. Furthermore, two 

intermediate types have also been identified, intermediate coastal and intermediate 

frontal. The ecotypes differ in their depth preferences during feeding season and 

have distinct temperature history easily recognized by their DSTs profiles. These 

ecotypes have been shown to differ in otolith shape and allelic frequencies at the 

Pantophysin I locus (Pan I). In the present study we investigated the relationship 

between the otolith shapes and Pan I genotypes in order to validate the otolith based 

classification of the ecotypes of cod in Icelandic waters. Elliptic Fourier Transforms 

of the otolith shape were employed. The results indicate that there is a considerable 

correlation between otolith shape and the Pan I genotypes. Otoliths that were 

predicted to be from individuals with a coastal behavior type were in majority of the 

Pan IAA genotype and otoliths with the shape of frontal behavior were mostly of the 

Pan IBB genotype. Individuals of the Pan IAB genotype were equally divided between 

the two behavior types based on their otolith shapes. The results establish otolith 

shape as a good key for discriminating between ecotypes of cod in Icelandic waters. 

The results also suggest either that otolith shape has a direct link to genetic structure 

or, more likely, that life history differences, even from early life environments, have 

a molding effect on otolith shape.   
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1 Introduction 

Management of fish stock should always be based on clearly established 

management units, e.g. stocks, which should ultimately be defined with sound 

biological information. Failing to recognize sub-structure or sub-populations within 

current management units can lead to a loss of biodiversity and threaten the overall 

sustainability of the fisheries (Ruzzante et al., 1999; Stephenson, 1999; Frank and 

Brickman, 2000; Hutchinson, 2008). Complex population structure and sub-units of 

many stocks has been revealed through the implementation of different methods 

including tag-recapture studies (Robichaud and Rose, 2004), parasite abundance 

(Hutson et al., 2011), life history traits variation (Begg et al., 1999), body morphology 

(McAdam et al., 2012), otolith morphology (Campana and Casselman, 1993), otolith 

chemistry (Campana et al., 2000), and genetic markers (Karlsen et al., 2013). While 

genetic differentiation is the obvious tool to be used in defining intra-stock 

structures (Carvalho and Hauser., 1994; Hauser and Carvalho, 2008; Reiss et al., 2009, 

and references therein), phenotypic differences, such as the aforementioned, can 

assist fisheries managers to reveal important population structures that might be 

genetically masked by high levels of gene flow (Begg and Waldman, 1999). 

Phenotypic diversity between groups of individuals can arise in a respond to 

differences in environment, even though genetic differences are not established 
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(Swain and Foote, 1999 and references therein). This ability to adapt through 

phenotypic alteration to local environment and differences in life history patterns 

can be vital to species perseverance. Conserving phenotypic diversity within species 

can be seen as equally important as the widely accepted conservation of between 

species diversity, and preserving it should be an important part of a successful 

management (Schindler et al., 2010). 

Atlantic cod (Gadus morhua) is commercially one of the most important species in the 

North Atlantic. It displays high variation in all life history traits and existence of 

different or partially separated spawning components has been frequently reported. 

Knowledge on the component structure is of high importance for its sustainable 

management (Frank and Brickman, 2000; Smedbol and Stephenson, 2001). Evidence 

for this diversity or “population richness”, as Sinclair and Derrick Iles (1988) termed 

it, has been demonstrated by a number of studies focusing on genetic-, 

morphological, growth, behavioral or phenotypical variation in all areas of the 

North Atlantic (see e.g. Sinclair and Derrick Iles, 1988; Ruzzante et al., 1996; 

Marteinsdottir et al., 2000; Pampoulie et al., 2006b; Pampoulie et al., 2011; Hemmer-

Hansen et al., 2013). 

Tagging studies of cod in Icelandic waters, applying Data Storage Tags (DSTs), have 

revealed two ecotypes which can be identified from temperature and depth profiles 
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of the DSTs. A coastal ecotype that resides in relatively shallow waters (<200m) 

throughout the year, and a frontal ecotype that undertakes deep migrations (>200m) 

towards frontal areas northwest and southeast of Iceland (Pálsson and 

Thorsteinsson, 2003; Thorsteinsson et al., 2012). More detailed analyses of the DST 

data identified two intermediate ecotypes (Bárðarson et al., Unpublished-b). Genetic 

divergence at the synaptophysin (Syp I) locus among Norwegian coastal cod (NCC) 

and north-east Arctic cod (NEAC) was first reported by Fevolden and Pogson (1997). 

This same locus, now called Pantophysin (Pan I), has since been thoroughly studied 

and was found to be strikingly distinct between the ecotypes in Iceland with Pan IAA 

genotypes being mostly coastal and Pan IBB mostly frontal (Pampoulie et al., 2008). 

This is the same pattern of genetic divergence as can be seen in the Norwegian cod 

stocks with stationary types (NCC) mainly of the Pan IAA genotype, and the 

migratory type (NEAC) of the Pan IBB genotype. The Pan I has not been used as a 

marker for the ecotypes in stock assessments, neither for the Norwegian stock nor 

the Icelandic. This is mainly due to the fact that the heterozygotes (Pan IAB) cannot be 

discriminated as they are found at almost equal frequencies among ecotypes (REF). 

Visual differences in the shape of the otoliths discovered by Rollefsen (1933) has, on 

the other hand, been used to discriminate between the NCC and NEAC in fish 

assessments for the Norwegian stock. Recently otolith shape has also been 



 

119 

successfully identified as a marker for ecotypes of the Icelandic cod(Bárðarson et al., 

Unpublished-b).  

In the present study, existing otoliths and tissue samples were used to analyze the 

relationship between otolith shape and the Pan I genotypes in Icelandic cod. The 

sample collection contained retrieved DST tagged as well as untagged cod from both 

southern and northern areas in Icelandic waters. Since both otolith shape and Pan I 

genotypes are markers for the cod ecotypes, we expect that individuals predicted to 

be coastal based on otolith shape will be more likely to be of the Pan IAA genotypes, 

while individuals predicted to be frontal will be of the Pan IBB genotype.  The Pan IAB 

will, on the other hand, most likely be mixed among the ecotypes. Furthermore the 

relationship between these two markers among the intermediate ecotypes is of a 

special interest, as until now these individuals have not been examined as a separate 

identity. 

2 Materials and methods 

2.1 Sampling 

The otoliths were collected from cod (n=1153) that had already been sampled for 

several different projects conducted by the University of Iceland, the Marine 

Research Institute of Iceland and Matís Ltd, around Iceland. These projects both 



120 

involved DSTs (n = 86) and untagged cod and took place between the years 2007-

2011 (date of catch). 

 

Figure 1. Sampling locations for all the years and all the different projects. The grey lines indicate the 

200m and 400m depth contours and the black lines demark the separation between the northern 

and southern areas of genetic discontinuity according to Pampoulie et al. (2006b). Different letters 

are used to indicate whether sampling took place during spawning season (January-May) at the 

northern (N) or southern area (S). Sampling during feeding season (June-December) are marked 

specially (F). The numbers indicate different statistical subareas used by the Marine Institute.  

The sampling sites were divided between northern (n=230) and southern areas 

(n=923) and were mostly sampled during spawning season (n = 1034), but also 

during feeding season (n = 119) (Figure 1). Most of the individuals were mature and 

majority of the fish were in spawning condition when caught (immature: 150, 
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ripening: 251, spawning: 603, spent: 87, unknown: 62), following the maturity stages 

defined in Powles (1958).  

2.2 Image and otolith shape analysis 

Otolith images were captured using a microscope at 0.63x magnification linked to an 

8 bit MediaCybernetics® PL-A662 digital camera powered by PixeLINK™. The 

photographing followed the same procedure as described in Bárðarson et al. 

(Unpublished-b) involving a high contrast images that were produced using 

transmitted light, resulting in a black silhouette of the otoliths. The right otoliths 

were chosen and placed with the rostrum in lower left corner. When only the left 

otolith was available, such as in cases were ageing preceded photographing, the 

image was flipped using standard image analysis techniques. Otoliths from DSTs 

cod, which were broken for ageing and that could be glued back together according 

to Bardarson et al. (2014) were also used. Three different discriminating functions, 

between coastal and frontal cod behavior types, were developed in Bárðarson et al. 

(Unpublished-a). The most successful function, which will be used here, was based 

on coefficients extracted with Elliptical Fourier Analysis (EFA) using the shapeR 

package in R (Libungan and Palsson, 2015). The extraction of the coefficients start 

with the tracing of the otolith outline by making use of a R-package function, 

described in Claude (2008), within the shapeR package. The shapeR package 
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generates 32 EFA harmonics, which are composed of four coefficients each, resulting 

therefore in 128 elliptic Fourier descriptors (EFDs) for each individual (Kuhl and 

Giardina, 1982). The desired number of EFDs needed to explain the original shape of 

the otoliths was determined by estimating the error between the full array of the 

EFDs and a subset of EFDs (Smith et al., 2002). The first sixteen EFDs explained more 

than 98% of the original shape, and were subsequently used in the development of 

the discriminant function. The EFD can be normalized in regards to orientation and 

size of the otolith. This was achieved by fixing the first EFD to 1 to normalize for size 

and the second to zero for orientation. Additionally, the EFDs can be normalized for 

starting point by setting the 3rd EFD to zero (Kuhl and Giardina, 1982; Lestrel, 2008). 

The EFDs were further tested for any otolith size effect still remaining by ANCOVA 

and subsequently normalized for otolith length if needed by taking the natural 

logarithm of the allometric power equation: Y = aXb described by Lleonart et al. 

(2000). The best fitting set of the 16 EFDs was determined with a stepwise automatic 

procedure involving forward addition approach with generalized linear model 

(GLM) making use of the Akaike information criterion as a determining factor 

(Quinn and Keough., 2002). The resulting GLMs can be seen in Bárðarson et al. 

(Unpublished-a). The GLMs were based on a binary response with a logit link 

function and gave a prediction value from 0-1, which estimated the likelihood of the 
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individual behavior based on the otolith shape. Values from 0-0.5 indicated an 

otolith shape belonging to a frontal cod while values higher than 0.5 were attributed 

to coastal behavior types. According to the analyses of the DST tagged cod in 

Bárðarson et al. (Unpublished-b) there was also intermediate behavior within both 

types that were not as extremely deep or shallow in their migrations. Otoliths from 

these individuals were predicted with values closer to 0.5. Therefore the otolith 

shape prediction values were separated further into four categories; <0.25 = frontal, 

0.25-0.5 = intermediate frontal, 0.5-0.75 = intermediate coastal, and 0.75-1 = coastal. 

Additionally, a different approach was conducted, applying the same image and 

shape analysis as above but based on using the three Pan I genotypes as reference 

opposed to the behavior determined from DSTs. For this approach Linear 

Discriminant Analysis with a jackknife leave-one-out cross validation were applied 

in order to get the classification assignment in place of the binary GLMs. Finally, we 

take a look at the Pan I frequencies among the DST tagged cod that were used to 

develop the EFD discriminant function used to identify individuals to ecotypes 

based on their otolith shape. All statistical analysis were conducted in R(R Core 

Team, 2014).  
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2.3 Pan I genotyping 

Genetic samples were collected in 90% ethanol and DNA was isolated by using the 

Chelex method (Walsh et al., 1991). PCR and genotyping analysis were performed 

according to Stenvik et al. (2006). Samples were analyzed on an ABI PRISM 3730 

sequencer using the GeneScan-500 LIZ internal standard and genotyped with 

GeneMapper v4.1 (Applied Biosystems). 

3 Results 

3.1 Length and age composition 

The total length (TL) of the fish ranged from 37 – 125cm with most individuals being 

70 - 100cm TL (Figure 2,). The length distribution did not differ between the ecotypes 

or the genotypes (p > 0.05). The age distribution was only known for a subset of the 

sample. Within this subsample, the age distribution was different with both frontal 

and Pan IBB a year older on average than the coastal and Pan IAA types (Figure 2). 
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Figure 2. Length and age distribution among the ecotypes (left) and the Pan I genotypes (right). The 

age was only known for a subset of individuals (386 out of 1153) while the length distribution was 

for all individuals.  

3.2 Pan I genotype frequencies among ecotypes 

There is a clear gradient in the frequency of the genotypes among the four ecotypes 

with the frequency of the Pan IAA higher among the coastal and intermediate coastal 

while the Pan IBB type is in a higher frequency among the frontal and intermediate 

frontal (Figure 3). The coastal individuals genotyped as Pan IBB were 15% of the total 

while the frontal individuals carrying the Pan IAA genotype were 16%.  Finally 

around third of the individuals within each ecotype were genotyped as Pan IAB 

(Figure 3). 
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Figure 3. Relative frequencies of the Pan I genotypes among the different ecotypes of cod in Iceland. 

The four ecotypes are represented by one column each with the intermediate coastal abbreviated as 

IC and intermediate frontal as IF. The genotypes are represented by different colours, black for Pan 

IAA, dark grey for Pan IAB and light grey for Pan IAA. Number of individuals is given above each column. 

3.3 Using otolith shape to predict Pan I genotypes 

The discriminant function that was based on using the three Pan I genotypes as a 

response variable was also successful (Figure 4). The Pan IAA individuals were 

wrongly classified in only 9% as Pan IBB, which is the same percentage of Pan IBB 

individuals that were classified wrongly as Pan IAA (Figure 4). The heterozygotes 
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were correctly classified as Pan IAB at a 42% success rate, with 32% classified as Pan 

IBB and 25% as Pan IAA. 

 

Figure 4. Relative frequency of the predicted genotypes based on a jack-knifed cross validated LDA 

using the first 16 EFT coefficients. The panel shows the frequency of the prediction among the 

known genotypes from this study. The number of individuals within each type is given above the 

column. The darkest column represents Pan IAA predicted individuals, the grey column Pan IAB, and 

the light coloured Pan IBB. 

3.4 The genotypes of the DST individuals 

The frequency distribution of the 126 successfully genotyped DSTs revealed that 

there are only eight individuals of the Pan IBB genotype, resulting in strong 

dominance of Pan IAB cod in the frontal group, and the Pan IBB are entirely missing 
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from the coastal ecotypes (Figure 5). The frequencies were however not significantly 

different from Hardy-Weinberg equilibrium (Pampoulie et al., 2008). 

 

Figure 5. Frequency distribution of the successfully genotyped DST tagged individuals. Pan IAA 

genotypes are represented by the darkest columns, Pan IAB in the grey column and the Pan IBB by 

the light coloured columns. The intermediate coastal and the intermediate frontal are abbreviated 

as IC and IF to fit the plot 

4 Discussions 

In a former study using otoliths from cod with known behavior (tagged with DSTs) 

we were able to develop an otolith key that gave promising results in discriminating 

among the different ecotypes of cod in Icelandic waters. The same DSTs cod were 

also shown to differ in Pan I frequencies (Pampoulie 2008). In this study we have 

revealed a strong relationship between these two markers. The otolith shape enables 
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us to identify the heterozygotes to ecotypes that have up to now been impossible to 

decipher. For management purpose, the lack of practical key to identify the different 

ecotypes has been a major problem. With these results otolith shape has been 

validated as an easy to use, cost efficient and robust tool for cod ecotype 

discrimination.  Increasing emphasis are being put on ecosystem-based management 

that not only focuses on the species itself but also pray items and predators, the 

environmental conditions and the species use of its habitats, interactions and 

competition with other species, fishing pressure etc.  It is likely that these ecosystem 

scenarios differ for the ecotypes of cod in Icelandic waters. The ecotypes have been 

the subject of several studies after their divergent coastal and frontal behavior was 

confirmed with DST tags (Pálsson and Thorsteinsson, 2003). Consistency in behavior 

and distinct differences in habitat utilization while feeding have been clearly 

demonstrated in all the studies reporting on the different DSTs depth and 

temperature profiles (Pampoulie et al., 2006b; Pampoulie et al., 2008; Thorsteinsson et 

al., 2012; Bárðarson et al., Unpublished-b). Also potential segregation of the two 

ecotypes during spawning seems to be equally consistent (Grabowski et al., 2011),  

the different ecotypes appear also to differ in relation to food consumptions and 

energy storage strategies, as significant difference in liver condition has been 

detected with depth (Pardoe et al., 2008). The frequencies of the different Pan I 
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genotypes have also changed during the last six decades with the Pan IBB types 

gradually decreasing. Increased fishing effort into the deep water habitats have been 

suggested to be the main cause for these trends (Jakobsdottir et al., 2011). 

Furthermore, genetic analyses of Atlantic cod have been extensive and with recent 

genome wide surveys of genetic polymorphism some interesting patterns have 

emerged, increasing the knowledge of the genetic divergence evident already at the 

Pan I locus (Fevolden and Pogson, 1997; Pogson, 2001; Sarvas and Fevolden, 2005; 

Pampoulie et al., 2006b; Pampoulie et al., 2008). Now scientists have identified more 

than thousand single nucleotide polymorphisms (SNPs) that have improved the 

understanding of the potential evolution pathways of the Atlantic cod (Bradbury et 

al., 2010; Bradbury et al., 2011). Importantly, for the Icelandic cod, several specific 

genomic locations with high genetic differentiation called “genomic islands” have 

been identified (Hemmer-Hansen et al., 2013). These genomic islands were 

investigated in relation to the migratory and stationary ecotypes of cod found in 

both Norway and Iceland. The results indicated similarities in genomic signatures of 

the specific ecotypes at in both areas, and that the two ecotypes may have already 

been present before the last glacial maximum, around 21 000 years ago. 

Additionally, when the SNPs are mapped and their distribution on the genome was 

analyzed, linkage groups (LG) displayed high levels of differentiation between the 
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ecotypes. One of these linkage groups, called linkage group 1 (LG1) comprises the 

Pan I locus (Hemmer-Hansen et al., 2013). Moreover, SNPs in the rhodopsin gene 

(RH1), also located within the LG1, were genotyped and found to be strongly 

divergent between the coastal and frontal behavior types of cod in Icelandic waters 

(Pampoulie et al., 2015). Rhodopsin is a visual pigment responsible for the 

absorbance of dim-light which reflects adaptation to environmental light conditions 

at different depth, and which is therefore likely to be favorable at the depths 

experienced by the frontal cod. These studies strengthen the evidence for the 

existence of, ecologically and genetically divergent ecotypes within the Icelandic cod 

stock, which in turn need to be conserved. With the availability to discriminate 

between them by using the otolith key, important data could be gathered both 

during annual surveys as well as by analyzing the large archives of otolith sampled 

by the Marine Institute.    

The relationship between the Pan I genotypes and otolith shape has also been 

studied in Norway for the North East Arctic cod (NEAC) and the Norwegian 

Coastal cod (NCC) (Stransky et al., 2008). Since the genetic studies, mentioned above, 

indicate strong similarities between the Norwegian and the Icelandic cod stocks it 

would be interesting to compare the results of the present study to the one of 

Stransky et al. (2008). The cod in Norwegian waters were typed based on assessment 



132 

of the inner otolith shape, a difference in the shape of the first two year rings, first 

discovered by Rollefsen (1933). The ecotyping is conducted visually by age-readers 

that classify cods into four groups: certain NCC (1), uncertain NCC (2), uncertain 

NEAC (4), and certain NEAC (5). This bears clear similarities to the coastal, 

intermediate coastal, intermediate frontal, and frontal types of the Icelandic cod, 

respectively. The results from Stransky et al. (2008) show a similar pattern as in the 

one observed during the present study (referred as Norway vs Iceland in the 

following paragraph) at the level of behavior prediction and relative frequency of 

the different genotypes among the behavior types. In both studies the coastal 

individuals were more likely of the Pan IAA or the Pan IAB genotypes with the 

heterozygotes increasing in frequency for the intermediate coastal types. In total the 

NCC (1 or 2) in Norway and the coastal and intermediate coastal in Iceland were in 

both cases a majority of individuals had these two genotypes, while only 15% were 

Pan IBB in Norway and 22% in Iceland (Figure 3). The migrating ecotypes were in 

contrast predominantly of the Pan IBB and the Pan IAB types with 82% NEAC (4 or 5) 

and around 78% of the frontal and intermediate frontal carrying these two genotypes 

(Figure 3). The frequency of the intermediate types was 27% for both the Norwegian 

and the Icelandic sample, indicating that these are frequent within these populations 

and should therefore not be ignored. 
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Stransky et al. (2008) also used outer otolith shape to predict the Pan I genotypes 

applying EFT as done in this study and both results gave very similar stories. In the 

Icelandic sample, only 9% of the Pan IAA individuals were classified as Pan IBB and 9% 

as well vice versa, the same frequencies in Stransky et al. (2008) were 13% and 12% 

respectively (Figure 4). The highest misclassification in both studies was for Pan IAB. 

In the Norwegian study, they were more allocated to Pan IAA while it was Pan IBB in 

the present study (Figure 4,). However, it might be misleading to call these 

classifications wrong as the heterozygotes have been shown to exhibit both types of 

migrating behavior, and assuming that environmental factors and the life-history 

difference, seen between the ecotypes, weighs more in the otolith shape than the 

genetic component, this pattern could arguable be expected (Berg et al., 2005; 

Pampoulie et al., 2008). 

It is also interesting to see the genotype frequencies among the individuals from 

Bárðarson et al. (Unpublished-b) that were used to identify behavior and develop the 

discriminating functions. Of all the 126 successfully genotyped individuals that 

could be identified to behavior, regardless of whether the otolith was intact or not, 

only 10 were genotyped as Pan IBB. Furthermore out of the 31 individuals with a 

frontal behavior only 16% were Pan IBB, 74% were Pan IAB, and 10% were Pan IAA 

(Figure 5). This means that the sample used to develop the otolith shape 
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discrimination factor is poorly represented by Pan IBB types and that large part of the 

frontal cod was of the Pan IAB genotype.  Furthermore, this could indicate that there 

is a room for improving the otolith shape discrimination function by sampling more 

Pan IBB type DST tagged cod. This is most likely achieved by targeting cod spawning 

at deeper depths.   

This brings us to the functional role and the selective mechanism of the Pan I locus, 

which are still not fully resolved (Fevolden et al., 2012). How, and if, the Pan I locus 

has a direct or indirect effect on individual behavior is also not clear and is beyond 

the scope of this study. There are, however some hypothesis regarding the 

environment and life-history of the different genotypes that might have an effect on 

otolith shape. Case et al. (2005) examined the relationship of Pan I genotype 

distributions with three different environmental factors. These were depth, which 

has already been mentioned, and also temperature and salinity, with salinity favored 

Pan IAA types (Case et al., 2005), while the Pan IBB types increase in number with 

lower temperature (Case et al., 2005; Sarvas and Fevolden, 2005; Pampoulie et al., 

2008). The first two potentially determining factors, depth and temperature can be 

acting very strong both in the Norwegian and Icelandic environments with the 

feeding grounds of the migrating types being deep and cold at both sites. These 

environments are likely effecting otolith shape by decreasing the growth rate, 
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affecting condition and age-at-maturity of the deep migrating Pan IBB genotypes 

(Jónsdóttir et al., 2002; Pálsson and Thorsteinsson, 2003; Case et al., 2006; Jónsdóttir et 

al., 2008; Pardoe and Marteinsdottir, 2009; Jakobsdóttir et al., 2011; and references 

within these). In an extensive study of otolith shape in cod in the northwest Atlantic 

Ocean, Campana and Casselman (1993) concluded that growth rate was the 

determining factor for changes seen in otolith shape, more so than stock origin. One 

of the strongest evidence to that conclusion was that Icelandic sample, which should 

have been most genetically distinct from the stocks in the northwest Atlantic, was 

poorly classified (0-20% success). However, as the study was conducted before the 

discovery of the ecotypes the Icelandic sample in Campana and Casselman (1993) 

was not sampled with that fact in mind and most likely consisted of a  mixture of the 

ecotypes. The poor classification of the Icelandic sample might therefore be 

attributed to a large, within sample divergence. The Campana and Casselman (1993) 

study was based on analyzing the outer otolith shape as is done in the present study. 

The Norwegian approach, on the other hand, is to look at the inner otolith shape of 

the first two year-rings, which should therefore represent the environmental effect 

during early life-stages. It is unknown at what stage the migrating behavior starts 

but it is likely since the differences is seen already in the first two year that the 

molding of otolith shape starts very early. Two facts about the early life stages might 
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explain the differences seen in otolith shape. Firstly it has been shown that the 

Frontal behavior types tend to spawn at more depths than the Coastal ones 

(Grabowski et al., 2011; Bárðarson et al., Unpublished-b). Additionally, a recent study 

of 0-group juvenile cod in Norway found different settling-depth and length in 

correlation with the Pan I genotypes (Fevolden et al., 2012), with the Pan IBB types 

settling deeper than Pan IAA. We also know from a century of tagging around the 

north Atlantic (Robichaud and Rose, 2001; Robichaud and Rose, 2004) as well as in 

Iceland (Pálsson and Thorsteinsson, 2003; Pampoulie et al., 2006a; Thorsteinsson and 

Saemundsson, 2006) that cod can show extreme site fidelity towards spawning areas. 

The genetic component to the otolith shape might therefore be simply due to this 

fidelity behavior, i.e. fish that is Pan IBB is most likely spawned by a female cod at 

deeper spawning site than fish that is Pan IAA type. The behavior types might 

therefore be subjected to an environmental effect during early life stages that will 

affect the shape differences in the inner otolith shape used by otolith age readers in 

Norway to identify the NEAC and the NCC. Stransky et al. (2008) reported 

unsuccessful classification of Pan IBB genotypes by the age-reader in their study. 

Their suggestions of a possible reason was related to the fact that these Pan IBB 

individuals were sampled close to the coast and the environmental conditions 

therefore closer to what the NCC type experiences.  In other words, the same as 
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mentioned above, a Pan IBB genotype fish that was spawned in a shallow coastal area 

possessed an inner otolith shape resembling a typical Pan IAA genotype otolith.  

In conclusion, comparing the two markers, it is evident that Pan I locus is by itself 

limited to identify between behaviors for homozygotes, i.e. if an individual is 

heterozygote there is roughly an equal chance to assign it to either coastal or frontal 

behavior types and its behavior will most likely remain unknown. The outer otolith 

shape on the other hand will give results for all individuals with prediction values 

that can be used to classify individuals into behavior types. The otolith shape 

extraction is also both fast and cost efficient and relatively easy to adopt. With 

constant development in genetic methods and sequencing techniques there is a 

chance that in the near future a better set of genetic markers will be found for the 

identification of Icelandic cod behavior types. In fact, several SNPs panels were 

recently developed for the Atlantic cod and seem to be promising tools to 

discriminate behavior types of cod in Icelandic waters (Bradbury et al., 2011; 

Hemmer-Hansen et al., 2013; Therkildsen et al., 2013). With the present results and 

other studies of cod in Icelandic waters (Jónsdóttir et al., 1999; Pálsson and 

Thorsteinsson, 2003; Marteinsdottir et al., 2006; Jónsdóttir et al., 2008; Pampoulie et 

al., 2008; Grabowski et al., 2009; Grabowski et al., 2011; and references within these) it 

is quite clear that the stock structure is more complicated than the current 
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management scheme portraits. It remains to be analyzed if the current fisheries 

management applied in Iceland might risk the loss of genetic diversity of the coastal 

and frontal behavior types (Smedbol and Stephenson, 2001; Sterner, 2007; Hiddink et 

al., 2008) by e.g. unbalanced fishing efforts as suggested by Jakobsdóttir et al. (2011). 

Cod otoliths shape analysis, seems like an ideal platform for such analyses.  
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