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Preface 

This PhD dissertation is intended to fulfill the requirements for the degree of Doctor of 

Philosophy at the Technical University of Denmark (DTU). The thesis consists of a 

synopsis (chapters 1-3 and 7) and three individual research papers (I-III, chapters 4-6). 

The presented research was carried out at the National Institute of Aquatic Resources 

(DTU Aqua), Section for Oceans and Arctic, between June 2017 and May 2021. All 

chemical analyses were carried out by Geological Survey of Denmark and Greenland 

(GEUS). External research stays were held in collaboration with the Greenland Institute 

of Natural Resources (GINR, Pinngortitaleriffik) and GEUS. The project was supervised 

by Dr. Karin Hüssy (DTU Aqua) and Dr. Teunis Jansen (DTU Aqua and GINR). Funding 

was received by Royal Greenland, Polar Seafood, The BANK of Greenland, and DTU 

Aqua. Additional funding for participation in conferences was received from the Otto 

Moensted Foundation. 

This PhD project was born out of a marriage of scientific curiosity, environmental 

responsibility and socio-economic interest. The seed was sown by industrial and 

advisory authorities in Greenland’s fisheries sector, who have long sought to evaluate  

the potential for sustainable and ecologically responsible fishery of capelin (Mallotus 

villosus) in Greenland. My personal motivation for taking on this project was initially 

based on scientific curiosity. However, through conversations with people involved in 

fishery in Greenland – fishermen, scientists, and industrial stakeholders – and after 

spending an amazing month in the Uummannaq Fjord, I gained a greater understanding 

of the motivations behind this project and its potential. The capelin is an important 

species to Greenland’s ecosystem, and it is therefore essential that potential fishery is 

carried out in a sustainable and ecologically responsible manor, based on scientific 

assessment. Furthermore, fishery is the anchor of Greenland’s economy, making it 

equally important from a socio-economic standpoint that such fishery is sustainable. 

This synopsis provides a detailed overview of the theoretical and practical aspects 

of this PhD project. Chapter 1 sets the scene with introductions to fisheries management 

in general, fishery in Greenland specifically, background information on the main 

protagonist, the capelin, and an overview of specific research objectives. Chapter 2 

contains theoretical background on the use of otolith chemistry in relation to other 

observational methods, and an overview of hydrographic conditions along Greenland’s 

coastline. Chapter 3 covers considerations on the applied experimental methodology, 

i.e., choices made during sampling, sample preparation, and chemical analysis. The 

research outcomes of the project are presented in three research papers in chapters 4-



6. Chapter 7 summarizes and discusses the results presented in the papers, followed by 

an overview of the project’s contribution to fisheries management and future 

perspectives. 

Naturally, there will be repetitions between the synopsis and the papers. The aim 

of this synopsis is to bring in-depth detail, expended background information, and 

perspectives on how and why the project was carried out, what considerations were 

made along the way, and what worked and what didn’t.
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Summary 

 
The overall aim of the research presented in this PhD thesis is to provide 

information on inshore stock structure, connectivity, and spatial dynamics of the small, 

pelagic fish species capelin (Mallotus villosus) in Greenland.  Capelin is one of the most 

abundant species in the Arctic and has a central role in Arctic food webs. In Greenland, 

large schools of capelin appear at shallow water spawning sites in late spring and early 

summer. Their whereabouts the rest of the year are largely unknown. 

This study applies otolith (earstone) chemistry to investigate past whereabouts 

of capelin that spawn inshore in Greenland. Otoliths may serve as chronological records 

of ambient water chemistry exposure, and can therefore be used to distinguish between 

residence in environments that are chemically distinct. Chemical patterns of 14 

different elements are examined for capelin otoliths collected from 19 different 

spawning localities along Greenland east and west coast. 

The project is divided into three studies that combine to address the projects main 

objectives. The first study identifies large-scale, regional differences in otolith 

chemistry, particularly for elements Li and Ba, which can be attributed to 

oceanographic differences in salinity along the coastline. This is used to form distinct 

chemical baselines for two west coast regions. 

In the second study, these baselines form the basis for examination of capelin 

whereabouts in the past. Multivariate classifications at high temporal resolution are 

used to evaluate if individual capelin have resided in one region or the other in the past. 

The results indicate that capelin have generally resided in the region where they were 

eventually caught, although seasonal variations in Li concentrations complicate the use 

of the baselines. Significant ambient Pb contrasts allow for comparison of otolith Pb 

between adjacent localities. The second study therefore progressed by zooming in on 

the use of otolith Pb as a tracer of ambient Pb. Differences in Pb concentrations for fish 

caught at different localities indicate lifelong separation of spawning segments, with 

spatial separation ranging from 150-300 km down to as little as 15-50 km in one fjord. 

In the third study, chronological profiles of 12 elements are used to evaluate stock 

structure and spatial dynamics of adult fish. 8 of the elements vary significantly with 

season. For salinity proxies Li and Sr, this is attributed to seasonal variations in 

freshwater influx from glaciers and streams, which is confirmed in salinity profiles from 

Godthåbsfjord (Nuup Kangerlua). For Mn, Rb, and Si, seasonal variation is likely tied to 

differences in sediment influx, whereas seasonal patterns of K and Zn can most likely 

be attributed to seasonal differences in somatic growth. Population structure and 



connectivity is examined for fish caught in two fjords, Uummannaq Fjord and 

Godthåbsfjord. Significant chemical contrasts are detected between the different 

spawning segments, indicating different life histories. These results reenforce the 

conclusions of the second paper, that within fjords spatial segregation may exist 

between subpopulations during a major part of their post-larval life.  Furthermore, the 

results suggest that the sampled capelin have not migrated to offshore areas, and likely 

have remained inside the same fjord throughout their life. 

The study highlights the use of otolith chemistry to track past whereabouts of fish, 

and confirms the use of elements, such as Li, Sr, Mn, Pb, and possibly Rb and Si, as 

tracers of environmental exposure. Our results are directly applicable to future 

monitoring and management of inshore capelin in Greenland. Potential fishery should 

ideally be managed at high spatial resolution, e.g., on a fjord-by-fjord level, to ensure a 

sustainable and optimal harvest. 



Dansk resumé 
 
Det overordnede mål med dette PhD-projekt er at undersøge bestandsstruktur, 

konnektivitet og rumlig dynamik for den pelagiske fiskeart lodde (Mallotus villosus) i 

Grønland. Lodden er en af de mest udbredte arter i arktiske områder, og den spiller en 

central rolle i arktiske fødekæder. Hvert år, i sent forår og tidlig sommer, dukker store 

stimer af lodder op på lavvandede gydesteder langs Grønlands kyst. Det er dog uvist, 

hvor de opholder sig resten af året. 

I projektet undersøges loddernes historiske opholdssteder ved hjælp af deres 

otolitkemi (ørestenskemi). Otolitter kan fungere som tidsserier for miljømæssig 

eksponering til vandkemi og kan derfor bruges til at identificere forskellige miljøer, som 

fiskene må have opholdt sig i. Kemiske mønstre af 14 forskellige grundstoffer 

undersøges i loddeotolitter indsamlet ved 19 gydepladser i Øst- og Vestgrønland. 

Dette projekt er inddelt i tre overordnede studier, som tilsammen adresserer de 

fremlagte mål. Det første studie identificerer regionale forskelle i otolitkemi, særligt for 

grundstofferne Li og Ba, hvilket kan kædes sammen med oceanografiske forskelle i 

salinitet langs kysten. Forskelle i otolitkemi bruges til at fastsætte unikke, kemiske 

profiler for to regioner på vestkysten. I det andet studie bruges disse profiler som basis 

for at undersøge, hvor lodderne har opholdt sig i fortiden. Multivariat klassificering i 

høj tidsmæssig opløsning bruges til at undersøge om lodderne historisk set har opholdt 

sig i den ene eller anden region. På trods af visse udfordringer med brug af 

regionsprofilerne, indikerer resultaterne, at lodderne primært har opholdt sig i den 

region, hvor de blev fanget. I det andet studie undersøges desuden brugen af Pb-

koncentrationer i otolitter til at spore Pb koncentrationer i vandmiljøet. Forskelle i Pb-

koncentrationer hos lodder fra forskellige lokaliteter indikerer, at lodder fanget på 

forskellige lokaliteter har været rumligt adskilt gennem hele deres liv. Det antydes 

dermed, at der findes adskillige adskilte populationer langs kysten. Resultaterne 

indikerer rumlig separation på 150-300 km i nogle områder, men den i andre områder 

vurderes til at være helt ned til 15-50 km. I det tredje studie benyttes kronologiske 

profiler af 12 grundstoffer til at evaluere bestandsstruktur og bevægelsesmønstre 

blandt voksne lodder. 8 af de 12 grundstoffer udviser sæsonvariation. Variationer i 

otolitindhold af Li og Sr korrelerer med sæsonvariationer i salinitet, som set i 

salinitetsprofiler fra Godthåbsfjorden. Tidsmæssige variationer i otolitkoncentrationer 

af Mn, Rb og Si er formentlig relateret til sæsonvariationer i sedimenttilførsel til det 

marine miljø, hvorimod variationer i indholdet af K og Zn formentlig er forbundet til 

sæsonmæssige forskellige i somatisk vækst. Særligt fokus er lagt på at undersøge 



bestandsstruktur og konnektivitet blandt fisk fanget i to udvalgte fjorde, Uummannag-

fjorden og Godthåbsfjorden. Der findes signifikante forskelle i otolitkemien for fisk 

fanget på forskellige lokaliteter, hvilket indikerer at de har haft forskellige livshistorier. 

Disse resultater bekræfter konklusionerne fra det andet studie, nemlig at der findes 

flere adskilte populationer inde i fjordene. Desuden indikerer resultaterne, at lodderne 

ikke vandrer ud af fjordene til udenskærsområder, og derfor formentlig tilbringer hele 

deres liv i den samme fjord. 

Dette studie understøtter otolitkemi som et værktøj til at spore fisks livshistorie, 

og bekræfter brugen af grundstoffer såsom Li, Sr, Mn, Pb, og formentlig også Rb og Si, 

som indikatorer for kemisk eksponering i det omkringliggende vandmiljø. Resultaterne 

kan implementeres i fremtidig overvågning og administration af indenskærs-

bestanden af lodder i Grønland. Potentielt fiskeri bør ideelt set administreres ved høj 

rumlig opløsning, f.eks. for de enkelte fjorde, for at sikre et bæredygtig og optimal 

udnyttet fiskeri af bestanden.
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Chapter 1: 
General introduction  
 

1.1. Fisheries management 

For decades, overfishing has been widely regarded by scientists as a one of the main, if 

not the main, environmental and socio-economic problem in the marine environment 

(e.g., Jackson et al., 2001; Worm et al., 2009). It has been estimated that just 32 % of 

world-wide fisheries are in a sound, biological condition, and that fisheries generally 

overexploit marine resources (Costello et al., 2016). Overfishing may lead to reductions 

in biomass and biodiversity, disturbances of food chains and ecosystem stability, and in 

tow, depletion of marine resources (Worm et al., 2006). This is especially prevalent in 

parts of the world that lack the scientific and/or governmental infrastructure required 

to adequately assess the health of stocks and oversee fisheries (Worm et al., 2009). A 

large number of scientific studies have documented the depletion and collapses of 

marine stocks, caused by overfishing as consequence of  ineffective (or absent) fisheries 

management (see e.g., Begg and Waldman, 1999; Coppa et al., 2021, and references 

herein). In some regions, increased awareness of the negative ecological and economic 

implications of high fishing pressure has led to stricter regulations and a more science-

driven assessment. In many cases, this had a positive influence on biomass rebuilding 

and long-term health of fisheries (Hilborn and Ovando, 2014).  

Throughout the 21st century, it has been hotly debated what constitutes successful 

management and what strategies should be implemented going forward (see e.g., 

Beddington et al., 2007; Neubauer et al., 2013; Worm et al., 2009). Today, the scientific 

community and advisory authorities have generally moved away from a traditional 

single-species approach, and switched focus to a more holistic view of fishery 

management, where the entire ecosystem, including socio-economic circumstances, is 

taken into account, e.g., ecosystem-based fishery management (EBFM) (Pikitch et al., 

2004; Trochta et al., 2018). As an example, the Food and Agriculture Organization of the 

United Nations (FAO) launched the “EAF Toolbox, the ecosystem approach to fisheries” 

as a guideline on how to improve fisheries management systems (FAO, 2009). The 

publication provides a range of tools that may be implemented as see fit, based on 

ecological and socio-economic circumstances. This type of holistic management 

framework, which is also advised by other fisheries organizations (e.g., ICES, 2004; 

MAFMC, 2019), is particularly relevant to marine animals that have important roles in 

their ecosystems. The capelin (Mallotus villosus) is one such fish species that is central 
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to Arctic and sub-Arctic food webs (Hop and Gjøsæter, 2013). 

Competent fisheries management relies on competent scientific assessment 

(Hilborn and Ovando, 2014). Stock assessment models are typically based on 

estimations of various biological reference points, related to, e.g., growth, maturity, and 

mortality (Cadrin et al., 2014). Such models often rely on assumptions of stocks being 

“closed”, i.e., reproductively isolated and unconnected to other stocks (Secor, 2013). In 

fact, this is typically implied in definitions of a “stock”, such as by Cochrane and Garcia, 

2009: “A group of individuals in a species occupying a well-defined spatial range 

independent of and more or less genetically isolated from other stocks of the same 

species“. In this regard, the consequences of potential connectivity between different 

stocks and spatial distribution of different population contingents may be overlooked. 

Spatial dynamics and connectivity are key components to a stock’s survivability, 

affecting aspects such as the ability to inhabit new territories, the size of recruitment 

pools, population productivity, and resilience to changes in their habitat caused by, e.g., 

fishing or climatic changes (Cowen et al., 2006; Kerr et al., 2010; Secor, 2013). For 

fisheries management, monitoring of stock structure and connectivity can therefore be 

an important factor in avoiding stock collapses (Petitgas et al., 2010). This is discussed 

specifically for the capelin in section 1.4. 

1.2. The capelin 

The capelin is a small, pelagic fish that belongs to the smelt family. Its life cycle is 

relatively short, which is partially due to high natural mortality rate, but also because 

populations often are semelparous. Age of maturity and spawning typically ranges from 

2-6 years of age. Females and males are easily distinguished by size, shape and 

coloration (Fig. 1) . Males are typically larger, more “sturdy”, darker in color, and have 

larger fins, whereas females may have an iridescent shine (Orbach et al., 2019). Males 

are also easily recognized by having a prominent translucent ridge on each side of their 

body. In the current study, length of females ranged from ~103-182 mm, whereas 

length of males ranged from ~125-212 mm (Fink-Jensen et al., 2021). 
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Fig. 1. Male (top) and female (bottom) adult capelin. Distinguishable differences in size, 
color, and fin size, are visible. The male shows the prominent translucent ridge on the side 
of the body. The listed scale is suggestive, as actual sizes of these fish are unknown. The 
image is extracted from www.north-slope.org, and modified by the author. 
 

The capelin is widely distributed in the North Atlantic, North Pacific and Arctic 

oceans, where it plays an important role in food webs, as prey for many species of fish, 

(e.g., Atlantic cod (Gadus morhua) and Greenland halibut (Reinhardtius 

hippoglossoides)), birds and mammals (Carscadden et al., 2013a; Hop and Gjøsæter, 

2013). In Greenland, its known distribution ranges from Upernavik in northwest to Kap 

Farvel in south and to Ittoqqortoormiit in the northeast (Fink-Jensen et al., 2021; Friis-

Rodel and Kanneworff, 2002). West Greenland capelin differ genetically from other 

populations in the North Atlantic, although studies have indicated that mixing may 

occur between East and West Greenland populations (Præbel et al., 2008). Three major 

stocks exist in the North Atlantic: In the Barents Sea, in the Iceland Sea, and off the East 

Canadian coast. These populations migrate hundreds to thousands of kilometers 

annually between grounds of feeding, spawning and overwintering. Spawning takes 

place in either beach (near the surface) or deep-water (15-100 m depth) habitats 

(Carscadden et al., 2013a; Davoren and Halden, 2014; Loeppky and Davoren, 2018). 

Capelin that spawn inshore in Greenland are beach-spawners (Friis-Rodel and 

Kanneworff, 2002). Spawning seasons starts in early summer, as large schools of 

capelin enter shallow water along the coast (see Textbox 1). Onset of spawning is most 

likely connected to water temperature (Davoren et al., 2012). Spawning starts first in 

inner parts of fjords, before spreading towards the outer coast. Males are semelparous, 

whereas surviving females may spawn in consecutive seasons (Friis-Rodel and 

Kanneworff, 2002). 
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Textbox 1 

Catching capelin 

For a few weeks in the early part of the summer, advanced tracking and observational 
technology is nothing but overkill. Dense schools of capelin appear at shallow water locations 
along the outer coast and inside the fjords, where they spawn in beach sediments. This leads to 
chaotic scenes, where piles of capelin twist in the surface waters, like snakes in a basket, 
coloring the water black. For locals, it is an annual tradition to head to the spawning sites and 
scoop up the “ammassat” with pole nets. This is, in fact, no different from the method used in 
this PhD project (see the pictures below). The capelin can be lured to shallow water by pouring 
yoghurt into the water. And no, no particular flavor appears to be preferrable, although that 
should be the subject of a future research project. The catch is either grilled and consumed 
crispy, or used for fishing bait or dog food. Once spawning season is over, piles of deceased 
males are found floating in the shallows or washed up on the shore. Photos show children from 
the Uummannaq Children’s Home catching capelin at Qajanguit beach, Uummannaq Fjord, 
June 2017. Photos are taken by the author. 
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Spawning season is the only time of year when capelin are easily located, and only 

so for mature individuals. Their whereabouts outside of spawning season are largely 

unknown (Friis-Rodel and Kanneworff, 2002). In recent years, acoustic surveys have 

been carried out in Uummannaq Fjord and Godthåbsfjord during the months of March 

and September. These surveys detected dial vertical migrations, as the capelin sit at 

depths of down to 250 meters during the day, but approach the surface during the night 

(Jansen, unpubl. results). Occasionally, individual fish are caught in surveys beyond the 

coastal banks (Hedeholm, 2010; Jansen, unpubl. results). It has been suggested that the 

West Greenland capelin are less migratory than the Barents Sea, Iceland Sea, and 

Canadian stocks, and that their spatial structure may resemble that the relatively 

stationary population in Balsfjord, Norway (Friis-Rodel and Kanneworff, 2002; 

Sørensen, 1985). Scientific research on this topic is limited to an isozyme study from 

1988, where genetic differences were found between capelin from three different fjords 

in West Greenland (Sørensen and Simonsen, 1988). It was therefore suggested that 

fjord-specific, reproductively isolated populations existed. Differences in size, growth 

patterns, and diet composition have also been reported for capelin caught in northern 

and southern parts of the west coast (Hedeholm et al., 2010a, 2012). Overall, very little 

information exists on the stock structure of the inshore population, and biological 

reference points are also not currently estimated. 

1.3 Fishery in Greenland 

Fishing is Greenland’s largest trade, with an annual turnover of approximately 6.5 

billion Danish Kroner (~1.05 billion USD); about 1/3 of the country’s total revenue 

(2018 values, source: bank.stat.gl). The industry is also responsible for ~93 % of the 

country’s total exports. The vast majority of Greenland’s 56,000 citizens live by the 

coast, as the inland (and ~79% of the total surface) is covered by the Greenland ice 

sheet. The population is largely centered in Southwest Greenland, with just a few towns 

found along the east coast. Apart from the largest cities, like the capital Nuuk (~18,400 

citizens) and Sisimiut (~5,600 citizens), almost all towns and smaller settlements are 

fishing communities, centered around fishery and related post-harvest processing as 

main sources of income (FAO, 2016). As such, the importance of competent and 

sustainable management of the fishery cannot be understated, as collapses of major 

commercial stocks could have profound socio-economic implications. 

Greenland generally has a well-established fishery management infrastructure to 

go along with a technologically advanced and efficient fleet (FAO, 2016). Due to a 

detailed reporting system, landing statistics are considered to be of a high standard 
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(Friis-Rodel and Kanneworff, 2002). Total allowable catches (TACs) in Greenland’s seas 

(ICES subdivisions 14, and NAFO subarea 1) are dictated by government authorities, 

typically following recommendations put forth by working groups in the International 

Council for the Exploration of the Sea (ICES) and the North Atlantic Fisheries 

Organization (NAFO). Recommended TACs are typically based on biological reference 

points, such as estimates of spawning-stock biomass, mortality, and recruitment, 

obtained from catch data and acoustic surveys by the Greenland Institute of Natural 

Resources (GINR) (FAO, 2016). Separate TACs are dictated for inshore and offshore 

stocks. Offshore TACs are in most cases set separately for East and West Greenland, for 

species such as Northern prawn (Pandalus borealis), Greenland halibut, Atlantic cod, 

Atlantic mackerel (Scomber scombrus), Atlantic herring (Clupea harengus) and blue 

whiting (Micromesistius poutassou) (source: naalakkersuisut.gl, accessed May 8th, 

2021). Inshore TACs are only set for Greenland halibut, Atlantic cod, and a few low-haul 

species. Certification standards by the Marine Stewardship Council (MSC) has been 

given to well-managed stocks of prawn, Atlantic cod, Greenland halibut, and lumpfish 

(Cyclopterus lumpus). 

 

Table 1. Estimated catches (in tonnes) in recent years of selected species at West 
Greenland (NAFO Subarea 1). Values from Nygaard and Nogueira (2020). 

Species 2014 2015 2016 2017 2018 2019 

Atlantic cod 20280 33981 40279 36805 28296 21568 

Shrimp 83224 68875 80127 85829 93078 97733 

Greenland halibut 31513 39709 46276 40738 43311 46600 

Lumpfish  8127 7089 5030 7483 6765 7600 

Capelin 346 338 377 389 265 760 

 
For the capelin, commercial fishery in Greenland only takes place in offshore areas 

between East Greenland, Iceland and Jan Mayen. Catches are used primarily in the 

production of fishmeal. The TAC for the 2021-22 season is set at 400,000 tons (ICES, 

2019a), of which Greenland owns a 15 % share, as part of a three-party agreement with 

Norway and Island (source: naalakkersuisut.gl, accessed May 8th, 2021). By 

comparison, the total 2019 inshore catches in West Greenland were reportedly just 760 

tons, although many smaller catches are likely not reported (Nygaard and Nogueira, 

2020) (Table 1). Commercial inshore fishery of capelin is non-existent in both East and 

West Greenland, and catches are only made by local fishermen, who use it locally for 

human consumption, bait or dog food. Inshore trial fishery was attempted in 2019 in 

three coastal areas off West Greenland, but due to technical difficulties only 15 out of a 
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5000 tons TAC was fished (DFFL, 2020; Teunis Jansen, personal communication, May 

2021). Although interest in commercial capelin fishery exists, and Greenland has the 

infrastructure in place for competent assessment and stock management, a lack of 

biological information prevents scientific assessment of the inshore population. 

 

1.4 Research challenges and objectives 

The overall aim of this PhD project is to provide biological information that can aid in 

the establishment of a sustainable management framework for inshore fishery of 

capelin in Greenland. From an anthropogenic standpoint, mismanagement can have 

severe socio-economic implications, considering the central role of fishery in Greenland 

society. From an ecological standpoint, the importance of competent management is 

amplified by the capelin’s central role in Arctic food webs. Depletion or collapse of the 

stock may have ripple effects in the entire ecosystem, considering the large number of 

species that rely on capelin as prey (Hop and Gjøsæter, 2013; Orlova et al., 2009). In this 

regard, history is instructive. The Barents Sea capelin stock experienced collapses on 

three separate occasions between the period of 1985-2006. Effects on the overall 

ecosystem were visible for natural predators like Atlantic cod, seals and seabirds, all of 

which experienced negative effects as a consequence of the declining capelin biomass 

(Gjøsæter et al., 2009). An increase in zooplankton biomass was also detected, as there 

were no capelin to feed on them. There is general consensus within the research 

community that these collapses happened because of recruitment failure, brought on 

by a combination of environmental changes and overfishing. The crises highlighted 

inconsistencies in the assessment models used to manage the stock. It was evaluated 

that, going forward, specific life history circumstances for the capelin, e.g., short 

lifespan, high natural mortality, and variations in age of maturity, required special 

attention in management models (Gjosater et al., 2002). 

Arctic ecosystems currently experience increased pressure from climate changes 

(Doney et al., 2011; Perry et al., 2005), which further stresses the need for careful and 

detailed management. Changes in sea temperatures and ice coverage have already 

shifted distributions of capelin in the North Atlantic (Carscadden et al., 2013a; ICES, 

2018). Furthermore, changing distributions of predatory species, like Atlantic cod 

(Drinkwater, 2005), tuna (Thunnus thynnus) (Mackenzie et al., 2014), and mackerel 

(Hughes et al., 2015; Jansen et al., 2016), may increase foraging of capelin and put 

pressure on their ecological niches (Orlova et al., 2010).  



8 
 

As laid out, identification of self-sustaining components within a stock component 

is important for providing competent stock assessment (Botsford et al., 2009; Cadrin et 

al., 2014). This research project seeks to address three main research objectives for 

capelin in Greenland: 

• Stock structure and connectivity: Do capelin caught inshore belong to one, 

interconnected stock, or do multiple, reproductively isolated populations exist? 

• Stock dynamics: What is the horizontal movement behavior of adult capelin. Are 

they relatively stationary or do they migrate long distances like other 

populations in the North Atlantic? 

• Natal homing: Do individual capelin return to their natal origin to spawn? 

Naturally, these objectives are strongly related. To understand stock structure 

and connectivity, information on spatial behavior is key (Secor, 2013). As previously 

mentioned, spawning sites are widely distributed along Greenland’s coastline, both 

inside fjords and along the outer coast (Friis-Rodel and Kanneworff, 2002). The extent 

of movement amongst different spawning segments (i.e., fish spawning at one locality) 

decides the connectivity within the stock. If they, e.g., migrate up and down the coast or 

to offshore areas, the stock will be well-connected. However, if spawning segments 

remain within a limited home range, such as a single fjord or part of a fjord, throughout 

their lives, it means that multiple, reproductively isolated subpopulations exist. 

Another possibility is that subpopulations may be partially migratory, in that only some 

of the fish have the speed, stamina and energy reserves required to migrate outside of 

home range (Botsford et al., 2009; Gillanders et al., 2015). The migratory stocks found 

in the Barents and Iceland Sea consist of large, coherent populations with common 

spawning grounds and large recruitment pools (Carscadden et al., 2013b). In theory, 

this makes them more resilient to harvesting and ecological changes within their 

habitat compared to smaller, isolated populations, which may be more sensitive to 

change (Cowen et al., 2006; Kerr et al., 2010; Reis-Santos et al., 2018).  

This project aims therefore aims to provide important knowledge on capelin stock 

structure and spatial dynamics, as this determines the resolution and meticulousness 

at which the capelin have to be managed. For instance, a population consisting of small, 

segmented stocks require management at high resolution, e.g., on a fjord-to-fjord basis, 

to avoid local depletion or collapses of populations. In addition, understanding of 

movement pathways is important for the geography and timing of fishing opportunities. 

Lastly, propensity of individuals to perform natal return migrations is another aspect 
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of population connectivity, as it may lead to reproductive isolation of populations 

(Stewart et al., 2003; Svedäng et al., 2007). 
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Chapter 2: 
Theoretical background 

2.1. Observational methods 

This project uses otolith chemistry to describe stock structure and spatial dynamics of 

Greenland capelin. Compared to other methods commonly used to obtain biological 

information on fish stocks, otolith chemistry has some distinct advantages and 

limitations. Frequently used methods for observation of include use of catch data, 

acoustic surveys, genetic studies, mark-recapture techniques, and in-situ observations 

using various electronic tags or visual techniques (see Murphy and Jenkins, 2010, for a 

review). The following is a summary of common observational methods and their usage 

in comparison to otolith chemistry. 

Usage of catch data relies on the size and distribution of the fishing fleet. Because 

of the limited and sporadic capelin fishery in Greenland, a lack of reports on catches 

makes catch data unreliable as representation of the overall population structure. The 

climate may also pose challenges, as seas are ice-covered for much of the year, 

particularly inside the fjords. As mentioned previously, acoustic surveys of the inshore 

capelin stock in Greenland have been tested in recent years. For stocks in the Barents 

Sea, Iceland, and east Canadian, acoustic surveys are the central component in 

assessment of biological reference points (Gjosater et al., 2002; ICES, 2019a, 2019b). 

However, both catch and survey data are bulk population estimates, that are not 

applicable to tracking individual fish. 

Tracking can be accomplished by, e.g., mark-recapture experiments and electronic 

tagging. Mark-recapture routines have a long history of usage (Hall, 2013), but rely on 

a relatively high number of recaptures in order to be efficient, and the quality and 

quantity of data is often limited, resulting in low spatial resolution. Also, the temporal 

aspect of mark-recapture routines is unpredictable (DeCelles and Zemeckis, 2013). 

Telemetry satellite tags and electronic data storage tags typically has the advantage of 

a high spatial accuracy (Galuardi and Lam, 2013). They are, however, expensive 

(DeCelles and Zemeckis, 2013). In the case of the capelin, there may also be physical 

challenges to applying tags given the small size of the fish. Also, compared to otolith 

chemistry, marking/tagging techniques can only be used forward in time and do not 

cover the entirety of the fish’s life. 
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Genetics have been used since the 1960’s to differentiate fish populations by 

estimations of genetic variability within or between different populations (Heino, 2013; 

Martinez et al., 2018). For capelin, genetics have been used to determine that capelin 

stocks in East Canada and West Greenland are reproductively isolated (Cayuela et al., 

2020; Præbel et al., 2008). As previously mentioned, Sørensen and Simonsen, 1988, 

were able to identify reproductively isolated populations from different Greenlandic 

fjords. A downside to the method is that it may not be possible to detect significant 

genetic divergence within recently separated populations, or in species with expanding 

and contracting spatial dynamics (Antoniou and Magoulas, 2013). It also cannot be used 

to relate fish directly to specific environments. Another method that is less commonly 

used is application of parasites as biological tags (MacKenzie and Abaunza, 2013; Unger 

et al., 2014). 

Each of these techniques may be advantageous for specific applications. Preferred 

usage comes down to what questions need to be answered and logistical concerns. 

Often, several methods can be combined to provide a wider information base for stock 

assessment (Murphy and Jenkins, 2010). By comparison, otolith chemistry has a 

relatively versatile range of applications. Because of the way otoliths are formed, they 

may function as chronological records of life-history related circumstances, such as 

physicochemical characteristics of the environments a fish has occupied, or life 

episodes related to physiology, such as growth or maturation (Campana, 1999; Hüssy 

et al., 2020; Sturrock et al., 2015). In terms of time-keeping capabilities, otoliths are 

superior to other calcified hard parts, like scales or bones (Kerr and Campana, 2014; 

Ramsay et al., 2011). However, the application of otolith chemistry as a tool for 

determination of population structure and movement relies heavily on spatial 

variability in the surrounding waters (Elsdon et al., 2008). To understand it’s 

advantages and disadvantages in biological studies, general background information is 

presented in the following section. 

2.2. Otolith chemistry 

2.2.1. General introduction 

Otoliths are calcareous structures that are located in the inner ear of all teleost fish. To 

the fish, they are used for balance and hearing. They are typically composed of 

approximately 96 wt. % calcium carbonate (CaCO3), usually aragonite, 3 wt. % organic 

matrix and less than 1 wt. % minor and trace elements. The otolith is surrounded by 

endolymphatic fluid, from which its biomineralization takes place (Campana, 1999; 
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Payan et al., 2004). From the initial otolith primordium, which is formed during 

embryogenesis, the otolith grows continuously throughout a fish’s life (Gauldie and 

Nelson, 1990; Lundberg et al., 2015). Growth happens in patterns of successive, 

concentric increments, formed by precipitation of aragonite onto the proteinaceous 

matrix. Positive relationships between otolith growth and somatic growth are 

documented in a number of studies (Fey, 2006; Megalofonou, 2006). Protein content 

affects the visual appearance of the otolith, and as protein content is linked to somatic 

growth, periods of stagnant growth may result in translucent growth bands, whereas 

periods of increased growth may result in more opaque growth bands (Campana, 1999; 

Hüssy et al., 2020). If feeding and growth varies in annual patterns, e.g., low growth in 

winter, high growth in summer, the age of the fish may be determined by visual 

inspection of alternating bands. This method has been applied to age determination of 

capelin otoliths (Røttingen and Alvarez, 2011). 

Of particular importance to its use as a chronological log, is the circumstance that 

otoliths are acellular and metabolically inert (Campana and Neilson, 1985). Accreted 

material therefore retains its chemical composition over time. It is typically the minor- 

and trace elements portion of the otolith that is of interest studies of otolith chemistry. 

Incorporation of these elements are governed by differing regulating mechanisms. 

Element-specific properties, like atomic mass, ionic radius, valence, polarizability, 

oxidation state, and electronegativity may determine where an element is included in 

the otolith structure, i.e., in the organic or inorganic part (Campana, 1999; Sturrock et 

al., 2012). Uptake of elements that bind in the inorganic part of the otolith, either as 

substitutes for Ca or in interstitial spaces in the crystal lattice, are likely to be influenced 

mostly by extrinsic (environmental) factors. Elements that bind in the organic matrix 

may be more susceptible to intrinsic (physiological) regulation (Thomas et al., 2017). 

Water chemistry (including salinity) is typically identified as the most influential 

extrinsic factor, but temperature, pH, and diet may also play a role, either directly or 

indirectly (e.g. Hüssy et al., 2020; Izzo et al., 2016). Intrinsic factors are typically related 

to growth, metabolic rate, consumption, and reproduction (e.g., Sturrock et al., 2015).  

2.2.2. Usage in environmental tracing 

Certain elements in otoliths have proven useful as indicators of ambient concentrations, 

including Sr, Ba, Li, Mg, Mn, Zn, Cu, Pb, Rb, Hg, Fe, Cd, Al, and Cs (Hüssy et al., 2020; Izzo 

et al., 2016; Sturrock et al., 2012, and references in these articles). Of these, Sr, Ba, Li, 

Mn, Zn, and Cu are probably the most frequently used, as their otolith concentrations 

are typically high enough to be quantifiable, and because they have a tendency to show 
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environmental heterogeneity (Sturrock et al., 2012). For some elements, as much as 80-

90 % of their otolith concentration may originate from the ambient water. Elements 

encounter several physiological filters on their path from ambient water, through the 

blood stream, to the endolymph, and ultimately the otolith surface (Campana, 1999). 

Otolith concentrations are therefore not directly, quantitatively comparable to ambient 

concentrations (Kerr and Campana, 2014). Thus, the applicability of elements as 

environmental proxies are mainly as qualitative tools for detecting chemical contrasts 

in different environments. Fish residing in separate environments with contrasting 

water chemistries may exhibit distinguishable chemical fingerprints (Campana, 2005), 

indicating spatial separation, which can be useful in studies of population structure. 

Movement of individuals across different environments may result in chemical 

variation in the otolith chronology (Elsdon et al., 2008; Sturrock et al., 2012) (see 

Textbox 2). 

Naturally, the ability to distinguish different environments relies on the existence 

of physicochemical contrasts in the studied areas (Elsdon et al., 2008; Elsdon and 

Gillanders, 2004). Two fish may reside hundreds of kilometers apart, but if water 

chemistries in their respective areas are similar, their otolith fingerprint of 

environmental proxies will also be similar, at least in theory. This can pose challenges, 

particularly in open-system, marine environments, where chemical characteristics are 

often homogeneous over great distances due to multi-directional flow and large water 

volumes. Yet, identification of stock structure in marine environments using otolith 

chemistry has been demonstrated in numerous studies (e.g., Bouchard et al., 2015; 

Heidemann et al., 2012; Longmore et al., 2011; Moreira et al., 2018; Tanner et al., 2012). 

Tracking of past movement in marine environments has also been demonstrated (e.g., 

Albertsen et al., 2021; Fodrie and Herzka, 2008; Hayden et al., 2013; Mercier et al., 2012; 

Morales-Nin et al., 2012; Walther and Limburg, 2012). For capelin specifically, 

comparison of otolith chemistry between juvenile and adult fish has been used to 

identify spawning and nursery areas for individual fish belonging to the Newfoundland 
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stock (Davoren et al., 2015; Lazartigues et al., 2016; Loeppky et al., 2018; Tripp et al., 

2020). 

Textbox 2 

Interpretation of otolith chemistry data 

The figure below shows chronological element profiles (ages 0-4) of fish caught at 6 

localities in the Uummannaq Fjord in West Greenland. Each line represents the average 

concentration of the fish caught at one locality (a locality batch). Figures are taken from 

Chapter 6 in this thesis (paper III). 

Elements Li, Sr, and Ba are often found to be correlating with ambient salinity. 

Here, their concentrations vary significantly over time, but only minor differences are 

observed between different locality batches. This correlates with general salinity levels 

in the Uummannaq Fjord, which vary significantly with season, but are relatively 

homogeneous throughout the fjord. We are therefore unable to infer, based on Li, Sr, 

and Ba alone, if fish from different locality batches were separated or not. 

Elements Mn, Pb, and Rb show greater disparity between locality batches. Their 

bioavailability is most likely influenced primarily by the neighboring geology and influx 

of sediments. Combined, their concentrations show patterns of different ambient 

exposure between batces, suggesting that at least some of the fish have been separated 

over time. 

 

 



15 
 

2.2.3. Limitations and interpretational challenges 

 
In recent years, there has been increased focus on the effects of fish physiology on 

otolith chemistry (Walther et al., 2017). Numerous studies have reported on the role of 

the organic matrix in biomineralization (e.g., Hüssy et al., 2020; Thomas et al., 2017), 

and effects of intrinsic processes on otolith concentrations (Miller and Hurst, 2020, and 

references herein; Sturrock et al., 2015; Walther et al., 2010). Incorporation of some of 

the most abundant elements, such as Ca, C, O, Na, P, S, Cl, K, and Mg, are strictly regulated 

by physiology (Hüssy et al., 2020; Kerr and Campana, 2014; Woodcock et al., 2012), 

which in most cases negates their usage as environmental proxies. However, in some 

cases, physiologically regulated elements may still be used to discriminate groups of 

fish, if their concentrations vary significantly (Kerr and Campana, 2014; Sturrock et al., 

2015). 

The ability to use otolith chemistry in any capacity relies on the vast library of 

comparable studies that have explored the effects of different factors on element 

chemistry. The number of peer-reviewed papers on otolith chemistry have now 

surpassed a thousand (Web of Science search, May 22nd, 2021, topic: otolith chemistry, 

1024 results), yet, interpretation of otolith data is often complicated by knowledge gaps 

and conflicting reports. Most studies focus on specific applications that involve one 

species of fish and its environmental exposure within a relatively limited area (this 

project being no different). There are many examples of conflicting reports of influences 

of, e.g., water chemistry, temperature, physiology, etc. on element concentrations in 

otoliths (see, e.g., Hüssy et al., 2020; Sturrock et al., 2012). It can be discussed whether 

differences are species-specific, area-specific, or come down to experimental design. 

However, that does not change the fact that interpretation of otolith data can be 

challenging, and may sometimes result in vague conclusions. Luckily, the data obtained 

in this project yielded significant spatial and temporal trends, but there were certainly 

other aspects of the data set that were debatable. Not all aspects of the data set could 

be covered in this project, and focus was set on clear trends related to the specific 

research objectives. Uncertainties related to these are discussed in the papers, and in 

Chapter 7. 
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2.3. Marine hydrography in Greenland 

This section contains excerpts from chapters 5 and 6 (papers II and III) in this thesis. 

As laid out in section 2.2.2, the ability to determine spatial structure of capelin in 

Greenland by the use of otolith chemistry relies on distinct spatial differences in water 

chemistry. We (i.e., my supervisors and myself) hypothesize that such differences can 

be found based on considerate spatial and temporal variability in Greenland’s coastal 

hydrography and climate. Marine hydrography along the outer coast and inside fjords 

forms an important basis for interpretation of the otolith chemistry data, and is 

reviewed in the following. 

On Greenland’s east coast, the south-flowing cold and low-saline East Greenland 

Current (EGC), which originates from the Arctic Ocean, dominates the upper water 

column near the continental shelf. At ~ 66°N it encounters the warmer, high-saline 

Irminger Current (IC), forming a halocline where the IC is situated below the EGC. Both 

currents gradually mix as they continue their flow south of Greenland and up along the 

west coast, where their combined flow forms the West Greenland Current (WGC). As 

the WGC continues its flow northwards, it is continuously diluted by fresh-water run-

off from glaciers and rivers (Bergstrøm and Vilhjalmarsson, 2006; Buch, 2002; Yang et 

al., 2016). At around 65-68°N it encounters the cold, south-flowing Baffin Current (BC). 

This forms a transition zone, where as much as five different water bodies mix and form 

thermohaline stratification (Munk et al., 2003). Further northwards, the WGC still 

dominates the upper 50 m of the water column closest to the shore, while underlain by 

both colder, low-saline currents from the Arctic Sea and warmer, high-saline flows from 

the North Atlantic Ocean. Historical temperature and salinity measurements from the 

ICES database, measured at depths of 20-50 m, reveal that temperatures are highest in 

the transition zone around ~66-68°N (~1.5°C), and decrease in both north- and 

southwards directions. Salinity levels show a similar pattern, with the highest values 

observed in the range of the transition zone, and generally higher in the north than 

south (Rysgaard et al., 2020). The differences in oceanographic characteristics along 

the coastline give promise that otoliths from fish caught in different regions, i.e., north 

and south of ~66°N on the east coast, and north and south of ~66-68°N on the west 

coast, will display distinguishable chemical fingerprints. 

Greenland’s coastline contains over 130 fjord systems. Hydrographic conditions 

inside the fjords vary considerably over the year, due to seasonal variations in 

freshwater influx. During winter and much of spring, the fjords are covered by sea ice. 

Fresh-water influence is non-existent and thermohaline conditions in the water largely 
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mirror those along the outer coast. During summer and autumn, the upper water 

column is highly influenced by fresh-water and sediment runoff from glaciers and 

rivers, as terrestrial and marine ice coverage melts (Buch, 2002). The extent of 

“freshening” may vary considerably between fjords, and within fjords, depending on 

the presence of marine-terminating glaciers (Meire et al., 2017). Temperatures are 

generally higher in the upper water column, while salinities increase with depth and 

with distance from freshwater sources (Buch, 2002). Glacial erosion results in 

increased weathering of minerals and transport of resulting sediments to the marine 

realm by streams, glaciers, wind, coastal erosion and upwelling of bottom sediments 

(Delaney and Adhikari, 2020). Weathering rates may be influenced by factors such as 

temperature, rainfall, pH, topography, and specific mineral properties (Fries, 2018). 

Glacial meltwaters may carry substantial amounts of elements that are abundant in 

rocks, such as Fe, Mn, Si, Ni, Cu, P, Al, Mg, and Zn (Aciego et al., 2015; Fries, 2018; Hendry 

et al., 2019; Hopwood et al., 2016; Meire et al., 2016). Bioavailability of geologically 

derived elements is therefore largely influenced by compositions in local continental 

rocks, the rate of transport to the marine environment, and proximity to supplying 

sources, e.g., the coastline and fresh-water outlets (Hasholt et al., 2018; Koppes and 

Montgomery, 2009). Increased nutrients from glacial runoff may affect ecosystem 

productivity and food availability for the capelin (Aciego et al., 2015; Hendry et al., 

2019; Sommaruga, 2015). 

Overall, during summer and fall, chemically diverse environments can be found 

inside the fjords. Bioavailability of geologically derived elements is assumed be higher 

along the coastline than in offshore areas, and may vary between and within fjords 

depending on proximity to marine-terminating glaciers, presence of rivers and the 

extent of surrounding continental mainland. In winter and spring, and in offshore areas, 

water chemistry is likely to be more homogeneous. Examples of the distinct spatial and 

seasonal differences in salinity and water chemistry is shown for Godthaabsfjord in 

Paper III (Chapter 6: Fig. 1 and Table 1). 
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Fig. 2. Map of sampling locations (1-21) and major oceanographic currents around 
Greenland. BC, Baffin Current; WGC, West Greenland Current; IC, Irminger Current; EGC, 
East Greenland Current. See Table 2 for an overview of sampling localities, and section 2.3 
for an introduction to large-scale oceanographic patterns. The figure is based on a map 
compiled by Pedersen, 2021, using GEBCO 2020 Grid (GEBCO Compilation Group, 2020). 
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2.4. Hypotheses 

Based on the spatial and temporal disparities in hydrography, both along the outer 

coast, between different fjords, and within fjords, it was hypothesized that distinct 

otolith fingerprints could be detected. Seasonal and spatial variation within a 

Greenlandic fjord (the Uummannaq Fjord) has already been demonstrated in otoliths 

from Greenland cod (Gadus ogac) and shorthorn sculpin (Myoxocephalus scorpius) 

(Hansson et al., 2020; Søndergaard et al., 2015). Specific hypotheses were proposed 

based on prior studies of Greenland capelin, hydrography, and previous examples the 

use of otolith chemistry to examine population structures and movement: 

• Large-scale spatial contrasts in salinity, caused by oceanographic variation along 

the outer coastline, will be traceable in the capelin otoliths as distinct chemical 

fingerprints of elements that are potential proxies for salinity, e.g., Sr, Ba, and Li. 

On the west coast, significant chemical contrasts can be detected between fish 

caught north and south of the ~66-68°N transition zone. Significant differences 

will also be detected between fish caught on the east coast and the west coast. 

These differences can be used as a baseline to identify if the capelin migrate 

between different regions. 

• Sørensen and Simonsen, 1988, proposed the existence of fjord-specific, 

segregated capelin populations in Greenland. It is therefore hypothesized that 

contrasting chemical fingerprints can be detected for fish caught in different 

fjord systems, reflecting fjord-specific differences in fresh-water and sediment 

influx. Detection of significant differences are most likely for potential 

environmental tracers, such as Sr, Ba, Li, Mn, Pb, and Rb. 

• Seasonal variability in fresh-water and sediment influx inside the fjords is 

reflected as annual oscillations in the otolith concentrations of environmental 

tracers. Similarly, seasonal differences in feeding and somatic growth can be 

traced for physiological tracers, such as P, K, Mg, Zn, and Cu. 

Based on these hypotheses, we proposed that stock structure and movement patterns 

of capelin caught along Greenland’s coastline can be inferred from chemical patterns in 

their otoliths. 

 

 

 

 



20 
 

Chapter 3: 
Considerations on sampling and analytical methodology 

This section covers some of the most influential considerations and choices that were 
made in this study, but not covered in detail in the papers, in regards to sampling and 
chemical analysis. 

3.1 Collection of samples 

The methodology was tailored to the project’s aims of identifying stock structure and 

movement of capelin in Greenland. As very little previous knowledge existed on these 

issues, it was decided to gather samples from a wide range of localities. Selection of 

sample locations was based on the following criteria: 

1) Geographic range: Collection of samples from geographically distant locations, 

in order to identify the extent of connectivity. The maximum nautical distance 

between localities was approximately 3,300 km between Upernavik in west and 

Ittoqqortoormiit in east. 

2) Spatial resolution: Obtaining samples from as many separated areas as 

practically possible, for a high spatial resolution of sample localities, and in order 

to identify if stock structure and movement behavior differed between 

populations in different regions. 

3) Spatial separation: Obtaining multiple, spatially separated sample batches 

within two focus fjords, Uummannaq Fjord (UMF) and Godthåbsfjord (GF) 

fjords, in order to examine the scale of potentially segregated populations. 

4) Spatial markers: Collection of samples in areas that could be used as 

geographical markers for natal homing. Here, two localities, Maarmorilik in the 

Uummannaq Fjord and Iviitut in the Arsuk Fjord, were of particular interest, as 

these areas had been uniquely exposed to pollution from previous mining 

operations. Environmental studies at Maarmorilik have shown elevated levels of 

Pb in resident organisms (sculpin (Myoxocephalus scorpius), lichens (Cetraria 

nivalis), blue mussels (Mytilus edulis), seaweed (various species) (Schiedek et al., 

2009)), and in sea floor sediments (Elberling et al., 2002). It was therefore 

assumed that polluted areas could be utilized as spatial reference points, based 

on their uniquely high bioavailability of Pb. I intended to catch both spawning 

capelin and capelin larvae from these localities and compare their otolith 

fingerprints to trace potential natal homing. 
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The most obvious opportunity to catch adult capelin presented itself during 

spawning season, when they could be hauled in from the shore simply by the use of pole 

nets. The high concentration of capelin in the water during this period assured that an 

ample number of samples could be gathered from each locality (ideally more than 30), 

and that these fish belonged to the same spawning school. As it would have been too 

costly and time-consuming to collect all the samples ourselves, most localities were 

sampled by local fishermen. Out of a total of 21 sample localities, four localities in the 

Uummannaq Fjord (locs 2, 3, 6, and 7) were sampled by either myself or supervisor 

Teunis Jansen. 19 localities were sampled in late spring or summer of 2017, whereas 

two localities were sampled in 2016 (Table 2). 

Table 2. Overview of samples selected for LA-ICPMS analysis and biological traits. 
Geographic positions are shown in Fig. 2. “M/F” is the total number of sampled 
males/females, respectively. Sampling dates were not obtained for localities 9, 19, and 20. 

Locality 
ID 

Sampling locality Latitude Longitude 
Sampling 

date (m-d-y) 
M/F 

 Mean 
length 
(mm) 

Mean 
age (y) 

1 Upernavik 72.438 -54.415 07-10-2017 18/17 151.80 4.03 

2 Maarmorilik 71.111 -51.232 06-07-2017 21/14 156.29 4.00 

3 Ukkusissat 71.050 -51.889 07-03-2017 28/7 161.06 4.00 

4 Anoritup Nua 70.759 -51.434 06-25-2017 24/11 163.37 4.09 

5 Qaqugdlugssuit Syd 70.704 -51.320 06-25-2017 35/0 165.94 4.00 

6 Qajanguit 70.633 -52.323 06-26-2017 32/3 160.97 4.00 

7 Marrait 70.458 -50.979 06-17-2017 20/11 143.40 4.00 

8 Illulisat 69.279 -51.025 06-01-2017 4/31 156.86 4.00 

9 Qeqertarsuaq (2016) 69.249 -53.523 06-??-2016 28/0 161.80 3.04 

10 Aasiaat 68.540 -53.063 05-10-2017 25/10 162.69 4.00 

11 Sisimiut 66.905 -53.007 06-30-2017 24/8 141.69 4.00 

12 Manitsoq 65.590 -52.809 06-18-2017 16/15 134.68 4.13 

13 Kapisillit 64.429 -50.303 05-16-2017 25/3 138.21 3.96 

14 Storoe 64.301 -51.183 06-??-2016 30/5 120.34 3.17 

15 Quqssuk 64.733 -51.142 05-31-2017 15/20 115.11 2.97 

16 Fiskenaesset 63.015 -50.878 05-31-2017 10/6 125.94 4.13 

17 Ivittut/Arsuk 61.253 -48.100 06-08-2017 33/1 132.12 3.97 

18 Tasiusaq 60.196 -44.822 05-31-2017 19/16 133.77 4.00 

19 Tasilaq 65.583 -37.782 ??-??-2017 33/2 190.11 4.03 

20 Ittoqqortoormiit 70.488 -21.960 ??-??-2017 30/4 153.71 4.21 

21 Qeqertarsuaq (2017) 69.250 -53.500 06-07-2017 27/0 168.33 4.04 
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All fish were caught at surface level near the shore, using pole nets with mesh sizes 

sufficiently small to avoid size-related bias during catch (see Textbox 1). In some 

instances, yoghurt was poured into the water to attract schools of fish to the shore. A 

source of bias was the timing of catches in relation to the onset of spawning season. 

Females typically enter the spawning grounds later than males, and also leave earlier 

(Friis-Rodel and Kanneworff, 2002). The timing of catch therefore influenced male-to-

female ratios in the sample batches, and consequently mean fish size. We aimed at a 

50/50 male/female ratio in all locality batches, in order for localities to be comparable 

in terms of sex, size, and the possible influence of these parameters on otolith chemistry. 

However, as is displayed in Table 2, this could not be accomplished. 

For logistical reasons, catching capelin larvae for investigations of natal homing was 

only attempted at localities 2, Maarmorilik and 3, Ukkusissat, and not, as originally 

planned, at locality 17, Ivittut. To catch the larvae, a two-meter-long plankton net, with 

an opening diameter of 1130 mm and a mesh size of 300 µm, was pulled after a dinghy 

boat. At Maarmorilik, 15 presumed capelin larvae were caught, whereas none were 

caught at Ukkusissat. The Maarmorilik samples were kept on ethanol, and brought back 

to the DTU. However, after close inspection by resident larva expert Peter Munk, it was 

deemed that they were not actually capelin larvae, but the much resembling larvae of 

the Greenland cod, aka. uvak (Gadus ogac). Although otoliths from these larvae could 

have shown distinct chemical signatures that reflected the pollution in the area, they 

were not suitable for comparison to adult capelin, as there was no way to determine 

differences between element incorporation in otoliths from the two species. Instead, it 

was decided to investigate natal homing by comparing microchemistry in otolith cores 

to otolith edges, as representations of larval stage and spawning stage, respectively. 

It should be noted, that throughout this thesis, the terms “locality”, “locality batch”, 

and “batch” are used interchangeably to describe a group of fish that were all caught at 

the same locality. In paper I, chemical concentrations of “localities” are compared. As 

only edge concentrations are used, the otolith chemistry is roughly representative of 

the actual geographical location (for environmental proxies). However, in later papers, 

as the whole otolith chronology is used, measurements do not necessarily represent 

geographical location, and the term “batch” is therefore used to describe fish caught at 

different localities.
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3.2 Sampling preparations 

Specifics of sample preparations are presented in the papers in chapters 4-6. This 

section contains relevant information and considerations that are for the most part are 

not covered in the papers. 

The capelin samples were dissected at the fish laboratories at DTU Aqua. Removal of 

otoliths were performed mostly by proficient laboratory technicians, and to a minor 

extent by the author. Sagittal otoliths were collected from a total of 1417 fish, across 21 

localities. Age determination was performed by the author on 1219 otoliths. Ages were 

estimated by counting of translucent winter rings, following the age estimation protocol 

by Røttingen and Alvarez, 2011 (Fig. 3.a). Ages ranged from 2-6 years. Summer and 

winter rings were for the most part well contrasted and distinguishable, but for 182 out 

of 1219 otoliths, growth bands did not show sufficient contrast for ages to be 

determined with confidence. Out of the 1037 otoliths that were age determined, age 

distributions were as follows: 2y: 11, 3y: 340, 4y: 621, 5y: 64, 6y: 1. 

 

Fig. 3. Otolith sample. a) Sagittal otolith submersed in water, from a 4-year-old capelin, 

caught June 17th, 2017, at Marrait (loc. 7). Summer (opaque) and winter (translucent) 

growth bands are well-contrasted and distinguishable. b) Sagittal plane cross-section of 

2a after it was embedded and polished. The red line marks the core-to-edge transect where 

LA-ICP-MS transect was later performed. The figure is borrowed from Fink-Jensen et al., 

2021 (Chapter 4 in this thesis), with permission from the publisher. 
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To avoid any age-related bias on otolith chemistry, it was decided to focus on otoliths 

from same-aged fish. 4-year-olds were chosen as the standard, based on a high number 

of samples, and a solid distribution of 4-year-olds across localities. Choosing 4-year-

olds over 3-year-olds also had the advantage that more data from a wider chronology 

could be obtained. However, two localities, 9 and 15, had very few or no 4-year-olds, 

and therefore mostly 3-year-olds were chosen from these localities. Sagittal otoliths 

from a total of 682 fish were selected for chemical analysis (Table 2). Otolith size was 

typically a few millimeters along the longest axis (posterior to anterior). 

As preparation for chemical analysis, all otoliths were embedded in epoxy resin by 

the author. I developed a method where the otoliths could be embedded individually in 

silicone casts, which were created specifically for this purpose. This was done to ensure 

that core regions of individual otoliths could be exposed during polishing. However, 

exposing the cores during polishing turned out to be challenging. I had previously 

prepared otoliths from Atlantic cod (Gadus morhua), where the otolith core is easier to 

locate, as it is marked by a V-shape in the otolith sulcus line. However, the capelin 

otoliths provided no such indicator, and no literature could be found on the subject. 

Localization of the approx. 20 µm diameter core region was ideally done by polishing 

until growth increments next to the core became visible. This was time-consuming, as 

the sample constantly had to be evaluated under a microscope. Success came down to 

the visibility of the increments, and because of its miniscule size, the core was easily 

overpolished. In the end, I was not confident that cores had been properly located. 

Consequently, we decided to abort the initial research aim of investigating natal 

homing. 

 

3.3. Chemical analysis 

3.3.1. Overview of techniques for chemical analysis of otoliths 

Analytical techniques used to estimate element and isotope concentrations in otoliths 

have advanced considerably over the past few decades, leading to higher precision and 

improved spatial resolution (Walther et al., 2017). The most frequently conducted 

techniques include: 

• Bulk, or whole otolith, samples analyzed by, e.g., solution-based inductively 

coupled plasma mass spectrometry (ICPMS) (e.g., Høie et al., 2004; Moura et al., 

2020; Soeth et al., 2019) 
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• Micromilling of discrete otolith intervals, which are typically used for high 

precision analysis of light element isotopes or heavier low-abundance elements 

(Arslan and Secor, 2008; Kerr and Campana, 2014; Wurster et al., 1999) 

• Laser-based techniques, such laser ablation (LA) ICPMS, which allow for 

chemical analysis in single spots or continuous transects at high spatial 

resolution 

• Microprobe-based techniques, which are useful for determining composition of 

certain elements and isotopes at high spatial resolution, but have relatively low 

precision (Kerr and Campana, 2014; McFadden et al., 2016) 

• X-ray based techniques, including synchrotron X-ray fluorescence (Limburg et 

al., 2007) and proton-induced X-ray emission (PIXE) (Johansson, 1989; Limburg, 

2003), which provide nondestructive 2-D mapping of element concentrations on 

otolith surfaces, but are relatively rare and time-consuming (Limburg and 

Elfman, 2017). 

The choice of technique depends on the research question, the type of sample, and 

the size of one’s wallet. LA-ICPMS is well-suited for determination of stock structure 

and movement patterns, and was chosen for this project. The technique can estimate 

element quantities in continuous, chronological transects, which is an effective way of 

detecting changes in environmental exposure over time. It is also able to detect the trace 

elements that are generally used in stock identification studies (Kerr and Campana, 

2014), and is relatively cost- and time-efficient. Furthermore, it has been widely used 

in studies of wild-captured fish, and therefore has a solid base of comparative literature. 

Lastly, logistical concerns played a role in choice of method, as a LA-ICPMS laboratory 

was located near the DTU at the Geological Survey of Denmark and Greenland (GEUS), 

which provided an opportunity for close collaboration and participation in the analysis. 

Having previously worked with this machine for chemical analysis of otoliths, I was 

familiar with its usage. This proved to be valuable in terms of deciding the experimental 

methodology, and later during interpretation of the data.  

All chemical analyses were carried out at the LA-ICPMS laboratory at GEUS. Prior to 

LA-ICPMS analysis, general otolith concentrations of a suite of different elements were 

estimated by ICP-MS (PerkinElmer TotalQuant) in crushed bulk otolith samples, in 

order to get a quantitative estimate of what elements were suitable for LA-ICPMS 

analysis. Ultimately, quantities of 14 elements were measured in core-to-edge transects 

by LA-ICPMS (Fig. 3.b). Li, Mg, P, K, Mn, Cu, Zn, Rb, Sr, Ba, and Pb were chosen based on 

their usage in previous otolith chemistry studies. Al, Si, and Ti are rarely mentioned in 

otolith chemistry literature, but were included because of their typically high 
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abundances in many rock-forming minerals (Si and Al in particular). This gave reason 

to speculate that they could be used to detect spatial heterogeneity in geochemistry. 

3.3.2. Limitations to the use of LA-ICPMS 

As mentioned previously, LA-ICPMS provides estimations of element concentrations in 

continuous transects at high spatial resolution, relatively high sensitivity, and fast 

speed of analysis. However, the method also has drawbacks, that may lead to potential 

errors. Firstly, different material surfaces respond differently to the laser ablation, and 

matrix-induced estimation errors may therefore occur (Limbeck et al., 2015). This was 

addressed by comparison of measurement deviations on different reference materials. 

The closest resemblance we could find to an otolith surface, was those of the MACS-3 

pressed synthetic calcium carbonate pellet (Jochum et al., 2012) and the FEBS-1 otolith 

reference material (Sturgeon et al., 2005), which were therefore used to represent the 

otolith matrix. 

Another potential issue with laser-based transect analysis is pointed out by Limburg 

and Elfman, 2017. They argue that chemical heterogeneity exists within the concentric 

growth increments, and that transects placed in different directions on the otolith 

therefore may yield different results. To circumvent this, several transects could have 

been analyzed on each otolith. However, this was not considered, and would have 

increased the cost of analysis manyfold. 

Lastly, LA-ICPMS has a lower sensitivity compared to, e.g., some solution-based 

ICPMS methods and thermal ionization mass spectrometry (TIMS). Data accuracy is 

therefore lower, and limits of detection (LOD) (i.e., the minimum quantifiable 

concentration) may be higher. This was not an issue for elements with relatively high 

abundance in the otoliths, such as Sr, K, Mg, P, Li, and Ba. However, for low-

concentration elements, such as Al, Ti, Pb, and Rb, the measurement error was in many 

cases higher than concentrations in the otolith, resulting in negative values. This was 

complicated by unknown LOD’s for the used instrument. It may therefore not have been 

able to fully quantify low concentrations of some elements. However, we argue that the 

data is valid in terms of relative relationships, as the measurement error is assumed to 

be random and the same for all measurements. All measurements were done with the 

same instrument, and data interpretations in the study are based on relative 

relationships between concentrations, e.g., one group of fish compared to another 

group of fish, or one chronological point compared to another. 

Further details on the analytical protocol and instrumental specifications are 

presented in the papers, e.g., chapter 4, section 2.2.  Considerations on data processing, 
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including handling of outliers, data transformation, and statistical methods, are covered 

in detail in the papers, and do not need repetition in this synopsis.
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Overview of papers 

The consistent thread throughout the presented research papers is to accomplish the 

projects main objectives of determining stock structure and spatial dynamics of capelin 

in Greenland. The papers cover the following aspects: 

Paper I: The first paper establishes a baseline for large-scale, regional disparities in 

water chemistry in the study area based on otolith edge chemistry. This baseline is 

utilized in the subsequent papers to identify spatial discrimination on a regional scale. 

The paper was accepted by the Fisheries Research journal on December 1st, 2020, and 

published online December 23rd, 2020. 

Paper II:  The second paper examines lifelong residence of capelin on the west coast, by 

multivariate classification of time-resolved measurements of Li, Ba, and Pb to the 

regions identified in paper I. Also examined is the use of otolith Pb as a tracer of 

bioavailable Pb, which is used to address spatial separation (connectivity) of different 

spawning segments. The paper has been submitted to the Fisheries Research journal, 

and is currently in revision after receiving peer-review comments on May 12th, 2021. 

Review comments are generally favorable, highlighting a well-structured and well-

written manuscript that contributes important knowledge, but does not overinterpret 

the results. The comments contain some critique of the emphasis that is put on the use 

of Pb to determine spatial separation, in light of uncertainties regarding quantification 

of otolith Pb concentrations. However, as one reviewer expresses it: “the relative Pb 

concentrations are likely enough to support the conclusions of the manuscript” 

(anonymous reviewer). It is also commented that the discussion would benefit from a 

reduction in length and from addition of more references. 

Paper III: The third paper examines temporal and inter-locality patterns for 12 of the 

14 analyzed elements. Seasonal differences in otolith chemistry are tested by 

comparison of chronological intervals. Specific focus is put on two fjord systems by 

comparison of their intra-fjord chemical signatures. Chemical patterns are then 

compared to seasonal differences in salinity within the two fjords, resulting in a 

discussion on population structure and movement. This paper has yet to be submitted, 

but has been through one cycle of co-author comments. All co-authors have accepted 

that the manuscript is publicized in this thesis. 

 

All supplementary tables and figures are presented in Appendixes A (paper I), B (paper 

II), and C (paper III), at the end of this thesis. 
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Chapter 4: Paper I 
       
Marine chemistry variation along Greenland’s coastline 
indicated by chemical fingerprints in capelin (Mallotus villosus) 
otoliths 
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A B S T R A C T   
 

The small pelagic fish capelin (Mallotus villosus) is widely distributed in the Arctic, where it plays a central role in  

the marine food web as prey for numerous fish, birds, and mammals. Sustainable fisheries management advice 

for capelin that spawn in Greenland is non-existent due in part to a lack of biological information on population  

structure and spatial dynamics. This study provides a chemical baseline for investigations of migration and  

population structure of capelin and potentially other marine organisms in Greenlandic waters, using chemical  

tracers in otoliths from 549 spawning capelin, collected from 18 localities along Greenland ’s coastline. Abun- 

dances of 14 elements were measured in otolith edges, and geographic variations were demonstrated for Li, Ba,  Sr, 

Pb, Mg, P, Zn, and Mn. Linear discriminant analysis identified chemical disparity between otoliths from three 

regions along the coastline. The west coast contains two chemically distinct zones – north and south of ~68 ◦N – 

based primarily on distributions of Li and Ba as indicators of environmental variability. Two localities exhibit  

elevated levels of Mg, P, Zn, and Mn; elements that are typically regulated by physiological mechanisms. The results 

demonstrate the applicability of otolith chemistry as a tracer of physicochemical variation in an arctic  marine 

environment undergoing rapid climatic changes. 
 

 

 
1.   Introduction 

In recent years, there has been widespread focus on the effects of 

climate change on the Arctic biosphere. The Arctic is home to an ecosystem 

of flora and fauna that has adapted to extreme climatic conditions and is 

susceptible to climatic change. The effects of climate change in the Arctic 

are well documented, witnessed by shifts in inland and sea ice coverage, 

shrinking of glaciers, and more extreme temper- atures and weather 

phenomena (see Doney et al., 2011 for a general review on climate change 

in the arctic marine environment). Decreasing ice coverage has, however, 

also expanded the access to fish resources. It is anticipated that the 

abundance of major commercial species such as cod, tuna, mackerel and 

halibut in the Arctic will increase in the coming years, as environmental 

changes in their traditional distribution areas will force them to migrate 

polewards (see e.g. Drinkwater, 2005; Dulvy et al., 2008; Engelhard et al., 

2014; Fossheim et al., 2015; Hughes et al., 2015; Jansen et al., 2016; 

Mackenzie et al., 2014; Perry et al., 2005). 
A species that has changed distribution and productivity during the 

recent years of increased temperatures is the small pelagic fish capelin 

(Mallotus villosus) (Carscadden et al., 2013; Jansen et al., 2021). In the 

northeast Atlantic, capelin distribution has shifted towards west and north 

in recent years, likely resulting in increased presence in Green- landic 

waters. In Greenland, this has led to increased commercial in- terest (ICES, 

2018). Capelin has a circumpolar distribution, and is an important species 

in the arctic marine food web because of its status as prey for many fish, 

birds and mammals (e.g. Atlantic cod, Greenland halibut, Atlantic salmon, 

seals, whales, and seabirds) (Friis-Rodel and Kanneworff, 2002; Præbel et 

al., 2008). 

Genetically, the capelin is divided into four major regional groups:  

West Pacific, East Pacific, Newfoundland, and Northeast Atlantic & West 

Greenland (Præbel et al., 2008). In addition, a recent genetic study has 

shown that capelin from Canada and West Greenland (Nuuk, Disco and  

Uummannaq) are reproductively isolated (Cayuela et al., 2020). In 

Greenland, the distribution of capelin extends from Kap Farvel (59◦43’ 

N) up along the east- and west coast to at least Ittoqqortoormiit (70◦29’ 

N) in the East and Upernavik (72◦ 47’ N) in the West. Growth differences 
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and inter-fjord genetic variations have been suggested for west coast 

capelin, whereas the stock composition of capelin spawning in east 

Greenland has never been studied (Friis-Rodel and Kanneworff, 2002; 

Hedeholm  et al.,  2010; Vilhjálmsson, 2002). During the spawning sea- 

son, large schools of capelin appear along the coast in Greenland’s fjords 

to spawn in shallow water in coastal sediments. Males are generally larger 

than females and are believed to be semelparous, whereas females may 

spawn during multiple seasons. Post spawning, surviving capelin migrate 

away from the shore and are found in deeper parts of the fjords and along 

outer banks and adjacent offshore areas. Their exact where- abouts 

outside the spawning season are not known. Capelin have the ability to 

perform long-distance migration (Carscadden et al., 2013). However, no 

indications of such behavior have been found among fjord-spawning 

capelin in Greenland, although the research effort has been very limited 

(Friis-Rodel and Kanneworff, 2002; Sørensen and Simonsen, 1988). 

Large-scale commercial fishing takes place in most of the NW- and NE 
Atlantic. Catches have been stable in recent years with ~293,000 tons 

taken from ICES subareas 5 and 14 and Division 2.a west of 5 ◦W 

(average catch 2016–2018 in Iceland and Faroes grounds, East 

Greenland, and Jan Mayen area) and ~23,000 tons taken from NAFO 

Subarea 2 and divisions 3 K L, off the east coast of Newfoundland 

(average catch 2015–2017)(DFO, 2018; ICES, 2019). The West 

Greenland (NAFO Subarea 1) population is not monitored and the 

population size is unknown. Capelin fishing in West Greenland has 

historically been limited to inshore, small-scale fisheries for bait and 

local consumption. A trial fishery has been attempted, but a large-scale, 

commercial fishery has never been established (Friis-Rodel and Kanne- 

worff, 2002; Pers. Comm. Anders Bjørn Larsen, Directorate for Fisheries 

(APNN), Government of Greenland. 7 April 2020). The West Greenland 

capelin stock is considered an untapped resource with great commercial 

potential, but due to its central role in the marine ecosystem, a sus- 

tainable management plan is necessary before a potential large-scale 

fishery can be considered. Currently, biological information on popu- 

lation structure, spatial distribution and stock dynamics is inadequate to 

provide viable stock management advice. The recent changes in capelin 

distributions in the North Atlantic, likely brought on by environmental 

changes, has increased the need for further studies regarding spatial 

dynamics in Greenland (ICES, 2018). 
In this study, capelin otolith  microchemistry  is  utilized  to identify 

chemical signatures related to spawning locations. Fish otoliths (ear 

stones) are carbonate structures in the inner ear that grow throughout a 

fish’s life. Otoliths are typically composed of ~96 % carbonate, ~3 % 

protein matrix, and contain ~1 % of trace elements. Some trace ele- ments 

are proxies for specific relationships or processes, because incorporation 

of these elements into the otoliths is regulated by envi- ronmental and/or 

physiological factors (Campana, 1999; Elsdon and Gillanders, 2004; Kerr 

and Campana, 2014). Environmental factors include temperature, salinity, 

pH, pollution, oxygen content and geological input (e.g. Hüssy et al., 2020; 

Izzo et al., 2016). Physiological factors are typically related to growth, 

metabolic rate, consumption, and reproduction (e.g. Sturrock et al., 2015). 

In addition, elements are filtered by several internal “gateways” that are 

encountered on the path from ambient water through blood stream and 

endolymph to ultimately being incorporated onto the otolith surface 

(Campana, 1999). 
Otolith microchemistry has proven useful at identifying population 

structures, tracking migration patterns, and differentiating between fish 

stocks based on spatial variations in physicochemical conditions of 

ambient water (e.g. Campana, 2005; Elsdon et al., 2008; Thorrold et al., 

1998). Otolith microchemistry analysis is typically applied to species 

living in fresh- or brackish environments (often diadromous), where 

water chemistry can vary significantly across short distances, and where 

element sources can be back-tracked (e.g. Bradbury et al., 2011; Gil- 

landers, 2005; Wells et al., 2003). The method has also been applied 

successfully in the marine environment to distinguish fish from spatially 

separate areas (e.g. Campana et al., 1994; Heidemann et al., 2012; 

Moreira et al., 2018; Proctor et al., 1995; Rooker et al., 2001). The main 

criterion is that the targeted areas show contrasting physical and/or 

chemical conditions that result in distinct otolith trace element signa- 

tures. This can prove particularly challenging to identify in an open system 

marine setting, where multi-directional flow and larger water volumes 

typically lead to homogenization of water chemistry. 

A few recent studies have investigated capelin otolith micro- 

chemistry in Canadian waters. These studies have focused on connec- 

tivity between spawning habitats and the otolith chemistry of early life 

stages (pre-hatch, larval, or juvenile) (Davoren et al., 2015; Davoren and 

Halden, 2014; Lazartigues et al., 2016; Loeppky and Davoren, 2018) and 

of adults (Davoren and Halden, 2014). In Greenland, water chemistry 

along the outer coastline is governed by several ocean currents with 

different thermohaline characteristics, as well as influx of freshwater 

from sea ice, glaciers and rivers. This forms a stratified and chemically 

diverse environment where multiple water bodies mix and form ther- 

mohaline stratification (see Straneo and Cenedese, 2015 for a review). In 

the fjords, water characteristics are governed by limited water exchange 

with the open ocean combined with substantial, seasonal influx of 

freshwater from rivers and glaciers, resulting in a vertical salinity profile 

that is increasingly brackish towards the surface (Buch, 2002). Sediment 

input also plays a part in shaping local water chemistry, particularly 

near rivers and glaciers (Sommaruga, 2015). Thus, there are consider- 

able horizontal and vertical variations in the ambient water chemistry, 

both in the fjords and along the outer coast, which may form distinct 

chemical signatures in fish otoliths from different areas along the coast. 

This study aims to provide elemental signature baselines from oto- 

liths of adult capelin to characterize chemically distinct regions along 
Greenland’s marine coastline, using otolith edge chemistry that repre- 

sents areas in the general vicinity of sampling locations. We hypothesize 

that chemically distinguishable areas can be identified on the basis of 

large-scale and local hydrographic variations. Using information on 

hydrography, geography, and capelin biology in Greenland, sampling 

localities are grouped into three overarching regional groups – North- 

west, Southwest and East – as presumptive separators of chemical 

disparity along the coast. Differences in otolith microchemistry between 

these groups are examined with the aim of providing chemical baselines 

for future investigations of capelin stock dynamics. With this study, we 

hope to lay the basis for a greater understanding of capelin spatial dy- 

namics in Greenland, thereby aiding the effort to develop a sustainable 

management plan. 

 
2. Materials and methods 

2.1. Sample selection and preparation 

Spawning capelin were collected in 2017 from 18 localities situated 

along the coast of Greenland (Fig. 1; Table 1), spanning from north- 

western Upernavik across Tasiusaq in south to Ittoqqortoormiit in eastern 

Greenland. Sampling sites were selected to constitute a wide geographic 

distribution. Nevertheless, as very few spawning locations are known in 

East Greenland, the majority of individuals were collected in West 

Greenland. In each of the preselected areas, the exact sampling locations 

were determined by the presence of capelin schools near the shore. 

Yoghurt was poured into the water to attract spawning capelin, because 

experiences of the local fishermen have shown that capelin that are ready 

to spawn can be triggered to initiate the spawning with this treatment. At 

each locality, 50–150 spawning capelin were caught at shallow depths 

(zero to a few metres) using hand nets with mesh sizes sufficiently small 

to avoid size bias. We attempted to collect equal amounts of males and 

females from each locality, but due to uneven sex ratios in the spawning 

schools, most sample sets (except for locality 8) contain a majority of 

males (see Table 1). Capelin samples were kept 

cold (<5 ◦C) for up to a few hours until freezing at     18 to     40 ◦C. Once 
defrosted in the lab, the samples were weighed (total weight to nearest 

0.1 g), sexed, total lengths with  pinched tail were measured (nearest 
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Fig. 1. Map of mid- and south Greenland, with markings of sample localities. All samples were caught in 2017. The Uummannaq fjord system is highlighted due to 

high locality density. Locality names are as follows: 1: Upernavik, 2: Maarmorilik, 3: Ukkusissat, 4: Anoritup Nua, 5: Qaqugdlugssuit Syd, 6: Qajanguit, 7: Marrait, 8: 

Illulisat, 10: Aasiaat, 11: Sisimiut, 12: Manitsoq, 13: Kapisillit, 16: Fiskenaesset, 17: Ivittut/Arsuk, 18: Tasiusaq, 19: Tasilaq, 20: Ittoqqortoormiit, 21: Qeqertarsuaq. 
 

millimetre rounded down) (Hansen et al., 2018), and sagittal otoliths were 

removed. Ages of individual fish were determined by counting annual 

growth rings in otoliths submersed in water. The samples were 

viewed under a stereomicroscope (LeicaMZ6) at a resolution of 3.2 μm 

pixel-1 under reflected light from a circular light source (Fig. 2a). In- 

cremental winter- and summer rings were generally well contrasted and 

distinguishable. Ages were estimated following the procedure outlined 

in Røttingen and Alvarez (2011). Otolith ages were determined confi- 

dently in ~80 % of the samples. For the remaining ~20 %, contrasts in 

growth rings were not sufficient for ages to be accurately determined. Ages 

ranged from 2 to 6 years, with the majority being 3 or 4 years old.  Otoliths 

from up to 35 individuals were selected from each locality. Otoliths were 

selected based on a number of preferred criteria, such as age, ease of age 

reading, sex (to even the male/female ratio), structural integrity 

(preferably unbroken and with a minimum of cracks), absence of vateritic 

crystallization and absence of organic tissue adhered to the otolith surface. 

One otolith from each fish was embedded in epoxy resin and polished 

individually along the sagittal plane to expose a continuous 
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Table 1 

Overview of sampling localities. Loc. groups are determined on the basis of hydrography, biological information and geographical adjacency (see section  2.3.4). “M/F” 

is the total number of sampled males/females, respectively. All fish are caught in 2017. Date of sampling (month/day) could not be obtained for localities 19 and 20.  

Fish lengths are mean values ± SE (mm) of all sampled fish at each locality.  

Locality ID Sampling locality Loc. gr. Latitude Longitude Date of sampling (M/D) M/F Mean fish length (mm) ± S.E. 

1 Upernavik 1-NW 72.438 -54.415 07/10 15/13 152.39 ± 2.65 

2 Maarmorilik 1-NW 71.111 -51.232 06/07 20/14 155.97 ± 1.86 

3 Ukkusissat 1-NW 71.050 -51.889 07/03 28/7 161.06 ± 1.57 

4 Anoritup Nua 1-NW 70.759 -51.434 06/25 22/10 163.38 ± 1.34 

5 Qaqugdlugssuit Syd 1-NW 70.704 -51.320 06/25 34/0 165.76 ± 1.52 

6 Qajanguit 1-NW 70.633 -52.323 06/26 32/3 160.97 ± 1.61 

7 Marrait 1-NW 70.458 -50.979 06/17 20/11 141.29 ± 1.36 

8 Illulisat 1-NW 69.279 -51.025 06/01 4/31 156.86 ± 1.51 

10 Aasiaat 1-NW 68.540 -53.063 05/10 25/10 162.69 ± 1.42 

11 Sisimiut 2-SW 66.905 -53.007 06/30 24/7 141.84 ± 1.27 

12 Manitsoq 2-SW 65.590 -52.809 06/18 15/11 134.85 ± 1.61 

13 Kapisillit 2-SW 64.429 -50.303 05/16 24/3 138.04 ± 1.44 

16 Fiskenaesset 2-SW 63.015 -50.878 05/31 10/4 126.71  ± 3.23 

17 Ivittut/Arsuk 2-SW 61.253 -48.100 06/08 32/1 132.06 ± 0.83 

18 Tasiusaq 2-SW 60.196 -44.822 05/31 19/16 133.77 ± 1.66 

19 Tasilaq 3-East 65.583 -37.782 – 31/1 189.97 ± 1.45 

20 Ittoqqortoormiit 3-East 70.488 -21.960 – 24/3 154.37 ± 1.81 

21 Qeqertarsuaq 1-NW 69.250 -53.500 06/07 25/0 168.48 ± 1.43 

 

Fig. 2. Capelin otolith preparation. a) Sagittal  

otolith submersed in water, from a 4-year old 

capelin caught June 17th, 2017, at Marrait (loc.  

7). Summer (opaque) and winter (translucent) 

growth bands are visible. b) Sagittal plane cross-

section of 2a after embedding and pol- ishing. 

The long red line marks the core-to-edge 

transect along which LA-ICP-MS analysis was 

performed. The two short red lines perpendic- 

ular to the core-to-edge transect mark the 

boundaries of the part of the otolith (~50–58 

μm) that was analyzed for this study. For 

interpretation of the references to color, the 

reader is referred to the web version of this 

article. 

 
 
 
 

core-edge surface. The polished epoxy mounts were cleaned using an 

ultrasonic bath, first 20 min in Milli-Q H20, followed by 20 min in pure 

ethanol. 

Testing with ANOVA (“aov” function, “stats” package (R Core Team, 

2020)) revealed statistical differences between age groups for several of 

the analyzed elements. Thus, in the data set presented here, we focused on 

individuals of the same age to negate any effects related to age or year-

class on chemical compositions. As 4-year olds were most abun- dant, they 

were selected for the study of chemical groupings, resulting in a total of 

549 samples (Table 1). 

 
2.2. LA-ICP-MS of otoliths 

The embedded otoliths were subjected to trace element analysis using 

Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-

MS), conducting core-to-edge transect analyses on the exposed otolith 

surface, following the routine described by Serre et al., 2018. The 

instrument used was an Element 2 magnetic sector field ICP-MS from 

Thermo-Fisher Scientific coupled to a NWR 213 solid state Nd:YAG laser 

ablation system from Elemental Lasers. The LA-ICP-MS measurements 

were obtained using a laser beam size of 25 μm, a repetition rate of 10 
Hz, and a nominal laser fluency of 8–9 J/cm2. During analysis, the mass 

spectrometer measured signal intensities of the isotopes 7Li, 25Mg, 27Al, 
29Si, 31P, 39K, 47Ti, 55Mn, 65Cu, 66Zn, 85Rb, 88Sr, 137Ba and 208Pb every 

2.80 s, corresponding to every 8.4 μm when using a 3 μm s-1 scan speed 
along the transects. The ICP-MS signal-to-noise ratios were optimized 

under dry plasma conditions for the entire isotopic mass range (i.e. 7Li to 
208Pb) through continuous laser ablation of the NIST 612 artificial glass 

standard (Jochum et al., 2011), opting for maximum isotopic sensitivity 

under the lowest possible element-oxide production levels (monitored by 

the 254UO2/238U ratio). Mass and instrumental drift was monitored and 
corrected for by using a standard-sample-standard bracketing pro- 

tocol throughout all otolith analysis sequences. 

Positions of LA-ICP-MS transects were determined by lines drawn 

perpendicular to growth increments on reflected light optical photos, 

which were imported as overlay images in the laser ablation software. Care 

was taken to draw straight, uninterrupted lines from the core to the edge 

that covered the entire chronology, and, ideally, to avoid cracks and 

scratches in the otolith surface (Fig. 2b). 

Data processing was carried out using the Iolite v. 2.5 software, 

following the Trace Elements IS data reduction routine (Hellstrom et al., 

2008; Paton et al., 2011). Data processing involved time-dependent mass 

bias and signal-to-noise correction, allowing for signal-to-concentration 

element quantification. Intensity levels for each element were measured 

in counts-per-second (cps) along the transect (s). The raw data in cps were 

corrected for instrumental drift by applying a spline function on the NIST 

612 standard signals that allows subse- quent calculation of discrete 

variations in the signal intensities 
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throughout the analysis sequence (i.e., the transect). Similarly, a spline 

function was applied to the element background levels, allowing for the 

subtraction of background “noise” from the signal. Element quantifica- 

tion was then carried out using the corrected signal and an internal 

standardisation procedure, employing the 43Ca isotope as the internal 
standard element and the NIST 612 glass reference material as the 

external standard matrix from which the Ca abundance was known. The 

Ca abundance of individual otoliths was not measured prior to LA-ICPMS 

analysis. Thus, an assumed value of 38.3 wt % Ca was applied to all otolith 

analyses for the calculation of all other elements. This Ca value is 

equivalent to the reported calcium concentration of the certified 

FEBS-1 otolith standard (Sturgeon et al., 2005). Reported elemental 
concentrations in ppm (μg/g) have been calculated from the listed 

abundances of the primary standard NIST 612 using the 43Ca isotope as 

the internal standard element and the reference Ca abundance for the 

NIST 612 standard. 

The NIST 612 standard material was then used as the primary external 

standard matrix, and was quality controlled by additional secondary 

standard materials inserted into the analysis sequence, including the NIST 

614 glass standard material (Jochum et al., 2011) and the BHVO-2 

pressed powder pellet (Jochum et al., 2016). Averaged 

2σ uncertainties in the standards were typically <10 % for all calculated 

elemental abundances, corresponding to concentrations within error 

compared to preferred values as listed in the literature (see reference for 

each standard material). The MACS-3 pressed synthetic calcium car- 

bonate pellet (Jochum et al., 2012) and the FEBS-1 otolith reference 

material (Sturgeon et al., 2005) have a matrix comparable to the oto- liths, 

and were therefore inserted into the analysis sequences to monitor 

potential analytical deviations stemming from matrix differences. Where 

possible for those carbonate materials (not all elements are equally well 

determined), they yielded comparable elemental accuracy and 

uncertainty comparable to the secondary standards used. 

 
2.3. Data analysis 

The statistical analysis in this study followed the general analysis 

protocol for microchemistry-based stock identification outlined in 

Campana, 2005 and Kerr and Campana, 2014. All data analysis was carried 

out in the statistical software “R” (R Core Team, 2020, version 3.6.3). 

Plotting of linear discriminant analysis (LDA) results were done using the 

“plot” function in the “graphics” package (R Core Team, 2020), while 

distribution boxplots and classification diagrams were plotted using the 

“ggplot” function in the “ggplot2” package (Wickham, 2016). 

2.3.1. Outlier detection and data reduction 
For some low-concentration elements (e.g., Al, Cu, Mn, Pb, Rb, and 

Ti) we observed a considerable amount of negative ppm values. This 

suggested that abundances were below detection limits and/or mea- 

surements were influenced by background “noise” during LA-ICP-MS 

analysis. As concentrations cannot be negative, negative values were set 

to zero. Unlikely high values, assumed to derive from instrumental errors, 

were also detected. They were removed through two steps on a fish to fish 

basis: 1) Initially, extreme outliers were removed, as they distorted the 

mean values used in step 2. For each element, individual factors were 

determined by visual inspection of element distribution plots. Values 

exceeding mean x factor were considered extreme outliers and were 

removed. Factors for each element were: Li: 10; Mg: 20; Al: 8; Si: 8; P: 20; 

K: 8; Ti: 8; Mn: 8; Cu: 8; Zn: 8; Rb: 8; Sr: 8; Ba: 20; Pb: 8). 
Outliers defined as measurements with values exceeding mean ± 4x 

standard deviation were removed. The following amounts of outliers were 

removed during each step: 1) Li: 6/65548; Mg: 54/65548; Al: 

2556/65548; Si: 559/65548; P: 19/65548; K: 0/65548; Ti: 3105/65548; 

Mn: 373/65548; Cu: 534/65548; Zn: 105/65548; Rb: 164/65548; Sr: 0/ 

65548; Ba: 3/65548; Pb: 648/65548. 2) Li: 299/65542; Mg: 728/65494; 

Al: 495/62992; Si: 241/64989; P: 0/65529; K: 86/65548; Ti:175/ 62443; 

Mn: 143/65175; Cu: 298/65014; Zn: 134/65443; Rb: 116/ 

65384; Sr: 182/65548; Ba: 395/65545; Pb: 372/64900. 

In line with the aim of this study to identify geographical chemical 

baselines, we only utilized the average value of the five outermost LA- ICP-

MS measurements for each otolith. This interval, which covered the 

outermost ~50-58 μm towards the edge (Figure 2b), included the last 

known residence of the fish, i.e., the capture location, thereby tying otolith 

chemistry to specific geographical areas. It was not possible to accurately 

estimate how much time this otolith section represented, as otolith growth 

rates vary markedly during the year and between in- dividuals. In addition, 

the timing of sample collection in regards to the onset of spawning seasons, 

which varied across localities, was unknown. The analyzed otolith interval 

may therefore include time intervals before the spawning period and can 

potentially include chemical sig- natures from areas outside of the 

spawning area. The data presented in this study is therefore considered to 

represent a general area around and including sample localities. 

2.3.2. Data integrity 
Univariate normality distributions of each element at each locality 

were initially assessed by distribution histograms (“ggplot” function, 

“ggplot2” package (Wickham, 2016)) and Q-Q plots (“qqnorm” func- tion, 

“stats” package (R Core Team, 2020)). Most elements were not normally 

distributed and Bartlett’s Test (“bartlett.test” function, “stats” package (R 

Core Team, 2020)) showed heteroscedasticity (unequal variances) 

between localities for most elements. All element concen- trations were 

therefore log +1-transformed (natural logarithm) in an attempt to meet 

parametric assumptions. As this did not improve normality and 

heteroscedasticity to a satisfying level, element concen- trations were 

subsequently transformed individually by Box-Cox power transformation 

(“boxcox” function, “MASS” package (Venables and Ripley (2002)), based 

on a linear regression model of the relationship between element 

concentration and locality (boxcox (element ~ localityID)). After 

transformation, all elements, except for Si and Ti, which had a high 

number of negative values transformed to zero, showed acceptable 

normality distributions (Fig. A.1). However, many elements still showed 

heteroscedasticity. Therefore, where possible, statistical tests allowing 

for unequal variances were utilized. 

2.3.3. Effects of fish length and sex on element concentrations 
Distributions of fish lengths between localities and sexes were visu- 

ally inspected using boxplots (Fig. 3). Length, sex, and locality were 

tested for collinearity by evaluating Variance Inflation Factors (VIF) 

(“vif” function, “car” package (Fox and Weisberg, 2019)), as collinearity 

between these factors could lead to artificial inflation of element con- 

centrations. VIF measures correlation between variables, where VIF 1 

means no correlation and VIF > 3 indicates potential correlation (Zuur 

et al., 2010). Collinearity between sex and length (VIF = 1.12), and sex and 
locality (VIF = 1.35) was found to be negligible, whereas consid- erable 
collinearity was detected between length and locality (VIF = 3.99). 
Consequently, the length variable was removed from the model, as it 
was considered redundant and could potentially interfere with the locality 
signal. Possible correlation between sex and otolith chemistry was tested 
by examining relationships between concentrations and sex on a locality 
basis in a generalized least squares (GLS) model (“gls” function, “nlme” 

package (Pinheiro et al., 2020). The model identified significant 
relationships between sexes for elements Mn, Cu, Sr, and Ba (Table A. 1). 
For these elements, the parameter estimates of the effect of males relative 
to females were subtracted from concentrations of males,  thereby 
normalizing all concentrations to females. After this correction, the effect 
of sex on concentrations was non-significant for all elements 

(GLS, df = 530, p > 0.05 for all elements). 

2.3.4. Classification of chemical fingerprints 
Central to the study was the identification of separate groups of 

microchemical signatures that were statistically distinguishable from 

other groups, in order to establish chemical baselines for Greenland’s 
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Fig. 3. Fish length distributions. Distributions of total lengths by locality, for males and females respectively. Localities are ordered by geog raphy, starting with 

northwestern Upernavik (1), across Tasiusaq (18) in the south to Ittoqqortoormiit (20) in the east (see Fig. 1). Colors are based on the locality groups defined in Section 

2.3.4 and Table 1. Localities 5 and 21 contain no females, while localities 17 and 19 contain just one female each. For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article. 

 
coastline. Localities were divided into three regional groups based on 

available knowledge of hydrography, geography, and capelin biology. The 

two East Greenland localities 19 (Tasilaq) and 20 (Ittoqqortoormiit) were 

placed in a separate group, 3-East (n = 59), based on differences in 

hydrography between East and West Greenland (see e.g. Buch, 2002), and 

geographical distance coupled with a general assumption within the 

literature that migrations amongst the inshore Greenland populations are 

limited (Friis-Rodel and Kanneworff, 2002; Sørensen and Simonsen, 

1988). On the west coast, an oceanographic transition zone exists at 

~65    68 ◦N, where as many as five different water bodies mix and form 

thermohaline stratification (Munk et al., 2003). A considerable north-

south temperature gradient is observed across this zone at depths of 50 

200 m (Bergstrøm and Vilhjalmarsson, 2006). In addition, size 

differences exist between capelin north and south of the zone, as the 

northern capelin are considerably larger (Fig. 3; Hedeholm et al., 2010). 

The west coast samples were therefore divided into two groups, north and 
south of the zone: Northern group 1-NW (n = 324) containing localities 1–

8, 10, and 21, and southern group 2-SW (n = 166) containing 

localities 11–13 and 16–18. 

Element distributions between localities were compared using 

ANOVA (“aov” function, “stats” package (R Core Team, 2020)). As 

ANOVA assumes homoscedasticity, Kruskal-Wallis test (“kruskal.test” 

function, “stats” package (R Core Team, 2020)) was also performed for 

comparison. Tukey’s Honestly Significant Difference method 

(TukeyHSD) (“TukeyHSD” function, “stats” package (R Core Team, 

2020)) was applied for pairwise comparison of element distributions 

between localities. 

Multivariate tests were applied to examine statistical differences 

between groups. To test for differences in group signatures, MANOVA 

(“manova” function, “stats” package (R Core Team, 2020)) was per- 

formed. MANOVA assumes equal covariance matrices. Although the 

data did not meet this criterion, MANOVA was included in the study, 

and test results were assessed with the issue in mind. LDA (“lda function”, 

“MASS” package (Venables and Ripley, 2002)) was applied to discrim- 

inate groups based on element signatures, and to identify the elements 

primarily responsible for group discrimination. LDA and QDA (“qda 

function, “MASS” package (Venables and Ripley, 2002)) were also used 

to examine the ability of specific elemental signatures to correctly 

classify individuals to groups. LDA assumes normal distributed data, 

 
statistically independent features, and equal covariance for every class.  

The data did not meet the latter criterion. However, even if assumptions 

are violated, LDA can still be used for dimensionality reduction and 

classification (Li et al., 2006). QDA is a modification of LDA that also seeks 

to maximize group separation, while not assuming equal covari- ance 

amongst groups. Classification accuracy was examined by standard Jack-

knifed leave-one out cross validation. Two separate LDA and QDA tests 

were performed: 1) All-group, which included all three region groups, and 

reflected differences between western and eastern group signatures, 2) 

West-coast, which focused on groups 1-NW and 2-SW from the west coast, 

where spatial sample resolution was highest. 

 
3. Results 

3.1. Size and sex 

Fish lengths vary with sex and geography (Fig. 3). At age 4, females 

are somewhat smaller than males, but as shown by VIF-analysis the 

correlation between length and sex is negligible. Correlation between 

length and locality is similar for the two sexes: Fish lengths are generally 

larger in the northwest (1-NW) (except for locality 7) and in the east (3- 

East) than in the southwest (2-SE). The largest fish are found at eastern 

locality 19. 

 
3.2. Element distributions 

Initial univariate tests are aimed at recognizing trends in element 

distribution between localities and between groups. Both ANOVA and 

Kruskal-Wallis tests of elements against locality show that for no 

element is concentrations similar at all localities (ANOVA, df = 17, p < 

0.0001 for all elements; Kruskal-Wallis, df = 17, p < 0.0001 for all el- 
ements; see Table A.2 for complete test results). In TukeyHSD tests, Li 

and Ba are the only elements to show noticeable group tendencies (Table 

A.3). Within each of groups 1-NW and 2-SW, localities generally have 

similar concentrations, but differ significantly from the other group’s 

localities. Exceptions are found at localities close to the boundary 

between the two groups: Li concentrations at locality 11 are dissimilar 

from other group 2-SW localities, but similar to many group 1- NW 

localities, whereas Ba concentrations at localities 8 and 10 are 
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dissimilar from most other group 1-NW localities, but similar to some 

group 2-SW localities. The two group 3-East localities show varying 

tendencies: At locality 19, Ba and Li concentrations are similar to group 

2-SW localities, whereas at locality 20, Ba concentrations are similar to 

group 2-SW, but Li concentrations are similar to group 1-NW. In general, 

the two eastern localities show chemical disparity as concentrations of 

elements Li, Mg, P, Zn, K, and Cu differ significantly between the two. 

Mean locality concentrations (Table A.4) and mean group 

concentrations (Table 2) have been calculated separately for each 

element.  Element distributions by locality are presented in Fig. 4. 

Concentrations of Li, Ba, and Sr are generally highest at group 1-NW 

localities. Pb  concentrations are highest in group 2-SW, but this is tied 

to elevated  concentrations at localities 11, 13, and 17. Distributions of 

Mg-, P-, and Zn follow uniform patterns as they are elevated at localities 

7 and 19. Mn concentrations are also high at these localities. Distributions 

of Al, Si, K, Ti, Cu, and Rb show some inter-locality variations, but no 

consistent group differences are observed. 

Significant differences between group signatures are detected in both 
All-group (MANOVA, df = 2, p < 0.0001) and West-coast (MANOVA, df = 

1, p < 0.0001) multivariate tests. LDA successfully classifies 

individuals to groups based on their signatures (Fig. 5; Fig. 6). In the 
All-group LDA, groups 1-NW and 2-SW are well separated, showing only 
minor overlap. Li, Ba, and Pb are identified as the primary discriminators 
between the two groups. For group 3-East, Mg and K are identified as the 
primary discriminators. However, upon further inspection only locality 19 
is distinctly separated from the other groups, whereas locality 20 overlaps 
considerably with group 1-NW. The West-coast LDA also identifies Li, Ba, 
and Pb as having the highest discriminatory power in the separation of 
groups 1-NW and 2-SW, with discriminant coefficients of -1.20, -0.79, and 
0.43, respectively, while all other element coefficients are below 0.21. 

LDA and QDA classification successes for assigning fish to groups are 

high, indicating chemically well-defined groups (Fig. 7). For the All- 

group classification, LDA and QDA classification successes are 90 % 

and 91 %, respectively, driven by high classification success for groups 

1-NW (LDA: 97 %, QDA: 96 %) and 2-SW (LDA: 88 %, QDA: 93 %). 

Classification successes are lower for the smaller group 3-East (LDA: 56 

%, QDA: 58 %). For the West-coast classification, classification successes 

are also high for LDA and QDA at 95 % (1-NW: 98 %, 2-SW: 92 %) and 96 

% (1-NW: 98 %, 2-SW: 94 %), respectively. Overall, LDA and QDA yield 

similar classification successes. 

 
4. Discussion and conclusions 

This study has identified two well-defined, chemically distinct groups 

(1-NW and 2-SW) of spawning aggregations of capelin along the Greenland 

west coast. The LDA analyses detect only minor overlap between the two 

groups, and LDA/QDA classification success is high. Group 3-East, 

however, cannot be considered a chemically distinct or homogeneous unit, 

as the two localities 19 and 20 show significant disparity for several 

elements. LDA/QDA classification success is also relatively low. Perhaps, if 

more spawning locations along the east coast are discovered and sampled, 

the increased spatial resolution could help to delimit chemically distinct 

regions. 

 
Table 2 

LDA analysis identifies elements Li, Ba, Pb, Mg, and K as the elements 

with the most influence on group separations. Groups 1-NW and 2-SW 

are distinguishable by generally contrasting Li and Ba contents. For Pb, 

contrasting concentrations between the two groups are tied to just three 

group 2-SW localities with elevated concentrations: 11, 13, and 17. Group 

3-East is characterized by higher Mg and K contents. However, as 

individual locality boxplots illustrate, these are not general group trends 

but are tied to elevated concentrations at single localities (Mg: locality 

19; K: locality 20). A few other noticeable distribution trends are observed. 

Visual assessment of boxplots identifies marginally, but consistently 

elevated Sr concentrations at 1-NW localities. Also, elements Mg, P, Zn, and 

Mn are all elevated at two localities, 7 and 19. Although the specific drivers 

responsible for element regulation are beyond the scope of this paper, the 

main observations will be discussed below: 
Li, Ba, and Sr tend to mostly reflect ambient water chemistry. All 

three elements follow the same trend as their concentrations are generally 

highest at group 1-NW localities, except for Li being similarly elevated at 

localities 11 and 20. Sr and Li are in the literature often found to be 

correlated positively with salinity (see e.g., Hüssy et al., 2020; Sturrock et 

al., 2012; and references herein). Temperature is known to influence 

element uptake in otoliths, but literature on its direct role is conflicting 

(Campana, 1999; Collingsworth et al., 2010; Elsdon and Gillanders, 2002; 

Webb et al., 2012). The observed variations in Li-, Ba-, and Sr can likely be 

attributed to variations in water chemistry and temperature related to 

hydrographic differences in the study area. The northern part of the study 

area, both in east and west Greenland, is highly influenced by cold, low 

salinity polar currents, whereas the southern part to a larger extent is 

influenced by warmer, more saline Atlantic currents (see e.g., Buch, 2002). 

Fish sizes vary considerably between the groups. However, for both Ba and 

Sr, previous studies report negative or no relationship between somatic 

growth rate and otolith content (Hüssy et al., 2020, and references herein), 

which contradicts our observations of both fish sizes and concentrations 

being higher in group 1-NW relative to group 2-SW. Therefore, size is not 

likely to have influenced Ba and Sr concentrations to a degree that will  

explain the observed group differences. No studies examining the 

relationship between fish size and otolith Li were found. 
Elevated Pb levels are often associated with anthropogenic activity, 

e.g., pollution (Campana, 1999; Søndergaard et al., 2015). All three 

localities, where Pb levels are elevated, may be affected by anthropogenic  

Pb pollution: Localities 11 and 13 are located in the vicinity of Greenland’s 

two largest cities, Sisimiut and Nuuk, respectively. Locality 17 is situated 

near a former cryolite mine at Ivittut that is known to have polluted the 

adjacent fjord system with Pb and Zn mine tailings (Bach et al., 2014). 

This suggests a connection between elevated Pb levels in the otoliths 

and anthropogenic pollution. However, similarly elevated Pb levels are 

not detected at locality 2, where Pb pollution from Maarmorilik’s “Black 

Angel” zinc-lead mine has previously been traced in sculpin 

(Myoxocephalus scorpius) otoliths (Søndergaard et al., 2015). 

Distributions of Mg, P, Zn, and Mn follow parallel patterns, different to 

the above-mentioned environmental tracers. Mg, Zn, and Mn have been 

found to be regulated by both ambient water chemistry and temperature 

(Bath et al., 2000; Bouchard et al., 2015; Campana, 1999). 

Element distributions (group). Distributions of elements by locality groups. Mean concentrations ± SE (columns Li-Pb) are log(ppm+1)-transformed and Box-Cox- 

transformed, and are normalized with regard to sex. Locality groups are defined in section 2.3.4. 

Locality 

Group 

Li Mg Al Si P K Ti Mn Cu Zn Rb Sr Ba Pb 

1-NW 1.199 ± 

0.008 

2-SW 0.893 ± 

0.014 

3-East 1.012 ± 

0.032 

1.373 ± 

0.012 

1.345 ± 

0.011 

1.548 ± 

0.035 

0.574 ± 

0.015 

0.758 ± 

0.020 

0.591 ± 

0.039 

1.428 ± 

0.023 

1.566 ± 

0.016 

1.483 ± 

0.042 

1.417 ± 

0.018 

1.265 ± 

0.022 

1.488 ± 

0.039 

1.262 ± 

0.010 

1.271 ± 

0.019 

1.462 ± 

0.034 

0.784 ± 

0.019 

0.823 ± 

0.027 

0.677 ± 

0.039 

0.853 ± 

0.006 

0.810 ± 

0.007 

0.849 ± 

0.012 

0.571 ± 

0.009 

0.662 ± 

0.016 

0.640 ± 

0.023 

1.440 ± 

0.021 

1.386 ± 

0.027 

1.507 ± 

0.059 

1.568 ± 

0.017 

1.548 ± 

0.032 

1.807 ± 

0.046 

12.036 ± 

0.112 

10.943 ± 

0.138 

10.323 ± 

0.248 

1.047 ± 

0.001 

1.022 ± 

0.001 

1.021 ± 

0.002 

0.422 ± 

0.005 

0.496 ± 

0.013 

0.446 ± 

0.015 
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Fig. 4. Element distributions by locality. Concentrations have been transformed by log(ppm+1) and Box-Cox-transformation, and are normalized with regard to sex.  

Localities are ordered by geography, starting with northwestern Upernavik (1), across Tasiusaq (18) to the south to Ittoqqort oormiit (20) to the east (see Fig. 1). For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article. 

 

Fig. 5. “All-group”  linear  discriminant  analysis  (LDA).  The LDA 

is based on locality groups 1-3. Individual capelin signatures are 

plotted on the first (LD1) and second (LD2) linear discriminant 

axes. Each plot is a principle variable projection of the 14-

element signature of one otolith. The two group 3-East localities, 

19-Tasilaq (dark green) and 20- Ittoqqortoormiit (light green) 

are colored individually to show their distinction. Arrow angles 

represent the relationship between element concentrations 

and the locality groups. Arrow lengths represent the elements’ 

discriminatory power (longer arrows = higher power). LD1 and 

LD2 account for 100 % of variances. For interpretation of the 

references to color in this figure legend, the reader is referred 

to the web version of this article. 

 
 
 
 
 
 
 
 
 
 
 

However, several studies also point towards physiological regulation, 

such as positive correlation of Mg and Mn with metabolic rate and 

otolith accretion rate (i.e. fish growth) (Farrell et al., 2011; Hamer and 

Jenkins, 2007), and Zn being regulated hormonally (Loewen et al., 

2016; Sturrock et al., 2015). In otoliths, P is typically correlated to Mg, 

and is most likely also regulated by physiological mechanisms 
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Fig. 6. “West-coast” linear discriminant analysis (LDA). LDA 

histograms based on locality groups 1-NW (red) & 2-SW (blue), 

showing the difference in discriminant coefficients between the  

otolith microchemistry of the two groups, plotted against one 

discriminant axis. The y-axis represents relative frequencies of 

principle variable projections within the discriminatory 

coefficient intervals on the x-axis. Relative frequencies are used 

as sample sizes differ between groups. For interpretation of the  

references to color, the reader is referred to the web version of  

this article. 

 
 
 
 
 
 
 
 
 
 

 
Fig. 7. Group classifications. Proportions of 

capelin that were assigned to each  locality group 

by linear discriminant analysis (LDA) and 

quadratic discriminant analysis  (QDA)  of otolith 

microchemical signatures. Assignment rates are 

listed separately for All-group (groups 1-3) and 

West-group (groups 1 & 2) classifications. Cells 

on the diagonal from bottom-left to top-right 

represent correct assignments (shaded in green), 

whilst the remaining cells represent incorrect 

assignments (shaded in red). Shadings are based 

on proportions, with darker being closer to 1 and 

lighter closer to 0 (Brown et al., 2019). Locality 

groups are listed in Table 1. For interpretation of 

the references to color, the reader is referred to 

the web version of this article. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

(Campana, 1999). It is unclear why individuals from localities 7 and 19 

exhibit elevated concentrations of these four elements. 

Determining the specific drivers responsible for the observed inter- 

locality and inter-group variations in otolith chemistry requires improved 

knowledge of hydrography/water chemistry and capelin 

spatial dynamics in the study area. Acoustic surveys in Greenland have 

observed both horizontal and diel vertical migrations in capelin (Friis-

Rodel and Kanneworff, 2002). Of particular relevance to this study is the 

movement and residency along the coast in and prior to the spawning 

period. Males are known to spend more time at spawning sites 
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than females, who typically enter the spawning sites later and leave 

earlier. Fish size may also play a role in the timing of when individual 

fish approach the shore (Friis-Rodel and Kanneworff, 2002). Because the 

studied otolith edge sections cannot be tied to specific time intervals, the 

presented microchemistry also cannot be unequivocally tied to specific 

localities. This creates uncertainty regarding the extent of the area 

represented in the chemical data, which may vary between individual fish, 

and could explain intra-locality variations. Improved knowledge of capelin 

spatial dynamics, as well as water chemistry, in the studied areas could 

help delimit the geographical extent of the presented chemical baselines. 

Perhaps this can be obtained from further studies of full otolith 

chronologies, which contain chemical information from the entire 

lifespans of the fish. Spatial dynamics can potentially be traced from time-

resolved variations in the otolith chemistry that may result from 

movement through physicochemically diverse waters, although such 

variations may also represent seasonal variability in the water chemistry. 
The chemical baselines presented here can be applied as tools for 

relating chemical signatures in capelin otoliths to general geographic 

areas. The baselines may also be applicable to other fish species, although 

some species-specific differences in otolith element uptake can be 

expected. Identifications of chemical signatures in time-resolved otolith 

data may allow for tracking of fish movement between the presented 

region groups. However, given the current rapid changes in the Arctic 

climate, spatial chemical signatures may change in the future, underlining 

the necessity for continuous investigations of hydrography and water 

chemistry in the waters around Greenland. Our study confirms the 

applicability of otolith chemistry to trace physicochemical variation in the 

marine environment. The detection of spatial variations in water 

chemistry along Greenland’s coastline - and subsequent identification of 

chemically distinct zones - is an important step in the process of tracking 

capelin migratory behavior by otolith microchemistry. Understanding 

capelin stock dynamics, such as local and regional connectivity between 

populations, through studies of otolith chemistry will be important as 

basis for the development of viable biological advice and sustainable 

management. 
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Abstract 

Capelin (Mallotus villosus) is a marine fish species that spawns along the shorelines of 
Greenlandic fjords during late spring/early summer, but its migration patterns from 
hatching to spawning are largely unknown. This prohibits optimal fisheries advice and 
management of the stock. In this study, we examine spatial population structure 
through the lifetime of capelin in West Greenland using otolith microchemistry of 421 
individual fish, caught while spawning at 16 different localities. In order to investigate 
the life-time residency of each fish, otolith core-to-edge measurements of Ba, Li, and Pb 
concentrations are classified to either of two West Greenland regions (north/south of   ̴
68° N). Classifications suggest that West Greenland capelin reside primarily within one 
region throughout their life. Secondly, examination of Pb profiles indicate local 
residency on a smaller geographical scale. Otolith Pb levels, which most likely reflect 
bioavailable Pb derived from local geological and anthropological sources, vary 
between localities, but are found to be largely consistent throughout otolith 
chronologies of individual fish. Fish from neighboring localities are in some cases found 
to have contrasting otolith Pb levels, which suggests the existence of locally segregated 
populations with little or no connectivity. Significant Pb increases are observed towards 
the otolith edge, which indicates relatively high Pb exposure during the spawning 
period, where the fish enter shallow waters. These findings are in stark contrast to what 
is seen in other North Atlantic capelin stocks, such as those spawning in the Barents 
Sea, around Iceland and off East Canada, which exhibit long-distance migrations 
between spawning, feeding and overwintering areas. The information presented here 
has implications for West Greenland capelin stock management, which should be fitted 
within a high spatial resolution framework that takes locally segregated populations 
into account to avoid local collapses. 
 
Keywords:  
Capelin, otolith microchemistry, migration, connectivity, stock structure, spatial tracing 
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1. Introduction 

Sustainable management of fish stocks relies on information on their spatial 

distribution throughout the year. Whereas some fish remain relatively stationary, 

others perform migrations to gain advantages in terms of foraging, survival and/or 

reproductive opportunities (Grubbs and Kraus, 2019). Knowledge on spatial structure 

and connectivity between different populations is key to successfully managing 

fisheries. Different approaches must be considered for populations that remain isolated 

within a confined area, as opposed to those that migrate and mix with other 

populations. For example, stocks consisting of smaller, segregated populations require 

specific management of each population. 

Capelin (Mallotus villosus) is a small pelagic fish from the smelt family that is known 

to migrate long distances. It is widely distributed in northern parts of the Pacific and 

Atlantic oceans (Præbel et al., 2008), where it is targeted by large-scale commercial 

fisheries (Carscadden et al., 2013a). In the North Atlantic, three major populations are 

found: a Barents Sea population, an Iceland population (including Iceland Sea, 

Greenland Sea, Denmark Strait), and a Canadian population, found off the coast of 

Newfoundland and Labrador. These stocks migrate several hundred (sometimes 

thousands) of kilometers annually between spawning, feeding, and overwintering 

habitats (e.g., the nursery area of capelin that spawn around Iceland is in East 

Greenland) (Carscadden et al., 2013a). Decades of monitoring of these stocks have 

shown changes in stock distributions as a response to changing sea temperatures and 

stock sizes (Gjøsæter et al., 1998; Jansen et al., 2016), emphasizing the need for 

continuous monitoring. In these stocks, spawning takes place during spring at depths 

ranging from surface waters to 100 meters (Carscadden et al., 2013a). Semelparity is 

widespread (Christiansen et al., 2008). 

In West Greenland, capelin typically spawn in shallow water in the fjords and along 

the outer coast. Males are most likely semelparous, and therefore die after spawning, 

whereas females may survive and can potentially spawn during multiple seasons (see 

Friis-Rodel and Kanneworff, 2002, for a review on capelin in Greenland waters). 

Whereas migrations by the Barents Sea, Iceland and Canadian populations are well 

documented, little is known about the spatial dynamics of capelin populations in West 

Greenland, but West Greenland capelin are assumed to be less migratory than the 

previously mentioned stocks (Friis-Rodel and Kanneworff, 2002). Studies have shown 

capelin from West Greenland to be genetically distinguishable from North Atlantic 

stocks, such as Canadian (Cayuela et al., 2020) and the Northeast Atlantic populations 



 

46  

(Præbel et al., 2008). On a local scale, an isozyme study have found genetic differences 

between capelin from three different locations in central West Greenland, suggesting 

the existence of  segregations of fjord-specific, isolated populations, with limited inter-

connectivity and gene flow (Sørensen and Simonsen, 1988). The lack of knowledge 

about migration patterns and the uncertainty regarding population connectivity has 

long been a hindrance for sustainable and optimal fisheries advice. Presently, no large-

scale commercial fishery of capelin takes place in West Greenland, but the fishing 

industry actively seeks this by arranging experimental fisheries (Pers. Comm. Anders 

Bjørn Larsen, Directorate for Fisheries (APNN), Government of Greenland. 7 April 

2020) 

In this study, we investigate capelin migration and population connectivity by 

utilizing natural chemical signatures (tags) stored in otoliths as tracers for the 

physiochemical environment experienced through the lifespan of the fish. Otoliths are 

chemically inert, metabolically stable, carbonate structures that are found pairwise in 

the inner ear of teleost fish, where they serve as indicators of, e.g., balance, direction 

and sound detection. They grow incrementally and chronologically during the entire 

lifespan of the fish, during which specific trace elements are incorporated in the otolith, 

either as substitutes for calcium or as part of an organic matrix. Element accumulation 

is regulated by environmental factors, e.g., water chemistry, temperature, and food 

availability, as well as physiological factors, e.g., growth, maturity stage, and maternal 

influence (e.g., Campana, 1999; Elsdon and Gillanders, 2002; Hüssy et al., 2020; Izzo et 

al., 2016; Kerr and Campana, 2014; Sturrock et al., 2015). Spatial and temporal variation 

amongst these factors may lead to distinct chemical signals that allow for differentiation 

of fish with separate space-time life histories (see e.g., Elsdon et al., 2008). However, in 

strictly marine settings, this can be challenging due to low spatial chemical variability 

and a lack of spatial boundaries (Sturrock et al., 2012). 

Spatial discrimination of fish populations on the basis of environmentally induced 

chemical tags in otoliths is the most common application of otolith microchemistry. 

Applications of spatial discrimination include stock discrimination (e.g., Ferguson et al., 

2011; Heidemann et al., 2012; Moreira et al., 2018), spatial segregation of nursery areas 

(e.g., Bouchard et al., 2015; Bradbury et al., 2011; Hamer et al., 2003; Rooker et al., 

2001), identification of spatial chemical variation (e.g., Hamer and Jenkins, 2007; Izzo 

et al., 2016) and tracking fish movement (for reviews, see e.g., Elsdon et al., 2008; Elsdon 

and Gillanders, 2003; Sturrock et al., 2012). For capelin in West Greenland, Fink-Jensen 

et al. (2021) characterized two chemically distinct marine regions (north/south of ~68 

°N). These were based primarily on concentrations of Li, Ba, and Pb in otolith edges, 
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which included representation of the marine chemical environment during spawning 

season. Here, we examine the concentrations of these three elements in the full otolith 

chronology of the same samples. On a larger spatial scale, capelin lifetime residency is 

investigated by classification of time-resolved chemical data between the two regional 

tags identified in Fink-Jensen et al. (2021). On a finer spatial scale, we use otolith Pb as 

a spatial tracer. Several studies have shown positive correlation between Pb in otoliths 

and ambient water (e.g., Friedrich and Halden, 2010; Hansson et al., 2020; Ranaldi and 

Gagnon, 2008; Selleslagh et al., 2016; Søndergaard et al., 2015). Here, we examine if 

temporal and spatial differences in otolith Pb can be tied to environmental variability 

in bioavailable Pb from geological and/or anthropological sources, and use inter-

locality differences to investigate connectivity between fish from different areas. 

The aim of this study is to provide information on capelin movements and population 

connectivity in West Greenland. We hypothesize that lifetime residency of the fish can 

be inferred from comparison between time-resolved multivariate profiles of otolith 

chemistry to regional tags derived from otolith edges, and that spatially segregated 

populations may be identified. 

2. Materials and Methods 

2.1. Sample selection and preparation 

Capelin spawning in shallow waters were caught in 2017 from 16 localities situated 

along Greenland’s west coast (Fig. 1; Table 1), spanning from north-western Upernavik 

to Tasiusaq in south. Sampling sites were selected to broadly represent the west coast, 

with extended focus on the Ummannaq fjord. Sample collection techniques are 

described in Fink-Jensen et al. (2021). After catch, the samples were kept cold (<5°C) 

for a few hours until freezing at -18 to -40°C. Once defrosted, the following 

characteristics were noted: sex, total weight to nearest 0.1 grams, and lengths with 

pinched tail (nearest millimetre rounded down) (Hansen et al., 2018). Sagittal otolith 

pairs were removed and stored in sealed polyester trays. 

Ages were determined following the procedure outlined in Røttingen and Alvarez 

(2011) by counting of annual growth rings in the otoliths while they were submersed 

in water. This was done using a stereomicroscope (LeicaMZ6) at 3.2 μm pixel-1 

magnification under reflected light (Fig. 2). In general, incremental winter- and summer 

rings were well contrasted and distinguishable, and ~80 % of the samples were aged 

with confidence. In the remaining samples, some of the summer and winter increments 

could not be clearly identified, and these samples were therefore omitted from the  
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Fig. 1. Map of southwest Greenland with markings (circles) of sample localities. Marking 
colors indicate locality groups 1-NW (red) and 2-SW (blue). The Uummannaq fjord system 
is highlighted due to high locality density. Locality names are as follows: 1: Upernavik, 2: 
Maarmorilik, 3: Ukkusissat, 4: Anoritup Nua, 5: Qaqugdlugssuit Syd, 6: Qajanguit, 7: 
Marrait, 8: Illulisat, 10: Aasiaat, 11: Sisimiut, 12: Manitsoq, 13: Kapisillit, 16: Fiskenaesset, 
17: Ivittut/Arsuk, 18: Tasiusaq, 21: Qeqertarsuaq. 
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Locality 
groups 

Locality 
ID 

Locality Name Lat Lon M/F 
Mean length 

(mm) 
Mean 

weight (g) 

1-NW 1 Upernavik 72.438 -54.415 11/4 152.39 25.34 

1-NW 2 Maarmorilik 71.111 -51.232 20/14 155.97 26.59 

1-NW 3 Ukkusissat 71.050 -51.889 21/7 161.06 28.15 

1-NW 4 Anoritup Nua 70.759 -51.434 22/6 163.38 30.16 

1-NW 5 Qaqugdlugssuit Syd 70.704 -51.320 31/0 165.76 33.95 

1-NW 6 Qajanguit 70.633 -52.323 28/3 160.97 29.22 

1-NW 7 Marrait 70.458 -50.979 18/8 141.29 23.73 

1-NW 8 Illulisat 69.279 -51.025 2/29 156.86 26.57 

1-NW 10 Aasiaat 68.540 -53.063 24/8 162.69 27.26 

1-NW 21 Qeqertarsuaq 69.250 -53.500 23/0 168.48 36.98 

                

2-SW 11 Sisimiut 66.905 -53.007 18/6 141.84 18.71 

2-SW 12 Manitsoq 65.590 -52.809 13/11 134.85 14.14 

2-SW 13 Kapisillit 64.429 -50.303 20/2 138.04 16.61 

2-SW 16 Fiskenaesset 63.015 -50.878 8/4 126.71 11.16 

2-SW 17 Ivittut/Arsuk 61.253 -48.100 30/1 132.06 12.86 

2-SW 18 Tasiusaq 60.196 -44.822 17/12 133.77 15.51 

Table 1. Overview of sample localities. “M/F” is the total number of sampled 
males/females, respectively. Locality groups 1-NW and 2-SW are defined in Fink-Jensen et 
al. (2021), based on otolith edge chemistry. All fish are 4-year-olds caught in 2017. 

 
study. Ages ranged from 2 to 6 years, with 3 and 4-year-olds being most abundant. 

ANOVA (“aov” function, “stats” package (R Core Team, 2020)) of age vs. elemental 

concentrations revealed statistical significance of age class on otolith concentration for 

all of the analyzed elements. To avoid age-related bias, only 4-year-olds were selected 

for the study. Furthermore, to avoid bias related to the effect of year class, only fish 

caught in 2017 were included. One otolith from each of up to 34 fish was selected from 

each locality (Table 1) based on the following criteria: Sex (seeking a 50/50 

male/female ratio) and otolith structural integrity (i.e., avoiding cracks and vaterite 

crystallization), resulting in a total sample size of 421 otoliths. The otoliths were 

embedded individually in epoxy resin and polished along the sagittal plane to expose a 

continuous core-edge surface. Polished epoxy mounts were cleansed with ethanol 

wipes, and placed in an ultrasonic bath for 40 minutes, first 20 minutes in Milli-Q H20, 

followed by 20 minutes in pure ethanol.  
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In order to investigate annual variations in the microchemistry over the entire 

otolith chronology, annual growth intervals were determined by identifying otolith 

core, annual winter rings (ring centers) and edge along the analyzed core-to-edge 

transects (Fig. 2), using ImageJ software, v.1.52d. 

 

 
 

2.2. LA-ICP-MS of otoliths 

The embedded otoliths were subjected to trace element analysis using Laser 

Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS), conducting core 

to edge transects analyses on the exposed otolith surface following the general routine 

described by Serre et al. (2018). Positions of LA-ICP-MS transects were determined by 

lines drawn from core to edge, perpendicular to growth increments observed on 

reflected light optical photos, which were imported as overlay images into the laser 

ablation software. Lines were placed to avoid cracks and scratches in the otolith surface 

(Fig. 2). 

All LA-ICP-MS analyses were performed at Geological Survey of Greenland and 

Denmark (GEUS) using an Element 2 magnetic sector field ICP-MS from Thermo-Fisher 

Scientific coupled to a NWR 213 solid state Nd:YAG laser ablation system from 

Elemental Lasers. The LA-ICP-MS measurements were carried out using a laser beam 

Fig. 2. 
Sagittal plane 
cross-section of a 
capelin otolith 
sample after 
embedding and 
polishing. The red 
line marks the core 
to edge transect 
along which LA-
ICP-MS analysis 
was performed. 
Orange rings mark 
otolith sections: 
core, center of 
winter rings and 
edge.  
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spot size of 25 µm, a repetition rate of 10 Hz, and a nominal laser fluency of 8 to 9 J/cm2. 

During analysis, the mass spectrometer measured signal intensities of the isotopes 7Li, 
137Ba and 208Pb every 2.80 s at a 3 μm s-1 scan speed along the transects. The ICP-MS 

signal-to-noise ratios were optimized under dry plasma conditions for the entire 

isotopic mass range (i.e., 7Li to 208Pb) through continuous laser ablation of the NIST 612 

artificial glass standard (Jochum et al., 2011), opting for maximum isotopic sensitivity 

under the lowest possible element-oxide production levels (monitored by the 
254UO2/238U ratio). Instrumental mass drift was monitored and corrected for by using a 

standard-sample-standard bracketing protocol throughout all otolith analysis 

sequences. The LA-ICP-MS analytical protocol is described in detail in Fink-Jensen et al. 

(2021). 

2.3. Data processing 

The statistical analysis in this study followed the general analysis protocol for 

microchemistry-based stock identification outlined in Campana (2005) and Kerr and 

Campana (2014). All data analysis was carried out in the statistical software “R” (R Core 

Team, 2020). 

For Li and Pb we observed negative ppm values (Li: 399/49774, Pb: 6160/49774 of 

total measurements), likely from some concentrations that were lower than the 

measurement error, stemming from background “noise” during LA-ICP-MS analysis. As 

concentrations cannot be negative, all negative values were set to zero. For Li and Ba, 

statistical outliers, which were assumed to derive from instrumental errors, were 

detected and removed through two steps: 1) Extreme outliers, defined as 

measurements that exceeded mean fish concentrations multiplied by an element-

specific factor (Li: 10, Ba: 20), were removed (Li: 2/49774, Ba: 2/49774 of total 

measurements). Element-specific factors were determined by visual inspection of 

element distribution plots, 2) Outliers, defined as measurements with values exceeding 

mean ± 4 standard deviations, were removed (Li: 225/49772, Ba: 310/49772 of total 

measurements). Extreme Pb values were also detected, mostly in singular (i.e., not 

adjacent) measurements. During the LA-ICP-MS analysis, continuous measurements 

were registered for every 8.4 μm of analyzed otolith surface, with each measurement 

reflecting the average concentration measured since the prior measurement. With a 

beam radius of 12.5 μm, adjacent measurements therefore overlapped. It was therefore 

deemed that actual extreme observations would be detectable in consecutive 

measurements, and that singular extreme Pb values were caused by instrumental error. 

Such statistical outliers of Pb were identified by a running mean algorithm (”rollapply” 
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function, “zoo” package, Zeileis and Grothendieck (2005)), where each measurement 

was compared to the mean of spatially adjacent measurements (two on each side). 

Individual measurements higher than this mean x10 were considered instrumental 

errors and were removed (1005/49774 of total measurements). 

A central part of the study was the classification of whole otolith multivariate data to 

the two chemically distinct regional tags defined in Fink-Jensen et al. (2021) from 

otolith edge data. Edge chemistry included the capelin spawning period and thereby 

chemical fingerprints from the spawning/catch site, allowing us to relate otolith 

chemistry to geography. Due to difficulties in assessing the timespan covered by 

intervals in the otolith chronology, two different definitions of “edge” measurements 

and their mean values were used: “Edge5”, using the five measurements closest to the 

otolith margin (outermost  ̴ 54.5-62.9 μm of the analytical transect), and “Edge2”, using 

the outermost two measurements (  ̴ 20.9-29.3 μm). To accommodate parametric 

assumptions, edge concentrations of each element were transformed by the procedure 

used in Fink-Jensen et al. (2021): 1) +1 and log transformations, 2) Box-Cox power 

transformation (lambda parameters: Li^0.39, Ba^0.06, Pb^0.26) (“boxcox” function, 

“MASS” package, Venables and Ripley (2002)) based on the relationship between 

element concentration vs. locality and sex (boxcox(Pb ~ Sex + StationID). Normal 

distributions of edge data were assessed by distribution histograms (“ggplot” function, 

“ggplot2” package, Wickham (2016)) and Q-Q plots. After data transformations, edge 

concentrations of each element were found to be normally distributed. For 

classification analysis, whole otolith data were transformed equivalently, i.e., first by +1 

and log-transformation, and subsequently by the same values used for Box Cox 

transformation of edge data, allowing for comparison of edge and whole otolith data. 

Henceforward, “*” will be used to denote transformed data, i.e., transformed 

concentrations = “concentrations*”, transformed ppm = “ppm*”. Assessment of whole 

otolith concentrations* found that none of the three elements had normally distributed 

data. Homogeneity of Variances was tested by Bartlett Test (“bartlett.test” function, 

“stats” package, R Core Team (2019)), and was found to be unequal for all three 

elements in both edge and whole otolith data. Therefore, where deemed necessary, 

parametric tests were accompanied by non-parametric tests. 

In Fink-Jensen et al. (2021), significant relationship between element 

concentrations* and sex were detected for Ba, but not for Li and Pb. These effects were 

assumed to be constant throughout life. Consequently, in the present study, all Ba 

concentrations* were corrected for sex effect by subtracting the parameter estimate 

(Ba: -0.0085) calculated in Fink-Jensen et al. (2021) of the effect of males relative to 
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females from concentrations* of males, thereby normalizing all concentrations* to 

females. Possible correlation between fish size and otolith chemistry was examined by 

visual inspection of fish length vs. concentration diagrams for each element on a locality 

basis, following the procedure suggested by Kerr and Campana (2014). No considerable 

unidirectional trends were detected across localities for any of the three elements (Fig. 

B.1). Furthermore, Fink-Jensen et al. (2021) found considerable collinearity between 

fish size and locality, potentially leading to artificial inflation of regression model 

coefficients. Consequently, element concentrations were not corrected for length effect 

and size was not used as a variable in statistical models. 

For comparisons of Pb concentrations* at different localities, mean ppm* values 

were calculated for each fish (n = 421) in order to accommodate parametric 

assumptions of the regression models used. For comparison of Pb concentrations* in 

different otolith sections, individual measurements were divided into core, edge, and 

middle sections, and averaged for each section on a fish-to-fish basis (n = 368). “Core” 

measurements were defined as the single innermost measurement of each otolith, 

based on a general otolith core size of   ̴20 µm and a LA-ICP-MS beam size of 25 µm. 

“Edge” measurements were defined as either Edge2 or Edge5 measurements. “Middle” 

measurements were defined as all other (non-core, non-edge) measurements. 

2.4. Data analysis 

Measurements of element concentrations, following the otolith chronology from 

core to edge, were presented as time-resolved element profiles using the “ggplot” 

function (“ggplot2” package, Wickham (2016)). In Fink-Jensen et al. (2021), two 

chemically distinct signature groups, 1-NW and 2-SW, were identified by linear 

discriminant analysis (LDA) of measurements from capelin otolith edges, which were 

represented by the five measurements closest to the otolith margin, as in the present 

study. Group 1-NW included northern localities 1-8, 10, and 21, whereas group 2-SW 

included southern localities 11-13 and 16-18 (Fig. 1; Table 1). In that study, Li, Ba, and 

Pb were identified as the primary elements responsible for discrimination of the two 

groups. Therefore, in the present study, a LDA (“lda function, “MASS” package (Venables 

and Ripley, 2002)) model based on Edge5 means of Li, Ba, and Pb was fitted to define 

group signatures, following the routine described in Fink-Jensen et al. (2021). LDA 

assumes that data are normally distributed and have equal covariance for every group. 

However, even if these assumptions are not met, LDA can still be used for 

dimensionality reduction and classification (Li et al., 2006). Subsequently, each 

individual, multivariate (Li, Ba, Pb) measurement from the full chronology was 
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predicted to either group by best fits based on the LDA model (“predict” function, “stats” 

package, R Core Team (2020)). Time-resolved group classifications were presented 

using “plot” function (“graphics” package, R Core Team (2020). 

Statistical differences in Pb concentrations* between localities were examined by a 

generalized linear mixed model (GLMM) of the relationship between Pb concentration* 

and locality, with individual fish as a random effect (glmmTMB(Pb ~ StationID + 

(1|FishID)) (“glmmTMB” function, “glmmTMB” package, Brooks et al. (2017)). For the 

alternative hypothesis, p-values below 0.05 indicated that the effect of a given locality 

differed significantly from the model intercept (here set to locality 21 “Qeqertarsuaq”). 

Model residuals were tested using DHARMa residual diagnostics (“testResiduals” 

function, “DHARMa” package, Hartig (2020)), and were were found to be normally 

distributed (One-Sample Kolmogorov-Smirnov Test: D = 0.06, p = 0.08), with no 

considerable over/underdispersion (DHARMa nonparametric dispersion test: p = 

0.928) and no significance of outliers (DHARMa bootstrapped outlier test: p = 1). 

Differences between Pb concentrations* in core vs. middle, and edge vs. middle were 

tested for individual localities on a fish-to-fish basis. Due to the non-parametric nature 

of the data, this was done by Welch One Sample T-test (“t.test” function, “stats” package, 

R Core Team (2020)) accompanied by the non-parametric one-sample Wilcoxon Rank 

Sum Test (“wilcox.test” function, “stats” package, R Core Team (2020)). Here, p-values 

below 0.05 indicated that Pb means in the tested otolith sections were significantly 

different. For relevant localities, untransformed otolith Pb concentrations were 

compared to Pb abundances in the neighboring continental geology. Here, stream 

sediment data from The Greenland Mineral Resources Portal (www.greenmin.gl; 

Steenfelt, 2001) was used to represent general geological Pb abundances. The stream 

sediment samples were collected in 1992-1993 and Pb content was determined by X-

ray Fluorescence Spectrometry (XRF) (for full sampling details, see Steenfelt, 2001, 

1999). 

 

3. Results 

3.1. Element distributions 

Elemental profiles of non-transformed mean concentrations at each locality over 

time show time-resolved patterns for each element (Fig. 3). At age 0, Li concentrations 

are similar at most localities, except for localities 11 and 18, where concentrations are 

higher and lower, respectively. For the remaining life span, Li concentrations in the two 

http://www.greenmin.gl/
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groups show contrasting patterns. Seasonal variation is observed in Group 1-NW with 

peaks at, or shortly after, formation of the center of each winter ring. In Group 2-SW, Li 

concentrations generally show less temporal variation and a lack of seasonal patterns, 

apart from elevated concentrations around the first winter ring for 5 out of 6 localities. 

Ba concentrations are slightly higher in Group 1-NW than in 2-SW. Minor seasonal 

variation is observed at many Group 1-NW localities, where mean Ba concentrations 

peak during the latter part of age 1 and 2 summer increments, as well as near the center 

of age 4 winter rings. This trend is most pronounced at localities 1-7. Pb concentrations 

are relatively constant throughout most of the chronology, except for visible increases 

towards the edge at most localities, and towards the core at some localities (see Section 

3.3 for Pb tests). 

 

 

Fig.3. Elemental profiles of Li, Ba, and Pb concentrations (ppm) in core-to-edge otolith 
profiles. Lines represent mean concentrations at each locality. Age (x-axis), corresponding 
to otolith chronology, is measured in winter rings. Concentrations were averaged for every 
0.2 year. 
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3.2. Group classifications 

The Li-Ba-Pb-based LDA model, based on Edge5 data, successfully classified 

individuals to groups based on their signatures (Fig. B.2). Model classification successes 

for assigning fish to groups are high: 97 % for group 1-NW and 92 % for group 2-SW. 

This indicates two well-defined, chemically distinct groups. 

The LDA model is used to predict individual time-resolved measurements to either 

locality group 1-NW or 2-SW (Fig.’s B.3, 4). Overall classification of group 1-NW 

measurements to group 1-NW is 76 %, with mean locality classifications ranging from 

61 % at locality 7 to 85 % at localities 4 and 21 (Table 2). Overall group 2-SW to group 

2-SW classification is 64 %, ranging from 50 % at locality 12 to 75 % at locality 17. For 

both groups, mean classifications to respective catch groups are highest at age 4 (1-NW 

to 1-NW: 89 %; 2-SW to 2-SW: 86 %) (Table 3). 

Time-resolved mean classifications for each locality illustrate a general trend of fish 

being classified primarily to the region they were caught in, although considerable 

overlap between the two locality groups is observed (Fig. 5). For group 1-NW, 

classifications vary seasonally, as group 1-NW to 1-NW classifications generally peak in 

or just after winter rings. In both groups, mean classifications show increasing 

classification to group 2-SW towards the otolith core. 
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Fig. 4. Map of group classifications at 9 representative sample localities (all localities are 
presented in Fig. B.3). Pies mark locality positions and indicate mean classifications to 
locality groups 1-NW (red) and 2-SW (blue). Classification profiles (boxes) show 
classifications of time-resolved, multivariate measurements to either group 1-NW (red) or 
2-SW (blue). Each horizontal line of dots represents one fish. On the y-axis, individual fish 
are ordered by their total classification percentage to either group 1-NW (top of y-axis) 
or 2-SW (bottom of y-axis). Age (x-axis), corresponding to otolith chronology, is measured 
in winter rings. Bold red lines from some pies indicate their geographic location. 
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Table 2. Mean classifications (%) of time-resolved measurements at individual localities 
between locality groups 1-NW and 2-SW. 

Locality 
group 

Locality 
ID 

Classification 
to group 1 

(%) 

Classification 
to group 2 

(%) 
1-NW 1 66 34 
1-NW 2 75 25 
1-NW 3 82 18 
1-NW 4 85 15 
1-NW 5 78 22 
1-NW 6 81 19 
1-NW 7 61 39 
1-NW 8 80 20 
1-NW 10 68 33 
1-NW 21 85 15 

        
2-SW 11 27 73 
2-SW 12 50 50 
2-SW 13 44 56 
2-SW 16 41 59 
2-SW 17 25 75 
2-SW 18 29 71 

 

Table 3. Mean classifications (%) of time-resolved measurements at different ages 
between locality groups 1-NW and 2-SW. 

Locality 
group 

Age 
Classification 

to group 1 
(%) 

Classification 
to group 2 

(%) 

1-NW 0 70 30 

1-NW 1 80 20 

1-NW 2 76 24 

1-NW 3 76 24 

1-NW 4 89 11 

        

2-SW 0 36 64 

2-SW 1 38 62 

2-SW 2 38 62 

2-SW 3 24 76 

2-SW 4 14 86 
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Fig.5. Time-resolved mean group classifications. Lines represent mean classifications 
between groups 1-NW and 2-SW for separate localities. Age (x-axis), corresponding to 
otolith chronology, is measured in winter rings. For interpretation of the references to 
color in the figure legend, the reader is referred to the web version of this article. 
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3.3. Spatial and chronological Pb variations 

The GLMM model of Pb concentrations* by locality indicates that concentrations* at 

localities 1, 7, 11, 13, and 17 are significantly higher than at other localities (Table 4). 

At locality 11 (Sisimiut), concentrations* are significantly higher than at neighboring 

localities 10 (Aasiaat) and 12 (Manitsoq) (Table 4, Fig.’s 6.a. & 7), with means of 

individual fish ranging from 0.406-0.704 ppm* at locality 11, compared to 0.172-0.342 

ppm* and 0.149-0.445 ppm* at localities 10 and 12, respectively. In fact, only one fish 

from locality 12, and none from locality 10, has higher mean Pb concentration than any 

fish from locality 11. Stream sediment samples from the general area around locality 11 

have higher and more extreme Pb concentrations (ranging from 0-100 ppm) than the 

areas surrounding localities 10 (0-20 ppm) and 12 (0-40 ppm) (Fig. 7). 

In Uummannaq Fjord (localities 2-7), Pb levels are significantly higher at locality 7 

(Marrait) than at the other localities (Fig. 6.b). Localities 4-7 show increasing mean Pb 

levels in the direction towards the bottom of the fjord, in the order of localities 6, 4, 5, 7 

(Fig.’s 1, 6.b). Pb profiles of individual fish show increasing Pb concentrations towards 

the otolith margin in a substantial number of fish, whereas increases towards the otolith 

core are observed in only a few fish (Fig. 6.c, B.4). One fish from locality 2, FishID 45, 

exhibits elevated Pb levels throughout most of its chronology relative to other fish 

caught at this site. 

Edge2 and Edge5 Pb concentrations are found to be significantly higher than middle 

concentrations at 12 of 16 localities and 10 of 16 localities, respectively (Tables 5, B.1). 

The relative differences are 39.7 % and 17.6 % higher edge ppm*, respectively. The 

highest relative edge-mid differences are found at localities 2 (Edge2: 74.7 %, Edge5: 

37.1 %) and 18 (Edge2: 81.0 %, Edge5: 41.9 %). Edge2 locality means, and relative 

differences, are higher than Edge5 means for all localities. Core means are significantly 

higher than middle means at only 2 of 16 localities, with a mean relative difference of 

9.8 % higher core concentrations* (Table B.2). The highest relative core-mid differences 

are found at the same localities that also show the highest edge increases: Localities 2 

(36.5 %) and 18 (34.3 %). 
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Table 4. Results of generalized linear mixed model (GLMM) of Pb concentrations* as a 
function of locality. Also listed are locality mean Pb concentrations* and ranges of mean 
fish Pb concentrations* at each locality. 

Locality ID Estimate 
Std. 

Error 
z value Pr(>|z|) 

Sign. 
Code 

Locality 
mean Pb 
(ppm*) 

Mean fish Pb 
range (ppm*)  

(Intercept) 
21 0.386 0.013 29.553 < 0.001 *** 

0.388 0.276 - 0.478 

1 0.070 0.021 3.352 < 0.001 *** 0.456 0.390 - 0.506 

2 -0.027 0.017 -1.622 0.105  0.357 0.225 - 0.785 

3 -0.041 0.018 -2.334 < 0.05 * 0.343 0.169 - 0.528 

4 -0.064 0.018 -3.654 < 0.001 *** 0.323 0.231 - 0.440 

5 0.025 0.017 1.452 0.147  0.410 0.296 - 0.489 

6 -0.109 0.017 -6.321 < 0.001 *** 0.279 0.207 - 0.467 

7 0.114 0.018 6.361 < 0.001 *** 0.499 0.416 - 0.589 

8 -0.058 0.017 -3.361 < 0.001 *** 0.328 0.210 - 0.516 

10 -0.097 0.017 -5.685 < 0.001 *** 0.289 0.172 - 0.342 

11 0.172 0.018 9.445 < 0.001 *** 0.558 0.406 - 0.704 

12 -0.106 0.018 -5.82 < 0.001 *** 0.280 0.149 - 0.445 

13 0.211 0.019 11.317 < 0.001 *** 0.597 0.533 - 0.674 

16 -0.063 0.022 -2.81 < 0.01 ** 0.324 0.252 - 0.557 

17 0.135 0.017 7.821 < 0.001 *** 0.521 0.303 - 0.729 

18 -0.127 0.017 -7.254 < 0.001 *** 0.258 0.149 - 0.356 
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Fig. 6. (Previous page) Time-resolved Pb concentrations (non-transformed) from a) three 
adjacent localities on the central west coast of Greenland (mean concentrations), b) 6 
localities in the Uummannaq Fjord (mean concentrations), c) individual fish from locality 
2 (Maarmorilik). Note the different y-axis limit in the lower right plot in c). Age (x-axis), 
corresponding to otolith chronology, is measured in winter rings. In a) and b), 
concentrations have been averaged for every 0.2 year. 
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Fig. 7. (Previous page). Comparison between Pb concentrations in otoliths and stream 
sediment data. Left: Boxplots of each locality show the range of Pb concentrations in 
individual fish (pink, horizontal boxplots) from localities 10, 11, and 12. Right: A map of a 
section of the West Greenland coastline that includes localities 10, 11, and 12. It shows Pb 
concentrations in stream sediment. The map is divided in quadrants, which are colored 
according to mean Pb concentrations (see scale below the map). Capelin sample localities 
are marked with black symbols: star = 10 (Aasiaat), circle = 11 (Sisimiut), square = 12 
(Manitsoq). 

 

 

Locality 
Mean Pb, Edge2 

(ppm*) 
Mean Pb, 

mid (ppm*) 
Mean Edge 

increase (%) 
t-test 

(p) 
Wilcoxon 

(p) 
Sign. 
Code 

1 0.557 0.453 22.7 < 0.01 < 0.01 ** 

2 0.616 0.353 74.7 < 0.001 < 0.001 *** 

3 0.484 0.340 42.2 < 0.001 < 0.001 *** 

4 0.419 0.322 30.3 < 0.01 < 0.01 * 

5 0.441 0.410 7.5 0.274 0.143   

6 0.400 0.277 44.6 < 0.001 < 0.001 *** 

7 0.510 0.499 2.1 0.607 0.474   

8 0.484 0.326 48.3 < 0.001 < 0.001 *** 

10 0.411 0.287 43.3 < 0.001 < 0.001 *** 

21 0.661 0.384 72.4 < 0.001 < 0.001 *** 

11 0.673 0.556 21.1 < 0.001 < 0.001 *** 

12 0.476 0.277 72.0 < 0.05 0.1819   

13 0.697 0.595 17.2 < 0.001 < 0.001 *** 

16 0.478 0.322 48.7 < 0.05 < 0.05 * 

17 0.559 0.520 7.6 < 0.05 0.091   

18 0.460 0.254 81.0 < 0.05 < 0.05 * 

Table 5. Comparison of mean Edge2 concentrations* to mean middle concentrations* for 
each locality. T-test (Welch One Sample T-test and Wilcoxon test (one-sample Wilcoxon 
Rank Sum Test) were performed on average Pb concentrations* of individual fish (n=368). 
Sign. (significance) codes for p-values are: ‘***’= 0-0.001; ‘**’= 0.001-0.01; ‘*’= 0.01-0.05; 
‘.’= 0.05-0.1. 
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4. Discussion 

4.1. North-South group classifications 

The first part of the data analysis examines large scale geographical patterns through 

the lives of individual capelin by comparing multivariate chemical profiles obtained 

from core-to-edge otolith transects. Individual chronological measurements are 

classified to either of the chemical tags (groups 1-NW or 2-SW) that have been defined 

from otolith edge data. Time-resolved classification profiles suggests that most fish 

spend the majority of their life in the region where they were eventually caught. The 

mean classification of all group 1-NW localities to group 1-NW is 76 %, whereas the 

mean classification of all 2-SW localities to group 2-SW is 64 %. 

The classifications indicate that movement amongst West Greenland capelin is more 

limited than the stocks that spawn in the Barents Sea, around Iceland and off East 

Canada, and perhaps behaviorally similar to other inshore stocks, such as in the 

Balsfjord, Norway (Friis-Rodel and Kanneworff, 2002, and references herein). Long-

distance migrations by capelin are typically monitored by acoustic surveys and catch 

data (Carscadden et al., 2013a). However, in recent years, several studies have used 

otolith chemistry for spatial discrimination amongst the east Canadian stocks. These 

studies generally do not include a temporal aspect, but use regional tags derived from 

otoliths of larvae and/or juveniles to determine natal origins of adults and recruitment 

contributions of different spawning and nursery areas to the greater adult population 

(Davoren et al., 2015; Lazartigues et al., 2016; Loeppky et al., 2018; Tripp et al., 2020). 

Davoren and Halden (2014), however, included a temporal aspect, as they compared 

otolith microchemistry of capelin from two different Newfoundland regions at different 

age stages. The study did not find significant differences between regional signatures, 

but did identify habitat-specific differences between signatures in beach vs. deep-water 

spawners within each region. This exemplifies that environmental chemical variability 

is not necessarily related to distance, but can be governed by a multitude of local factors. 

Investigations of fish movement in marine environments are often complicated by 

temporal variability in the environment, e.g., seasonal or inter-annual changes in water 

characteristics, resulting in spatial signatures changing over time. In marine 

environments where spatial chemical variability is low, resulting overlap between 

spatial signatures may complicate the ability to distinguish them reliably. As a 

consequence, very few studies have attempted to backtrack fish movement in marine 

environments by otolith microchemistry (Sturrock et al., 2012). Similarly to the present 
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study, Mercier et al. (2012) used multi-element, time-resolved profiles to predict 

lifetime residency and migration of 12 individual gilthead sea breams (Sparus aurata) 

between four habitats in a lagoon system in the Gulf of Lion (NW Mediterranean). 

However, unlike the present study, spatial tags were characterized at different life 

stages in order to avoid temporal variations in environmental chemistry to negatively 

influence classification accuracy. Ba and Sr were found to be the main attributors to 

classification accuracy. In the present study, classifications rely on distinct differences 

in Li, Ba, and Pb concentrations between groups 1-NW and 2-SW, and the ability to 

compare region tags identified in Fink-Jensen et al. (2021) to the lifetime chronological 

record investigated in the present paper. Otolith Ba and Li are routinely used as 

environmental proxies in studies of spatial variability, as their otolith concentrations 

are related primarily to their concentrations in the ambient water (Hüssy et al., 2020; 

Sturrock et al., 2012). 

Although time-resolved measurements are classified primarily to respective catch 

region tags, most of the fish exhibit mixed classifications between the two groups. 

Classifications vary between fish caught at the same locality, suggesting that they have 

had separate space-time life histories. Furthermore, most fish exhibit multiple, 

consecutive non-catch group measurements suggesting that they have spent part of 

their life in the region other than the one they were caught in. However, group 

classification overlaps are also found within short timespans, i.e., single or a few 

classification measurements of one tag mixed in between consecutive points of the 

other tag. Unfortunately, it is not possible to make a generalized estimate of the time 

interval between measurements, as otolith growth varies temporally and between 

individuals. However, such singular non-catch group classifications are also found in 

edge measurements from fish caught at localities far from their catch region, e.g., at 17-

Iviittut/Arsuk and 18-Tasiusaq. For these classifications to be actual indications of 

residency, those fish would have travelled more than 2000 km between their catch 

locality and region 1-NW in a relatively short time span just prior to being caught. This 

is not possible, so these measurements are therefore misclassifications and highlight 

the limitation of the model. In the following sections, the factors that may lead to 

misclassifications are discussed. 

Classification percentages to catch groups (1-NW to 1-NW, and 2-SW to 2-SW) are 

highest at age 4. As this age section includes the edge data used to characterize regional 

tags, a high classification success is to be expected. In the preceding chronology, 

however, catch group classification percentages are lower, indicating differences 

between chemistry in the edge and the preceding record. The edge data used to 



 

68  

determine regional tags represent environmental influence during a limited period in 

the first half of 2017. Classifications may therefore not be accurate if regional signatures 

change over time because of, e.g., seasonal variability. As an example, otolith Li varies 

seasonally for group 1-NW localities- with mean concentrations being highest in 

winters and early spring. By comparison, otoliths from group 2-SW localities show little 

or no seasonal trends. As the group 1-NW signature is partially defined by highest Li 

concentrations, the differences in seasonal patterns between the two groups have a 

substantial effect on group 1-NW to group 1-NW classification being highest in winter 

and spring, and lowest during the summer. Likewise, time-resolved classifications in 

and around the core correlate with Li content, as Li profiles show a general decrease in 

concentrations towards the core, correlating with increased classification to group 2-

SW. The temporal Li variations likely reflect that the fish have experienced chemical 

variability in their ambient water during their life. This could be the result of migration 

between the two regions, but may just as well be due to movement to other 

environments, e.g., between in-shore and off-shore areas within the same region, where 

ambient water concentrations are likely to contrast. Capelin are sometimes caught in 

off-shore (Hedeholm, 2010), but it is unknown whether they are a separate stock or 

part of the fjord-spawning segment (Friis-Rodel and Kanneworff, 2002). Temporal Li 

variations could also reflect more local seasonal variations, e.g., within a fjord system, 

where variations in water chemistry (and temperature) can be considerable between 

summer and winter due to seasonal variations in ice coverage, glacial freshwater and 

sediment runoff, and ocean current flow (see e.g., Buch, 2002). Such local variations 

could lead to misclassifications, as they may cause the measured signal to resemble 

those of the “false” (group 2-SW) tag. In the Uummannaq fjord, seasonal Sr and Mn 

variations have been detected in otoliths from sculpin (Myoxocephalus scorpius) 

(Søndergaard et al., 2015), a stationary fish species, and Sr variations have been 

detected in otoliths from Greenland cod (Gadus ogac) (Hansson et al., 2020). This shows 

that seasonal variations in water chemistry within the fjord can be traced in the otolith 

chronology. 

Our results exemplify the challenge of using tags derived from a fixed point in time 

to track lifetime movement in environments with different physicochemical 

characteristics (Elsdon et al., 2008). Comparative studies of water and otolith chemistry 

in in-shore and off-shore environments at different times of the year can perhaps clarify 

whether the observed Li variations are related to seasonal variability within delimited 

areas, e.g., fjords, or are the consequence of migration between chemically diverse 

environments. Such studies could also shed light on why Li variations are much more 
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pronounced in Group 1-NW than in Group 2-SW. 

 

4.2. Otolith Pb as a tracer of spatial residency 

The second approach to unravel the whereabouts of capelin in West Greenland was 

based on otolith Pb profiles. Although Pb may also be susceptible to physiological 

fractionation in fish, with studies indicating influences related to age (Köck et al., 1996) 

and body weight (Geffen et al., 1998), several studies have shown positive correlation 

between Pb levels in ambient water and in otoliths (Friedrich and Halden, 2010; 

Hansson et al., 2020; Ranaldi and Gagnon, 2008; Selleslagh et al., 2016; Søndergaard et 

al., 2015). Otolith Pb therefore appears to have a legitimate role as proxy for 

environmentally bioavailable Pb. In marine environments, Pb is often linked to man-

made contamination. However, in largely uninhabited regions, like the Arctic, it is more 

likely that most bioavailable Pb in the oceans derives from geological sources. Pb enters 

the marine realm through sedimentation from continental rocks, transported by wind, 

rivers, glaciers, or coastal erosion. In the water column, Pb occurs in dissolved or 

suspended particles. Bottom sediments typically have higher Pb concentrations than 

ambient water, and bioavailable Pb can therefore be expected to increase towards the 

seabed (Elberling et al., 2002; Hansson et al., 2020). Pb content in both bottom 

sediments and the water column is influenced by factors such as proximity to the coast, 

Pb content in neighboring continental rocks, and sedimentation rate (Elberling et al., 

2002). In the Arctic, seasonal ice and snow coverage greatly influences sediment flux 

between continents and oceans. During late spring and summer, melting ice and snow 

leads to increased sediment discharge and water circulation in coastal areas 

(Søndergaard et al., 2020) potentially increasing the amount of bioavailable Pb. This 

period coincides with the capelin spawning period. 

In the present study, we have examined possible relationships between Pb in the 

otoliths and environmental exposure to Pb in an attempt to utilize otolith Pb as a spatial 

marker. However, before the Pb data are discussed, a couple of procedural issues should 

be noted about the analyzed Pb data: Firstly, the limit of detection (LOD) of Pb for the 

utilized LA-ICP-MS instruments is not known. Secondary standards BHVO-2 and 

NIST614 yielded averaged Pb concentrations of 2 ± 0.3 ppm and 2.3 ± 0.2 ppm, 

respectively, in line with preferred values in the literature. Time resolved transect Pb 

values < 1 ppm, which most of our values are, are therefore not fully quantifiable. 

However, we argue that the employed methodology can resolve qualitative Pb 

variations below 1 ppm. The measurement error around true means is assumed to be 

random and the same for all measurements. We therefore regard the data to be valid in 
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terms of relative relationships. Secondly, negative Pb values were more common at 

localities with generally lower Pb levels. A consequence of setting negative values to 

zero was therefore a reduction of the difference between Pb values at localities with 

relatively low vs. high Pb concentrations, minimizing the locality differences, i.e., a 

conservative approach. 

At localities 1 (Upernavik), 7 (Marrait), 11 (Sisimiut), 13 (Kapisillit), and 17 

(Ivittut/Arsuk), otolith Pb mean levels are significantly higher than at neighboring 

localities. This implies that fish caught at these localities have generally remained 

unconnected with fish from neighboring localities. At locality 17 (Ivittut/Arsuk), 

elevated otolith Pb can most likely be attributed to the presence of a nearby former 

cryolite mine, which to this day still pollutes the Arsuk Fjord with Pb and Zn from waste 

rock (Bach et al., 2014; Søndergaard et al., 2020). At neighboring localities 16 

(Fiskenaesset) and 18 (Tasiusaq), otolith Pb levels are significantly lower, indicating 

spatial separation between populations on a scale of 250-300 km. At localities 1, 7, and 

13, high otolith Pb levels are unlikely to have an anthropogenic origin. However, these 

localities are situated deep in fjord systems, where a high degree of adjacent 

coastline/continent may lead to increased sedimentation. Localities 1 and 7 are 

furthermore located near major glaciers, which may be additional sources of sediments 

carrying Pb from continental rocks. This is supported by a decreasing otolith Pb 

gradient along localities 7, 5, 4 and 6, which corresponds to distance to the glacier, as 

well as decreasing adjacent coastline. Pb profiles of individual fish from these localities 

show that these are general locality trends, not tied to a few fish. This suggests that all 

or most of these fish have resided locally throughout their lives, segregated from 

populations at neighboring localities. Here, spatial separation between populations 

may be as little as 15-50 km. At locality 11, relatively high mean otolith Pb levels reflect 

the relatively high Pb concentrations in the surrounding geology. Stream sediment Pb 

levels are elevated in the Sisimiut region, where locality 11 is situated, compared to the 

adjacent regions where localities 10 and 12 are situated. In fact, the Sisimiut region is 

the only larger region in our study area where stream sediment Pb levels above 50 ppm 

are found consistently. This is mirrored in otoliths from the three localities, as otoliths 

from locality 11 have consistently higher lifetime Pb levels than those from localities 10 

and 12. Again, this indicates that the capelin have generally resided within the same 

region throughout most of their lives and have had no substantial connectivity to 

populations from adjacent localities. Here, spatial separation between populations is on 

the scale of 150-300 km.  

Intra-locality Pb variations between individual fish are observed. This is to be 
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expected, as the fish have likely experienced different space-time life histories. Fish 45 

at locality 2 has, e.g., relatively high Pb levels throughout its entire otolith chronology. 

This may indicate a unique life history, such as an entire life in the bottom of the fjord 

near the Black Angel lead-zinc mine. Time-resolved Pb profiles of individual fish also 

show temporal variations, which may be attributed to changing Pb exposure as the fish 

move about relative to the coast and seabed. Changes in previously mentioned factors, 

e.g., sedimentation, may also play a role. 

Otoliths may serve as chronological logs of physicochemical relationships in the 

ambient environment, sometimes allowing for interpretations of historical residency. 

However, the only truly direct link we have between otolith chemistry and geographical 

position is the one between otolith edge concentrations and catch sites. Pb levels in the 

analyzed otoliths are generally found to be relatively constant over time. However, at 

many localities, mean concentrations are significantly higher in otolith edges than in 

the preceding chronology. In order to understand the cause of increased edge Pb 

signals, it is important to ascertain whether it is rooted in a natural signal or caused by, 

e.g., analytical errors or contamination during sampling procedures. Increased edge 

concentrations are not observed for Ba or Li, which would be expected if this was 

caused by, e.g., variations in laser ablation intensity or measuring capability. In regards 

to the otolith edge, the Pb signal is unlikely to have been affected by overlap with the 

embedding epoxy, as Pb concentrations in the epoxy were generally lower than in the 

otoliths. Also, although some samples had leftover saccular membrane adhered to the 

surface, Pb levels in the tissues are unlikely to have been higher than in the otoliths (see 

e.g., Geffen et al., 1998; Hansson et al., 2020). We therefore submit that the elevated Pb 

in otolith edges are likely to have a natural origin, connected to increased exposure to 

Pb at or near the localities where the fish were caught. Due to the uncertainties 

regarding the correspondence between otolith chronology and actual time, Edge2 is 

regarded as the most reliable representation of catch localities, as Edge5 is more likely 

to include measurements that represent environments from before the capelin entered 

the shallow water spawning grounds. Edge2 mean concentrations are higher than 

Edge5 concentrations at all localities, indicating that Pb exposure is higher in spawning 

areas than in previously inhabited environments, most likely as a consequence of 

spawning in shallow water bottom sediments. Conversely, this also implies that the 

capelin reside mostly at deeper waters prior to spawning. 

For localities in the Uummannaq Fjord (localities 2-7), the highest edge increase is 

found at locality 2 (Maarmorilik). The fish from this locality were caught less than 2.5 

km from the former Black Angel lead-zinc mine in a confined body of relatively shallow 
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waters. The mine has an extensive pollution history (Søndergaard et al., 2020), and to 

this day elevated Pb levels can still be detected in otoliths from sculpin (Myoxocephalus 

scorpius), a stationary fish species, in a gradient that increases towards the mining area 

(Hansson et al., 2020; Søndergaard et al., 2015). The particularly strong increases in 

otolith edge Pb observed at this locality can likely be linked to increased exposure to 

the Pb pollution, accentuating the use of otolith Pb as an environmental and spatial 

marker. It should be noted, that the high mean edge increase found at locality 2 is owed 

largely to three fish (FishID’s 9, 14 and 45) with particularly high edge concentrations. 

Variations in edge Pb between different individuals may be attributed partially to the 

timing between entering the spawning habitat and being caught. The capelin typically 

reside in the spawning habitat for several weeks, but do not arrive simultaneously. It is 

known that larger fish, typically males, enter the spawning grounds first (Friis-Rodel 

and Kanneworff, 2002), while smaller fish “await their turn” off the coast. However, 

edge Pb concentrations may also be affected by other factors, such as spatial Pb 

variations in the spawning habitat. 

Although mean time-resolved Pb levels show increasing Pb towards the core at many 

localities, at only two localities, 2 and 18, are concentrations significantly higher in the 

core than in the subsequent chronology. Furthermore, at locality 2, high core 

concentrations appear to be tied to just a few fish. In general, the cores do not reflect 

increased Pb exposure related to a shallow water environment, in which the capelin fry 

were most likely hatched. This may have several reasons. First of all, capelin fry 

typically drift off-shore with ocean currents shortly after hatching (Carscadden et al., 

2013a). The few fish that do exhibit elevated Pb in their core may initially have 

“avoided” drifting and resided near the coast for an extended period. A technical 

explanation is tied to difficulties of accurately locating the miniscule capelin otolith 

cores (̴ 20 µ) during sample preparation. It is likely that many supposed core 

measurements were simply “off the mark”. Lastly, microchemistry in the core may be 

affected by ontogenetic changes in otolith biomineralization (Hüssy et al., 2020) and 

maternal overprinting (Loeppky et al., 2018; Sturrock et al., 2015), which further 

challenges interpretations of relationships between core and environmental 

concentrations. 
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5. Conclusions 

Our results indicate that spatial structure amongst the investigated NW Greenland 

capelin is limited to intra-fjord movements or possibly migrations between inshore and 

adjacent offshore areas. On a large geographical scale, time-resolved classifications 

suggest little or no movement between northwest and southwest Greenland. On a 

smaller geographical scale, Pb is found useful and more reliable as a spatial tracer. Two 

localities (11 and 17) with consistently higher otolith Pb than at neighboring localities 

indicate spatial separation between populations on a scale of 150-300 km. Four closely 

spaced localities in the Uummannaq fjord also exhibit different otolith Pb 

concentrations, indicating spatial separation on an even smaller scale of only 15-50 km. 

Furthermore, we suggest that increasing Pb-concentrations towards otolith edges are 

related to spawning in shallow waters, where Pb exposure may be higher due to 

proximity to geological and/or anthropological Pb sources. This corresponds with the 

observation that capelin primarily reside in deeper waters in or just outside the fjords. 

In one of the largest fjords (Uummannaq fjord, which can be regarded as a large  ̴ 100 x 

150 km bay with smaller branches, Fig. 1) migrations appear to be limited to certain 

parts. Migrations between fjords and offshore areas cannot be ruled out, but Pb profiles 

indicate that the capelin do not travel up or down along the coast. Future research 

should map the elemental profiles of hydrographical environments in and out of fjords 

to allow for further investigations of capelin movement. In conclusion, our results 

indicate that capelin fjord populations in West Greenland are substantially less 

migratory than the stocks that spawn in the Barents Sea, around Iceland and off East 

Canada. A fishery for capelin in West Greenland should therefore be managed in high 

spatial resolution to avoid local collapses. 
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Abstract 

The small pelagic fish, capelin (Mallotus villosus) is distributed widely in the North 

Atlantic, where stocks are known to perform seasonal migrations over great distances 

between spawning, feeding, and overwintering areas. However, movement and stock 

structure of capelin in West Greenland have long been in question. In this study, we 

investigate the spatial structure of capelin in West Greenland by examining the otolith 

chemistry of 543 fish from 17 different localities inside the fjords and along the outer 

coastline. Two fjord systems, Uummannaq Fjord (UMF) and Godthåbsfjord (GF), are given 

extended focus, in order to examine intra-fjord trends. Otoliths transects from core to 

edge (ages 0-4) are analyzed by LA-ICP-MS, uncovering temporal profiles of 12 elements 

(Li, Sr, Ba, Mn, Pb, Rb, Si, K, Mg, P, Cu, and Zn). Otolith signatures display significant spatial 

and temporal variability, indicating geographic and seasonal contrasts in environmental 

and physiological conditions. Elements Li, Sr, Ba, Mn, Rb, Si, K, and Zn vary significantly 

with season. For Li and Sr this can be attributed to differences in freshwater influx, 

whereas seasonal variation of Mn, Rb, and Si may be related to sediment influx. Inter-

locality contrasts of Mn, Pb, and Rb are consistent throughout the otolith chronology, 

indicating lifelong differences in exposure. Our results indicate separate space-time life 

histories for different contingents within fjord systems, which should be taken into 

consideration in stock management. 

Keywords: Capelin, stock structure, stock dynamics, otolith chemistry, Greenland 
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Introduction 

The capelin (Mallotus villosus) is a small pelagic fish that belongs to the Osmeridae 

family (smelts). It is widely distributed in the northern hemisphere, both in the North 

Atlantic, North Pacific and Arctic oceans, where it plays an important role in marine food 

webs as prey for many fish, birds and mammals (Friis-Rodel and Kanneworff, 2002; 

Præbel et al., 2008). In the North Atlantic, several stocks are targeted by large-scale 

commercial fishery, e.g., around Iceland, in the Barents Sea, as well as off the coast of 

Newfoundland (DFO, 2018; ICES, 2019). Capelin stocks in those regions are known to 

perform seasonal long-distance migrations of hundreds to thousands of kilometers 

between spawning, feeding, and overwintering areas (Carscadden et al., 2013a). 

In Greenland, large-scale fishery of capelin only takes place in the offshore area 

between southeast Greenland and Iceland (the Denmark Strait), as part of fishery of the 

Iceland stock. Inshore populations are not targeted by commercial fisheries, and thus 

populations have not been investigated as thoroughly as in the above-mentioned areas. 

As a result, little is known about stock structure and spatial behavior throughout the year. 

The fishing industry, however, actively seeks to explore commercial fishery of capelin in 

West Greenland  (Pers. comm. Anders Bjørn Larsen, Directorate for Fisheries (APNN), 

Government of Greenland. 7 April 2020), but a lack of information on capelin 

whereabouts and population structure is a hindrance to sustainable and optimal fisheries 

advice. The capelin are observed almost exclusively during spawning season in late 

spring and early summer, when they enter shallow water in the fjords and along the outer 

coast to spawn eggs in beach sediments. Males are most likely semelparous (die after 

spawning), whereas females may survive and can potentially spawn during multiple 

seasons (see Friis-Rodel and Kanneworff, 2002, for a review on capelin in Greenland 

waters). Reports on capelin whereabouts outside the spawning season are sparse. 

Acoustic surveys have detected capelin inside the fjords in September and March. At day, 

they reside at depths of down to 250 meters, whereas at night they perform diel vertical 

migrations to the surface (Jansen, unpubl. results). Consequently, they are exposed to 

chemical conditions both at the surface and at moderate depths. Individual fish have also 

been caught off-shore in demersal trawl surveys (Jansen, unpubl. results, (Hedeholm, 

2010)). 

A genetic study of capelin caught in three separate West Greenland fjords has 

suggested that the stock is segmented into fjord-specific, isolated populations, with 

limited inter-connectivity and gene flow (Sørensen and Simonsen, 1988). Similarly, a 

study of otolith chemistry from capelin caught at 16 different localities along the West 

Greenland coastline (samples that were also used in the present study) indicated that the 

West Greenland capelin are less migratory than the North East Atlantic and 

Newfoundland stocks. It was suggested, that segregated populations may exist within 

each fjord, with spatial separation down to as little as 15-50 km (Fink-Jensen et al., under 

review). 

In this study, we track the chronological habitat occupation of adult capelin using 

natural chemical patterns logged in capelin otoliths, as tracers of the chemical 
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environment in which the fish have resided. Otoliths are chemically inert, metabolically 

stable, carbonate structures that are found pairwise in the inner ear of teleost fish, where 

they are parts of the sensing organs for, e.g., balance, direction and sound detection. They 

grow incrementally and chronologically during the entire lifespan of the fish, during 

which specific trace elements are incorporated in the otolith, either as calcium 

substitutes, randomly trapped in interstitial spaces in the crystal lattice or as part of an 

organic matrix (Campana, 1999). Element accumulation may be regulated by 

physiological (intrinsic) or environmental (extrinsic) factors. Intrinsic factors include 

metabolism, somatic growth, age, and maturity stage (e.g., Elsdon and Gillanders, 2002; 

Hüssy et al., 2020; Izzo et al., 2016; Kerr and Campana, 2014; Sturrock et al., 2015). The 

most notable extrinsic factor is ambient water chemistry, but, e.g., temperature or diet 

may also influence element incorporation. Elements that correlate with environmental 

exposure can be used to distinguish the environments in which fish have resided, and to 

backtrack their movement over time (Elsdon et al., 2008). For migratory species, 

temporal variation may indicate movement between areas of contrasting water 

chemistry. For stationary species, temporal variation in the otolith chemistry is an 

indication of temporal (e.g., seasonal) changes in the local water chemistry. Marine 

environments are in constant flux, and temporal and/or spatial variation in 

physicochemical characteristics challenge the ability to identify spatial signatures and 

thereby track space-time life histories of individual fish (Sturrock et al., 2012). 

In West Greenland, hydrography in the fjords is characterized by the interplay 

between ocean currents and freshwater input from streams, melting glaciers and sea ice. 

Salinity levels therefore vary considerably over the year, particularly near the surface 

(Fig. 1). During winter, fresh water inflow is almost non-existent and water conditions in 

the fjords largely mirror those outside the fjord. During late spring, melting snow and ice 

results in large freshwater influx to the fjord, creating a brackish surface layer (e.g., 0-10 

meters) (Buch, 2002). Due to glacial erosion, increased weathering of the continental 

results in a large flux of sediments to the marine environment (Delaney and Adhikari, 

2020). Throughout the summer, fluxes of freshwater and geological material to the fjords 

may thus generate considerable horizontal and vertical differentiation in water 

chemistry, which depends on, e.g., proximity to glaciers and streams, bedrock 

composition, coastal proximity and depth (Aciego et al., 2015; Fries, 2018; Hopwood et 

al., 2016; Meire et al., 2016). Such temporal and spatial variations are illustrated by water 

chemistry data from Godthåbsfjord (GF) (Table 1). Seasonal variation in water chemistry 

has also been detected in otoliths from the Uummannaq Fjord (UMF) (Hansson et al., 

2020; Søndergaard et al., 2015). 

The examined otoliths are caught at 17 coastal localities along Greenland’s coastline 

(Fig. 2). The localities are situated at different distances to the outer coast, e.g., inner fjord 

near glaciers, along the coast in more open parts of fjords, near fjord mouths and along 

the outer coast. We examine if spatial (between fish caught at different localities) and 

temporal (through otolith chronologies) chemical differences in water chemistry are 

reflected in the otolith microchemistry. Particular focus is put on six localities in the UMF, 

and two localities in the GF, in order to examine intra-fjord spatial structure. Based on  
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Fig. 1. (Previous page). Seasonal differences in salinity levels in and outside Godthåbsfjord. 
Profiles from May and August of 2013 show the distribution of salinity with depth (0-50m) 
along a transect running from offshore to the inner fjord. Geographical locations of 
measurements are shown on the map to the left and on the x-axis on the plots to the right.  
 
past studies indicating that the population structure is highly segmented and movement 

is limited, we hypothesize that the inshore capelin are resident, and that this will be 

expressed as chemical disparities in otolith chemistry between fish caught at different 

localities. We also hypothesize that the otolith chemistry will reflect seasonal oscillations 

for all analyzed elements. For environmental tracers, this will be a reflection of seasonal 

changes in water chemistry, caused by seasonal changes in freshwater runoff. For 

elements that are mostly physiologically regulated, we hypothesize that the otolith 

chemistry will reflect seasonal differences in somatic growth. Based on the working 

hypothesis of limited spatial behavior, expected seasonal patterns (summer/fall vs. 

winter/spring) and drivers for each element are summarized in Fig. 3. By identifying 

spatial and/or seasonal patterns we aim to characterize capelin spatial structure and 

dynamics in West Greenland. 

Table 1. Measured concentrations of major and minor cations at different localities in 
Godthåbsfjord (GF), divided by season (spring, summer). Sample localities are listed by 
distance from the outer coast, with “GF3” situated near the fjord mouth and “Dup I/E” 
situated deepest in the fjord near a major glacier. See Fig. 1 for geographic placement of GF 
localities. b.d = below detection limit (0.3 μmol/kg for Sr and Si). Used and edited with 
permission from Fries, 2018. 
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Fig. 2. Map of southwest Greenland with markings (circles) of sample localities. Locality 
groups 1-NW (red) and 2-SW (blue) were chosen based on distinctions in hydrographic, 
geographic and biological differences. Locality 14 (green) in Godthåbsfjord is not included 
in locality groups. Uummannaq Fjord (UMF) system is highlighted due to high locality 
density. Locality names are as follows: 1: Upernavik, 2: Maarmorilik, 3: Ukkusissat, 4: 
Anoritup Nua, 5: Qaqugdlugssuit Syd, 6: Qajanguit, 7: Marrait, 8: Illulisat, 10: Aasiaat, 11: 
Sisimiut, 12: Manitsoq, 13: Kapisillit, 14: Storoe, 16: Fiskenaesset, 17: Ivittut/Arsuk, 18: 
Tasiusaq, 21: Qeqertarsuaq. For interpretation of the references to color, the reader is 
referred to the web version of this article. 

 

Table 3. Expected seasonal trends and major drivers for the concentration of elements in 
the analyzed otoliths. Expected trends are based on a working hypothesis of the capelin 
having relatively stationary spatial behavior. Drivers (E = environmental, P = physiological) 
are based on literature references. Arrows indicate an expected positive (↑) or negative (↓) 
effect on concentrations. Seasonal intervals are: S/F = summer/fall, W/S = winter/spring. 

Elements 
Expected main drivers and 
effect on otolith conc. 

Expected seasonal 
trends 

References 

Li 
E: Freshwater dilution ↓ E-salinity: S/F < W/S 

Bouchard et al., 2015; Grammer et 
al., 2017; Sturrock et al., 2012 

E: Geological input ↑ E-geo:        S/F > W/S Friedrich and Halden, 2008 

Sr E: Freshwater dilution ↓ E-salinity: S/F < W/S 
Bouchard et al., 2015; 
Brown & Severin, 2009; 
Walther & Limburg, 2012 

Pb E: Geological input ↑ E-geo:        S/F > W/S 
Friedrich and Halden, 2010; 
Hansson et al., 2020; 
Søndergaard et al., 2015 

Rb E: Geological input ↑ E-geo:        S/F > W/S 
Halden and Friedrich, 2008; 
Hicks et al., 2010 

Si E: Geological input? ↑ E-geo:        S/F > W/S  - 

K P: Growth rate ? ↑ E-geo:        S/F > W/S Sturrock et al., 2015 

Ba 
E: Freshwater enrichment ↑ E-salinity: S/F > W/S  

Elsdon and Gillanders, 2005; 
Reis-Santos et al., 2013 

P: Growth rate  ↓ P:                S/F < W/S Walther et al., 2010 

Mn E: Geological input ↑ E-geo:        S/F > W/S Sturrock et al., 2012 

  P: Growth rate ↑ P:                S/F > W/S Sturrock et al., 2015 

Mg P: Growth rate ↑ P:                S/F > W/S 
Hamer and Jenkins 2007; 
Stanley et al. 2015; 
Limburg et al. 2018 

P P: Growth rate ↑ P:                S/F > W/S Hüssy et al., 2020 

Cu P: Exact influences unknown  - Sturrock et al., 2012 

Zn P: Growth rate ↑ P:                S/F > W/S Hüssy et al., 2020 
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2. Materials and Methods 

2.1. Sample selection and preparation 

This study is based on chemical analysis of capelin otoliths from fish caught while 

spawning in shallow water in fjords and along the outer coast of West Greenland. Sample 

batches of spawning capelin from 17 localities were selected, broadly representing the 

whole coastline from Upernavik in the northwest to Tasiusaq in the south (Fig. 2). Each 

locality/sample batch consisted of up to 34 individual capelin. UMF and GF, were 

represented by six and two localities, respectively. All fish were caught in spring/summer 

of 2017. For each fish, sex, and total length were recorded (Table 2). Sagittal otolith pairs 

were removed from each fish. Sample collection and preparation techniques are 

described in detail in Fink-Jensen et al. (2021). 

 

 

Table 2. Overview of sampled locality batches, geographical positions of catch localities, 
and biological characteristics of each batch. Locality groups 1-NW and 2-SW are defined in 
Fink-Jensen et al. (2021) based on hydrographic and biological differences between regions. 
All fish belong to the 2013 cohort. 

Locality/
batch ID 

Locality 
groups 

Catch locality Latitude Longitude Catch date 
(M/D/Y) 

Males / 
females 

Age at 
catch (y) 

Mean 
length 
(mm) 

1 1-NW Upernavik 72.438 -54.415 07-10-2017 11/4 4 160 

2 1-NW Maarmorilik 71.111 -51.232 06-07-2017 20/14 4 156 

3 1-NW Ukkusissat 71.050 -51.889 07-03-2017 21/7 4 160 

4 1-NW Anoritup Nua 70.759 -51.434 06-25-2017 22/6 4 164 

5 1-NW Qaqugdlugssuit Syd 70.704 -51.320 06-25-2017 31/0 4 166 

6 1-NW Qajanguit 70.633 -52.323 06-26-2017 28/3 4 160 

7 1-NW Marrait 70.458 -50.979 06-17-2017 18/8 4 142 

8 1-NW Illulisat 69.279 -51.025 06-01-2017 2/29 4 156 

10 1-NW Aasiaat 68.540 -53.063 05-10-2017 24/8 4 162 

21 1-NW Qeqertarsuaq 69.250 -53.500 06-07-2017 23/0 4 168 

                 

11 2-SW Sisimiut 66.905 -53.007 06-30-2017 18/6 4 142 

12 2-SW Manitsoq 65.590 -52.809 06-18-2017 13/11 4 135 

13 2-SW Kapisillit 64.429 -50.303 05-16-2017 20/2 4 138 

14 - Storoe 64.301 -51.183 06-??-2016 22/4 3 120 

16 2-SW Fiskenaesset 63.015 -50.878 05-31-2017 8/4 4 126 

17 2-SW Ivittut/Arsuk 61.253 -48.100 06-08-2017 30/1 4 132 

18 2-SW Tasiusaq 60.196 -44.822 05-31-2017 17/12 4 134 
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Fish ages were determined following Røttingen and Alvarez (2011). Annual growth 

rings were counted while otoliths were submersed in water, using a LeicaMZ6 

stereomicroscope at 3.2 μm pixel-1 magnification under reflected light (Fig. 3.a). Winter 

and summer increments were generally well contrasted and easy to distinguish. 

However, for ~ 20 % of the samples, ages were hard to determine. These samples were 

omitted from the study. Other criteria for selection of samples included sex (aiming for a 

male-to-female ratio of one) and otolith structural integrity (i.e., avoiding cracks and 

vaterite crystallization). Individual otoliths were embedded in epoxy resin and polished 

along the sagittal plane to expose a continuous core-edge surface. Polished epoxy mounts 

were cleansed with ethanol wipes, and placed in an ultrasonic bath for 40 minutes, first 

20 minutes in Milli-Q H20, followed by 20 minutes in pure ethanol. 

After polishing, annual growth intervals could not be adequately determined in about 

10% of the otoliths. Such samples were discarded. For remaining otoliths (n = 453), 

annual growth intervals were determined by marking of centers of winter increments 

along the chronological transect from core to margin (Fig. 3.b). Distances between winter 

markings were measured using ImageJ software, v.1.52d. 

 

 

Fig. 3. Sample preparation. a) Sagittal otolith submersed in water from a 4-year-old capelin 
caught June 25th, 2017, at Anoritup Nua (loc. 4). Summer (opaque) and winter (translucent) 
growth bands are visible. b) Sagittal plane cross-section of a 4-year-old capelin caught June 
25th, 2017, at Qaqugdlugssuit Syd (loc. 5) after embedding and polishing. The red line marks 
the core-to-edge transect along which LA-ICP-MS analysis was performed, with markings of 
winter rings 1-4. Tested seasonal intervals are also marked: Yellow = SummerFall, blue = 
WinterSpring (see section 2.5.2 for definition). 
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2.2. LA-ICP-MS of otoliths 

Trace element analysis was done by Laser Ablation Inductively Coupled Plasma Mass 

Spectrometry (LA-ICP-MS) along core-to-edge transects, following the general routine 

described by Serre et al. (2018). Positions of LA-ICP-MS transects were determined by 

lines drawn from core to edge, perpendicular to growth increments observed on reflected 

light optical photos, which were imported as overlay images into the laser ablation 

software. Lines were placed to avoid cracks and scratches in the otolith surface (Fig. 3.b). 

All LA-ICP-MS analyses were performed at Geological Survey of Greenland and Denmark 

(GEUS). The LA-ICP-MS measurements were carried out using a laser beam spot size of 

25 µm, a repetition rate of 10 Hz, and a nominal laser fluency of 8 to 9 J/cm2. During 

analysis, the mass spectrometer measured signal intensities of the isotopes 7Li, 25Mg, 27Al, 
29Si, 31P, 39K, 47Ti, 55Mn, 65Cu, 66Zn, 85Rb, 88Sr, 137Ba and 208Pb every 2.80 s at a 3 μm s-1 scan 

speed along the transects. The analytical protocol is described in detail by Fink-Jensen et 

al. (2021). 

2.3. Data processing 

2.3.1. Outlier removal 

Data processing and analysis was carried out in the statistical software “R” (R Core 

Team, 2020). For most low-concentration elements we observed negative values. They 

reflected measurements where concentrations in the otolith were lower than the 

background noise signal recorded during LA-ICP-MS analysis. Each element had the 

following number of negative values out of 49773 total observations: Li: 408, Mg: 0, Al: 

20621, Si: 2261, P: 0, K: 0, Ti: 23571, Mn: 181, Cu: 6624, Zn: 4, Rb: 1161, Sr: 0, Ba: 0, Pb: 

6271. Due to the substantial number of negative values detected for Al (41.4 %) and Ti 

(47.4 %), these elements were omitted from the study. As concentrations cannot be 

negative, all negative values were set to zero. For all elements other than Pb, statistical 

outliers, assumed to derive from instrumental error, were identified and removed by a 

two-step protocol. Initially, a number of extreme outliers inflated fish means and were 

therefore removed. They were defined as measurements that exceeded the mean 

concentration of the corresponding fish multiplied by an element-specific factor (Li, Si, P, 

K, Mn, Cu, Zn, Rb, Sr, Ba: Factor = 10, Mg, P: Factor = 20). Element-specific factors were 

determined by visual inspection of element distribution boxplots. Of a total of 49773 total 

measurements, the following extreme outliers were removed for each element: Li: 2, Mg: 

47, Si: 171, P: 14, K: 0, Mn: 181, Cu: 257, Zn: 13, Rb: 91, Sr: 0, Ba: 26). Secondly, outliers, 

defined as values exceeding fish mean ± 4 standard deviations, were removed (Li: 

223/49771, Mg: 555/49726, Si: 248/49602, P: 477/49759, K: 56/49773, Mn: 

193/49592, Cu: 305/49513, Zn: 149/49760, Rb: 112/49682, Sr: 143/49773, Ba: 

305/49747). For Pb, extreme concentration values were detected in singular (i.e., not 

adjacent) measurements, most likely stemming from background noise obscuring low 

concentrations. Following the procedure outlined in Fink-Jensen et al. (under review), 

outliers of Pb were identified by a running mean algorithm (”rollapply” function, “zoo” 
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package, Zeileis and Grothendieck (2005)), where each measurement was compared to 

the mean of spatially adjacent measurements (two on each side). Measurements higher 

than adjacent means x 10 were considered instrumental errors and were removed 

(1035/49773 of total measurements). 

2.3.2. Data integrity 

Normal distributions were initially assessed by distribution histograms (“ggplot” 

function, “ggplot2” package, Wickham (2016)) and Q-Q plots. Concentrations of 

individual elements were largely non-normally distributed. Therefore, concentrations 

used in statistical tests were transformed by the procedure outlined in Fink-Jensen et al. 

(2021), in order to approach normal distribution and accommodate parametric 

assumptions: 1) +1 and log transformation, 2) Box-Cox power transformation (“boxcox” 

function, “MASS” package, Venables and Ripley (2002)) based on the relationship 

between element concentration vs. locality batch and sex (boxcox(Element ~ Sex + 

BatchID). The following lambda parameters were estimated: Li: 0.63, Mg: 0.38, Si: 1.28, 

P: 0.15, K: 0.87, Mn: 0.60, Cu: 0.38, Zn: 1.93, Rb: 0.50, Sr: 1.00, Ba: 0.47, Pb: 0.27. 

2.3.3. Sex and length effect 

Fish length, sex, and batch were tested for collinearity by estimation of Variance 

Inflation Factors (VIF) (“vif” function, “car” package (Fox and Weisberg, 2019)). VIF = 1 

between factors equals no collinearity, whereas VIF > 3 indicates significant collinearity 

(Zuur et al., 2010). No significant collinearity was found between sex and length (VIF = 

1.10), or sex and batch (VIF = 1.39). However, significant collinearity was detected 

between length and batch (VIF = 3.33). Therefore, element concentrations were not 

corrected for length effect, as this would obscure batch differences. Effect of sex on 

element concentrations was tested by a generalized least squares (gls) model (“gls” 

function, “nlme” package, (Pinheiro et al., 2020) based on the relationship between 

element concentration vs. batch and sex (gls(Conc ~ Sex + BatchID). The model found 

significant relationships for all elements, except for Pb (Table. C.1). These effects were 

assumed to be constant throughout life. Consequently, for relevant elements, the 

parameter estimates of the effects of males on concentrations were subtracted from 

concentrations of males to standardize all fish as females. After the subtraction, all 

elements showed no significant effect of sex. 

2.4. Hydrographic data 

Depth profiles of conductivity, temperature and pressure were collected using a 

SeaBird SBE19plus CTD and averaged over 1 m vertical intervals. Sensors were calibrated 

annually by the manufacturer and salinity precision was typically within the range of 

0.005-0.010. Sampling took place aboard the Greenland research vessels Sanna and 

Avataq. 
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2.5. Data analysis 

2.5.1. Chronological element profiles 

All presented chronological element profiles  were presented using the “ggplot” 

function (“ggplot2” package, Wickham (2016)) in R. For intra-fjord profiles, mean 

concentrations were presented using smoothed conditional means (“stat_smooth” 

function, method = “loess”, “ggplot2” package, Wickham (2016)). Profiles of salinity vs. 

depth were also presented using the “ggplot” function. 

2.5.2. Tests of seasonal differences in otolith chemistry 

In order to study statistical differences between seasons, otolith chronologies were 

sequestered into two annual intervals that represented periods of contrasting seasonal 

conditions, i.e., freshwater influx and ice coverage. The intervals were selected by 

approximation of correlation between otolith chronology and actual time of the year: 

“SummerFall”, covering the 37.5 % to 75.0 % interval of each chronological year (i.e., 

between winter increments), and “WinterSpring”, covering the interval from 87.5 % to 

100 % of one year plus the first 25 % of the following year. Between seasonal intervals, 

gaps of 12.5 % of the yearly chronology were left out to represent transitional periods 

between the seasons. These gaps also served as “buffer intervals” for uncertain 

correlation between otolith chronology and actual time of year due to unknown, but 

suspected, temporal variations in otolith growth rates. 

To test statistical differences between concentrations of individual elements in 

SummerFall and WinterSpring, mean transformed concentrations were calculated for 

each season interval per year per fish. Seasonal concentration differences within each 

year were tested using a linear mixed-effects model (“lme” function, “nlme” package, 

Pinheiro et al. (2020)), with season intervals and year intervals as fixed effects and 

locality batch and individual fish as random effects (lme(Conc ~ Season + Age, random = 

1 | BatchID / FishID). For this test, locality 14 was left out, as it contained only 3-year-

olds. As the focus of the study was on adult fish, age 0 data was also not included. The 

tests therefore spanned from Summer/Fall of age 1 to Winter/Spring of age 4, resulting 

in seasonal comparison of three year-intervals that each consisted of SummerFall and the 

subsequent WinterSpring. In a previous study, we had identified that locality batches 

could be grouped into two groups with distinct otolith chemistry signatures and fish sizes 

(Fink-Jensen et al., 2021), which also corresponded to two regions with contrasting 

hydrographic characteristics. The lme tests were therefore performed individually for 

each of these locality groups: 1-NW, which included localities 1-8, 10 and 21, and 2-SW, 

which included localities 11-13 and 16-18. 

Residuals of group lme models were tested for gaussian normality distribution, 

dispersion and outliers using DHARMa residual diagnostics (“testResiduals” function, 

“DHARMa” package, Hartig (2020)). Most elements showed a lack of normality, whereas 
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no elements showed considerable over/underdispersion, and only Si showed significance 

of outliers (see Table. C.2). Residual Q-Q plots also showed a lack of normality for 

residuals of certain elements (Fig. C.1). It was deemed that no further adjustments could 

be made to improve normality conditions, and that, although not ideal, distributions were 

adequately normal for the applied statistical tests. However, for certain elements, 

particularly Mg, Si, and Pb, the results were interpreted with this issue in mind. 

Specific in-fjord tests of concentration differences between locality batches were 

performed separately for the UMF (batches 2-7) and GF (batches 13 & 14). This was done 

by pairwise comparison of mean transformed concentrations in locality batches for each 

seasonal interval and year using Tukey’s Honestly Significant Difference method 

(TukeyHSD) (“TukeyHSD” function, “stats” package (R Core Team, 2020)) 

(TukeyHSD(aov(Conc[Season, Age] ~ BatchID))). The six UMF locality batches were 

tested in six season intervals spanning from ages 1 to 4. The two GF batches were tested 

in only three season intervals spanning from ages 1-2, because of the lower maximum age 

(3) of fish caught at locality 14. Age 3 season intervals were not considered in order to 

avoid possible effect of maturation on concentrations. No corrections were made for 

effect of age, as fish from all localities were of the same age during examined season 

intervals.
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3. Results 

Core-to-edge profiles of mean locality batch concentrations display seasonal 

patterns for some elements, whereas others remain relatively constant throughout the 

chronology or show no apparent seasonal patterns (Fig. 4). Element profiles for 

individual localities are presented in Fig.’s C.2-13. The lme tests find statistically 

significant differences between season intervals for elements Li, Sr, Ba, Mn, Rb, Si, K, 

and Zn in group 1-NW, and Li, Sr, Mn, Rb, Si, K, and Zn in group 2-SW (Table 4). 

TukeyHSD tests of concentration differences between intra-fjord locality batches show 

varying degrees of chemical disparity for each element (Table C.3). Some element-

specific patterns are highlighted in the following: 

3.1. Potential tracers of salinity: Sr, Li, Ba 

Sr, Li, and Ba mostly exhibit seasonal variation. In group 1-NW, all three elements 

are significantly higher in WinterSpring than SummerFall (Fig. 4, top row; Table 4). In 

group 2-SW, Sr is also significantly higher in SummerFall, whereas Li is highest in 

WinterSpring, and Ba shows no significant seasonal difference. In UMF, concentrations 

of all three elements are mostly similar across locality batches (Fig. 5.a; Table C.3). In 

GF, Li concentrations differ significantly between the two batches in all three season 

intervals, whereas Sr and Ba concentrations differ in just one season interval (Fig. 5.b; 

Table C.3). 

3.2. Potential tracers of geo-/water chemistry: Mn, Pb, Rb, Si 

Concentrations of Mn, Rb, and Si are all significantly higher in SummerFall compared 

to WinterSpring. Pb concentrations remain relatively constant throughout the 

examined time period. Intra-fjord comparisons generally exhibit high degrees of 

chemical disparity between locality batches, particularly for Pb and Rb. 

3.3. Physiologically regulated elements: Mg, P, K, Zn, Cu 

In both locality groups, K and Zn concentrations are significantly higher in 

SummerFall compared to WinterSpring. Mg, P, and Cu show no significance with season. 

In both focus-fjords, all five elements show considerable chemical disparity between 

locality batches. 
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Fig. 4. Core-to-edge element profiles of the analyzed elements. Included are locality 
batches from groups 1-NW and 2-SW. Lines represent mean concentrations in each batch. 
The x-axis corresponds to markings of the center of winter increments (W) in otolith 
chronologies as indication of age. Concentrations have been averaged for each 0.1 interval 
between winter increments. For purposes of visualization of locality batch differences, in 
this figure, Mg values above 150 ppm have been set at 150 ppm, P values above 5000 ppm 
have been set at 5000 ppm, and Pb values above 0.3 have been set at 0.3. It is evaluated 
that this approach is more instructive than simply removing all values above the 
thresholds from the figure. 
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Table 4. Season parameter and uncertainty estimates for the two lme models (one for 
each locality group). Values are the effect of winter compared to summer. Sign. 
(significance) codes for p-values are: ‘***’= 0-0.001; ‘**’= 0.001-0.01; ‘*’= 0.01-0.05; ‘.’= 
0.05-0.1.  

Group 1-NW    
Element Estimate Std.Error DF t-value p-value Sign. 

Li 0.1638 0.010 1385 16.022 < 0.001 *** 

Sr 0.1587 0.007 1385 23.839 < 0.001 *** 

Ba 0.0178 0.007 1385 2.585 0.010 * 

Mn -0.1631 0.008 1385 -21.875 < 0.001 *** 

Pb -0.0013 0.003 1385 -0.472 0.637   

Rb -0.0057 0.002 1385 -3.443 < 0.001 *** 

Si -0.4139 0.051 1385 -8.057 < 0.001 *** 

K -0.0343 0.003 1385 -11.026 < 0.001 *** 

Mg 0.0010 0.004 1385 0.295 0.768   

P 0.0009 0.001 1385 0.925 0.355   

Cu -0.0065 0.004 1385 -1.493 0.136   

Zn -0.5971 0.087 1385 -6.875 < 0.001 *** 

       

Group 2-SW    

Element Estimate Std.Error DF t-value p-value Sign. 

Li -0.0494 0.013 703 -3.769 < 0.001 *** 

Sr 0.1146 0.009 703 12.856 < 0.001 *** 

Ba 0.0005 0.009 703 0.056 0.955   

Mn -0.1330 0.009 703 -14.814 < 0.001 *** 

Pb 0.0061 0.005 703 1.340 0.181   

Rb -0.0066 0.003 703 -2.376 0.018 * 

Si -0.4607 0.061 703 -7.611 < 0.001 *** 

K -0.0409 0.004 703 -10.648 < 0.001 *** 

Mg -0.0016 0.004 703 -0.417 0.6769   

P -0.0003 0.001 703 -0.225 0.8224   

Cu 0.0072 0.007 703 0.963 0.3359   

Zn -0.5424 0.117 703 -4.638 < 0.001 *** 
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Fig. 5. Core-to-edge element profiles showing mean concentrations by age for a) 
Uummannaq locality batches (2 = Maarmorilik, 3 = Ukkusissat, 4 = Anoritup Nua, 5 = 
Qaqugdlugssuit Syd, 6 = Qajanguit, 7 = Marrait) and, b) Godthåbsfjord locality batches (13 
= Kapisillit, 14 = Storoe). See Fig. 2 for geographical positions of catch localities. The data 
is presented with “loess” smoothing with a span of 0.2. Shaded areas show 0.95 confidence 
intervals. The x-axis corresponds to markings of the center of winter increments (W) in 
otolith chronologies as indication of age. Concentrations have been averaged for each 0.1 
interval between winter increments. 
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3.4. UMF and GF salinity profiles 

Salinity profiles from localities in the UMF and GF show horizontal and vertical 

variation (Fig. 6). In the UMF, salinity levels at the surface range from 30.8 psu in the 

bottom of the fjord to 31.8 psu in the open part of the fjord. Salinity levels increase with 

depth to ~ 33.5 psu at 50 m depth for all localities. In the GF, freshening is much 

stronger compared to UMF. Surface salinity levels are considerably lower, ranging from 

24.20 - 25.48 psu. At depth, variation is still larger than UMF, showing salinity a range 

from 31.74 to 32.83 psu. 

 
Fig. 6. Salinity vs. depth profiles for areas in the Uummannaq (UMF) (a) and 
Godthåbsfjord (GF) (b) fjords. Salinity data from UMF was measured in August, whereas 
GF data was measured in August (locality ID 14) and October (locality ID 13). 
Measurements were done in close proximity (within a few kilometers) of the catch 
localities shown in Fig. 2. 
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4. Discussion 
The results exhibit temporal and spatial differences in the otolith chemistry 

reflecting chemically diverse and temporally variable environments along the coast of 

West Greenland. The results also illustrate how the incorporation of elements into the 

otoliths are governed by different mechanisms, as elements show differing, and in some 

cases contrasting, temporal and spatial patterns. This indicates influence of multiple 

factors, intrinsic and/or extrinsic, and the specific factors influencing otolith 

compositions of each element are rarely unequivocal. Most elements are probably 

influenced to various extents by both environmental concentration and physiology, and 

empirical patterns should be considered indicative rather than decisive. In the 

following, observed patterns and their likely drivers will be discussed for individual 

elements. 

4.1. Potential tracers of salinity: Sr, Li, Ba 

Sr, Li and Ba have historically been applied as tracers of ambient salinity. Sr 

substitutes for Ca in the otolith crystal lattice, and is primarily a proxy for ambient 

concentrations, which are typically higher in seawater than in freshwater (Bouchard et 

al., 2015; Brown and Severin, 2009; Walther and Limburg, 2012). Therefore, although 

the actual effect of salinity on Sr concentrations in otoliths is most likely minimal (Hüssy 

et al., 2020), otolith Sr has been used frequently to distinguish exposure to highly saline 

(e.g., seawater) versus lesser saline (e.g., brackish or fresh) waters (Brown et al., 2007; 

Hughes et al., 2016; Zimmerman, 2005). This has typically been done for diadromous 

species, that traverse strong salinity gradients, whereas salinity contrasts are smaller 

in strictly marine environments (Brown and Severin, 2009). Other factors, such as 

geological input or even physiological processes may also influence otolith Sr 

(Grammer et al., 2017; Hüssy et al., 2020; Sturrock et al., 2015). Seasonal Sr patterns in 

the UMF have previously been detected in sculpin (Myoxocephalus scorpius) 

(Søndergaard et al., 2015), a stationary species, and Greenland cod (Gadus ogac) 

(Hansson et al., 2020), a less stationary, but not highly migratory species. In the present 

study, seasonal oscillations in otolith Sr follow expected trends related to annual 

salinity patterns in the upper 0-50 meters inside the fjords. During summer and fall, 

melting of glaciers and continental ice cover leads to considerable freshwater influx, 

which results in dilution of Sr concentrations in the fjords. This is reflected by relatively 

low Sr concentrations during summer/fall and higher concentrations during 

winter/spring. In UMF, otolith Sr varies little between locality batches. This is in line 

with the relatively homogeneous levels observed in salinity profiles. In GF, otolith 
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concentrations differ significantly after the age of 2, which can possibly be attributed to 

greater spatial variation in salinity. 

Otolith Li is regulated primarily by ambient concentrations (Grammer et al., 2017; 

Halden and Friedrich, 2008; Reis-Santos et al., 2013), and may be correlated positively 

with salinity (Bouchard et al., 2015; Grammer et al., 2017; Hicks et al., 2010; Sturrock 

et al., 2012). It has also been used as a tracer of local geochemical characteristics, 

showing periodic variations in signature (Friedrich and Halden, 2008). The present 

study finds significant effect of season in both groups, but the effects differ between 

groups 1-NW (consistently substantially higher in winter/spring) and 2-SW (mostly, 

slightly lower in winter/spring). For group 1-NW, the results are in line with expected 

trends. However, we have no immediate explanation for what drives Li patterns in 

group 2-SW, other than possible regional differences in the balance between freshwater 

dilution and geological input. Significant concentration differences are found between 

GF batches. As for Sr, this can possibly be tied to considerable spatial variation in 

salinity. 

Ba substitutes for Ca in otoliths, and is therefore frequently used to trace ambient 

concentrations. It has been applied as a tracer of salinity, as its bioavailability typically 

increases with decreasing salinity (Elsdon and Gillanders, 2005; Reis-Santos et al., 

2013). However, it has also been found to correlate positively with salinity (Bouchard 

et al., 2015), and no decisive relationship between salinity and Ba concentrations has 

been found (Hüssy et al., 2020). Due to involvement of Ba in the marine organic carbon 

cycle, where it is removed from the water by microorganisms, Ba concentrations may 

be a reverse measure of ecosystem productivity (Paytan and Griffith, 2007). Lastly, Ba 

concentrations have been found to decrease with fish growth (Walther et al., 2010). In 

the analyzed otoliths, Ba concentrations show significant seasonal variation in northern 

group 1-NW. Here, concentrations are highest in winter/spring, indicating a positive 

relationship to salinity. No seasonal variation is detected for group 2-SW. However, Ba 

profiles from both UMF and GF illustrate different seasonal timing of peaks and lows. 

Perhaps, this is a consequence of interplay between freshwater input, ecosystem 

productivity, and growth rates, which may vary both temporally and spatially. Ba 

concentrations are generally higher in group 1-NW than 2-SW. This is contradictory to 

the typical negative relationship to growth patterns, as 1-NW capelin are markedly 

larger (Fink-Jensen et al., 2021; Hedeholm et al., 2010b), indicating that bioavailability 

may be the most prominent influence on otolith Ba concentrations. 
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4.2. Potential tracers of geo-/water chemistry: Mn, Pb, Rb, Si 

Mn, Rb, and Pb have previously shown potential as tracers of ambient water 

concentrations. Their bioavailability is most likely linked to influx of material from 

geological sources, which is higher during summer and fall, when the continental 

surface is exposed and freshwater streams carry sediments into the fjords (Delaney and 

Adhikari, 2020; Koppes and Montgomery, 2009). All four elements show statistical 

significance between locality batches. Here, their usage as proxies for ambient water 

chemistry is discussed. 

Otolith Mn has frequently been shown to correlate with ambient water 

concentrations (Sturrock et al., 2012). It has also been used to trace fish hypoxia, due to 

higher bioavailability in low-oxygen environments (e.g., Walther and Limburg, 2012). 

In addition, growth may have a positive effect on otolith Mn content (Sturrock et al., 

2015). Hypoxia is not expected to be relevant in the study area, but bioavailability of 

Mn is strongly influenced by glacial meltwater (Aciego et al., 2015). The observed 

seasonal variations in otolith Mn can therefore be attributed to a combination of 

increased bioavailability and growth rates in summer/fall. The differences observed for 

fish from neighboring localities 2 and 3 in comparison to localities 4, 5, and 6 can most 

likely be attributed to spatial contrasts in geochemistry, as fish sizes do not differ 

markedly between these localities. 

Pb has in several studies been shown to correlate positively with ambient 

concentrations (e.g., Fink-Jensen et al., under review; Friedrich and Halden, 2010; 

Hansson et al., 2020; Selleslagh et al., 2016; Søndergaard et al., 2015), with little or no 

physiological influence. In the marine realm, Pb is concentrated in bottom sediments 

and to a lesser extent in suspended particles (Hansson et al., 2020). As suggested by 

Fink-Jensen et al. (under review), depth and coastal proximity therefore plays a 

considerable role for the extent of Pb exposure. The capelin most likely only come into 

contact with bottom sediments while spawning, and seasonal influence on otolith Pb 

could therefore be minor, explaining the lack of observed seasonal patterns. However, 

the significant concentration disparities detected between different locality batches 

still indicate spatial differences in ambient water chemistry. 

Rb has previously been applied as tracer of ambient water chemistry (Halden and 

Friedrich, 2008; Hicks et al., 2010), but physiological regulation has also been suggested 

in Atlantic cod (Gadus morhua) (Hüssy et al., 2016). Here, Rb concentrations are 

relatively constant throughout the fish’s lives, but differ significantly between most 

locality batches, indicating different levels of environmental exposure. The correlating 

temporal and inter-batch patterns observed for K and Rb are somewhat puzzling, 
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considering their regulating mechanisms are thought to be different (otolith K is most 

likely under strong physiological control). However, such distinct correlation indicates 

similar regulation in incorporation; perhaps as a combination of intrinsic and extrinsic 

factors. Their decreasing concentrations with age also signify similar influence of 

ontogeny. 

Si is rarely mentioned in the otolith chemistry literature. It is highly abundant in 

the Earth’s crust, as silicate minerals constitute approximately 90 % of all rock-forming 

minerals. In seawater, several marine microorganisms, such as radiolarians and 

diatoms, incorporate silica in their skeletal structures (Reynolds, 2009; Sigman and 

Hain, 2012). Therefore, its bioavailability in the water may be strongly linked to 

biological productivity as well as seasonal sedimentation rates. In otoliths, it is typically 

found in concentrations above 10 ppm (Campana, 1999). Si never appears in a free ionic 

state, as it is always bound to other elements. It is therefore unlikely to be bound in 

interstitial spaces in the aragonite matrix. However, in the present study, significant 

seasonal patterns and intra-batch differences are observed. Melting of the ice sheet is 

known to be a major source of Si to the marine environment in Greenland (Hendry et 

al., 2019; Meire et al., 2016). Water chemistry data from the GF shows that Si 

concentrations are highest inside the fjords during the summer. As we observe 

significantly higher otolith Si in summer/fall, there appears to be a positive relationship 

between otolith Si and water concentrations. However, physiological regulation related 

to seasonal growth cannot be ruled out. 

4.3. Physiologically regulated elements: Mg, P, K, Zn, Cu 

Otolith concentrations of Mg, P, K, Zn, and Cu are typically perceived as being 

controlled primarily by intrinsic factors. Their concentrations may be positively related 

to somatic growth or other physiological circumstances, with little relationship to 

ambient concentrations (Hüssy et al., 2020, and references herein; Sturrock et al., 

2015). There are examples of elevated otolith concentrations of Zn and Cu in 

environments where ambient water concentrations are particularly high, e.g., due to 

pollution (Friedrich and Halden, 2010; Ranaldi and Gagnon, 2010). Such pollution is not 

expected to be a factor in the study area. We find Zn concentrations to be significantly 

higher in summer/fall than in winter/spring, which may be related to growth rate 

differences. However, glacial runoff is a major source of Zn (Aciego et al., 2015), so a 

relationship between ambient and otolith concentrations is also possible. Maturation 

does not appear to influence otolith composition, as concentrations do not increase 

considerably towards the otolith edge. 
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K is likely under strong physiological regulation (Campana, 1999). Despite 

enrichment in the endolymph, K concentrations are typically found at relatively 

constant levels in otoliths, with little relation to ambient concentrations (Campana, 

1999). The higher K concentrations observed in summer and fall are in line with 

observations by Sturrock et al. (2015) of higher concentrations in opaque growth 

zones; that is, when otolith (and fish) growth rates are highest. Seasonal variation 

observed for K can therefore perhaps be attributed to growth rate differences. 

Generally decreasing concentrations with age signify ontogenetic influence. However, 

significant differences between in-fjord locality batches of similarly sizes fish also 

indicate different regulating factors. Strong correlation with Rb suggests that ambient 

water chemistry could play a role on batch differences. Mg, P, and Cu do not echo the 

seasonal patterns observed for Zn and K. Mg and P show correlating temporal patterns. 

The lack of seasonal variability suggests no relation to somatic growth or feeding habits. 

Fish from locality batch 7 do show significantly higher concentrations, which coincides 

with smaller fish sizes, compared to other UMF localities. This is, however, not likely to 

be related to growth, as other studies of the effect of growth rates on Mg have found 

this relationship to be positive (Hamer and Jenkins, 2007; Limburg et al., 2018; Stanley 

et al., 2015). Generally declining concentrations with age also indicate an ontogenetic 

effect, which at least for Mg is in line with previous studies (Morales-Nin et al., 2005). 

Cu does not appear to be influenced by either seasonal growth patterns nor ontogeny. 

As for Pb and K, concentrations are relatively constant and distinct for each locality 

batch throughout the 4-year lifespan, which suggests an environmental response that 

is unaffected by seasonal variations in geological influx. Concentrations of Mg, P, and 

Cu, increase markedly towards the otolith margin. This could indicate a maturation 

effect. However, it may also be the result of increased environmental exposure, as the 

fish approach the shore to spawn, similarly to what has been observed for Pb (Fink-

Jensen et al., under review). Overall, otolith Mg and P appears to be regulated by the 

same factors, whereas Cu and Zn show distinct patterns that suggest different 

influences. 

4.4. Capelin stock structure and dynamics 

We examine stock structure and dynamics of the inshore capelin in West 

Greenland by addressing two main questions: 1) What is the connectivity between 

different spawning segments (i.e., locality batches), 2) Where do the capelin reside in 

summer/fall vs. winter/spring. Otolith chemistry is frequently applied to both 

identification of stock structure (e.g., Bouchard et al., 2015; Heidemann et al., 2012; 



 

114  

Moreira et al., 2018) and tracking past movements of fish (e.g., Albertsen et al., 2021; 

Fodrie and Herzka, 2008; Hayden et al., 2013; Mercier et al., 2012; Walther and 

Limburg, 2012). Both applications typically rely on the detection of spatial contrasts for 

elements that function as environmental proxies. Past whereabouts can be inferred 

from relationships between otolith chemistry and spatial reference points of distinct 

water chemistry or geochemical properties (see Elsdon et al., 2008; Sturrock et al., 2012 

for reviews). For capelin, studies of east Canadian stocks have managed to identify 

spawning and nursery areas for individual fish based on comparison between otolith 

chemistry in juvenile and adult fish (Davoren et al., 2015; Lazartigues et al., 2016; 

Loeppky et al., 2018; Tripp et al., 2020).  

4.4.3. Stock structure 

In the present study, limited resolution of external reference points makes it 

impossible to accurately pinpoint past whereabouts; exact capelin whereabouts are 

only known at the time of capture. Identification of stock structure therefore relies on 

the assumption that fish, which reside in different areas with contrasting water 

chemistry, will also display contrasting otolith signatures of elements that serve as 

proxies of water chemistry (Elsdon et al., 2008; Sturrock et al., 2012). Naturally, this is 

only valid if other factors, such as age, size, sex, temperature and analytical errors can 

be considered negligible or are corrected for. In this study, factors such as sex, and size 

have been corrected for or taken into consideration when assessing the data. 

Temperature effects on otolith concentrations have been studied for many elements 

across different species (ref), and is thought to mostly have an indirect effect on 

concentrations through, e.g., positive effects on somatic growth or element 

precipitation rate on the otolith surface (ref). Temperature has therefore not been 

considered as a direct regulating factor in this study. Furthermore, we assert that 

potential inaccuracies in the applied analytical technique did not significantly impact 

interpretations of the data (see Fink-Jensen et al. (under review) for details).  

In the present study, significant differences between locality batches, even within 

fjords, are observed for all elements to varying extends. These differences generally 

exceed chemical variation within batches. Although minor intra-fjord connectivity 

cannot be ruled out, the observed significant differences suggest separate space-time 

life histories for fish caught at different localities. We therefore propose that fish from 

different batches were separated throughout most, if not all, of their lives. This implies 

that each fjord contains multiple, spatially separated populations that are mostly 

unconnected. 
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4.4.4. Stock dynamics 

Capelin residence in summer/fall can be inferred from comparison between 

seasonal signals in otoliths and general knowledge on the chemical characteristics in 

the fjords and offshore areas. Salinity profiles from GF (Fig. 1.) show little seasonal 

variation in salinity in offshore areas (F1.5-3) year-round. Otolith chemistry profiles, 

however, show significant seasonal fluctuations in Sr and Li concentrations, which 

indicates strong seasonal differences in salinity exposure. This indicates that the 

capelin resided inside the fjords where seasonal differences are high, at least during 

summer/fall. 

Determination of winter/spring residence is more complex. A lack of chemical 

disparity during this period makes it difficult to distinguish offshore and inshore areas. 

The presented GF salinity profiles from May indicate very little spatial contrast. This 

large-scale spatial homogeneity negates the use of salinity proxies to trace winter 

residence. Elements Mn, Pb, Rb, and possibly Si, are most likely unaffected by salinity 

fluctuations, but can be used to trace local discrepancies in water chemistry. Their 

otolith concentrations primarily reflect bioavailability. The supply of Mn, Rb, Pb, and Si-

bearing compounds to the water is influenced by two main factors: 1) Element 

abundance in the rocks that supply sediments to the water and, 2) the rate of 

sedimentation and transportation (Hasholt et al., 2018; Koppes and Montgomery, 

2009). Overall, bioavailability is expected to reflect composition of local continental 

rocks, the rate of transport to the marine environment, and proximity to supplying 

sources, e.g., the coastline and freshwater outlets (Hendry et al., 2019; Hopwood et al., 

2016; Meire et al., 2016). Although sedimentation rates are likely to be low during 

winter/spring, there is still reason to think that spatial differences may exist inside the 

fjords, whereas concentrations in offshore area are likely relatively homogeneous. In 

the UMF, significant winter/spring differences are detected for otolith concentrations 

of Mn, Rb, Pb, and Si. This suggests winter/spring residence near the coast, and 

migrations to offshore areas are therefore not likely. Physiological tracers K, Mg, P, Cu, 

and Zn, also show significant discrepancies between batches in winter/spring intervals. 

Although this is not relatable to specific environments, it does indicate differing 

intrinsic regulation between batches, and possibly different living conditions, which 

speaks against a scenario where the fish converge outside the fjords.  

In conclusion, our results indicate that segregated populations of capelin exist 

within the UMF and GF. Seasonal variability in the otolith chemistry of a number of 

environmental tracers further suggests that they reside inside the fjords in 

summer/fall. Winter/spring residence is more complex to decipher, due to large-scale 
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chemical homogeneity during this period. However, lifelong separation of stock 

contingents suggests that the inshore capelin in Greenland are much less migratory and 

less interconnected than stocks that spawn in the Barents Sea, around Iceland and off 

East Canada. This also implies that little or no interaction takes place between fish from 

different fjord systems, and that capelin caught offshore likely belong to an entirely 

different stock. Our results suggest that sustainable management of the inshore stock 

has to be conducted at high spatial resolution to avoid local collapses of populations. To 

further reaffirm these results, sampling of water chemistry in inshore and offshore 

areas would be helpful in establishing baselines for comparison to otolith chemistry. 

Sampling of capelin caught offshore could help determine if such fish have different 

space-time life histories than capelin caught inshore. Also, spatial distribution of capelin 

could be identified by continued acoustic surveys in inshore and offshore areas, 

preferably throughout all seasons. To identify stock structure, studies of genetic 

differentiation in different spawning segments could be applied at a higher spatial 

resolution than what has previously been attempted. 
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Chapter 7: 
Conclusions, thoughts, and future perspectives 
 

7.1. Summary and discussion of findings 

The results of the presented papers are based on based on chemical analysis of otoliths 

from 619 capelin, caught across 19 localities (not 21, as localities 9 and 15 were not 

used in the study) along Greenland’s coastline. The chemical analysis was carried out 

by LA-ICPMS in core-to-edge otolith transects, measuring quantities of 14 elements. The 

following sections summarize and discuss the results of each paper, along with a 

highlight figure from each. 

7.1.1. Paper I 

Paper I presented otolith edge concentrations of all 14 elements. The edge chemistry 

represented the time interval leading up to catch, and was the only part of the otolith 

chronology that could be geographically connected. The results confirmed our 

hypothesis that regional differences in salinity can be traced in the microchemistry of 

the capelin otoliths. Multivariate, discriminatory classification of individual fish 

between three regions, northwest, southwest, and east, indicated distinct regional 

differences in otolith chemistry (Fig. 4). Particularly the northwest and southwest 

regions (locality groups) showed contrasting concentrations of environmental tracers 

Li, Ba, Pb, and to a lesser degree Sr, of which Li, Ba, and Sr are well-known indicators of 

salinity. The results reflect large-scale differences in salinity along the west coast, north 

and south of a 65°-68°N oceanographic transition zone. The eastern region did not 

distinguish itself based on environmental tracers, although one locality showed high 

concentrations of elements Mg, P, and Zn that are typically tied to physiological 

regulation. Differences in Pb between regions were attributed to elevated 

concentrations at just three localities in the southwest region, and was therefore 

considered locality-specific, and not representative of large-scale regional differences. 

The results presented a baseline for large-scale spatial differences in water chemistry, 

that could potentially be used to determine capelin whereabouts in the past. 
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Fig. 4. Visualization of the linear discriminant analysis (LDA) model presented in paper I 
(Chapter 4). Locality groups are discriminated based on multivariate signatures of the 
concentrations of 14 elements in otoliths. Each point represents one otolith. The figure 
shows distinct chemical signatures for locality groups 1-NW and 2-SW, based primarily 
on contrasting concentrations of environmental tracers Li, Ba, and Pb. Group 3-East, is 
distinguished by physiological tracers Mg and K, but not by environmental tracers. 
 

For the west coast, the results of paper I were coherent with assumed spatial 

differences in salinity. The east coast group, however, did not distinguish itself from the 

west coast in terms of environmental proxies. The two east localities could have been 

divided into separate groups, considering the oceanographic differences on the east 

coast. However, more sample localities would have been needed to determine whether 

regional differences existed. As only the west coast saw clear regional distinctions, east 

coast localities were excluded from subsequent papers. 

 

 



 

135  

7.1.2. Paper II 

7.1.2.1. Region classifications 

In paper II, lifelong residence of individual capelin between two regional groups on the 

west coast (northwestern and southwestern) was examined by multivariate 

classification of individual measurements throughout otolith chronologies. In paper I, 

Li, Ba, and Pb were identified as the elements most responsible for group 

discrimination. In paper II, a linear discriminant analysis (LDA) model based on edge 

concentrations of these elements was therefore used as a baseline for classification of 

individual measurements to groups (Fig. 5). The results suggested that the capelin 

spent the majority of their lives in the same region they were caught in. However, most 

otoliths showed classifications to both regions, which on the surface suggested that 

migrations had taken place. It was argued that the results contained a considerable 

number of misclassifications, owed to temporal changes in water chemistry; 

specifically, seasonal variations of Li. Baseline values were based on a specific time 

interval in spring/early summer, and potential seasonal variations in water chemistry 

therefore led to baseline values not always being representative of actual water 

chemistry. It was not possible to distinguish seasonal variability within the fjords from 

potential movement between different areas, and migratory behavior therefore could 

not be ruled out. 

Basing time-resolved classifications on salinity tracers, in an environment where 

salinity fluctuates over time, turned out to be problematic. It was attempted to base the 

classification on other elements, but either they also varied over time or did show 

sufficient regional differences. One complicating factor was the high temporal 

resolution. It has, as far as we know, not previously been attempted to trace fish 

whereabouts in such short, chronological intervals. Typically, backtracking is done by 

discriminatory classifications in fixed time intervals, such as between different life-

history stages, e.g., larvae, juvenile, and adult (Davoren and Halden, 2014; Fodrie and 

Herzka, 2008; Loeppky et al., 2018; Longmore et al., 2011), diadromous stages 

(Bradbury et al., 2011; Hedger et al., 2008; Hicks et al., 2010), or even using whole 

otoliths (Moreira et al., 2018). Mercier et al., 2012, performed classifications in different 

time intervals on the basis of individual baselines for each interval. In theory, a similar 

approach could have been taken in the current study, using broader intervals, e.g., 

summer and winter, and different baselines for each. This would have lowered the 

temporal resolution significantly, but in terms of distinguishing summer and winter 

whereabouts it might have been useful. However, as none of the samples were collected 

during the winter, a winter baseline would have to be based on non-edge chronological 
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intervals that could not be tied geographically. Another option would have been to 

establish comparative baselines based on environmental measurements of, e.g., salinity 

and water chemistry. In terms of classification models, Mercier et al., 2011, point out 

that LDA and QDA, although predominantly used in classification studies, may not be 

best suited for complex, multivariate data sets, particularly if they have issues with 

normality. A suggested alternative is the use of machine learning classification methods 

(Mercier et al., 2012). This was not attempted in the current study, but could perhaps 

be applied to elements that showed lesser regional differences, such as Sr. 

7.1.2.2. Pb as tracer of different environments 

In one sense, the study area was well-suited for determining past whereabouts because 

spatial heterogeneity existed not only for tracers of salinity, but also for elements that 

were thought to derive primarily from geological influx. Otolith Pb varied between 

different locality batches, but did not vary over time to the same extent as Li. It was 

therefore attempted to examine connectivity by comparing otolith Pb in different 

batches to geological sources of Pb. Firstly, otolith Pb levels at three neighboring 

localities were compared to Pb concentrations in stream sediments from adjacent 

mainland (Fig. 5.). In one locality batch, Pb levels were consistently higher, matching 

with higher stream sediment concentrations in that area. This indicated that these fish 

had been exposed to higher ambient concentrations throughout their lives, and had not 

veered into adjacent areas, where ambient concentrations were lower. Secondly, otolith 

Pb in four locality batches in the Uummannaq Fjord were compared. A trend of 

increasing otolith Pb towards the bottom of the fjord was identified, correlating with 

presumed increases in influx of sediments from adjacent rocks and a large marine-

terminating glacier. Otolith Pb levels were relatively constant, indicating that fish from 

different batches experienced different levels of Pb exposure throughout their lives. 

These results suggested that different populations could be spatial separated by as little 

as 15 kilometers. Lastly, most fish showed increasing Pb concentrations towards otolith 

edges. It was proposed, that this could be tied to increased Pb exposure as the capelin 

approached the coastline during spawning season. 
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Fig. 5. Comparison between Pb concentrations in otoliths (left) and stream sediments 
(right) at three different localities on Greenland’s west coast. Elevated Pb concentrations 
in otoliths from locality 11-Sisimiut correlate with higher Pb concentrations in stream 
sediments in this area. Localities 10-Aasiaat and 12-Manitsoq show lower Pb 
concentrations in both otoliths and sediments. Figure is taken from Paper II (Chapter 5). 
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The use of otolith Pb as a proxy for environmental concentrations was inspired by 

Søndergaard et al., 2015, who detected decreasing Pb concentrations in sculpin otoliths 

in a gradient away from a former Pb mine located inside the Uummannaq fjord system. 

Similar patterns were detected in lichens (Cetraria nivalis), blue mussels (Mytilus 

edulis), seaweed (various species)(Schiedek et al., 2009), and in sea floor sediments 

(Elberling et al., 2002). Otolith Pb has mostly been used to distinguish areas that were 

affected by considerable man-made pollution, and has generally shown positive 

correlation with ambient concentrations (Andronis et al., 2017; Friedrich and Halden, 

2010; Hansson et al., 2020; Ranaldi and Gagnon, 2008; Selleslagh et al., 2016), although 

other studies have shown mixed results (Daverat et al., 2012; Forrester and Swearer, 

2002). Few studies exist of physiological influences on otolith Pb (Geffen et al., 1998; 

Köck et al., 1996; Sturrock et al., 2014). A notable challenge for the use of otolith Pb as 

an environmental tracer is that otolith concentrations are relatively low, typically less 

than 1 ppm, which in some cases is below the detection limit of the instruments used 

for chemical analysis. Unfortunately, we were unable to acquire the limit of detection 

for Pb in our analyses. Otolith Pb concentrations may therefore not have been entirely 

quantifiable, but as argued in paper II, we theorize that the results are valid for relative 

comparisons. However, considering the prominent role of Pb in the evaluation of stock 

structure, it would have been preferable if no doubt was attached to the validity of the 

Pb measurements. Still, the results indicate that Pb could have a notable role in stock 

discrimination studies going forward, even in non-polluted areas. 

7.1.3. Paper III 

In this paper, chronological profiles of 12 elements were used to evaluate stock 

structure and spatial dynamics of adult capelin. Otolith chronologies were divided into 

seasonal intervals (winter/spring and summer/fall) to examine which elements varied 

with season. 8 of the 12 elements showed significant seasonal differences. For Li and 

Sr, this was attributed to differences in salinity caused by freshwater influx from 

glaciers and rivers during summer and fall. For Mn, Rb, and Si, high summer/fall 

concentrations could possibly be tied to increased geological weathering and transport 

to the marine environment during this period. Salinity profiles from Godthåbsfjord 

showed both seasonal and spatial variability. In summer/fall, salinity increased with 

distance from the coastline, whereas in winter/spring, salinity levels were largely 

similar in fjords and offshore areas. 

Specific population structures were examined for fish caught in two fjords, 

Uummannaq Fjord and Godthåbsfjord, by comparing chemical patterns in different 
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locality batches (Uummannaq, Fig. 6.). Overall, possible geological tracers, Mn, Rb, Si, 

and Pb, and physiological tracers, K, Mg, P, Cu, and Zn, showed significant discrepancies 

between batches, indicating different life histories. These results reenforced the 

conclusions of paper II, that isolated populations exist within fjords. 

 

 
Fig. 6. Core-to-edge profiles of element concentrations in otoliths from 6 localities in 
Uummannaq Fjord (UMF). Elements like Li, Sr, Mn, Si, and Zn exhibit distinct seasonal 
variation, most likely related to seasonal differences in salinity (Li, Sr), sediment influx 
(Mn, Si) and growth (Zn). Relatively uniform patterns of Li, Sr, and Ba reflect homogeneity 
of salinity within the fjord. Contrasting concentrations Mn, Pb, Rb, and Si between some 
localities may reflect spatial differences in bioavailability. The figure is taken from Paper 
III (Chapter 6). 
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The prominent seasonal patterns observed in the otoliths strongly indicated that the 

capelin resided inside inshore during summer and fall, as such distinct seasonal signals 

were unlikely to be found in offshore areas. Winter/spring residence was more 

challenging to determine, due to large-scale chemical homogeneity during this period, 

which made it difficult to relate otolith chemistry to specific environments. Evaluation 

of winter/spring residence was therefore based on observed inter-batch differences of 

geological and physiological proxies, which indicated different living conditions for fish 

from different batches. It was therefore concluded to be unlikely that fish from different 

batches had converged at any point in time, neither in coastal or offshore areas. This 

suggested that the fish generally had remained stationary and not migrated outside the 

fjords. Overall, it was concluded that the most likely scenario for stock structure and 

spatial dynamics of capelin caught inside the fjords involved lifelong fjord residence, 

the existence of multiple segregated populations, and relatively stationary spatial 

behavior. 

The chemical patterns presented in this paper were mostly in line with expectations, 

although a few puzzling trends were observed. Li patterns in the southern region group 

2-SW did not correlate with expected salinity levels, and differed markedly from the 

more unison patterns observed for Sr. This implied that factors other than salinity 

played a part in the regulation of otolith Li. We had also expected to observe seasonal 

patterns for elements Mg and P related to seasonal differences in somatic growth, but 

this was not observed. A lack of seasonality in otolith Pb was also somewhat puzzling, 

considering its typically strong correlation with ambient concentrations, which were 

expected to be higher in the summer. Otolith Pb is typically not applied in studies that 

do not involve unnaturally elevated ambient levels (i.e., from pollution), and we 

therefore had a lack of comparative literature for the current scenario. However, the 

study demonstrated that otolith Pb may be used as a tracer of ambient concentrations, 

even in non-polluted areas, although its incorporation in otoliths is still poorly 

understood, including influence of physiology. It is well-known that Pb accumulates in 

softer tissues of fish, e.g., organs, gills, skin, and muscles (Eyckmans et al., 2013; Zuluaga 

Rodríguez et al., 2015), and the pathway from water to otolith may therefore not be 

immediate. 
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7.2. Project evaluation and concluding remarks 

To summarize, we were mostly able to confirm the project’s three main hypotheses: 

• Large-scale spatial contrasts in salinity were reflected as regional chemical 

contrasts of otolith salinity tracers in fish caught north and south of the ~66-

68°N west coast transition zone. Differences between east and west were more 

difficult to establish, and requires a larger number of sample localities in the east 

in order for regional trends to be consolidated. 

• The segregated stock structure proposed by Sørensen and Simonsen, 1988, was 

confirmed by observed spatial contrasts in otolith fingerprints. Identification of 

stock structure was taken a step further, as the results indicated spatially 

separated populations even within fjords. 

• Seasonal variability was detected for 8 out of 12 elements, both environmental 

and physiological proxies, throughout otolith chronologies, confirming the use 

of otolith chemistry to trace extrinsic and intrinsic changes. 

Overall, the project’s goals of determining stock structure, connectivity within the 

stock, and spatial dynamics of capelin in Greenland were mostly accomplished. 

Hopefully, this thesis testifies the extensive and meticulous work put into acquiring 

these results. Along the way, I encountered several of the challenges that are often 

connected to application of otolith chemistry, both experimental, analytical, statistical 

and interpretational. Although most of these issues were resolved to a satisfactory 

degree, in hindsight, there are certainly of circumstances that could have been handled 

differently, most of which have already been mentioned in this thesis. The following are 

just a few of the major challenges and lessons I picked up along the way: 

• Attempts to determine natal return migrations posed considerable experimental 

challenges and were ultimately unsuccessful, but did result in development of 

sample preparation methods. 

• Although it may be a controversial statement, perhaps too much emphasis was 

put on data processing in order to accommodate assumptions of statistical 

models. Correct handling of data is crucial for research integrity, and is often not 

given enough thought, but too much time was probably spent on statistical 

aspects that ultimately had no influences on the results. The saying goes “you 

won’t know until you try”, but time is a resource, and knowing where to allocate 
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it best is also an important aspect of conducting research. 

• A valuable lesson was the importance of having a streamlined methodology to 

avoid bias from the research process spilling into the results. This included: 

o Sampling, i.e., comparative biological traits, such as identical ages, even 

sex distribution, and comparable sizes 

o Systematic sample preparations, to avoid contamination or differences in 

sampling surface texture 

o Chemical analysis, i.e., knowledge of analytical influences, such as 

measuring accuracy, limits of detection, instrumental drift, and intensity 

of background signals 

o Statistical concerns, such as well thought out selection of models, 

handling of outliers, and accommodation of model assumptions 

• Interpretation of the data was in some cases marred by the recurring challenge 

in otolith chemistry of deciphering element patterns, when the exact 

mechanisms responsible for element incorporation are in doubt. Also, too often, 

interpretations are based on circumstantial, empirical evidence from different 

species and different environments. Most studies (including this one) are 

directed at specific applications in fisheries management, and do not necessarily 

provide broad, general knowledge to the scientific field. Although review 

articles, such as Hüssy et al., 2020; Izzo et al., 2016; Kerr and Campana, 2014; 

and Sturrock et al., 2012, are immensely helpful in providing an overview of the 

“otolith chemistry jungle”, more basic research is needed to uncover general 

mechanisms for incorporation of different elements in otoliths.
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7.3. Future perspectives 

7.3.1 Applications of results 

The motivations behind this research project were clearly defined from the get-go: To 

provide biological information that could be used to assess the potential for capelin 

fishery in Greenland. In that sense, the intention was not to provide directly applicable 

biological reference points, such as spawning-stock biomass, growth, mortality rates, 

recruitment, etc., but rather to provide a basis for evaluation of whether such fishery 

would be economically and logistically feasible, and could be carried out in a 

sustainable manor. The response that this project can give, is that stock assessment and 

sustainable management will be more complex than for single-stock populations in the 

North Atlantic. The results indicate that the stock component of Greenland capelin 

consists of multiple, relatively stationary, isolated populations, and that management 

therefore has to be carried out at high spatial resolution. The role of capelin in Arctic 

food webs further underlines the need for careful management. Past collapses of the 

Barents Sea stock also point to species-specific characteristics for the capelin that 

potentially makes it vulnerable to fishery. 

In addition to the specific stock management goals, this study also provides 

important contributions to the use of otolith microchemistry by trace past whereabouts 

of fish at high temporal resolution. The wide range of elements involved, and their 

relationships to environmental and physiological circumstances, provide information 

on the use of specific elements in otolith chemistry studies. Of particular note is the use 

of otolith Pb as a proxy for bioavailability and proximity to geological sources (even in 

non-polluted environments), and Si as a possible proxy for bioavailability. 

 

7.2.2. Further investigations 

There are several undertakings that can potentially advance the knowledge on 

inshore capelin in Greenland. Perhaps the most obvious one is to collect more otoliths. 

In learning from the current study, a more focused approach to sampling can involve 

collection of samples from offshore areas, although this has previously proven to be 

challenging (Hedeholm, 2010). However, such samples may provide valuable 

indications of whether such fish experience different life histories than the fish caught 

inshore, and perhaps provide baselines for offshore signatures. Sampling at multiple 

locations in different fjords may clarify if segregation among in-fjord populations is a 

general trend all along the coast. This can be complimented by studies of in-fjord 

genetic variation. Additionally, more localities can be sampled from the east coast to 
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characterize its regional signature(s), although limited infrastructure there may pose 

logistical challenges. 

Addition of water chemistry samples may provide spatial reference points for 

pinpointing past whereabouts geographically. Ideally, water samples of elements 

relevant to otolith chemistry are gathered in areas neighboring capelin sample 

localities, and in transects ranging from deep inside fjords to fjord mouths, along the 

outer coast, and offshore, in order to obtain detailed spatial resolution. Acoustic surveys 

performed throughout the year in inshore and offshore areas can also provide 

important information that add to the understanding of capelin stock structure and 

spatial dynamics. 

In this study, Pb proved to be a valuable environmental proxy. Interpretation of the 

otolith data would therefore be aided by measurements of Pb concentrations in, e.g., 

glacial meltwaters, stream sediments, and bottom sediments, to better understand of 

the distribution of Pb in different environments. Si also showed potential as a tracer of 

ambient concentrations. This element is completely overlooked in otolith chemistry 

research, and requires further studies to determine its applicability as an 

environmental tracer. 

Although the use of otolith chemistry in biological studies has increased dramatically  

in the past couple of decades, there is still a need for basic research into incorporation 

mechanisms of different elements, and the role of environmental vs. physiological 

regulation. This could include more controlled laboratory experiments, although such 

fixed environments are not always representative of conditions “in the wild”. Hopefully, 

future research will lead to discoveries that are broadly applicable to different species 

and environments.
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Table A.1. Estimates of the effect of sex on transformed element concentrations. 
Significance (p-value) is determined by generalized least squares (GLS) models (df = 530), 
assuming significance at p < 0.05. Sex effect estimate”  is the parameter estimate of the 
effect of males compared to females. For elements, for which sex effect was significant (in 
bold: Mn, Cu, Sr, and Ba), estimates were subtracted from the concentrations of males, in 
order to normalize to females. 
  

Element p-value 
Sex effect 
estimate, 

males 

Li 0.079 0.02634 

Mg 0.082 -0.02765 

Al 0.487 0.01877 

Si 0.810 0.00861 

P 0.158 -0.03705 

K 0.693 -0.00663 

Ti 0.368 -0.03342 

Mn <0.001 -0.04653 

Cu <0.010 -0.04976 

Zn 0.182 -0.04881 

Rb 0.188 -0.04377 

Sr <0.001 -0.83726 

Ba <0.001 -0.00847 

Pb 0.762 -0.00319 
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Table A.2. Results of ANOVA, Kruskal-Wallis, MANOVA, and discriminant function 
analysis (DFA) tests (LDA/QDA). 
 

ANOVA test results:           
Li: Df Sum Sq Mean Sq F-value p-value 

Li by locality 17 16.71 0.98280 55.65 <0.0001 

Residuals 531 9.38 0.01770     

Mg:           

Mg by locality 17 14.88 0.87510 44.09 <0.0001 

Residuals 531 10.54 0.01980     

Al:           

Al by locality 17 13.91 0.81800 14.28 <0.0001 

Residuals 531 30.36 0.05730     

Si:           

Si by locality 17 16.85 0.99100 9.82 <0.0001 

Residuals 531 53.58 0.10090     

P:           

P by locality 17 27.48 1.61670 29.86 <0.0001 

Residuals 531 28.75 0.05410     

K           

K by locality 17 15.51 0.91230 41.14 <0.0001 

Residuals 531 11.78 0.02220     

Ti:           

Ti by locality 17 7.92 0.46580 4.31 <0.0001 

Residuals 530 57.25 0.10800     

Mn:           

Mn by locality 17 1.19 0.07006 9.29 <0.0001 

Residuals 531 4.00 0.00754     

Cu:           

Cu by locality 17 4.12 0.24233 9.13 <0.0001 

Residuals 529 14.05 0.02656     

Zn:           

Zn by locality 17 22.43 1.31910 12.56 <0.0001 

Residuals 530 55.68 0.10510     

Rb:           

Rb by locality 17 21.86 1.28600 14.79 <0.0001 

Residuals 531 46.17 0.08690     

Sr:           
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Sr by locality 17 369.90 21.76000 6.05 <0.0001 

Residuals 531 1910.40 3.59800     

Ba:           

Ba by locality 17 0.11 0.00660 29.23 <0.0001 

Residuals 531 0.12 0.00023     

Pb:           

Pb by locality 17 3.71 0.21797 25.00 <0.0001 

Residuals 531 4.63 0.00872     

 
 

Kruskal-
Wallis test 
results       

Li: 
K-W chi-
squared Df p-value 

Li by locality 317.83 17 <0.0001 

Mg:       

Mg by locality 238.72 17 <0.0001 

Al:       

Al by locality 184.81 17 <0.0001 

Si:       

Si by locality 148.30 17 <0.0001 

P:       

P by locality 210.94 17 <0.0001 

K       

K by locality 336.91 17 <0.0001 

Ti:       

Ti by locality 76.57 17 <0.0001 

Mn:       

Mn by locality 122.26 17 <0.0001 

Cu:       

Cu by locality 156.52 17 <0.0001 

Zn:       

Zn by locality 131.00 17 <0.0001 

Rb:       

Rb by locality 193.43 17 <0.0001 

Sr:       

Sr by locality 94.13 17 <0.0001 
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Ba:       

Ba by locality 275.57 17 <0.0001 

Pb:       

Pb by locality 238.36 17 <0.0001 

 

MANOVA test results             

All-group test Df Pillai 
approx 
F num DF den Df Pr(>F) 

By group 2 0.945 33.85 28 1058 <0.0001 

Residuals 541           

              

West-group test 
Df Pillai 

approx 
F num DF den Df Pr(>F) 

By group 1 0.717 85.52 14 472 <0.0001 

Residuals 485           
 

      
 

      

DFA (LDA/QDA) test results           

  
Wilks' 

Lambda 
 Chi2-
Value  Df p-value   

All-group test 0.23183 781.31 28 <0.0001   

West-group test 0.28276 603.80 14 <0.0001   
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Table A.3. Tukey’s HSD test. Comparison of otolith elemental signatures between 
localities. Symbols are significance codes for the following p-value intervals: ‘***’= 0-
0.001; ‘**’= 0.001-0.01; ‘*’= 0.01-0.05; ‘.’= 0.05-0.1. Blank cells have p-values >0.1. The 
lower the p-value, the more locality signatures differ from one another. 
 

Li 1 2 3 4 5 6 7 8 21 10 11 12 13 16 17 18 19 20 
1                       *** *** *** *** *** ***   

2                 .     *** *** *** *** *** ***   

3             ***       ** *** *** *** *** *** ***   

4             **       * *** *** *** *** *** ***   

5                 **     *** *** *** *** *** ***   

6             .         *** *** *** *** *** ***   

7     *** **   .   *** *** ***   * .   *** *** *** *** 

8             ***       ** *** *** *** *** *** ***   

21   .     **   ***       *** *** *** *** *** *** ***   

10             ***       ** *** *** *** *** *** ***   

11     ** *       ** *** **   *** ** * *** *** *** ** 

12 *** *** *** *** *** *** * *** *** *** ***         **   *** 

13 *** *** *** *** *** *** . *** *** *** **         ***   *** 

16 *** *** *** *** *** ***   *** *** *** *         **   *** 

17 *** *** *** *** *** *** *** *** *** *** ***         ***   *** 

18 *** *** *** *** *** *** *** *** *** *** *** ** *** ** ***     *** 

19 *** *** *** *** *** *** *** *** *** *** ***         .   *** 

20             ***       ** *** *** *** *** *** ***   

                   

                   
Ba 1 2 3 4 5 6 7 8 21 10 11 12 13 16 17 18 19 20 

1               ***   *** *** *** *** *** *** *** *** *** 

2             . *   *** *** *** *** *** *** *** *** *** 

3             **     * *** *** ** *** *** *** *** *** 

4               **   *** *** *** *** *** *** *** *** *** 

5               *   *** *** *** *** *** *** *** *** *** 

6             * .   ** *** *** *** *** *** *** *** *** 

7   . **     *   *** ** *** *** *** *** *** *** *** *** *** 

8 *** *   ** * . ***       *** ***   .     . ** 

21             **       *** *** ** *** * ** *** *** 

10 *** *** * *** *** ** ***       * ***             

11 *** *** *** *** *** *** *** *** *** *                 

12 *** *** *** *** *** *** *** *** *** ***     ***   *** *** *   

13 *** *** ** *** *** *** ***   **     ***             

16 *** *** *** *** *** *** *** . ***                   

17 *** *** *** *** *** *** ***   *     ***             

18 *** *** *** *** *** *** ***   **     ***             

19 *** *** *** *** *** *** *** . ***     *             
20 *** *** *** *** *** *** *** ** ***                   
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Sr 1 2 3 4 5 6 7 8 21 10 11 12 13 16 17 18 19 20 

1               *                 .   

2               *                     

3                                 *   

4               *                     

5                                 *   

6                                 *   

7                     **   *   *** * *** ** 

8 * *   *             ***   *** * *** *** *** *** 

21                     *       **   *** . 

10                     *       **   *** * 

11             ** *** * *                 

12                                 .   

13             * ***                     

16               *                     

17             *** *** ** **                 

18             * ***                     

19 .   *   * * *** *** *** ***   .             
20             ** *** . *                 

                   

                   
Pb 1 2 3 4 5 6 7 8 21 10 11 12 13 16 17 18 19 20 

1     * * * ***       *** **   ***     ***     

2           ***         ***   ***   * *     

3 *                   ***   ***   ***       

4 *                   ***   ***   ***       

5 *         .         ***   ***   ***       

6 *** ***     .   ** . ***   ***   ***   ***   *** * 

7           **         ***   ***   * *     

8           .         ***   ***   **       

21           ***       . ***   ***     **     

10 ***               .   ***   ***   ***       

11 ** *** *** *** *** *** *** *** *** ***   ***   *** . *** *** *** 

12                     ***   ***   ***       

13 *** *** *** *** *** *** *** *** *** ***   ***   *** *** *** *** *** 

16                     ***   ***   **       

17   * *** *** *** *** * **   *** . *** *** **   *** ***   

18 *** *         *   **   ***   ***   ***   *   
19           ***         ***   ***   *** *     

20           *         ***   ***           
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Mg 1 2 3 4 5 6 7 8 21 10 11 12 13 16 17 18 19 20 

1   ** *   *** *** *** * ***   .   ***       *** . 

2 **           ***     **           . ***   

3 *       *   ***     *             ***   

4         **   ***           *       ***   

5 ***   * **     *** **   *** * ***   *** *** *** *** * 

6 ***           ***     ***           * ***   

7 *** *** *** *** *** ***   *** *** *** *** *** *** *** *** ***   *** 

8 *       **   ***     .     .       ***   

21 ***           ***     ***   .   .   ** ***   

10   ** *   *** *** *** . ***   .   ***       *** . 

11 .       *   ***     .             ***   

12         ***   ***   .       ***       ***   

13 ***     *     *** .   ***   ***   *** * *** ***   

16         ***   ***   .       ***       ***   

17         ***   ***           *     . ***   

18   .     *** * ***   **       ***       ***   

19 *** *** *** *** *** ***   *** *** *** *** *** *** *** *** ***   *** 
20 .       *   ***     .             ***   

                   

                   
P 1 2 3 4 5 6 7 8 21 10 11 12 13 16 17 18 19 20 

1         *** . *** .         ***   ***     * 

2         **   ***           .   ***   ***   

3         *   ***               ***   ***   

4         **   ***           .   ***   **   

5 *** ** * **     ***   * *** ***       . ** ***   

6 .           ***               ***   ***   

7 *** *** *** *** *** ***   *** *** *** *** *** *** *** *** *** *** *** 

8 .           ***               ***   ***   

21         *   ***               ***   **   

10         ***   ***           .   ***   **   

11         ***   ***           *   ***   **   

12             ***               ***   ***   

13 *** .   .     ***     . *       **   ***   

16             ***               **   ***   

17 *** *** *** *** . *** *** *** *** *** *** *** ** **   *** *** *** 

18         **   ***               ***   ***   
19   *** *** ** *** *** *** *** ** ** ** *** *** *** *** ***   *** 

20 *           ***               ***   ***   
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Zn 1 2 3 4 5 6 7 8 21 10 11 12 13 16 17 18 19 20 

1             ***     .   *           * 

2             ***                   ***   

3             ***                   ***   

4             ***         .         *   

5             ***         .         **   

6             ***                   ***   

7 *** *** *** *** *** ***   *** *** *** *** *** *** *** *** ***   *** 

8             ***                   ***   

21             ***         .         *   

10 .           ***                   ***   

11             ***         .         *   

12 *     . .   ***   .   .       .   ***   

13             ***                   ***   

16             ***                   **   

17             ***         .         *   

18             ***                   ***   

19   *** *** * ** ***   *** * *** * *** *** ** * ***   *** 
20 *           ***                   ***   

                   
                   

Mn 1 2 3 4 5 6 7 8 21 10 11 12 13 16 17 18 19 20 

1           .   ***   ** ** ***   ***   *   ** 

2             ***         .             

3             ***                       

4             ** .       **   *         

5             ** .       **   *         

6 .           ***                       

7   *** *** ** ** ***   ***   *** *** *** *** *** *** *** . *** 

8 ***     . .   ***   *               **   

21               *     . ***   **     *   

10 **           ***                   .   

11 **           ***   .               *   

12 *** .   ** **   ***   ***           .   ***   

13             ***                       

16 ***     * *   ***   **               **   

17             ***         .             

18 *           ***                       
19             . ** * . * ***   **         

20 **           ***                       
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Al 1 2 3 4 5 6 7 8 21 10 11 12 13 16 17 18 19 20 

1   *** *** * * *   ***   . ***   *       *   

2 ***                     ***     .     ** 

3 ***                     **           . 

4 *                     *             

5 *                     *             

6 *                     *             

7                                     

8 ***                     **           * 

21                                     

10 .                                   

11 ***                     **           * 

12   *** ** * * *   **     **           .   

13 *                                   

16                                     

17   .                                 

18                                     

19 *                     .             
20   ** .         *     *               

                   

                   
Si 1 2 3 4 5 6 7 8 21 10 11 12 13 16 17 18 19 20 

1   *     * *   ***   .   *       * *   

2 *     **             *   ***           

3               .         *           

4   **     ** **   *** * **   **       ** **   

5 *     **             *   ***           

6 *     **             **   ***           

7                         *           

8 ***   . ***             ***   ***   *     * 

21       *                 ***           

10 .     **             *   ***           

11   *     * **   ***   *   *       * *   

12 *     **             *   ***           

13   *** *   *** *** * *** *** ***   ***   ** * *** ***   

16                         **           

17               *         *           

18 *     **             *   ***           
19 *     **             *   ***           

20               *                     
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K 1 2 3 4 5 6 7 8 21 10 11 12 13 16 17 18 19 20 

1   *** *** *** *** *** *** *** ** *** *** *** *** ***   *** ***   

2 ***   *** ***   *** ***   ***     ***     *** *** *** *** 

3 *** ***     ***   * ***   *** ***   *** ***       * 

4 *** ***     ***   . ***   *** ***   *** ***       ** 

5 ***   *** ***   *   * *** *** * * ***   *** *** ** *** 

6 *** ***     *     ***   *** ***   *** *** ***     *** 

7 *** *** * .       *** * *** ***   *** ** ***     *** 

8 ***   *** *** * *** ***   ***     ***     *** *** *** *** 

21 ** ***     ***   * ***   *** ***   *** ***       * 

10 ***   *** *** *** *** ***   ***     ***     *** *** *** *** 

11 ***   *** *** * *** ***   ***     ***     *** *** *** *** 

12 *** ***     *     ***   *** ***   *** *** *     *** 

13 ***   *** *** *** *** ***   ***     ***     *** *** *** *** 

16 ***   *** ***   *** **   ***     ***     *** *** *** *** 

17   ***     *** *** *** ***   *** *** * *** ***     *   

18 *** ***     ***     ***   *** ***   *** ***       ** 

19 *** ***     **     ***   *** ***   *** *** *     *** 
20   *** * ** *** *** *** *** * *** *** *** *** ***   ** ***   

                   

                   
Ti 1 2 3 4 5 6 7 8 21 10 11 12 13 16 17 18 19 20 

1                                     

2         .                       **   

3                                     

4                                     

5   .                   * *     *     

6                                     

7                                 *   

8                                 *   

21                       . .     *     

10                                 *   

11                                     

12         *       .               **   

13         *       .               **   

16                                     

17                                     

18         *       *               ***   
19   **         * *   *   ** **     ***     

20                                     
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Cu 1 2 3 4 5 6 7 8 21 10 11 12 13 16 17 18 19 20 

1          *** *** .                   . 

2           *** **       .               

3           *         ***           *   

4           *         **           *   

5           .         ***           *   

6 *** *** * * .       *   *** ** ***   *** *** ***   

7 *** **                 ***   ***   ** *** ***   

8 .                   ***   *     * ***   

21           *         *               

10                     ***           ***   

11   . *** ** *** *** *** *** * ***   .   . .     *** 

12           **         .               

13           *** *** *                   * 

16                     .               

17           *** **       .               

18           *** *** *                   * 

19     * * * *** *** ***   ***               *** 
20 .                   ***   *     * ***   

                   

                   
Rb 1 2 3 4 5 6 7 8 21 10 11 12 13 16 17 18 19 20 

1         *     ***   * ***   ***           

2     ***                 **     ***   *** *** 

3   ***     ***   ** ***   *** ***   *** *         

4         *     ***   * ***   ***           

5 *   *** *   *     *     ***     ***   *** *** 

6         *     ***   * ***   ***           

7     **               . *     ***   * *** 

8 ***   *** ***   ***     ***     ***     *** ** *** *** 

21         *     ***   * ***   ***           

10 *   *** *   *     *     ***     ***   *** *** 

11 ***   *** ***   *** .   ***     ***     *** *** *** *** 

12   **     ***   * ***   *** ***   *** *         

13 ***   *** ***   ***     ***     ***     *** *** *** *** 

16     *                 *     **   . ** 

17   ***     ***   *** ***   *** ***   *** **         

18               **     ***   ***         . 
19   ***     ***   * ***   *** ***   *** .         

20   ***     ***   *** ***   *** ***   *** **   .     
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Table A.4. Overview of element distributions by locality. Mean concentrations ±SE 
(columns Li-Pb) are log(ppm+1)-transformed and Box-Cox-transformed, and are 
corrected for the effect of sex on concentrations. Loc. groups are defined in section 2.3.4. 
 
 

Locality 
ID Locality Name 

Loc. 
Group Li Mg Al Si P K Ti 

1 Upernavik 1-NW 
1.183 ± 

0.007 
1.462 ± 

0.010 
0.875 ± 

0.010 
1.648 ± 

0.006 
1.507 ± 

0.018 
1.608 ± 

0.010 
0.814 ± 

0.017 

2 Maarmorilik 1-NW 
1.189 ± 

0.005 
1.299 ± 

0.010 
0.445 ± 

0.015 
1.493 ± 

0.013 
1.388 ± 

0.011 
1.112 ± 

0.006 
0.868 ± 

0.017 

3 Ukkusissat 1-NW 
1.227 ± 

0.008 
1.320 ± 

0.010 
0.510 ± 

0.013 
1.578 ± 

0.006 
1.354 ± 

0.013 
1.376 ± 

0.005 
0.779 ± 

0.019 

4 Anoritup Nua 1-NW 
1.223 ± 

0.007 
1.330 ± 

0.008 
0.372 ± 

0.015 
1.660 ± 

0.007 
1.405 ± 

0.015 
1.363 ± 

0.007 
0.815 ± 

0.020 

5 Qaqugdlugssuit Syd 1-NW 
1.150 ± 

0.009 
1.207 ± 

0.008 
0.375 ± 

0.016 
1.446 ± 

0.017 
1.151 ± 

0.011 
1.190 ± 

0.006 
0.523 ± 

0.021 

6 Qajanguit 1-NW 
1.182 ± 

0.010 
1.274 ± 

0.006 
0.695 ± 

0.010 
1.131 ± 

0.033 
1.288 ± 

0.014 
1.302 ± 

0.007 
0.889 ± 

0.014 

7 Marrait 1-NW 
1.083 ± 

0.009 
1.841 ± 

0.004 
0.671 ± 

0.012 
1.577 ± 

0.007 
2.084 ± 

0.008 
1.243 ± 

0.005 
0.919 ± 

0.015 

8 Illulisat 1-NW 
1.235 ± 

0.007 
1.327 ± 

0.009 
0.598 ± 

0.012 
1.092 ± 

0.035 
1.289 ± 

0.013 
1.093 ± 

0.004 
0.846 ± 

0.019 

10 Aasiaat 1-NW 
1.240 ± 

0.005 
1.441 ± 

0.007 
0.700 ± 

0.013 
1.255 ± 

0.030 
1.394 ± 

0.010 
1.069 ± 

0.005 
0.806 ± 

0.020 

11 Sisimiut 2-SW 
1.104 ± 

0.009 
1.328 ± 

0.011 
0.627 ± 

0.014 
1.641 ± 

0.009 
1.405 ± 

0.013 
1.089 ± 

0.005 
0.845 ± 

0.025 

12 Manitsoq 2-SW 
0.900 ± 

0.011 
1.390 ± 

0.011 
0.879 ± 

0.022 
1.502 ± 

0.013 
1.337 ± 

0.021 
1.329 ± 

0.012 
0.823 ± 

0.028 

13 Kapisillit 2-SW 
0.947 ± 

0.009 
1.215 ± 

0.010 
0.631 ± 

0.019 
1.710 ± 

0.013 
1.200 ± 

0.019 
1.071 ± 

0.008 
0.926 ± 

0.027 

16 Fiskenaesset 2-SW 
0.922 ± 

0.012 
1.427 ± 

0.013 
0.825 ± 

0.018 
1.525 ± 

0.004 
1.285 ± 

0.021 
1.104 ± 

0.009 
0.765 ± 

0.030 

17 Ivittut/Arsuk 2-SW 
0.861 ± 

0.010 
1.338 ± 

0.009 
0.813 ± 

0.015 
1.564 ± 

0.014 
0.990 ± 

0.018 
1.523 ± 

0.021 
0.650 ± 

0.028 

18 Tasiusaq 2-SW 
0.677 ± 

0.008 
1.400 ± 

0.010 
0.802 ± 

0.021 
1.454 ± 

0.021 
1.390 ± 

0.019 
1.370 ± 

0.015 
0.911 ± 

0.023 

19 Tasilaq 3-East 
0.841 ± 

0.020 
1.759 ± 

0.013 
0.460 ± 

0.031 
1.398 ± 

0.053 
1.676 ± 

0.020 
1.361 ± 

0.028 
0.689 ± 

0.036 

20 Ittoqqortoormiit 3-East 
1.215 ± 

0.021 
1.298 ± 

0.021 
0.745 ± 

0.038 
1.583 ± 

0.018 
1.266 ± 

0.037 
1.582 ± 

0.035 
0.662 ± 

0.043 

21 Qeqertarsuaq 1-NW 
1.287 ± 

0.006 
1.261 ± 

0.007 
0.529 ± 

0.013 
1.511 ± 

0.007 
1.385 ± 

0.015 
1.367 ± 

0.005 
0.526 ± 

0.021 
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Locality 
ID 

Locality Name 
Loc. 
Group Mn Cu Zn Rb Sr Ba Pb 

1 Upernavik 1-NW 
0.905 ± 

0.005 
0.676 ± 

0.008 
1.516 ± 

0.019 
1.683 ± 

0.023 
11.348 
± 0.155 

1.055 ± 
0.001 

0.508 ± 
0.003 

2 Maarmorilik 1-NW 
0.835 ± 

0.007 
0.648 ± 

0.009 
1.400 ± 

0.018 
1.460 ± 

0.013 
11.467 
± 0.098 

1.049 ± 
0.001 

0.442 ± 
0.005 

3 Ukkusissat 1-NW 
0.829 ± 

0.006 
0.602 ± 

0.007 
1.281 ± 

0.020 
1.839 ± 

0.011 
11.773 
± 0.107 

1.046 ± 
0.001 

0.401 ± 
0.004 

4 Anoritup Nua 1-NW 
0.868 ± 

0.004 
0.588 ± 

0.010 
1.462 ± 

0.016 
1.700 ± 

0.014 
11.428 
± 0.087 

1.051 ± 
0.001 

0.405 ± 
0.005 

5 Qaqugdlugssuit Syd 1-NW 
0.853 ± 

0.004 
0.624 ± 

0.006 
1.460 ± 

0.014 
1.385 ± 

0.016 
11.833 
± 0.104 

1.049 ± 
0.001 

0.418 ± 
0.005 

6 Qajanguit 1-NW 
0.821 ± 

0.005 
0.463 ± 

0.007 
1.382 ± 

0.016 
1.667 ± 

0.014 
11.689 
± 0.122 

1.048 ± 
0.001 

0.354 ± 
0.005 

7 Marrait 1-NW 
0.967 ± 

0.005 
0.480 ± 

0.009 
2.024 ± 

0.018 
1.520 ± 

0.015 
12.747 
± 0.098 

1.062 ± 
0.001 

0.456 ± 
0.004 

8 Illulisat 1-NW 
0.796 ± 

0.005 
0.500 ± 

0.006 
1.253 ± 

0.020 
1.399 ± 

0.011 
13.088 
± 0.123 

1.036 ± 
0.001 

0.420 ± 
0.005 

10 Aasiaat 1-NW 
0.809 ± 

0.004 
0.528 ± 

0.010 
1.235 ± 

0.011 
1.401 ± 

0.018 
12.447 
± 0.095 

1.032 ± 
0.001 

0.383 ± 
0.003 

11 Sisimiut 2-SW 
0.796 ± 

0.006 
0.789 ± 

0.012 
1.467 ± 

0.023 
1.250 ± 

0.019 
10.696 
± 0.132 

1.018 ± 
0.001 

0.619 ± 
0.006 

12 Manitsoq 2-SW 
0.762 ± 

0.007 
0.593 ± 

0.018 
1.191 ± 

0.037 
1.816 ± 

0.023 
11.800 
± 0.206 

1.009 ± 
0.001 

0.384 ± 
0.013 

13 Kapisillit 2-SW 
0.825 ± 

0.006 
0.706 ± 

0.008 
1.348 ± 

0.024 
1.207 ± 

0.020 
10.898 
± 0.127 

1.027 ± 
0.001 

0.660 ± 
0.006 

16 Fiskenaesset 2-SW 
0.774 ± 

0.006 
0.629 ± 

0.011 
1.369 ± 

0.028 
1.484 ± 

0.019 
10.769 
± 0.117 

1.020 ± 
0.001 

0.392 ± 
0.006 

17 Ivittut/Arsuk 2-SW 
0.851 ± 

0.007 
0.660 ± 

0.016 
1.471 ± 

0.026 
1.838 ± 

0.027 
10.512 
± 0.109 

1.028 ± 
0.001 

0.541 ± 
0.009 

18 Tasiusaq 2-SW 
0.823 ± 

0.006 
0.582 ± 

0.020 
1.415 ± 

0.022 
1.630 ± 

0.032 
11.036 
± 0.110 

1.027 ± 
0.001 

0.343 ± 
0.008 

19 Tasilaq 3-East 
0.883 ± 

0.012 
0.735 ± 

0.021 
1.799 ± 

0.047 
1.773 ± 

0.048 
10.063 
± 0.234 

1.023 ± 
0.001 

0.449 ± 
0.011 

20 Ittoqqortoormiit 3-East 
0.808 ± 

0.011 
0.532 ± 

0.017 
1.173 ± 

0.039 
1.848 ± 

0.043 
10.632 
± 0.262 

1.019 ± 
0.002 

0.443 ± 
0.018 

21 Qeqertarsuaq 1-NW 
0.878 ± 

0.004 
0.625 ± 

0.006 
1.484 ± 

0.021 
1.676 ± 

0.012 
12.559 
± 0.083 

1.043 ± 
0.001 

0.464 ± 
0.004 



 

178  

Appendix B 
 
 

 
Fig. B.1. Relationship between length and element concentrations. Each point represents 
the average element concentration (Ba, Li, Pb) of one fish. Each line represents linear 
regression lines for the relationship between length and element concentration at one 
locality. 
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Fig. B.2. Linear discriminant analysis (LDA) of Edge5 concentrations. LDA histograms 
based on locality groups 1-NW (red) & 2-SW (blue), showing the difference in discriminant 
coefficients between the otolith edge microchemistry (Li, Ba, and Pb) of the two groups, 
plotted against one discriminant axis. The y-axis represents relative frequencies of 
principle variable projections within the discriminatory coefficient intervals on the x-axis. 
Relative frequencies are used as sample sizes differ between groups. 
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Fig. B.3. (Previous page) Classification profiles for each locality. Time-resolved, 
multivariate measurements are classified to either locality group 1-NW (red) or 2-SW 
(blue). Each horizontal line of dots represents one fish. Individual fish are ordered along 
the y-axis by their total classification percentage to either group 1-NW (top of y-axis) or 
2-SW (bottom of y-axis). Age (x-axis), corresponding to otolith chronology, is measured in 
winter rings. 
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Fig. B.4. Time-resolved Pb concentrations (non-transformed) of individual fish from 
localities 3 (a), 4 (b), 5 (c), 6 (d), 7 (e). All localities are situated in the Uummannaq Fjord 
on the central west coast of Greenland. Age (x-axis), corresponding to otolith chronology, 
is measured in winter rings. Values higher than 0.5 ppm have been set equal to 0.5 ppm in 
order for graphs to have comparable y-axis’s and clear resolution of the data. 
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Table B.1. Comparison of mean Edge5 concentrations* to mean middle concentrations* 
for each locality. T-test (Welch One Sample T-test) and Wilcoxon test (one-sample 
Wilcoxon Rank Sum Test) were performed on average Pb concentrations* of individual 
fish (n=368). Sign. (significance) codes for p-values are: ‘***’= 0-0.001; ‘**’= 0.001-0.01; 
‘*’= 0.01-0.05; ‘.’= 0.05-0.1. 

Locality 

Mean Pb, 
Edge5 

(ppm*) 
Mean Pb, 

mid (ppm*) 

Mean edge 
increase 

(%) t-test (p) 
Wilcoxon 

(p) 
Sign. 
Code 

1 0.496 0.453 9.4 < 0.05 < 0.05 * 

2 0.481 0.351 37.1 < 0.001 < 0.001 *** 

3 0.397 0.340 16.6 < 0.01 < 0.01 ** 

4 0.366 0.321 14.1 < 0.05 < 0.05 * 

5 0.402 0.411 -2.2 0.2935 0.2687   

6 0.330 0.277 19.3 < 0.01 < 0.01 ** 

7 0.442 0.502 -12.0 < 0.001 < 0.001 *** 

8 0.413 0.325 27.0 < 0.001 < 0.001 *** 

10 0.337 0.287 17.6 < 0.01 < 0.01 ** 

21 0.505 0.383 31.9 < 0.01 < 0.01 ** 

11 0.604 0.555 8.7 < 0.01 < 0.01 ** 

12 0.365 0.276 32.1 0.1251 0.1232   

13 0.631 0.595 6.0 < 0.05 < 0.05 * 

16 0.417 0.320 30.3 0.08283 0.1016   

17 0.542 0.520 4.3 0.09014 0.1551   

18 0.359 0.253 41.9 < 0.05 0.06043   
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Table B.2. Comparison of core concentrations* to mean middle concentrations* for each 
locality. T-test (Welch One Sample T-test) and Wilcoxon test (one-sample Wilcoxon Rank 
Sum Test) were performed on average Pb concentrations* of individual fish (n=368). Sign. 
(significance) codes for p-values are: ‘***’= 0-0.001; ‘**’= 0.001-0.01; ‘*’= 0.01-0.05; ‘.’= 
0.05-0.1. 

Locality 
Pb, core 
(ppm*) 

Mean Pb, 
mid (ppm*) 

Mean core 
increase 

(%) t-test (p) 
Wilcoxon 

(p) 
Sign. 
Code 

1 0.501 0.453 10.4 0.202 0.252   

2 0.479 0.351 36.5 < 0.001 < 0.001 *** 

3 0.383 0.340 12.4 0.097 0.063   

4 0.371 0.321 15.6 0.155 0.170   

5 0.385 0.411 -6.3 0.295 0.532   

6 0.264 0.277 -4.5 0.713 0.771   

7 0.528 0.502 5.2 0.442 0.771   

8 0.362 0.325 11.5 0.199 0.258   

10 0.331 0.287 15.4 0.063 0.098   

21 0.375 0.383 -2.1 0.691 0.580   

11 0.594 0.555 6.9 0.263 0.354   

12 0.289 0.276 4.8 0.628 0.595   

13 0.631 0.595 6.0 0.281 0.179   

16 0.313 0.320 -2.1 0.898 0.700   

17 0.594 0.520 14.4 < 0.05 < 0.05 * 

18 0.340 0.253 34.3 0.082 0.089   
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Appendix C 
 
 
 
Fig. C.1. QQ normality plots  of the residuals of linear mixed effects models: 
lme(conc*  ̴ Season + Age, random = 1 | BatchID / FishID). Performed separately for each 
locality group. 
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Fig’s C.2-13. 
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Fig’s C.2-13. (Previous pages). Core-to-edge profiles of element concentrations by locality 
batch. Each colored line represents one otolith/fish. Black lines represent mean batch 
concentrations. X-axis corresponds to markings of the center of winter increments (W) in 
otolith chronologies as indication of age. Concentrations have been averaged for each 0.2 
interval between winter increments. For purposes of visualization of locality batch 
differences, in this figure, concentrations (ppm) higher than the following element-specific 
value have been set to maximum values of: Li: 20, Sr: 5000, Ba: 30, Mn: 4, Pb: 0.7, Rb: 0.4, 
Si: 1000, K: 3000, Mg: 200, P: 7000, Cu: 2.5, Zn: 100. This was thought to be more 
instructive than to simply leave out values above these limits. 
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Table C.1. Estimates of the effect of sex on transformed element concentrations. 
Significance (p-value) is determined by generalized least squares (GLS) models (df = 530), 
assuming significance at p < 0.05. " Sex effect estimate” " is the parameter estimate of the 
effect of males compared to females. For elements, for which sex effect was significant, 
estimates (value) were subtracted from the concentrations of males, thereby normalizing 
all fish to females. 
 

Element Estimate Std.Error t-value p-value 

Li 0.0107 0.004 2.957 0.003 

Sr -0.0260 0.003 -8.984 < 0.001 

Ba -0.0140 0.002 -6.194 < 0.001 

Mn -0.0092 0.003 -3.320 < 0.001 

Pb 0.0011 0.002 0.657 0.511 

Rb -0.0025 0.001 -2.217 0.027 

Si -0.1367 0.025 -5.401 < 0.001 

K -0.0121 0.002 -6.150 < 0.001 

Mg -0.0134 0.001 -11.595 < 0.001 

P -0.0027 0.000 -7.994 < 0.001 

Cu -0.0408 0.003 -14.410 < 0.001 

Zn 0.1912 0.043 4.494 < 0.001 
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Table. C.2. DHARMa test results of lme residuals for each locality group. Lme model: 
lme(Conc ~ Season + Age, random= ~1|BatchID/StFiID). 
 
 

Group 1-NW       

Element K-S normality p-value Dispersion p-value Outliers Observations p-value 

Li D = 0.018018 0.651 ratioObsSim = 0.99162 0.784 15 1667 0.14 

Mg D = 0.14745 < 2.2e-16 ratioObsSim = 0.99153 0.984 45 1667 0.10 

Si D = 0.17204 < 2.2e-16 ratioObsSim = 1.0009 0.904 61 1667 < 2.2e-16 

P D = 0.099259 < 0.001 ratioObsSim = 0.99431 0.992 10 1667 0.36 

K D = 0.073915 < 0.001 ratioObsSim = 0.96105 0.856 2 1667 0.26 

Mn D = 0.047496 0.001 ratioObsSim = 0.99544 0.984 17 1667 0.50 

Cu D = 0.033701 0.045 ratioObsSim = 1.0119 0.816 10 1667 0.28 

Zn D = 0.026071 0.207 ratioObsSim = 0.998 0.928 15 1667 0.34 

Rb D = 0.044511 0.003 ratioObsSim = 0.99389 0.992 15 1667 0.76 

Sr D = 0.024458 0.272 ratioObsSim = 0.99792 0.904 18 1667 0.54 

Ba D = 0.046277 0.002 ratioObsSim = 0.98753 0.736 13 1667 0.10 

Pb D = 0.062284 < 0.001 ratioObsSim = 0.99101 0.96 16 1667 0.80 

        

Group 2-SW       

Element K-S normality p-value Dispersion p-value Outliers Observations p-value 

Li D = 0.030802 0.397 ratioObsSim = 1.0276 0.672 5 848 0.34 

Mg D = 0.078481 < 0.001 ratioObsSim = 0.99058 0.968 10 848 0.94 

Si D = 0.077821 < 0.001 ratioObsSim = 1.0187 0.728 19 848 0.28 

P D = 0.069047 0.001 ratioObsSim = 0.99985 0.968 15 848 0.30 

K D = 0.075189 < 0.001 ratioObsSim = 1.044 0.664 17 848 0.52 

Mn D = 0.030349 0.416 ratioObsSim = 1.0059 0.776 7 848 0.42 

Cu D = 0.029613 0.447 ratioObsSim = 1.0191 0.736 4 848 0.28 

Zn D = 0.044019 0.075 ratioObsSim = 0.99655 0.872 5 848 0.10 

Rb D = 0.048311 0.038 ratioObsSim = 1.025 0.712 14 848 0.62 

Sr D = 0.045698 0.058 ratioObsSim = 0.99791 0.992 8 848 0.64 

Ba D = 0.031255 0.379 ratioObsSim = 1.0008 0.872 5 848 0.28 

Pb D = 0.076132 < 0.001 ratioObsSim = 1.0612 0.688 0 848 0.36 



 

211  

Table C.3. Tukey’s HSD test. Comparison of otolith elemental signatures between locality 
batches at different seasonal intervals. Symbols are significance codes for the following p-
value intervals: ‘***’= 0-0.001; ‘**’= 0.001-0.01; ‘*’= 0.01-0.05; ‘.’= 0.05-0.1. Blank cells have 
p-values > 0.1. The lower the p-value, the more locality signatures differ from one another. 
 

Uummannaq (UMF) localities 

SummerFall, age 1 

Li 2 3 4 5 6 7  Si 2 3 4 5 6 7 

2         **    2     ***   *** ** 

3         *** .  3         ***   

4         **    4 ***     ** ***   

5         .    5     **   *** * 

6 ** *** ** .      6 *** *** *** ***   *** 

7   .          7 **     * ***   

               

Sr 2 3 4 5 6 7  K 2 3 4 5 6 7 

2           *  2   *** *** *** *** * 

3           .  3 ***     *** ** *** 

4           ***  4 ***     *** *** *** 

5              5 *** *** ***   *** *** 

6           ***  6 *** ** *** ***   *** 

7 * . ***   ***    7 * *** *** *** ***   

               

Ba 2 3 4 5 6 7  Mg 2 3 4 5 6 7 

2     *        2       ***   *** 

3              3       ***   *** 

4 *       ** .  4       ***   *** 

5              5 *** *** ***   *** *** 

6     **        6       ***   *** 

7     .        7 *** *** *** *** ***   

               

Mn 2 3 4 5 6 7  P 2 3 4 5 6 7 

2     *** *** ** *  2       **   *** 

3     *** **      3       **   *** 

4 *** ***     . .  4           *** 

5 *** **          5 ** **     * *** 

6 **   .        6       *   *** 

7 *   .        7 *** *** *** *** ***   
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Pb 2 3 4 5 6 7  Cu 2 3 4 5 6 7 

2     * *** *** ***  2   ***   *** *** *** 

3       *** *** ***  3 ***   *** *** ***   

4 *     *** ** ***  4   ***   *** *** * 

5 *** *** ***   *** ***  5 *** *** ***   *** *** 

6 *** *** ** ***   ***  6 *** *** *** ***   *** 

7 *** *** *** *** ***    7 ***   * *** ***   

               

Rb 2 3 4 5 6 7  Zn 2 3 4 5 6 7 

2   *** ***   *** ***  2     ** ***     

3 ***   . *** *** ***  3     * **     

4 *** .   ***   ***  4 ** *         

5   *** ***   *** **  5 *** **         

6 *** ***   ***   ***  6             

7 *** *** *** ** ***    7             

 
WinterSpring, age 1-2 

Li 2 3 4 5 6 7  Si 2 3 4 5 6 7 

2         *    2     **   *** ** 

3         **    3       * ***   

4         **    4 **     *** ***   

5         ***    5   * ***   *** *** 

6 * ** ** ***   **  6 *** *** *** ***   *** 

7         **    7 **     *** ***   

               

Sr 2 3 4 5 6 7  K 2 3 4 5 6 7 

2       ** .    2   *** *** *** *** * 

3              3 ***     *** *** *** 

4              4 ***     *** *** *** 

5 **            5 *** *** ***   *** *** 

6 .            6 *** *** *** ***   *** 

7              7 * *** *** *** ***   

               

Ba 2 3 4 5 6 7  Mg 2 3 4 5 6 7 

2     * *** *    2     ** *** ** *** 

3              3 .     ***   *** 

4 *         .  4 **     ***   *** 

5 ***         **  5 *** *** ***   *** *** 

6 *         .  6 **     ***   *** 

7     . ** .    7 *** *** *** *** ***   
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Mn 2 3 4 5 6 7  P 2 3 4 5 6 7 

2     ** ** **    2       **   *** 

3              3       **   *** 

4 **            4       ***   *** 

5 **            5 ** ** ***   *** *** 

6 **            6       ***   *** 

7              7 *** *** *** *** ***   

               
Pb 2 3 4 5 6 7  Cu 2 3 4 5 6 7 

2       *** *** ***  2   ***   *** *** *** 

3       *** *** ***  3 ***   *** *** ***   

4       *** ** ***  4   ***   *** *** *** 

5 *** *** ***   *** ***  5 *** *** ***   *** *** 

6 *** *** ** ***   ***  6 *** *** *** ***   *** 

7 *** *** *** *** ***    7 ***   *** *** ***   

               
Rb 2 3 4 5 6 7  Zn 2 3 4 5 6 7 

2   *** ***   *** *  2       ***     

3 ***     *** * ***  3     * *** .   

4 ***     ***   ***  4   *         

5   *** ***   *** **  5 *** ***         

6 *** *   ***   ***  6   .         

7 * *** *** ** ***    7             

               

 
SummerFall, age 2 

Li 2 3 4 5 6 7  Si 2 3 4 5 6 7 

2       ** ***    2     ** ** *** * 

3       *      3       *** ***   

4         .    4 **     *** ***   

5 ** *          5 ** *** ***   ** *** 

6 ***   .        6 *** *** *** **   *** 

7              7 *     *** ***   

               

Sr 2 3 4 5 6 7  K 2 3 4 5 6 7 

2              2   *** *** *** *** *** 

3              3 ***     *** *** *** 

4              4 ***     *** *** *** 

5              5 *** *** ***   *** *** 

6           *  6 *** *** *** ***   *** 

7         *    7 *** *** *** *** ***   
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Ba 2 3 4 5 6 7  Mg 2 3 4 5 6 7 

2   ** * *** *** *  2   *** * *** *** *** 

3 **            3 ***     ***   *** 

4 *            4 *     *** ** *** 

5 ***            5 *** *** ***   *** *** 

6 ***            6 ***   ** ***   *** 

7 *            7 *** *** *** *** ***   

               

Mn 2 3 4 5 6 7  P 2 3 4 5 6 7 

2     *** *** *** *  2   *   * ** *** 

3     * * *    3 *     ***   *** 

4 *** *          4       ***   *** 

5 *** *          5 * *** ***   *** *** 

6 *** *          6 **     ***   *** 

7 *            7 *** *** *** *** ***   

               

Pb 2 3 4 5 6 7  Cu 2 3 4 5 6 7 

2       *** *** ***  2   ***   *** *** *** 

3       *** *** ***  3 ***   ** *** ***   

4       *** ** ***  4   **   *** *** * 

5 *** *** ***   *** ***  5 *** *** ***   *** *** 

6 *** *** ** ***   ***  6 *** *** *** ***   *** 

7 *** *** *** *** ***    7 ***   * *** ***   

               

Rb 2 3 4 5 6 7  Zn 2 3 4 5 6 7 

2   *** ***   *** ***  2       *** ***   

3 ***     *** *** ***  3     ** *** *** . 

4 ***     *** * ***  4   **   *     

5   *** ***   *** ***  5 *** *** *     ** 

6 *** *** * ***   ***  6 *** ***       * 

7 *** *** *** *** ***    7   .   ** *   
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WinterSpring, age 2-3 

Li 2 3 4 5 6 7  Si 2 3 4 5 6 7 

2              2   ** ***   *** *** 

3              3 **     *** ***   

4              4 ***     *** ***   

5              5   *** ***   *** *** 

6              6 *** *** *** ***   *** 

7              7 ***     *** ***   

               

Sr 2 3 4 5 6 7  K 2 3 4 5 6 7 

2              2   *** *** *** ***   

3              3 ***     *** *** *** 

4              4 ***     *** *** *** 

5         . .  5 *** *** ***   *** *** 

6       .      6 *** *** *** ***   *** 

7       .      7   *** *** *** ***   

               

Ba 2 3 4 5 6 7  Mg 2 3 4 5 6 7 

2   ** *** *** *** ***  2   *   ** ** *** 

3 **            3 *     ***   *** 

4 ***            4       ***   *** 

5 ***            5 ** *** ***   *** *** 

6 ***            6 **     ***   *** 

7 ***            7 *** *** *** *** ***   

               

Mn 2 3 4 5 6 7  P 2 3 4 5 6 7 

2     ** * * ***  2   **     . *** 

3           ***  3 **     ***   *** 

4 **            4       **   *** 

5 *         *  5   *** **   *** *** 

6 *         .  6 .     ***   *** 

7 *** ***   * .    7 *** *** *** *** ***   

 
 
 
 
                

Pb 2 3 4 5 6 7  Cu 2 3 4 5 6 7 
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2       *** *** ***  2   *** ** *** *** *** 

3       *** *** ***  3 ***     *** ***   

4       *** *** ***  4 **     *** ***   

5 *** *** ***   *** ***  5 *** *** ***   *** *** 

6 *** *** *** ***   ***  6 *** *** *** ***   ** 

7 *** *** *** *** ***    7 ***     *** **   

               

Rb 2 3 4 5 6 7  Zn 2 3 4 5 6 7 

2   *** ***   ***    2       * * * 

3 ***     *** *** ***  3     * *** *** *** 

4 ***     *** * ***  4   *         

5   *** ***   ***    5 * ***         

6 *** *** * ***   ***  6 * ***         

7   *** ***   ***    7 * ***         

 
SummerFall, age 3 

Li 2 3 4 5 6 7  Si 2 3 4 5 6 7 

2   ***     *** *  2     ***   *** *** 

3 ***   ** *** *** ***  3         *** * 

4   **     *** *  4 ***     ** ***   

5   ***     **    5     **   *** *** 

6 *** *** *** **      6 *** *** *** ***   *** 

7 * *** *        7 *** *   *** ***   

               

Sr 2 3 4 5 6 7  K 2 3 4 5 6 7 

2   *          2   *** *** *** ***   

3 *   *** *** ***    3 ***   ** ***   *** 

4   ***          4 *** **   *** *** *** 

5   ***          5 *** *** ***   *** *** 

6   ***       *  6 ***   *** ***   *** 

7         *    7   *** *** *** ***   

               

Ba 2 3 4 5 6 7  Mg 2 3 4 5 6 7 

2     *** * ** ***  2     *   ** *** 

3           ***  3       **   *** 

4 ***            4 *     ***   *** 

5 *         *  5   ** ***   *** *** 

6 **         *  6 **     ***   *** 

7 *** ***   * *    7 *** *** *** *** ***   
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Mn 2 3 4 5 6 7  P 2 3 4 5 6 7 

2     *** *** *** ***  2       * ** *** 

3     *** *** *** ***  3       ***   *** 

4 *** ***          4       ***   *** 

5 *** ***          5 * *** ***   *** *** 

6 *** ***          6 **     ***   *** 

7 *** ***          7 *** *** *** *** ***   

               

Pb 2 3 4 5 6 7  Cu 2 3 4 5 6 7 

2       *** *** ***  2   *** *** *** *** *** 

3       *** *** ***  3 ***     *** **   

4       *** . ***  4 ***     *** **   

5 *** *** ***   *** ***  5 *** *** ***   *** *** 

6 *** *** . ***   ***  6 *** ** ** ***   * 

7 *** *** *** *** ***    7 ***     *** *   

               

Rb 2 3 4 5 6 7  Zn 2 3 4 5 6 7 

2   *** ***   *** **  2   * * *** *** *** 

3 ***     ***   ***  3 *   *** *** *** *** 

4 ***     ***   ***  4 * ***       ** 

5   *** ***   ***    5 *** ***         

6 ***     ***   ***  6 *** ***         

7 ** *** ***   ***    7 *** *** **       

 
WinterSpring, age 3-4 

Li 2 3 4 5 6 7  Si 2 3 4 5 6 7 

2           .  2     *   ***   

3       **   ***  3       * ***   

4       **   ***  4 *     * ***   

5   ** **        5   * *   ***   

6           *  6 *** *** *** ***   *** 

7 . *** ***   *    7         ***   

               

Sr 2 3 4 5 6 7  K 2 3 4 5 6 7 

2           ***  2   *** *** *** *** *** 

3           *  3 ***     *** ** *** 

4           .  4 ***     *** * *** 

5           ***  5 *** *** ***   ***   

6           **  6 *** ** * ***   *** 

7 *** * . *** **    7 *** *** ***   ***   
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Ba 2 3 4 5 6 7  Mg 2 3 4 5 6 7 

2           **  2     .     *** 

3           **  3       *   *** 

4           *  4 .     **   *** 

5           *  5   * **   * *** 

6           .  6       *   *** 

7 ** ** * * .    7 *** *** *** *** ***   

               

Mn 2 3 4 5 6 7  P 2 3 4 5 6 7 

2           ***  2     **     *** 

3       *   ***  3       **   *** 

4           ***  4 **     ***   *** 

5   *       ***  5   ** ***   ** *** 

6           ***  6       **   *** 

7 *** *** *** *** ***    7 *** *** *** *** ***   

               

Pb 2 3 4 5 6 7  Cu 2 3 4 5 6 7 

2     *   ***    2       * *** * 

3           *  3       *** *   

4 *     *   **  4       * *** . 

5     *   ***    5 * *** *   *** *** 

6 ***     ***   ***  6 *** * *** ***     

7   * **   ***    7 *   . ***     

               

Rb 2 3 4 5 6 7  Zn 2 3 4 5 6 7 

2   *** ***   ***    2   .   *   *** 

3 ***     ***   ***  3 .   ** *** *** *** 

4 ***     ***   ***  4   **       *** 

5   *** ***   ***    5 * ***       *** 

6 ***     ***   **  6   ***       *** 

7   *** ***   **    7 *** *** *** *** ***   

 


