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ABSTRACT 

Human activities and climate change threaten Arctic ecosystems. Population genetics and 

genomics may help conservationists appropriately manage threatened species both by (1) 

determining the population genetic structure of a species, so that management can be designed to 

maximize conservation of genetic variation, and (2) enabling assessment of impacts on breeding 

populations of mortality during the nonbreeding season in migratory species. The northern 

fulmar (Fulmarus glacialis) is a seabird that breeds in colonies throughout the North Atlantic and 

Pacific Oceans. Though not currently considered at risk, several concerns, such as increased 

levels of toxins and ingested plastics, warrant investigation to aid conservation of northern 

fulmars. Up to 1% of the global population is killed annually through unintentional capture in 

commercial fishing activities, and northern fulmar survival appears to be negatively affected by 

climate change. As northern fulmars are migratory, the impact of these mortality sources on 

specific colonies is often unknown but may be important to inform management strategies. In 

this thesis, I use restriction site-associated DNA sequencing (RADseq) to provide 6614 genome-

wide single nucleotide polymorphisms (SNPs) to investigate the genetic structure of the Atlantic 

northern fulmar, using 127 samples from six breeding colonies, one non-breeding location, and 

fishing activities in the Baffin Bay-Davis Strait region. I found weak genetic differentiation and 

suggest that Atlantic northern fulmar populations are genetically connected, experiencing high 

levels of gene flow. Determining the exact breeding origin of the bycatch birds was difficult due 

to the lack of differentiation between colonies. However, the birds appear to be from Arctic 

Canadian colonies, suggesting that the impact of the fisheries is on local colonies, and may be 

contributing to the 3% annual decline that has been observed at these locations. 
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CHAPTER 1: INTRODUCTION 

The Earth is experiencing its sixth mass extinction event, with huge declines of biodiversity that 

are predicted to continue at a severe rate (Bellard et al. 2012, Ceballos et al. 2017). Climate 

changes, increasing anthropogenic activities, and the interaction between these pose a major 

threat in particular to Arctic ecosystems (Hoegh-Guldberg and Bruno 2010, Bennett et al. 2015, 

Wauchope et al. 2016, Macias-Fauria and Post 2018). Sea ice is retreating, and late summer ice-

cover was at its lowest in over 100 years in 2012 (Parkinson and Comiso 2013). The decline in 

sea ice results in habitat loss and fragmentation, changes the availability of food and trophic 

structure for marine organisms, alters the vegetation, and allows range expansion of some 

species (Bennett et al. 2015, Pecl et al. 2017). The loss of sea ice also allows greater industrial 

fishing (Christiansen et al. 2014), and expanded shipping routes (Chircop 2007). Other direct 

human impacts in the Arctic, such as the construction of pipelines for oil extraction, are also 

likely to increase (Sherval 2015). Greater human activity in the Arctic introduces contaminants, 

creates disturbance, and increases the rate of fisheries bycatch of non-target organisms. Human 

activities are likely to continue increasing (McGowan 2018), and the complex species 

interactions that are affected by these changes are insufficiently understood (Pecl et al. 2017). 

Informed, proactive management plans are therefore needed for Arctic species.  

  

Protecting genetic variation 

Protection of biodiversity should operate on three levels: ecosystems, species and genes 

(McNeely et al. 2010). Genetic diversity is often overlooked (Coates et al. 2018) but is essential 

for maintaining the evolutionary potential of a species. Standing genetic variation is an indicator 

for a species’ ability to adapt to environmental change including anthropogenic stressors (Barrett 
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and Schluter 2008), and a lack of genetic variation, especially in quantitative traits, may increase 

the risk of extinction in wild populations (Frankham 2005). Smaller populations are likely to 

have less genetic variation due to genetic drift (Lacy 1987, Frankham 1996), are more likely to 

lose beneficial variation, and may have maladaptive variation reach fixation. Furthermore, 

inbreeding in smaller populations may lead to extinction through inbreeding depression 

(Frankham and Ralls 1998). Therefore, protecting high levels of genetic diversity should be a 

priority for conservation practitioners. 

A species’ genetic variation may be geographically structured, consisting of a number of 

populations that are genetically differentiated, or distinct. The amount of differentiation is largely 

predicted by the amount of genetic drift that occurs within populations (which increases 

divergence among populations) and the amount of gene flow between populations (which 

decreases divergence) (Allendorf et al. 2013). Genetic drift, in turn, depends on population size, 

as smaller populations experience faster rates of drift. Time since separation also affects 

differentiation between populations, as populations formed by recent expansion may have 

experienced less genetic drift. Furthermore, selection acting upon populations may increase or 

decrease genetic differentiation, depending on the type of selection (Allendorf et al. 2013). For 

example, balancing selection acting upon several populations will act to decrease differentiation 

between these populations, whereas divergent directional selection will maintain large allele 

frequency differences between populations. 

If populations are genetically differentiated the loss of a population will reduce overall 

genetic variation within a species (Ehrlich 1988). Conserving distinct populations with differing 

selection pressures will permit evolutionary processes to continue to act within natural 

populations (Allendorf et al. 2013). Protection of distinct populations is therefore important for 
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the persistence of a species, and conservation practitioners may define genetically divergent 

populations as separate ‘units’ requiring specific management plans. (Note that delineation of 

conservation units might also incorporate ecological data and political boundaries; Crandall et al. 

2000, Fraser and Bernatchez 2001, Green 2005, Allendorf et al. 2013.) Conservation resources 

may be limited and understanding the evolutionary relatedness of populations allows more 

efficient management, by allowing prioritization of the most distinct populations (Ryder 1986). 

Several types of conservation units are used by conservation geneticists, potentially 

distinguished by different types of markers. Management units (MUs) are demographically 

independent units that experience restricted dispersal (Moritz 1994). MUs may be genetically 

diverged populations, determined via differentiation in neutral variation (Pallsbøll et al. 2007, 

Funk et al. 2012), which indicates limited contemporary gene flow and/or occurrence of genetic 

drift. Differences in adaptive variation indicate differences in selection acting upon a population, 

and so adaptive variation may bias estimates of gene flow, and should not be included in the 

delineation of MUs (Liukart et al. 2003). Identifying MUs allows managers to monitor direct 

effects of stressors on specific populations and determine short-term local conservation 

strategies, such as fishing regulations (Allendorf et al. 2013). Alternatively, if populations are 

differentiated in both neutral and adaptive variation, they may be designated as evolutionary 

significant units (ESUs). ESUs contribute significantly to the evolutionary and adaptive potential 

of species (Funk et al. 2012).  

Funk et al. (2012) suggested defining units for conservation in a hierarchical manner, and 

Barbosa et al. (2018) demonstrated the utility of this method on Cabrera voles (Microtus 

cabrerae). Firstly, ESUs should be assessed using all loci, as ESUs reflect the evolutionary 

history of a species and will have been formed with both neutral and adaptive evolutionary 
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processes. The fixation index, FST, is a metric that measures deviations of genotype frequencies 

from Hardy-Weinberg proportions. FST outlier analyses search for single nucleotide 

polymorphisms (SNPs) that have an FST value that is significantly different from an expected 

range of neutral SNPs. SNPs that demonstrate significantly larger values may indicate divergent 

directional selection, and those with significantly smaller values may indicate balancing 

selection. Therefore, FST outlier analyses can be used to separate putatively neutral SNPs from 

putatively adaptive SNPs.  (Note that detecting adaptive loci is difficult and has numerous 

caveats, see Shafer et al. 2015.) Putatively neutral SNPs can be used to define MUs within each 

ESU, which can be prioritized based on genetic distinctiveness (see Genetic diversity indices, 

below). Finally, performing a clustering analysis with the FST outliers may identify putatively 

adaptive units (AUs) for conservation. The resulting conservation units can be presented to 

conservation practitioners to inform management decisions. 

 

Genetic diversity indices 

To help prioritize population units for conservation, the genetic distinctiveness of the unit (MU 

or ESU) should be understood. Genetic diversity can be indexed in a number of ways: Barbosa et 

al. (2018) employed private alleles to indicate uniqueness. Private alleles are only present in one 

population, or unit, and may exist due to genetic drift during long-term isolation, or selection 

(Allendorf et al. 2013). When populations experience drift, genetic variation is lost, which is 

reflected in reduced heterozygosity of a population. Average expected heterozygosity, He, 

provides a metric of genetic diversity (Allendorf et al. 2013), and is not affected by sample size 

when many loci are used. However, heterozygosity does not provide a measure of rare alleles, 

which may be important for the evolutionary potential of a species (Greenbaum et al. 2014). 

Allelic richness, the number of alleles at each locus, corrected for sample size, is a useful metric 
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alongside heterozygosity to assess the genetic diversity of a population (Allendorf et al. 2013). 

Several other indices for diversity exist, but the combination of private alleles, expected 

heterozygosity, and allelic richness provides a reliable indicator of the genetic distinctiveness 

and diversity of a population or conservation unit. 

  

The use of genomic tools to address conservation concerns 

The shift from genetic to genomic approaches provides the ability to quantify both neutral and 

adaptive genetic variation, estimate diversity, and observe fine-scale population structure more 

accurately (Oubourg et al. 2010, Shafer et al. 2015, Supple and Shapiro 2018). These advances 

deliver greater power for the determination of effective conservation strategies. High throughput, 

reduced representation methods such as restriction-site associated DNA sequencing (RADseq) 

are increasingly used to address conservation concerns. RADseq subsamples the genome and 

provides thousands of SNPs for analysis (Davey and Blaxter 2011). First, restriction enzymes are 

used to digest the DNA into small fragments. DNA fragments are sequenced on a flow cell, 

where fluorescent primers allow the identification of base pairs in the DNA. Each base pair is 

analyzed, and the final product is millions of reads of DNA sequences, which can be processed 

with bioinformatics software. In the northern flicker (Colaptes spp.), RADseq detected low 

levels of differentiation, which previous analyses with allozymes and mitochondrial DNA 

(mtDNA) did not (Aguillon et al. 2018). Similarly, distinct stock populations were found in the 

Galapagos shark (Caharhinus galapagensis) with the use of neutral SNPs, but not mtDNA 

(Pazmiño et al. 2017). Genomic data indicated that current stock designation in yellowfin tuna 

(Thunnus albacares) should be revised to suit biological units better (Mullins et al. 2018). Many 

more studies have demonstrated the utility of genomic methods to understanding evolutionary 
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processes and addressing conservation concerns (e.g. Salmonidae, Lecaudey et al. 2018; 

Aphelocoma jays, Zarza et al. 2016; Atlantic mackerel (Scomber scombrus L.), Rodríguez-

Ezpeleta et al. 2016; harbor porpoises (Phocoena phocoena), Lah et al. 2016;  knob-scaled 

lizards (Xenosaurus spp.), Nieto-Montes de Oca et al. 2017; yellow warblers (Setophaga 

petechia), Bay et al. 2018; and the yellow-banded bumblebee (Bombus terricola), Kent et al. 

2018). 

         Understanding sources of mortality is also necessary for effective conservation. In 

migratory species, this may be more difficult, as mortality often occurs away from the breeding 

or wintering grounds. In fact, in three species of raptor (osprey, Pandion haliaetus; Western 

marsh harrier, Circus aeruginosus; and Montagu’s harrier, C. pygargus), the mortality rate was 

six times higher during migratory periods than at stationary periods (breeding and wintering) 

(Klassen et al. 2013). Mortality during migratory periods might be caused by anthropogenic 

activities (oil spills, hunting, fishing etc.). Identifying the breeding origin of affected individuals 

is needed to determine the overall impact of these activities on genetic variation within the 

species. Population specific genetic markers allow identification of breeding populations (such as 

in the Wilson’s warbler, Cardellina pusilla, Ruegg et al. 2014) and may help inform 

management strategies. The use of SNPs can provide more accurate assignment than 

microsatellites (Jeffery et al. 2018), and the application of many SNPs may allow assignment of 

individuals to populations, even when only weak genetic structure is detected (Benestan et al. 

2015, Tigano et al. 2017, DeSaix et al. 2019). 
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The northern fulmar 

Canada has an international responsibility to protect the Arctic species that inhabit or breed in 

Canadian territory, including several species of seabirds. Seabirds represent a vital component of 

Arctic marine ecosystems, as they are abundant, have broad ranges and are mostly apex 

predators. As migratory organisms, seabirds are present in numerous ecosystems on a global 

scale. Seabirds also have long life history strategies (they are slow to mature and have low 

reproductive rates), which makes them sensitive to changes in the environment, and they may 

even act as indicators for environmental change such as the presence of chemical contaminants, 

plastic pollution, habitat reduction, and climate change (Furness and Camphuysen 1997, Mallory 

et al. 2006, Piatt et al. 2007, Gaston et al. 2009, Jenouvrier et al. 2017, Rajpar et al. 2018). 

Protection of seabirds is therefore important for the ecosystems in which they are widespread. 

Northern fulmars (Fulmarus glacialis) are migratory seabirds that breed in coastal 

colonies throughout the North Atlantic and North Pacific Oceans. Northern fulmars are members 

of the Procellaridae family, the petrels. They are currently classified into three subspecies: F. g. 

glacialis which breeds in the Arctic ocean, F. g. auduboni which breeds in Europe, Iceland, 

Greenland, and northeastern Canada, and F. g. rodgersii, which breeds in the Pacific Ocean 

(Jouanin and Mougin 1979, Mallory et al. 2012). However, Kerr and Dove (2018) propose to 

elevate the Pacific subspecies into a separate species (F. rodgersii), and to dissolve the 

subspecies within the Atlantic Ocean to a single species (F. glacialis). Kerr and Dove (2013) 

estimated that the Atlantic and Pacific populations diverged 1.97 million years ago, and 

mitochondrial markers consistently separate the two populations. 

The plumage of northern fulmars is variable, with light morphs, dark morphs and many 

intermediates. Plumage variation is greater in Pacific populations (Hatch and Nettleship 1998, 
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Mallory et al. 2012). Despite concordance between geography and frequency of morphs (at 

higher latitudes Atlantic birds display darker morphology and Pacific birds display lighter 

morphology, with the opposite occurring at lower latitudes), Kerr and Dove (2013) did not find 

an association between colour morphs and haplotypes at the melanocortin-1 receptor (MC1R) 

gene, which affects colour in other species (Theron et al. 2001), in either Atlantic or Pacific 

populations. 

Northern fulmars generally breed in a small number of highly populated colonies 

(Mallory et al. 2012). In the Atlantic, they have a broad distribution, from the high Arctic to the 

boreal North Atlantic. Colonies in Arctic Canada and northern Europe are believed to have 

existed for thousands of years (Gaston et al. 2006, Burg et al. 2003, Mallory et al. 2012). 

However, Atlantic northern fulmars experienced major southward range expansions since the 

18th century (Fisher 1952a). The breeding range expanded southward to boreal Europe in the 

eastern North Atlantic over the last 200 years (Stenhouse and Montevecchi 1999), and in the 

northwest Atlantic (Greenland, Newfoundland and Labrador) in the 1970’s (Mallory et al. 2012). 

Northern fulmars do not have strong natal philopatry in Atlantic colonies, i.e. birds do not 

necessarily return to their natal colonies to breed, but adults demonstrate strong fidelity to the 

breeding colony that they select (Mallory et al. 2012). 

Northern fulmars demonstrate long life history strategies: they live an average of 32 years 

(with birds recorded as old as 50), do not begin breeding until they are 8-12 years old (dependent 

on sex), and only lay one egg per year (Fisher 1952a, Hatch 1987, Dunnet 1992). Due to their 

high abundance (approximately 6.1 million individuals in the Atlantic), wide distribution, and 

position in upper trophic levels (Mallory et al. 2012), northern fulmars are vital components of 

marine ecosystems.  
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Previous genetic work on northern fulmars found weak genetic structure in the Atlantic. 

Burg et al. (2003) compared variation in mtDNA among populations from Iceland and the 

United Kingdom. Weak population structure was observed, which Burg et al. (2003) attributed to 

the ability of fulmars to travel large distances and to breed successfully away from the natal 

colony. Further work by Burg et al. (2014) with the addition of historical samples and the 

nuclear aldolase gene supported the suggestion for high connectivity between colonies, and weak 

population structure. Finally, despite evidence to suggest strong genetic differentiation between 

Atlantic and Pacific northern fulmars, and correlation of MC1R haplotypes with geography, Kerr 

and Dove (2013) also observed only weak differentiation amongst Atlantic colonies of northern 

fulmars. 

 

Conservation concerns 

Northern fulmars are not currently considered a species at risk of extinction, but several concerns 

warrant investigation for management. They have elevated levels of contaminants such as toxic 

trace elements (Buckman et al. 2004) and persistent organic pollutants in their livers (Mallory et 

al. 2006). Furthermore, globally northern fulmars have been found to ingest significant amounts 

of plastic, with increasing amounts in the stomachs of birds in Arctic Canada in recent years 

(Van Franeker 1985, Provencher et al. 2009, Van Franeker et al. 2011, Avery-Gomm et al. 2012, 

Trevail et al. 2015). Up to 1% of the global population is killed annually in gillnet and longline 

fishing in the North Atlantic, and northern fulmars are the major component of seabird bycatch 

in eastern Canada (Dunn and Steel 2001, Mallory 2006, Mallory et al. 2012, Hedd et al. 2015). 

Finally, northern fulmar survival appears to be negatively correlated with climate variation 

(winter North Atlantic oscillation, Grosbois and Thompson 2005; extreme weather, Mallory et 
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al. 2009). Arctic Canadian northern fulmars have experienced slow levels of decline since the 

1970’s (Gaston et al. 2012). As mortality often occurs during the non-breeding season and/or at a 

distance from the breeding sites, the populations that individuals originate from are unknown. 

Therefore, the colony-specific impact of different sources of mortality is unknown. A major 

fishery exists in the Baffin Bay-Davis Strait area: the Greenland Halibut fishery. Large numbers 

of northern fulmars have been reported to be caught as bycatch in the 0A and 0B regions 

(subareas defined by the Northwest Atlantic Fisheries Organization, see Figure 1). Determining 

the colony of origin of these northern fulmars is a priority to conservation practitioners working 

in the area to assess the impact of the fisheries. Population viability analyses predict severe 

colony decline if bycatch birds originate from a limited number of colonies, but minimal overall 

impact if the birds originate from a wide range of colonies (Anderson et al. 2018). Due to their 

proximity to the fishery, three colonies may be most vulnerable: Qaqulluit, Akpait and Exeter 

Sound. These colonies could experience up to an 11.7% decline over the next 66 years, 

depending on the extent of the bycatch. Qaqulluit and Akpait are included as sampling locations 

in this study (Figure 1). 

 

Study aims and predictions 

Genetic studies on northern fulmars have used few genetic markers and/or focused on European 

colonies (Burg et al. 2003, Kerr and Dove 2013, Burg et al. 2014). The use of high-throughput 

sequencing and a greater distribution of colonies may provide a more accurate investigation (see 

The use of genomic tools to address conservation concerns, above). My goal was to use genomic 

tools to (1) investigate genetic differentiation of north Atlantic and Arctic Canadian colonies of 

northern fulmars, quantifying patterns of both neutral and adaptive genetic variation, potentially 
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identifying suggestions for conservation units. An additional objective was to (2) identify 

colony-specific genetic markers for population assignment and determine the respective breeding 

colonies of birds killed during the non-breeding season. 

Due to significant levels of dispersal, I predicted that I would find little differentiation 

among colonies of northern fulmars, even using a greater distribution of colonies and the use of 

genomic markers in my study compared to previous work. The amount of divergence that 

populations experience due to genetic drift is affected by time since divergence. Recent major 

range expansion in northern fulmars may mean that older colonies, such as those in Arctic 

Canada, are more differentiated than newer colonies, such as those in the boreal northeast 

Atlantic. However, genetic drift is also affected by population size, occurring at a higher rate in 

smaller populations. Northern fulmars generally breed in large colonies, though newer colonies 

in the northwest Atlantic are significantly smaller (Mallory et al. 2012). Despite these 

contrasting effects on differentiation, I predicted that levels of genetic differentiation may vary 

amongst colonies, with greater differentiation between more northern colonies, due to greater 

time since divergence. 

         Because northern fulmars occupy a broad range in the Atlantic, different colonies may be 

subject to very different selective pressures. Kerr and Dove (2013) found an association between 

variation in the MC1R gene and geographical location. Therefore, I predicted that I would detect 

one or more putatively adaptive SNPs using FST outlier analysis. 

         Despite detecting low differentiation between colonies, Burg et al. (2003) found evidence 

for isolation by distance between European colonies. Therefore, I hypothesized that I may detect 

differentiation amongst colonies that are large distances apart. Further, each colony in Burg et 

al.’s study contained unique haplotypes (2003). Therefore, despite possibly low differentiation, 
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my goal was to identify panels of SNPs that will allow population assignment of birds killed in 

bycatch (as demonstrated by Benestan et al. 2015, Tigano et al. 2017 and DeSaix et al. 2019). 

  

Significance 

My work will contribute to a collaborative project aiming to assess the potential of seabirds to 

adapt to anthropogenic change. Environment and Climate Change Canada (ECCC) needs to 

understand the vulnerability of different seabird populations to determine policies that will best 

support seabird species in the future. My assessment of population differentiation in the northern 

fulmar will inform policies to delineate conservation units for management. Furthermore, ECCC 

has a vested interest in determining the colony of origin for birds killed during the non-breeding 

season (J. Provencher, ECCC, pers. comm.). My markers will allow ECCC to quantify the 

impact that human activities have on the population status of the northern fulmar. 
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Figure 1. A) Map of the North Atlantic Ocean displaying the breeding distribution and the year-

round migratory distribution of the northern fulmar (adapted from Gravley et al. 2019). 

B) Map of the North Atlantic Ocean indicating the six breeding colonies of fulmars that were 

sampled for this project (CV: Cape Vera, PLI: Prince Leopold Island, QAQ: Qaqulluit, AKP: 

Akpait, FI: Faeroe Islands, BI: Bjørnøya). The Labrador Sea (a location at which non-breeding 

birds were sampled) and the 0A and 0B fisheries management subareas (the regions where the 

bycatch samples were caught) are also indicated.  
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CHAPTER 2: METHODS 

Sample collection and DNA extraction 

Blood or muscle samples were collected from 148 northern fulmars, including 116 breeding 

adults or chicks from six colonies in the North Atlantic, 13 non-breeding birds in the Labrador 

Sea, and 19 birds caught as accidental bycatch in the 0A and 0B fisheries management subareas 

(Figure 1, Table 1). Samples are archived at -80° C at Queen’s University, Kingston. Tissue 

samples were digested with proteinase K (0.57mg/mL) (Macherey-Nagel, Düren, Germany) in 

500 μL lysis buffer and then treated with 2.5 μL RNase A/T1 (0.014mg/mL RNase A and 35.7 

U/mL RNase T1) (Thermo Fisher Scientific, Canada) for 30 mins at 37° C (Maniatis et al. 1982). 

Next, DNA was extracted using either a standard phenol/chloroform protocol (Friesen et al. 

1997), or NaCl (Aljanabi and Martinez 1997). Extracted DNA was further purified using ethanol 

precipitation (Sambrook et al. 1989). Purified DNA was subjected to electrophoresis through 2% 

agarose and assayed with a Nanodrop Microvolume Spectrophotometer (Thermo Fisher 

Scientific, Wilmington, DE, USA) to check quality. Finally, DNA was quantified using a Qubit 

3.0 flurometer and a Qubit dsDNA broad sensitivity assay kit (Invitrogen, California, USA). 

DNA concentrations were standardized to approximately 25 ng/µl (range: 20-30 g/µl). 

         Quality of the DNA was highly variable. Due to the non-standard storage of some 

samples before extraction (e.g. bycatch samples were stored in coolers on ships for extended 

periods of time and some samples were many years old), some samples had lower DNA quality. 

 

Library preparation and sequencing 

The software ddRADseqtools (Mora-Márquez et al. 2017) was used to design the restriction 

enzyme protocol for this study, allowing in silico testing of different combinations of enzymes 
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and fragment sizes. Enzymes and fragment sizes were chosen to maximize depth of coverage 

without the loss of many sequencing reads. Restriction site-associated DNA (RAD) libraries 

were prepared using combinatorial barcodes and indexes, using a custom protocol designed by 

Zhengxin Sun based on the protocol by Peterson et al. (2012).  DNA was double digested using 

the enzymes MluCl and SbfI (at concentrations of 0.5µl and 0.25µl respectively) for three hours, 

incubated in a thermocycler at 37° C. After digestion, DNA was cleaned using SPRI beads. 

Then, adapters were ligated to the DNA. Forty-eight barcodes and four indexes were used. For 

each unique combination per individual, 1µl of annealed adapters were used. Then samples were 

ready to be pooled and cleaned once again with SPRI beads. The library was then size selected 

for fragments between 125-400 bp (excluding barcodes and adaptors). Finally, the pool of 

samples was amplified using PCR for 14 cycles. Paired-end sequencing (2 x 125bp) was then 

completed on an Illumina Hi-Seq 2500 at the Centre for Applied Genomics in Toronto. 

   

Assembling and identifying loci 

Raw data from the Illumina sequencer was processed using the program FastQC, which allows 

quality control of sequencing output (Andrews 2010). To remove PCR duplicates, the 

programming language Python 3.5.4 (Python Software Foundation, https://www.python.org/) 

was used to run a deduplication function designed for the library preparation used 

(github.com/Eljensen/ParseDBR_ddRAD). Next, data were processed using the software 

STACKS v 2.2 (Catchen et al. 2013). The STACKS algorithm  process_radtags was used to 

demultiplex the samples based on the unique combination of barcodes and indexes. Reads with 

uncalled bases and low-quality scores were removed. Next, reads were aligned to the northern 

fulmar reference genome (PUBMED 25504712, GenBank:JJRN00000000.1), using the 
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Burrows-Wheeler aligner, using the BWA-MEM algorithm (Li and Durbin 2010), which performs 

high-quality alignment (Keel and Snelling 2018). The software SAMtools (Li et al. 2009) was then 

used to convert alignment outputs into bam file formats, assess the alignment success, and 

remove non-mapping reads and secondary alignments. 

 

Variant calling and filtering 

Aligned reads were assembled using the STACKS pipeline ref_map.pl, which uses the alignment 

positions to assemble loci and call SNPs from each read. Next, the STACKS algorithm populations 

and the software VCFtools were used to filter the SNPs (Danecek et al. 2011). In library 

preparation and bioinformatic processing, artefacts may be introduced (such as PCR artefacts, 

locus dropout, alignment errors etc.), possibly leading to biases in downstream analyses 

(O’Leary et al. 2018). Thorough filtering can reduce this effect and completing filtering in a 

hierarchical manner rather than applying multiple filters at once allows each parameter to be 

assessed and adjusted as necessary. The following filtering parameters were chosen to avoid the 

loss of too many loci and individuals, while remaining stringent enough to avoid potential SNP 

miscalls. 

The STACKS algorithm populations was used to filter SNPs for a maximum heterozygosity 

of 0.75 (to avoid SNP miscalls that may have caused inflated heterozygosity) and to create a 

VCF file for further filtering. To avoid linkage disequilibrium, only the first SNP per locus was 

included in the output file. In VCFtools the function depth was used to assess depth of coverage of 

each individual. Individuals that were identified with very low depth (with an average read depth 

of three or less) were removed from the dataset using the function remove. Next, the function site-

mean-depth was used to assess the average coverage across all individuals per locus. Sites with a 
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mean depth below 10 were removed using the function min_mean, as sites with a low depth cannot 

be called with high certainty: these sites may be inconsistent from poor quality DNA and may 

include false homozygotes (in the absence of the alternative allele due to lack of coverage). 

Using max_mean, sites with a mean depth more than two standard deviations above the mean 

across all loci were removed, as sites with unusually high depth may have been introduced by the 

sequence similarity thresholds in bioinformatics processing. Unusually high depth might indicate 

that loci have been oversplit, meaning that alleles from one locus have been split into different 

contiguous sequence alignments (contigs) (O’Leary et al. 2018).  The function max-missing was 

used to remove any site with more than 20% missing data and the function maf was used to 

include sites with a minimum minor allele frequency of 1% (essentially one individual in 127). 

(A separate dataset using a minimum minor allele frequency of 5% was also created. After 

finding very similar results for pairwise FST and principal components analysis using both 

datasets (see Appendix Table 1 and Figure 1), the dataset using the cutoff of 1% was chosen, as 

it contained more SNPs, which may be useful in population assignment). Next, the function 

missing-ind was used to identify the number of missing loci per individual. To avoid high levels of 

missing data, but retain enough individuals per population, a missing data cutoff of 30% of total 

loci was applied, and individuals above the threshold were removed from the dataset, using the 

function remove. 

Finally, sites were assessed for deviations from linkage equilibrium in VCFtools using the 

function hap-r2, which outputs a file reporting r2 statistics, and for deviations from Hardy-

Weinberg expected proportions using the function hardy. Sites that deviated from Hardy-

Weinberg proportions in four or more of six populations were excluded from the dataset. Data 



 18 

files were converted to the appropriate input formats (STRUCTURE, GENEPOP, BAYESCAN) for 

each subsequent analysis using the program PGDSpider v. 2.1.1.5 (Lischer and Excoffier 2011). 

  

Population genetic structure analyses 

For analyses of population genetic structure and gene flow, only individuals from known 

breeding-colonies were used. 

  a)  Population genetic structure 

Population genetic structure was assessed using a number of analyses. First, the Bayesian 

clustering program STRUCTURE v. 2.3.4 (Pritchard et al. 2000) was used to determine the most 

likely number of genetic groups within the dataset, and to assign individuals to those groups. 

STRUCTURE was run using several different models: a) the admixture model, with no prior 

population information, b) the admixture model with sampling site as prior information, and c) 

the no admixture model with sampling site as prior information, to thoroughly investigate genetic 

structure. The program was run using 1,000,000 Markov chain Monte Carlo (MCMC) iterations, 

following a burn-in of 100,000 iterations. Each value of K (the assumed number of genetic 

groups in the dataset) from 1 to 8 was run five times. STRUCTURE can be sensitive to unbalanced 

sample sizes (Puechmaille 2016), so three new files (the ‘resample’ files) were created choosing 

eight random individuals (as the lowest population size was nine) from each population using the 

R package GENEPOPEDIT (Stanley et al. 2016). Each of the three resample files was run using 

both a) the admixture model, with no prior population information and b) the admixture model 

with sampling site as prior information. Therefore, a total of nine STRUCTURE analyses were 

completed. To infer the most likely number of genetic groups three methods were used: the 

Evanno method (Evanno et al. 2005), as implemented in STRUCTURE HARVESTER (Earl and 
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vonHoldt 2012); Bayes’ Rule as outlined in the STRUCTURE manual (Pritchard et al. 2000); and 

the parsimony indicator implemented in KFinder (Wang 2019). 

A principal components analysis (PCA) and a principal coordinates analysis (PCoA) 

were both implemented on the complete breeding dataset using the R packages adegenet (Jombart 

and Ahmed 2011) and ade4 (Dray and Dufour 2007). A PCA uses the presence/absence of alleles 

in molecular data to create the principal components, whereas a PCoA uses a matrix of 

similarities between the individuals to create the principal coordinates. Results were almost 

identical between the analyses, and the PCA was chosen for use in further tests. 

Next, estimates of FST for pairwise comparisons of populations (Weir and Cockerham 1984, 

Excoffier et al. 1992, Michalakis and Excoffier 1996) were calculated in the software GenoDive 

(Meirmans 2004).  

Finally, a K-means clustering analysis (Meirmans 2012) was performed using the software 

GenoDive (Meirmans and Van Tienderen 2004). K-means clustering analyses attempt to estimate 

the most likely number of genetic groups, by minimizing within-group diversity and maximizing 

between-group diversity. 

  

b)  Searching for SNPs under selection 

The program BayeScan (Foll and Gaggiotti 2008) was used to identify SNPs that are potentially 

under selection. The program was run using prior odds of both 100 and 1000, using 100,000 

iterations following a burn-in of 50,000 iterations. Analyses were run with a) all populations 

compared to each other, b) the eastern populations compared with the western populations, c) 

higher latitude populations compared to lower latitude populations, and d) Bjornøya (the 
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population with the highest pairwise FST values across all populations) compared to all other 

populations. 

 

c)  Genetic diversity indices 

Three genetic diversity indices were calculated for each population: private alleles, expected 

heterozygosity, and allelic richness. The number of private alleles, and their frequency amongst 

individuals, was calculated using the R package poppr v. 2.8.1 (Kamvar et al. 2015), allelic 

richness was calculated in the R package hierfstat (Goudet 2005), and expected heterozygosity 

(Nei 1987) was calculated in GenoDive (Meirmans and Van Tienderen 2004). To control for 

sample size when calculating private alleles, the R package genepopedit (Stanley et al. 2016) was 

used to create ten files with eight individuals randomly selected from each population. Each of 

these files was assessed for number of private alleles, and the mean of these results taken. 

  

d)  Isolation by distance 

To test for an effect of isolation by distance, i.e. an increase in genetic distance between colonies 

with increasing geographic distance, a Mantel test was implemented in the R package ade4 (Dray 

and Dufour 2007), using the function mantel.rtest. Pairwise comparisons of FST calculated 

previously (see Population structure, above) were converted into Slatkin’s linearized FST ((1- 

FST)/ FST). Fulmars do not fly over large expanses of land and would be more likely to fly south 

than north around Greenland to traverse the Atlantic (Mark Mallory, pers. comm.). Marine 

distances (the shortest distance that does not cross land) are therefore more appropriate than 

Euclidean distance, as the distance fulmars would travel between colonies. Marine distances 
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were calculated using Google Maps (Google Maps 2019), and log-transformed. Results were 

visualized using the R package ggplot2 (Wickham 2016). 

  

e)  Gene flow between colonies 

The program BayesAss v. 3 (Wilson and Rannala 2003), using Bayesian analysis, molecular 

assignment and MCMC sampling, was implemented to estimate contemporary migration 

between populations. The program was run using 10,000,000 MCMC repetitions following a 

burn-in of 1,000,000 and sampling every 1000 iterations. The program was tested using a range 

of mixing parameters and different seed values. To ensure convergence, trace files were created 

for each run. The program was run using an input file containing all populations, as well as 

several input files containing smaller numbers of populations for testing purposes. 

 

Population assignment 

Population assignment was complicated, due to the low differentiation between colonies (see 

RESULTS). Further, populations with sample sizes below 30 may not have high assignment 

accuracies (Benestan et al. 2015) and only one of my populations (Faeroe Islands) had more than 

30 samples. However, some previous work had success despite low differentiation (Benestan et 

al. 2015, Tigano et al. 2017, DeSaix et al. 2019). Several analyses, such as genetic stock 

identification (GSI) (Anderson et al. 2008, Anderson et al. 2010), have identified reliable 

population markers, and newer techniques such as machine-learning using random forest 

algorithms are being developed for population assignment (Sylvester et al. 2017). Jeffery et al. 

(2018) compared population assignment methods using genome-wide SNPs in Atlantic salmon 

(Salmo salar), and observed greatest assignment accuracy using a panel of unlinked SNPs with 
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high FST. The following methods were therefore designed based on previous research and used in 

combination in attempt to attain the best assignment success possible from the dataset. 

  

a) Unknown individuals 

A PCA was run using all individuals, to investigate where unknown individuals cluster compared 

to the breeding birds using two components. Next pairwise values of FST were estimated between 

the birds from the Labrador Sea and the bycatch birds versus each other and each breeding 

colony. Finally, numbers of private alleles were calculated again for each population of birds, 

and each group of unknown birds, to determine if birds from the Labrador Sea or the bycatch 

birds contained alleles that were not shared with any of the known breeding locations. 

  

b) Machine learning methods 

The R package assignPOP uses supervised machine-learning methods (employing a ‘training’ 

dataset) both i) to determine the assignment accuracy of the baseline dataset using different 

proportions of training loci and training individuals, and ii) to assign unknown individuals to 

populations (Chen et al. 2018). The package can use either K-fold or Monte-Carlo cross 

validation to perform resampling using the baseline data to assess assignment accuracy. Different 

machine-learning models can be used: support vector machine, linear discriminant analysis, 

naïve Bayes, decision tree or random forest. Each model was tested, and the model random 

forest resulted in slightly higher assignment accuracy than other models. Monte-Carlo cross 

validation and random forest were chosen in all further assignment tests performed in assignPOP. 

Accuracy was estimated for assignment to i) all six colonies, ii) all colonies except Akpait and 
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Bjørnøya, which had fewer than 15 individuals each, iii) Faeroe Islands vs. Bjørnøya vs. Arctic 

Canadian colonies (chosen based on pairwise FST estimates), and iv) just the Canadian colonies. 

Based on evidence that unlinked SNPs with the highest FST produce the most accurate 

population assignments (Jeffery et al. 2018), the assignPOP analyses were repeated using custom 

SNP panels. The function genepop_toploc in the R package genepopedit (Stanley et al. 2016) selects 

the panel of unlinked loci with the highest pairwise FST between populations. Pairwise tests were 

run between each possible pair of colonies (15 tests total). Loci from each pairwise test with FST 

above 0.1 were selected, and duplicates were removed. Assignment accuracy was assessed using 

assignPOP. These tests were completed on i) all six colonies (using 253 SNPs), ii) all colonies 

except Akpait and Bjørnøya (using 139 SNPs), iii) Faeroe Islands vs. Bjørnøya vs. Arctic 

Canadian colonies (using 122 SNPs), and iv) just the Canadian colonies (using 154 SNPs). 

Principal components analyses were also employed for each of the test groupings, to visualize 

differentiation between groups using the reduced datasets, and to estimate where the unknown 

birds might cluster. 

 

c)  Training and holdout loci 

DeSaix et al. (2019) employed the training and holdout technique outlined by Anderson (2010) 

using RADseq data on populations with low differentiation. With their framework, individuals 

from each population are split into ‘training’ sets (used to create the SNP panel for assignment), 

and ‘holdout’ sets (used to test the assignment panels) to prevent high-grading bias. SNP panels 

are created based on loci with the highest FST. 

         To follow this framework, samples from Akpait and Bjørnøya were not included, as the 

small sample sizes for these colonies could hinder the assignment process. To start, samples were 
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separated into two groups: the Faeroe Islands, and Arctic Canadian colonies. Twenty individuals 

from each group were used in the training dataset, and all others were used in the holdout 

dataset. The function genepop_toploc in the R package genepopedit (Stanley et al. 2016) was used to 

select the loci with the highest FST between the groups. Four SNP panels were created: i) the top 

500 loci, ii) the top 1000 loci, iii) the top 2000 loci, and iv) all loci. The R package assignPOP 

(Chen et al. 2018) was used to assign the individuals in the holdout dataset back to their 

respective group, and accuracy was assessed for each SNP panel. 

         Next, the above process was repeated using each of the four colonies with sufficient 

sample sizes but using 13 individuals for the training dataset: Faeroe Islands, Prince Leopold 

Island, Cape Vera and Qaqulluit. 

         The process was then repeated for only the three Canadian colonies with sufficient 

sample sizes: Prince Leopold Island, Cape Vera and Qaqulluit. However, this time estimates of 

pairwise FST using each possible colony comparison were used, instead of across all colonies (as 

was implemented above, and by DeSaix et al. 2019). SNP datasets were created for i) all SNPs 

above an FST estimate of 0.1, ii) all SNPs above an FST estimate of 0.5, and iii) all SNPs. 

         Assignments were completed on the unknown birds using the SNP datasets and colony 

comparisons that produced the highest assignment accuracy. 

  

d)  Genetic stock identification 

Genetic stock identification (GSI), determining the stock composition of mixed stocks, is 

commonly used in fisheries research and management. Researchers of Pacific northern fulmars 

have had success applying GSI to population assignment of Pacific birds caught in fishing 

bycatch (D. Baetscher, pers. comm.). Previous GSI methodology could overestimate the 
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accuracy of results, but Anderson et al. (2008) designed a method to determine the accuracy of 

genetic stock identification using leave-one-out cross validation to provide less biased accuracy 

estimates. The R package rubias implements genetic stock identification by genotyping the 

reference samples and using a conditional likelihood model to infer the origin of the unknown 

samples, but accounts for unequal sample sizes amongst populations (available at 

https://github.com/eriqande/rubias). 

         The package rubias was used both to assess the genetic reference data for assignment 

accuracy and to estimate the origin of the unknown individuals. The program can also test 

whether the unknown individuals do not come from any of the reference populations, by 

providing a z-score, a statistic based on the log-likelihood of the unknown individual belonging 

to the reference groups. The z-scores for the unknown individuals can be compared to a 

simulated normal distribution. If the fit is poor, the samples may have originated from 

populations not included in the reference data. 

         GSI was performed to ascertain assignment accuracy to different groupings of 

populations: i) all six known breeding colonies, ii) the Faeroe Islands compared to the Arctic 

Canadian colonies, iii) the four Arctic Canadian colonies, iv) the southern Arctic Canadian 

colonies (Akpait and Qaqulluit) compared to the northern colonies (Cape Vera and Prince 

Leopold Island), and v) the northern colonies compared to Qaqulluit (pairing the Northern 

colonies together, as these colonies had a pairwise FST of 0.00). All datasets included all 6614 

SNPs. The population divisions were chosen based on results from earlier assignment tests, and 

to investigate which comparisons produce the highest accuracies. 
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Table 1. Sampling locations, type of location, current subspecies designation, number of 

samples, and numbers of individuals after data filtering. See Figure 1 for locations. 

Sampling 

location 

Breeding/Non

-breeding 

location 

Current 

subspecies 

designation 

Total number of 

samples 

Total number of 

individuals after 

data filtering 

Cape 

Vera 

Breeding F. g. glacialis 19 19 

Prince 

Leopold 

Island 

Breeding F. g. glacialis 

 

22 18 

Qaqulluit Breeding F. g. glacialis 19 17 

Akpait Breeding F. g. glacialis 13 11 

Faeroe 

Islands 

Breeding F. g. auduboni 
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Bjørnøya Breeding F. g. glacialis 9 9 

Labrador 

Sea 

Non-breeding Unknown 13 10 

Bycatch Non-breeding Unknown 19 12 
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CHAPTER 3: RESULTS 

Sample processing 

PCR duplication rate ranged from 12.3% to 25.4% for the three indexes. After deduplication, 

approximately 346.1 million reads were retained. After demultiplexing and quality filtering in 

STACKS, approximately 309.5 million total reads remained, with a range of 12,049-16,081,801 

reads per individual, and ~15,000 loci. During filtering with VCFTOOLS, 11 individuals were 

removed due to low depth of coverage, and seven were removed due to missing data above 30%. 

The final dataset consisted of 127 individuals (105 breeding birds and 22 birds of unknown 

breeding location) and 6614 loci (Table 1). 

  

Population genetic structure analyses 

a) Population genetic structure 

All analyses indicated little population genetic structure. Results from the program STRUCTURE 

produced inconsistent results for the best value of K across the three methods for each of the nine 

runs. However, the parsimony indicator suggested that the best estimate of K was one for six of 

nine runs. When a K value greater than one was suggested (not shown), all individuals displayed 

80% posterior probability of assignment to the first group, and a small percentage to the other 

group(s). Based on these results, the most likely number of genetic groups is one. The principal 

components analysis (Figure 2) demonstrated little differentiation between groups, which were 

essentially indistinguishable. Estimates of pairwise FST between colonies were low, and many 

comparisons were not significantly greater than 0 (Table 2) (such as between Akpait and Cape 

Vera). However, some pairwise estimates were significantly greater than 0 (such as between the 

Faeroe Islands and Cape Vera), indicating that some genetic structuring is present. Bjørnøya 
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displayed significant pairwise FST values for comparisons with all other five colonies. Finally, K-

means clustering suggested the presence of only one genetic cluster in the data.  

  

b) Searching for SNPs under selection 

None of the BayeScan runs identified any SNPs as potentially under selection. 

  

c)  Genetic diversity indices 

Allelic richness and expected heterozygosity were very similar among populations. All six 

colonies contained a large number (> 220) of private alleles (Table 3). However, the Faeroe 

Islands contained the largest number of private alleles, even after correcting for sample size. 

Most private alleles were only present in one individual per population (81%), and none were 

present in more than 50% of individuals per population (Figure 3).  

  

d) Isolation by distance 

The Mantel test did not detect a significant correlation between genetic and geographic (marine) 

distance between colonies (r = 0.144, p = 0.08). However, pairwise FST did tend to increase with 

increasing distance between colonies (Figure 4). 

  

e)  Gene flow between colonies 

All runs of BayesAss failed to converge and so could not be used to estimate contemporary 

migration between populations. 
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Population assignment 

a) Unknown individuals 

The principal components analysis for all birds failed to differentiate the groups of individuals 

from the Labrador Sea, those caught in the bycatch and the six breeding populations (Figure 5). 

Both groups of birds of unknown origin displayed high within-group variation, with individuals 

from neither group clustering closely together. 

         Pairwise FST estimates between birds sampled from the Labrador Sea or bycatch versus 

the breeding colonies were variable (Table 4), but generally higher than the FST values between 

the breeding colonies (Table 2). The birds from the Labrador Sea appear to be most 

differentiated from those from Bjørnøya, and least differentiated from samples from the Faeroe 

Islands (Table 4). The bycatch birds also appear to be most differentiated from those from 

Bjørnøya but least differentiated from those from Qaqulluit. The birds from the Labrador Sea 

and the bycatch also demonstrated high pairwise FST estimates relative to other comparisons. 

        The inclusion of the birds from unknown breeding location in t ests for private alleles 

resulted in a large reduction of private alleles from the breeding colonies (Table 5), suggesting 

shared variation between the breeding colonies and the unknown birds. The birds from the 

Labrador Sea and those from the bycatch had several unique alleles at low frequency. 

  

b) Machine learning methods 

Using all SNPs and all colonies, assignment accuracy was very low using machine learning 

(~30%, Figure 6a). With Akpait and Bjørnøya removed, assignment accuracy was slightly higher 

but still low (~40%, Figure 6b). Accuracy tests for the Faeroe Islands vs. Bjørnøya vs. Arctic 



 30 

Canadian colonies, and between just the Canadian colonies were similarly low (<30%, Figure 6c 

and d). 

         The reduced SNP datasets provided slightly more clarity than the complete dataset. For 

all colonies, the PCA differentiated the six colonies slightly more than the original one (Figure 

7). The unknown birds seem to cluster farthest from Bjørnøya. Surprisingly, the assignment 

accuracy seemed to be even lower than using the full dataset (Figure 8a). With Akpait and 

Bjørnøya removed, PCA did not provide a clear result. The assignment accuracy for this dataset 

also appeared worse than using the full dataset (Figure 8b). For Faeroe Islands vs. Bjørnøya vs. 

Arctic Canadian colonies, the PCA quite distinctly separated the colonies, with Bjørnøya 

particularly distinct (Figure 9). The unknown birds had almost no overlap with Bjørnøya, with 

the Labrador Sea birds clustering closer to the Faeroe Islands, and the bycatch birds clustering 

closer to the Arctic Canadian birds. The assignment accuracy was higher than using the whole 

SNP dataset (~50%, Figure 8c). For just the Canadian colonies, the PCA did not provide 

accuracy for population assignment. Assignment accuracy was somewhat higher than the whole 

SNP dataset but still low (Figure 8d). 

         None of the assignment accuracies for the reference data was over 50%, and therefore no 

assignment tests were run on unknown individuals, as results would have been unreliable. 

  

c)  Training and holdout loci 

For the analysis based on the Faeroe Islands vs. Arctic Canada, the use of the top 1000 SNPs 

provided the greatest assignment accuracy (overall accuracy 84%) (Table 6). Assignment tests 

on the unknown birds suggested that 50% of birds from the Labrador Sea originated from the 

Arctic colonies, and the other 50% originated from the Faeroe Islands. Meanwhile, 17% of birds 
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caught in the bycatch were assigned to the Faeroe Islands, and 83% were assigned to Arctic 

Canada. Assignment accuracy tests indicated under-estimation of assignment to the Faeroe 

Islands (91% accuracy of assignment to Arctic Canadian colonies, 55% accuracy of assignment 

to the Faeroe Islands). In general, the result would suggest a greater proportion of birds found in 

the Labrador Sea originated from the Faeroe Islands, and a greater proportion of birds caught in 

the bycatch originated from Arctic Canada. 

         Overall assignment accuracy using the four colonies with sufficient sample sizes (Faeroe 

Islands, Prince Leopold Island, Cape Vera and Qaqulluit) was very low (ranging from 14.3-

24%). Using the three Canadian colonies with sufficient sample sizes (Prince Leopold Island, 

Cape Vera and Qaqulluit) produced reasonable overall assignment accuracy (ranging from 67-

75%) but assignment to individual colonies was very low for some colonies. Therefore, 

assignment tests were not run on the unknown samples using these reference datasets. 

  

d) Genetic stock identification 

The accuracy using genetic stock identification to assign birds to all six colonies, or the four 

Arctic Canadian colonies were unsatisfactory (43% and 36.8% respectively) (Table 7). The 

distribution of z-scores for all colonies did not fit a normal distribution (Figure 10) and suggested 

that approximately one-third of the unknown individuals originate from populations not included 

in our reference dataset.  

Assignment accuracy using the Faeroe Islands and Arctic Canada was very high (98%) 

with a slight under-estimation of individuals from the Faeroe Islands (96% assignment accuracy 

to Faeroe Islands and 100% assignment accuracy to Arctic Canada). Assignment of unknown 

individuals suggested that 70% of individuals from the Labrador Sea originated from the Faeroe 
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Islands, and 30% from Arctic Canadian colonies. All bycatch birds were assigned to Arctic 

Canada (Table 8). 

For the Arctic regions (north and south), the assignment accuracy was 70%. However, 

there was a large skew in accuracies, with 97% accuracy of assignment to southern colonies, but 

only 33% accuracy to northern colonies. Results then likely represent large under-estimation of 

northern colonies. Of the individuals from the Labrador Sea that were identified as belonging to 

Arctic Canadian colonies, all were identified as originating from northern colonies. Of the 

bycatch individuals, 42% were identified as belonging to northern colonies, and 58% from 

southern colonies. 

Finally, for Prince Leopold Island and Cape Vera compared to Qaqulluit, the overall 

assignment accuracy was 66% (73% accuracy of assignment to Prince Leopold and Cape Vera, 

and 60% to Qaqulluit). Of the individuals from the Labrador Sea that were identified as 

belonging to Arctic Canadian colonies, two were identified as originating from Qaqulluit, and 

one from Prince Leopold and Cape Vera. Nine bycatch individuals were identified as originating 

from Qaqulluit, one from Prince Leopold and Cape Vera, and two individuals demonstrated 

similar likelihood of assignment to either group. 
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Table 2. Pairwise FST for the six colonies (above the diagonal), and probability of difference 

from 0 (below the diagonal). 

  Cape 

Vera 

Prince 

Leopold 

Island 

Qaqulluit Akpait Faeroe 

Islands 

Bjørnøya 

Cape Vera - 0.000 0.004 0.000 0.005 0.003 

Prince 

Leopold 

Island 

0.443 - 0.000 0.000 0.005 0.008 

Qaqulluit 0.002 0.457 - 0.002 0.008 0.010 

Akpait 0.531 0.945 0.202 - 0.003 0.009 

Faeroe 

Islands 

0.001 0.001 0.001 0.094 - 0.009 

Bjørnøya 0.001 0.003 0.005 0.001 0.013 - 

  
Significantly different from 0 at α = 0.05 is shown in bold. 
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Table 3. Number of private alleles per colony using the reduced breeding data set of 105 

individuals. 

Colony Number of private 

alleles 

Average value corrected for sample size of 

8 (min-max) 

Cape Vera 94 260 (204-300) 

Prince Leopold 

Island 

53 230 (183-297) 

Qaqulluit 135 304 (222-359) 

Akpait 18 224 (187-261) 

Faeroe Islands 604 421 (344-505) 

Bjørnøya 31 333 (274-394) 
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Table 4. Pairwise estimates of FST between the birds of unknown origin and the six breeding 

colonies. 

 Cape 

Vera 

Prince 

Leopold 

Island 

Qaqulluit Akpait Faeroe 

Islands 

Bjørnøya Labrador 

Sea 

Bycatch 

Labrador 

Sea 

0.012 0.009 0.013 0.011 0.0035 0.018 - 0.015 

Bycatch 0.006 0.0034 0.000 0.004 0.006 0.011 0.015 - 

  
Significantly different from 0 at α = 0.05 is shown in bold. 
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Table 5. Private allele counts for all locations included in the study using the complete dataset of 

127 individuals (not corrected for sample size). 

Colony Private alleles 

Cape Vera 47 

Prince Leopold Island 12 

Qaqulluit 50 

Akpait 6 

Faeroe Islands 236 

Bjørnøya 15 

Labrador Sea 6 

Bycatch 22 
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Table 6. Assignment accuracy for different combinations of sampling sites and SNP datasets for 

the training and holdout method. 

Sample site 

combination 

Dataset Overall accuracy Accuracy per group 

(1) Faeroe Islands (2) 

Arctic Canada 

500 SNPs 77% Faeroe Islands: 45% 

Arctic Canada: 84% 

 1000 SNPs 84% Faeroe Islands: 55% 

Arctic Canada: 91% 

 2000 SNPs 79% Faeroe Islands: 55% 

Arctic Canada: 84% 

 All SNPs 81% Faeroe Islands: 0% 

Arctic Canada: 92% 

(1) Faeroe Islands (2) 

Prince Leopold Island 

(3) Cape Vera (4) 

Qaqulluit 

500 SNPs 38% Faeroe Islands: 32% 

Prince Leopold Island: 

17% 

Cape Vera: 71% 

Qaqulluit: 40% 

 1000 SNPs 30% Faeroe Islands: 21% 

Prince Leopold Island: 

17% 

Cape Vera: 43% 

Qaqulluit: 60% 

 2000 SNPs 24% Faeroe Islands: 5% 

Prince Leopold Island: 

17% 

Cape Vera: 57% 

Qaqulluit: 60% 

 All SNPs 14% Faeroe Islands: 5% 

Prince Leopold Island: 

33% 

Cape Vera: 100% 

Qaqulluit: 20% 

(1) Prince Leopold 

Island (2) Cape Vera 

(3) Qaqulluit 

SNPs with FST above 

0.1 

 

75% Prince Leopold Island: 0% 

Cape Vera: 83% 

Qaqulluit: 100% 

 SNPs with FST above 

0.05 

 

67% Prince Leopold Island: 0% 

Cape Vera: 50% 

Qaqulluit: 100% 

 All SNPs 70% Prince Leopold Island: 

40% 

Cape Vera: 33% 

Qaqulluit: 100% 
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Table 7. Assignment accuracy for each combination of groups using genetic stock identification 

methods. 

Sample site 

combination 

Overall accuracy Accuracy per group 

All breeding colonies 43% Cape Vera: 33% 

Prince Leopold Island: 7% 

Qaqulluit: 33% 

Akpait: 0% 

Faeroe Islands: 96% 

Bjørnøya: 0% 

Faeroe Islands vs. 

Arctic Canadian 

colonies 

 

99% Faeroe Islands: 96% 

Arctic Canada: 100% 

Arctic Canadian 

colonies 

37% Cape Vera: 61% 

Prince Leopold Island: 33% 

Qaqulluit: 33% 

Akpait: 0% 

Arctic regions 70% North: 97% 

South: 33% 

Prince Leopold and 

Cape Vera vs. 

Qaqulluit 

66% Prince Leopold and Cape Vera: 73% 

Qaqulluit: 60% 
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Table 8. Assignment results for unknown individuals based on: Assignment Test 1) test between 

Faeroe Islands and Arctic Canada using training and holdout loci; Assignment Test 2) test 

between Faeroe Islands and Arctic Canada using genetic stock identification; Assignment Test 3) 

test between Arctic regions using genetic stock identification; and Assignment Test 4) test 

between Northern Arctic colonies and Qaqulluit using genetic stock identification. (Individuals 

identified as originating from the Faeroe Islands in Test 2 were not applicable for Test 3 and 4). 

Sampling 

location 

Individual Result 1 Result 2 Result 3 Result 4 

Labrador Sea K15-426-33 Faeroe Islands Faeroe Islands Not applicable Not applicable 

 K15-426-35 Faeroe Islands Faeroe Islands Not applicable Not applicable 

 K15-426-38 Faeroe Islands Faeroe Islands Not applicable Not applicable 

 K15-426-41 Arctic Canada Faeroe Islands Not applicable Not applicable 

 K15-426-42 Arctic Canada Faeroe Islands Not applicable Not applicable 

 K15-426-44 Faeroe Islands Faeroe Islands Not applicable Not applicable 

 K15-426-47 Faeroe Islands Arctic Canada North Qaqulluit 

 K15-426-48 Arctic Canada Arctic Canada North Prince Leopold and 

Cape Vera 

 K15-426-49 Arctic Canada Arctic Canada North Qaqulluit 

 K15-426-51 Arctic Canada Faeroe Islands Not applicable Not applicable 

Bycatch B18-2 Faeroe Islands Arctic Canada South Qaqulluit 

 B18-3 Arctic Canada Arctic Canada South Qaqulluit 

 B18-6 Faeroe Islands Arctic Canada North Prince Leopold and 

Cape Vera 

 B18-7 Arctic Canada Arctic Canada North Qaqulluit 

 B18-9 Arctic Canada Arctic Canada South Qaqulluit 

 B18-11 Arctic Canada Arctic Canada North Qaqulluit 

 B18-12 Arctic Canada Arctic Canada South Qaqulluit 

 B18-13 Arctic Canada Arctic Canada South Qaqulluit 



 40 

 B18-15 Arctic Canada Arctic Canada North Prince Leopold and 

Cape Vera: 57% 

Qaqulluit: 43% 

 B18-17 Arctic Canada Arctic Canada North Prince Leopold and 

Cape Vera: 51% 

Qaqulluit: 49% 

 B18-18 Arctic Canada Arctic Canada North Qaqulluit 

 B18-19 Arctic Canada Arctic Canada North Qaqulluit 
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Figure 2. The first two principal components of a principal components analysis for breeding 

birds using all 6614 SNPs. 
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Figure 3. The frequency of private alleles within populations (based on sample size corrected 

calculations, with a maximum possible of eight individuals). 
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Figure 4. Genetic distance (Slatkin’s linearized FST ) vs. log-transformed marine distance 

between colonies. 
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Figure 5. The first two principal components of a principal components analysis using all 6614 

SNPs and all birds included in the study: six breeding colonies (in grey), birds found in the 

Labrador Sea (pink), and birds caught in the bycatch (blue). 
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Figure 6. Assignment accuracies using all SNPs and A) all colonies, B) all colonies except 

Bjørnøya and Akpait, C) the Faeroe Islands, Bjørnøya, and Arctic Canada, and D) the Arctic 

Canadian colonies. Colour of box indicates the proportion of loci used in training set. 
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Figure 7. The first two principal components of a principal components analysis using the 

reduced SNP dataset (253 SNPs) and A) all breeding colonies, and B) breeding colonies and 

unknown birds. 
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Figure 8. Assignment accuracies using reduced SNP datasets and A) all colonies, B) all colonies 

except Bjørnøya and Akpait, C) the Faeroe Islands, Bjørnøya, and Arctic Canada, and D) the 

Arctic Canadian colonies. 
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Figure 9. Principal components analysis using the reduced SNP dataset (122 SNPs) and A) the 

Faeroe Islands, Arctic Canada and Bjørnøya, and B) the addition of the unknown birds. 
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Figure 10. Z-score distribution for all colonies (blue) compared to the expected distribution 

(black). 
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CHAPTER 4: DISCUSSION 

 

As predicted, I found evidence for weak genetic structure in Atlantic northern fulmars. My 

results from the use of high-throughput genomic sequencing support previous work (Burg et al. 

2003, Kerr and Dove 2013, Burg et al. 2014), providing strong evidence for a genetically mostly 

homogenous Atlantic population. Assignment tests strongly suggested that birds from the 

Labrador Sea represent northern fulmars from across the Atlantic range, whereas the birds caught 

in bycatch all originate from Arctic Canada. 

 

Population genetic structure  

Population genetic structure may be weak due to similarities in selective forces acting 

upon different populations, limited genetic drift within populations, historical association, and/or 

contemporary gene flow (Hedrick 2013). The wintering range of northern fulmars is large and 

shared among birds from many colonies (Mallory et al. 2008). Therefore, birds from across the 

range probably experience similar selection pressures during the non-breeding season. However, 

due to the large breeding range of northern fulmars, colonies are likely to experience different 

selective forces. For example, the Arctic Canadian colonies included in my study occur in cold 

water currents, such as the Baffin Island Current, whereas the European colonies in my study are 

influenced by warm water currents such as the North Atlantic Current and Norwegian Current 

(Friesen 2015). Further, I did not find evidence for SNPs under balancing selection using the 

program BayeScan (although the proportion of the genome that I sequenced was small, likely less 

than 1% (Valencia et al. 2018)). Thus, selection is unlikely to explain the genetic similarity of 

colonies. Alternatively, because northern fulmars breed in large colonies (Table 9) and have long 

generation times (~19 years, Jones et al. 2008), and colonies were only established since the 
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recession of the Pleistocene glaciers, the effects of genetic drift may be minimal (Allendorf et al. 

2013). Further, northern fulmars may have undergone significant demographic changes recently 

enough that migration-drift equilibrium has not been reached. For example, northern fulmars 

have experienced large range expansions since the Pleistocene, particularly in the last ~250 

years. Finally, the weak genetic structure may reflect historical associations. Lombal et al. 

(unpubl. data) suggested that historical processes have a larger influence on the genetic structure 

of seabird populations than contemporary processes. In a review of population differentiation in 

seabirds, Friesen et al. (2007) calculated that the divergence time between colonies of northern 

fulmars is less than four times the effective population size times generation time, indicating that 

northern fulmars may not have experienced complete lineage sorting, and are probably not at 

migration-drift equilibrium. Many natural populations may not be at migration-drift equilibrium 

due to insufficient time since separation (McCauley 1993). If gene flow is limited, and a 

population is at equilibrium, genetic and geographic distance should be positively correlated 

(Hutchison and Templeton 1999). If the association is not significant, then either populations are 

not at equilibrium, or gene flow is not limited. There may be a positive association between 

genetic and geographic distance on a smaller scale, but if the association is not significant across 

the region then equilibrium has not been reached yet. Indeed, I found a positive but not 

significant correlation between genetic and geographic distance, whereas Burg et al. (2003) 

found significant isolation by distance using only colonies in Iceland, the United Kingdom and 

the Faeroe Islands. Therefore, historical association likely has a lingering influence on the 

population structure of Atlantic northern fulmars, which have yet to reach migration-drift 

equilibrium. Additionally, there may be on-going gene flow (see below). 
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Contemporary gene flow is also likely contributing to weak genetic structure in Atlantic 

northern fulmars. Unfortunately, I was unable to estimate the amount of gene flow using 

available software. The program BayesAss to measure migration was likely inappropriate for my 

dataset. The program assumes that migration rates are low and requires strong differentiation 

(FST > 0.1) to produce accurate estimates (Meirmans 2013). I had low differentiation amongst 

colonies, and likely high migration rates. When data do not fit the assumptions of the program, 

convergence problems are likely, and indeed I was unable to get the runs to converge. However, 

the low frequency of private alleles occurring in multiple individuals per population suggests 

strong gene flow between colonies. Private alleles arise largely through mutation, and their 

frequency is indicative of time since population divergence. A high frequency of alleles found in 

only one population is negatively associated with gene flow (Slatkin 1985). Despite the large 

total number of private alleles, the majority were present in only one individual per population 

(>1000) (Figure 3). Further, indirect evidence for gene flow between colonies of northern 

fulmars exists in the literature: at Eynhallow in Scotland, less than 5% of banded chicks returned 

to breed (Dunnet and Anderson 1979). Based on survival estimates of northern fulmars, a 

minimum of 89% of banded birds that survived to breed are likely to have emigrated elsewhere 

for breeding. The natural history of northern fulmars also suggests a high incidence of breeding 

away from the natal colony. Northern fulmars are pelagic seabirds capable of travelling large 

distances, with evidence for foraging over 1000 km from their colony (Hatch et al. 2010). 

Juveniles are thought to spend a minimum of three years away from land before starting to 

prospect for breeding sites (Macdonald 1977). Juveniles were found to remain closer to the natal 

colony after several years, but the potential for inter-colony mixing seems high. Finally, the large 

range expansion of northern fulmars in the last 200 years (Stenhouse and Montevecchi 1999) 
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further supports the ability of northern fulmars to breed successfully away from the natal colony. 

Studies on numerous other organisms suggest that substantial levels of contemporary gene flow 

correlate with the absence of genetic structure (such as in the freshwater fish, the empire 

gudgeon (Hypseleotris compressa), McGlashan and Hughes 2000; the arctic fox (Alopex 

lagopus), Carmichael et al. 2007; the oceanic bottlenose dolphin (Tursiops truncatus), Quérouil 

et al. 2007; the Canada lynx (Lunx canadensis), Row et al. 2012; and the prairie katydid 

(Neoconcephalus biovacatus), Ney and Schul 2017). Several of these studies also found no 

significant effect of isolation by distance (McGlashan and Hughes 2000, Quérouil et al. 2007, 

Ney and Schul 2017). A lack of isolation by distance and low estimates of FST for pairwise 

comparisons may indicate little limitation on long distance dispersal, and the occurrence of gene 

flow over large distances. However, the lack of isolation by distance does not necessarily 

indicate panmixia among all colonies, but perhaps indirect gene flow due to mixing between 

many combinations of colonies. 

As predicted, some genetic structure is present amongst the northern fulmar colonies in 

my study, with several significant estimates of FST for pairwise comparisons of colonies. Burg et 

al. (2003) suggested that gene flow between northern fulmar colonies is high, but that colonies 

are not completely panmictic given significant isolation by distance and presence of unique 

mitochondrial haplotypes at each colony. Hutchison and Templeton (1999) outline scenarios 

considering the relationship between genetic and geographic distance, and what these might 

indicate about the evolutionary forces acting on populations. When there is no correlation 

between genetic and geographic distance and pairwise estimates of FST are low, gene flow may 

have a stronger effect than genetic drift, resulting in a panmictic population. Alternatively, 

genetic drift might have a stronger effect if populations are fragmented. Natural populations, 
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however, usually experience both gene flow and drift, with the relationship between genetic and 

geographic distance becoming increasingly significant before reaching equilibrium. Considering 

my results for isolation by distance (Figure 4), northern fulmar populations are likely not 

panmictic nor fragmented but have not yet reached equilibrium.  

Arctic populations of seabirds often have lower genetic differentiation than species from 

lower latitudes (Friesen et al. 2007). Historical demographic factors are likely to have 

contributed to this, such as association in a small number of glacial refugia during the Last 

Glacial Maximum resulting in homogenous populations. Several other arctic seabird species 

have weak or no population genetic structure, such as the thick-billed murre (Uria lomvia, 

Tigano et al. 2017), common murre (Uria aalge, Morris-Pocock et al. 2008), and dovekie (Alle 

alle, Wojczulanis-Jakubas et al. 2014). Wojczulanis-Jakubas et al. (2014) suggested three factors 

that may have contributed to a lack of structure in dovekies. Firstly, range expansion and 

changes to population size have occurred recently, and the dovekie populations may not be at 

migration-drift equilibrium. Secondly, the evolutionary history of the dovekie, such as shared 

glacial refugia, may have reduced differentiation. Finally, high rates of contemporary dispersal 

between colonies may have led to the lack of genetic structure observed. 

Despite being highly mobile, many seabird species do have strong genetic structure. 

Friesen (2015) and Friesen et al. (2007) reviewed population differentiation and speciation in 

seabirds, considering what factors may result in genetic structure. Here I discuss some of these 

factors and how they may have impacted the northern fulmars. Physical isolation can create 

differentiation, as many seabirds do not fly over large areas of ice or land. The colonies in my 

study are large distances apart, but accessible by flying over water. Northern fulmars do not 

appear to be limited by large distances, so physical isolation is unlikely to be an important factor. 
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However, many other factors can prevent gene flow without physical barriers. Natal philopatry 

represents a potential restriction to gene flow in seabirds (Friesen 2015). Northern fulmars are 

not known to display strong natal philopatry (above), perhaps explaining the lack of structure in 

my dataset. The non-breeding and foraging distributions may impact genetic differentiation 

between populations. Populations that overlap during the non-breeding season or have a similar 

foraging distribution may be more likely to exchange genes than those that do not. Atlantic 

northern fulmars are essentially panmictic during the wintering period (Mallory et al. 2008) and 

are opportunistic feeders (Mallory et al. 2010). Therefore, there is large potential for overlap 

between birds from a wide range of colonies. The pattern of gene flow may also impact genetic 

differentiation. If gene flow occurs according to a stepping-stone model (where dispersal is 

primarily between neighboring populations), we would expect to see isolation by distance. 

However, when gene flow is more random amongst colonies, then just one migrant per 

generation may be enough to homogenize colonies genetically (Wright 1969, Friesen et al. 

2007). Finally, Friesen (2015) suggested that changes to the environment of a species could 

increase gene flow, as some breeding locations may be more suitable and receive more 

immigrants. The Arctic has been experiencing greater human activity and disturbance in recent 

years, which may impact the selection of breeding colonies by young northern fulmars in future 

generations. 

 

Population assignment 

Population assignment of Atlantic northern fulmars was challenging due to the weak genetic 

differentiation between colonies, and small sample sizes for most colonies. Several of the 

methods used for assignment did not produce satisfactory accuracy, and so assignment tests on 

the unknown individuals were not run using these methods. PCA, private alleles, and genetic 
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stock identification indicated that both groups of unknown birds have high within-group 

variation, and likely comprise northern fulmars from a range of colonies, as well as colonies that 

were not included in this study. Pairwise FST  estimates suggest that neither group shares much 

variation with Bjørnøya, but that bycatch birds may share greater variation with birds from 

Qaqulluit, and birds from the Labrador Sea with the Faeroe Islands. Interestingly, the two groups 

of unknown birds share less variation with each other than with many of the colonies in the 

study. If the two groups were made of a similar mixture of birds, the groups would have likely 

demonstrated a lower estimate of pairwise FST. 

The machine-learning algorithm implemented in assignPOP did not produce sufficient 

assignment accuracy, despite machine-learning techniques proving reliable in Atlantic salmon 

(Salmo salar) and Alaskan Chinook salmon (Oncorhynchus tshawystscha) (Sylvester et al. 

2017). Genetic stock identification generally produced the highest assignment accuracy and 

indicated that most individuals from the Labrador Sea originated from Europe, and that all the 

birds caught in the bycatch originated from Arctic Canada. Determining the specific colony of 

origin within Arctic Canada proved more challenging. Regionally, birds from the Labrador Sea 

originating from Arctic Canada are likely from northern colonies. Bycatch birds were somewhat 

split in origin for each region, but as my assignments likely underestimate the number of birds 

from northern colonies the majority likely originated from this area. Results for assignment to 

either Prince Leopold Island and Cape Vera, or to Qaqulluit contradict the regional results, as 

most individuals appear to be from Qaqulluit, a southern colony. Due to the uncertainty in these 

results, and the likelihood that several birds originated from unsampled colonies, these results 

should be interpreted with caution. However, in general, the results strongly suggest that bycatch 

birds caught in the 0A and 0B fisheries management areas originated from Arctic Canada, and 



 57 

the birds from the Labrador Sea represent a more mixed group, with many individuals 

originating from Europe. Both groups probably represented birds from multiple source colonies. 

My results also demonstrate the utility of genomic data for population assignment of 

seabirds and potentially other highly mobile organisms. Population assignment of seabirds relies 

heavily on the genetic structure of the species in question (Edwards et al. 2001). Strongly 

differentiated seabird populations can often be resolved using only a few genetic markers or 

mtDNA (such as in the Black-footed albatrosses (Phoebastria nigripes), Walsh and Edwards 

2005). However, many seabird colonies have a large amount of genetic variation and lack many 

fixed differences (Edwards et al. 2001). Gómez-Díaz and González-Solís (2007) assessed the use 

of genetic, morphometric and biogeochemical markers for population assignment of Calonectris 

shearwaters. Using mtDNA, birds were correctly assigned to species and subspecies 

designations. However, population-level assignment was unsuccessful using genetic markers, 

and required the use of biogeochemical markers instead. Assignment, therefore, can be difficult 

and Edwards et al. (2001) suggested the need for multiple polymorphic loci. My study indicates 

that the use of many genomic markers may allow population assignment even in weakly 

differentiated seabird populations. Fishing activities and impacts with offshore energy 

installations are global threats to pelagic seabirds (Melvin and Parrish 2001) and genomic 

approaches to population assignment may prove useful in future studies. 

 

Conservation implications and taxonomy 

The Faeroe Islands are the only colony in this study that would be classified as F. g. auduboni, 

the subspecies that Kerr and Dove (2018) suggested should be dissolved, instead classifying all 

Atlantic northern fulmars as F. glacialis. My results demonstrate little differentiation between 

northern fulmars at the Faeroe Islands and other colonies, supporting the results of Kerr and 
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Dove (2018). However, the Faeroe Islands had the largest number of private alleles. This is 

particularly interesting considering that the Faeroe Islands is also the youngest colony included 

in my study, only established in the 17thth Century (Fisher 1952a), so I expected this colony to be 

the least genetically diverse. The high allelic diversity suggests that this colony may have been 

founded from a colony that is not included in my samples, or from multiple colonies. Expansion 

in Europe is thought to have originated from Iceland (Fisher 1952b). As Icelandic samples were 

not included in this study, I cannot determine if the Faeroe Islands were colonized from Iceland. 

Burg et al. (2014) also found higher haplotype diversity in the Faeroe Islands, and evidence for 

population growth. Genetic diversity and population growth were attributed to birds immigrating 

from large colonies and contributing to the colony diversity, providing further evidence for gene 

flow amongst northern fulmar colonies. The addition of other colonies from the subspecies F. g. 

auduboni is necessary to determine if there is a pattern of higher diversity at these colonies, and 

to assess more thoroughly the validity of F. g. auduboni as a subspecies. My research indicates 

that the Faeroe Islands may be an important colony that contributes to overall species diversity, 

but I do not have evidence that this colony is a separate subspecies. 

My results also provide no evidence of multiple ESUs for northern fulmars in the 

Atlantic. The six populations included in my study appear to be experiencing gene flow and have 

weak genetic differentiation. However, as outlined above, the populations are not completely 

panmictic. Determining whether the populations represent multiple MUs is more difficult. 

According to Funk et al. (2012), MUs can be identified using neutral markers, which reflect 

neutral processes such as genetic drift and gene flow. Using the criterion by Funk et al. (2012), I 

would not define separate MUs amongst the colonies. However, MUs are classically defined as 

demographically independent units (Moritz 1994). Determining whether the colonies are 
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demographically independent (meaning that population dynamics are more strongly impacted by 

local birth or death rates, rather than migration) is difficult. My results suggest that gene flow 

does occur between colonies. However, even with high rates of migration, small but statistically 

significant estimates of FST   suggest that populations are connected, but that they are not panmictic 

(Waples and Gaggiotti 2006). Further, northern fulmars are known to display high site fidelity, 

meaning that a northern fulmar that migrates to a different breeding colony will likely continue 

to return to that breeding colony for the rest of its life. Finally, northern fulmar colonies have 

been experiencing different population dynamics. Colonies on the east coast of Baffin Island 

have been decreasing at a rate of approximately 3% per year since the 1970s (Mallory et al. in 

prep). Meanwhile, Atlantic Canadian colonies (in Newfoundland and Labrador and northern 

Québec) have been increasing since the 1970s (Stenhouse and Montevecchi 1999). Considering 

the differences in population status, and my assignment results indicating that fishing bycatch 

impacts colonies in the surrounding region, populations seem to be affected by local factors 

regardless of the influence of gene flow. In this case, separate colonies may be considered as 

separate MUs. 

 If northern fulmar colonies are demographically independent, Atlantic northern fulmars 

may be a meta-population. A meta-population is a group of demographically independent 

populations that could re-establish each other in the case of extirpation (Esler 2001). If the 

Atlantic northern fulmars represent a meta-population, then declining colonies may avoid 

extirpation with migration from other colonies. Fangel et al. (2017) suggested that this may 

occur in northern fulmar colonies, based on the observation of improved attendance at a colony 

in Norway following a year of decline. Northern fulmars prefer cooler water temperatures 

(annual mean temperature < 5° C) (Salmonsen 1965, Mallory 2008). As global temperatures 
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continue to change over the next few decades, the locations that northern fulmars choose to breed 

or winter at may be impacted, and colony sizes might shift as a result. 

            My results strongly suggest that the birds caught in fishing activities in 0A and 0B are 

from Arctic Canadian colonies. Bycatch in this area is mainly northern fulmars, with large 

amounts of seabird mortality occurring near Qaqulluit (Hedd et al. 2015). My results seem to 

reflect this, with all bycatch birds being identified as Canadian. Many bycatch birds were 

identified as coming from Qaqulluit. Therefore, bycatch in this area appears to be most heavily 

impacting surrounding colonies. Anderson et al. (2018) outline the projected impact of bycatch 

on the northern fulmar depending on the breadth of impact with three spatial scenarios: colonies 

within 200 km of locations where bycatch was recorded in the Baffin Bay-Davis Strait region 

(including Qaqulluit and Akpait); colonies within 500 km; or all colonies in the region (from 

Arctic Canada to Western Greenland, and including Prince Leopold Island and Cape Vera). My 

results indicate that bycatch may be affecting colonies in a wider range than 200 km, with 

suggestion that some bycatch birds originate from the more northerly Arctic colonies included in 

my study. Determining if the colonies from Greenland are also affected should be a next step to 

assess appropriately the impact of the bycatch. Depending on the extent of colonies affected by 

the bycatch, the colonies in this region could experience a decline between 0.3-4.6% over the 

next three generations. The estimated decline is much lower than the rate of decline that was 

observed in colonies on eastern Baffin Island (Mallory et al. in prep). Three colonies on the east 

coast of Baffin Island were surveyed aerially in August 2018, including Qaqulluit, to compare to 

previous colony estimates from the 1970s. The colonies were estimated to have an average 

annual decline of 3%. This discrepancy may be due to a severe underestimation of bycatch rates: 

Anderson et al. (2018) suggested that the rate of bycatch is difficult to determine accurately, and 
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that bycatch in this area could be up to three times higher than officially recorded. Projected 

population declines are likely underestimations as a result. Furthermore, fishing activities are 

likely to increase, increasing the rate of bycatch further. If bycatch rate doubles, projected 

declines for the colonies in the Baffin Bay-Davis Strait region could be between 4.6-9.9% over 

the next three generations of northern fulmars (Anderson et al. 2018). Finally, other impacts on 

northern fulmars (such as colony disturbance, climate change and chemical or plastic 

contamination) may be contributing to the decline recorded at the eastern Baffin Bay colonies. 

The colony name Qaqulluit is derived from ‘Qaqulluk’ (ᖃᖁᓪᓗᒃ), the Inuktitut word for northern 

fulmar (Qikiqtani Inuit Association 2018), and the colony was previously thought to be the 

largest northern fulmar colony in the world (Mallory 2016). Qaqulluit, then, may be an important 

source of immigrants for other colonies. Based on the rate of decline, and my population 

assignment results, this important colony is likely being impacted by fishing activities in the 

region, and possibly other anthropogenic activities.  

Fisheries occur throughout the North Atlantic, and northern fulmars are a large 

component of seabird bycatch in many of these (Løkkeborg 2011, Kuhn and van Franeker 2012, 

Fangel et al. 2017). The colonies in these areas are likely also the most impacted by these fishing 

activities. Northern fulmars in northern Norway have been experiencing severe decline and are 

now considered endangered on a national level (Kålås et al. 2015). The decline may be 

associated with several small-vessel fisheries in the area (Fangel et al. 2015, Fangel et al. 2017). 

Therefore, bycatch is likely impacting northern fulmars on a local scale globally. Løkkeborg 

(2011) provides an overview of methods to reduce seabird bycatch. Demersal longline fisheries 

are a major contributor to northern fulmar mortality, and the use of paired streamer lines (also 

known as ‘bird scaring lines’, with streamers to discourage birds from the area) can greatly 
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reduce the rate of bycatch. My results suggest that we need to invest more resources into 

reducing seabird bycatch. As outlined earlier, northern fulmars are sensitive to changes in their 

environment (Mallory 2006), and are susceptible to pollutants, plastics and climate variation 

(Mallory et al. 2006, Provencher et al. 2009, Grosbois and Thompson 2005) as well as bycatch. 

For these reasons, continuing to monitor the reduction in colony sizes is important. 

From a conservation standpoint, my results are positive: the Atlantic northern fulmars are 

not fragmented, meaning they are less affected by genetic drift and can maintain overall high 

genetic diversity. Despite this, many colonies are experiencing decline, and bycatch is likely a 

large factor. Northern fulmar populations may be able to replenish each other, perhaps acting as 

a meta-population. My recommendation would be to treat different areas of northern fulmar 

breeding habitat (e.g. eastern Baffin Island, northern Baffin Island and surrounding colonies, 

Bjørnøya, and boreal European colonies) as MUs and to monitor these populations and consider 

local impacts. The absence of separate ESUs highlights the necessity of collaborative 

conservation efforts for the future status of northern fulmars. Northern fulmars appear to be 

impacted by local threats, but they may also be affected by human activities during the non-

breeding season. Atlantic northern fulmars occupy a wide range, and their migratory behaviour 

exposes them to threats in many different jurisdictions. Therefore, conservation efforts and 

government policies concerning northern fulmars, their habitat, and the environmental challenges 

that they face need to be coordinated across the range. 

 

Future directions 

My study has provided insight into the genetic structure of the Atlantic northern fulmar, and the 

sources of the birds caught in the bycatch in the 0A 0B fisheries management regions. This work 

would be improved with the addition of more colonies. The addition of colonies from Greenland 
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would help assess how wide the impact of the fisheries in 0A and 0B is. Additional European 

colonies and Icelandic samples might provide insight into the greater genetic diversity found in 

the Faeroe Islands. More colonies and greater numbers of samples at existing colonies might 

improve the assignment accuracy in population assignment. Including bycatch samples from 

other locations would also help determine if, as suggested here, impacts of bycatch are localized. 

More generally, greater investment into research in the Arctic will be necessary to fully 

understand the implications that climate change and anthropogenic activities will have on Arctic 

species, as well as how to best protect them. 
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Table 9. Estimated number of breeding pairs of northern fulmars at the six colonies included in 

this study. 

Colony Estimated number of breeding pairs 

Cape Vera 9,000 (Gaston et al. 2006) 

Prince Leopold Island 16,000 (Gaston et al. 2006) 

Qaqulluit 25,000 (Mallory et al. in prep) 

Akpait 15,000 (Akpait National Wildlife Area 

Management Plan 2018) 

 

Faeroe Islands 600,000 (rough estimate, inclusive of all 

colonies on the Islands) (S. Hammer, pers. 

comm.) 

 

Bjørnøya 8,000 (NINA Report 2013) 
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APPENDIX 

 

Supplementary Table 1. Pairwise FST for the six colonies. 

  Cape 

Vera 

Prince 

Leopold 

Island 

Qaqulluit Akpait Faeroe 

Islands 

Cape Vera -     

Prince Leopold Island 0.000 -    

Qaqulluit 0.004 0.000 -   

Akpait 0.000 0.000 0.002 -  

Faeroe Islands 0.005 0.005 0.008 0.003 - 

Bjørnøya 0.005 0.004 0.007 0.005 0.007 
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Supplementary Figure 1. The first two principal components of a principal components 

analysis for breeding birds using all 6614 SNPs. 
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