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Abstract  

Anthropogenic climate change is resulting in a variety of consequences for ecosystems and 

biodiversity. Collectively these changes are negatively impacting species survival and are 

increasing rates of extinction. Species can, however, adjust to environmental changes through 

range shifts, phenotypic plasticity, or genetic adaptation. To ensure successful species 

conservation in the face of climate change, it is now crucial that a species’ capacity for such 

change, as well as existing evolutionary differences among populations, are incorporated into 

species’ management plans. This is particularly important for species dependent on Arctic 

conditions because climate change will disproportionately affect these regions. Here, I evaluate 

the spatial genetic structure of a highly mobile Arctic breeding sea duck, the Common Eider 

(Somateria mollissima) by analyzing double-digest restriction site-associated DNA sequencing 

(ddRAD-seq) data from 320 ducks originating from 24 breeding populations spread across North 

America. I identify two evolutionarily significant units that show a clear west-east divide, which 

is suggestive of two distinct glacial refugia. I also identify five to six genetically distinct 

management units and detect five potentially adaptive units within North America. I also identify 

a pattern of isolation-by-distance across my entire study area and within the Eastern evolutionary 

significant unit. However, a similar pattern was not evident within the Western evolutionary 

significant unit. Taken together, my results reveal biologically important population genetic 

structure that must be considered for the successful long-term management of the eider. My 

thesis contributes to the growing body of literature aimed at better understanding the broad 

spectrum of genetic differentiation observed in avian populations that inhabit the Arctic, which 

will help better manage their conservation.  
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Chapter 1 General Introduction 

Human-mediated environmental change has shifted many environmental conditions beyond 

historical norms. Such changes are causing phenological mismatches between species and their 

environment, decreasing fitness and potentially driving species towards extinction (Vázquez et 

al. 2017). For example, recent warming has created a mismatch in breeding behaviour with peak 

prey availability (Visser et al. 2006), altered timing of migration (Jones and Cresswell 2009), and 

reduced reproductive success in Arctic herbivores unable to keep pace with the advancement of 

the growing season (Post and Forchhammer 2007). However, species are not static and can 

respond to change, for example through phenotypic plasticity (Nussey et al. 2005; Charmantier 

et al. 2008; Hendry et al. 2008), genetic adaptation (Kanarek and Webb 2010; Hoffmann and 

Sgro 2011; Manel and Holderegger 2013) or shifting their range (Chen et al. 2011; Estrada et al. 

2016). A variety of outcomes is possible for any species in the face of climate change; however, 

the rates and magnitudes of a populations response also vary. To diminish a sixth mass 

extinction, we must incorporate the potential for such evolutionary processes into species 

management, conservation, and risk assessments.  

Genetic variation provides the basis for evolutionary change and is thus the most 

fundamental level of biodiversity (May 1994; Primack 2014). It is vital to monitor the effects of 

a changing climate on genetic variation if we are to understand the long-term consequences of 

climate change on biodiversity. Conservation genomics attempts to quantify levels of genetic 

diversity in natural populations to untangle the influences of gene flow, genetic drift and 

selection on genetic structure, and to incorporate evolutionary processes into management plans 

(Frankham 2002). A benefit of genomic data under a conservation framework is the availability 

of both putatively neutral and adaptive genetic variation (Allendorf et al. 2010). Neural markers 
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enable insights into gene flow and connectivity while adaptive markers provide information 

about adaptive evolutionary processes and the effects of natural selection and potential for 

adaptation (Allendorf et al. 2010; Manel and Holderegger 2013). For managers to understand 

which populations, in which locales, are most at risk from – or most resilient to – climate change, 

conservation managers can assess a species’ adaptive potential – the ability to respond adaptively 

to changing conditions – using molecular markers. 

Maintenance of genetic diversity and preservation of evolutionary potential have long 

been goals in the management and conservation of threatened species (Frankham et al. 2002). 

Genetic marker limitations, however, historically forced conservation researchers to infer 

evolutionary potential indirectly through demographic studies. The spatial genetic structure of a 

species is the result of environmental influences, life history traits, demographic histories, range 

expansions and colonization events. Knowledge of spatial genetic structure, therefore, provides a 

valuable tool for inferring the evolutionary and demographic processes acting on a population 

(Wright 1931) to infer the strength of genetic drift, gene flow and selective pressures (Allendorf 

and Luikart 2009). Recent advances in next-generation sequencing (NGS) technologies have 

lifted many previous limitations and provided a platform for more accurate and specific 

estimates of the distribution of neutral and adaptive genetic diversity (da Fonseca et al. 2016; 

Allendorf 2017). The expanded genome coverage made available by NGS enables the genomic 

location, and effect size of genes affecting fitness to be determined (Ellegren and Sheldon 2008; 

Slate et al. 2009). When genomic data are combined with ecological and landscape data, they can 

be used to identify factors that have shaped contemporary patterns of neutral and adaptive 

genetic variation in response to gene flow between populations and allow insight into local 

adaption (Manel and Holderegger 2013; Rellstab et al. 2015). 
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The ability to examine hundreds or thousands of genomic markers with relative ease has 

made it possible to answer many important and previously intractable questions in ecology 

(Thomas and Klaper 2004), conservation (Schwartz et al. 2007; Allendorf et al. 2010; Oyler-

McCance et al. 2016), and evolutionary biology (Hoban et al. 2016; Tigano and Friesen 2016). 

Population genomics provides a framework to estimate genetic diversity, to test for adaptation, 

and to quantify adaptive potential in any species of interest. Population genomic studies use 

genomic data, for example, single-nucleotide polymorphisms (SNPs), from hundreds to 

thousands of loci scattered across the genome, to make inferences about micro-evolutionary 

processes (e.g., genetic drift, gene flow and selection). Molecular techniques offer novel insights 

into exploring the evolutionary history of taxa, enable researchers to study current genetic 

variation within and among populations, and assist predictions about the evolutionary potential 

of populations and species in future scenarios. Knowledge gained by population genomic studies 

also enables better delineation of conservation units than ever before (Allendorf 2010; Funk et al. 

2012; Barbosa et al. 2018).  

Considering that genetic diversity is the foundation for populations to adapt to climatic 

change, one of the central tasks facing wildlife managers is to maximize a species’, or a 

population’s, evolutionary potential by defining conservation units through an evolutionary lens 

(Balkenhol et al. 2016; Funk et al. 2018). Traditionally, conservation units were defined as 

population units recognized within a species as genetically or demographically “different” to 

help guide management and conservation (Allendorf and Luikart 2009). Unless the geographic 

boundary of a population is known, the status of the population is difficult to assess (Funk et al. 

2012). Therefore, identifying unique populations and their boundaries allows managers to plan 

more effectively and prioritize conservation units based on limited financial resources (Ryder 
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1986). Genomic tools now enable management authorities to refine conservation units into 

evolutionarily significant units (ESUs), management units (MUs), and adaptive units (AUs) with 

an important focus on maximizing evolutionary potential in the face of climate change (Funk et 

al. 2012; Barbosa et al. 2018; Funk et al. 2018). Following the proposal of Funk et al. (2012), 

ESUs are best delineated using all available loci (e.g., SNPs) to capture the highest levels of 

evolutionary and ecological differences (e.g., adaptive process, demographic and morphological 

differences). Delineation of MUs can be determined by analyzing only neutral loci, whereas AUs 

can be determined using loci potentially under diversifying selection (“adaptive variation”) to 

identify adaptive potential. While both genomic and genetic (e.g., DNA microsatellites) data can 

be used to identify ESUs and MUs, genomic datasets allow greater power in the quantification of 

adaptive variation and patterns associated with AUs. 

Identifying neutral and adaptive loci with current methods have caveats. Common 

techniques to identify potentially adaptive loci are outlier detection scans, environmental 

associations or genome-wide associations (see Table 1). However, in natural populations, several 

evolutionary and demographic mechanisms can produce patterns of variation that imply 

selection, even when it is absent (Lande 1976). For example, numerous extinctions, 

recolonization events or population bottlenecks can hamper the evolution of local adaption while 

simultaneously producing a molecular signature of selection (Savolainen et al. 2013). 

Additionally, in populations with small effective population sizes, genetic drift has a more 

drastic effect and can alter gene frequencies by random chance, again producing a molecular 

signature of selection (Lande 1976). In populations with larger effective population sizes, 

patterns of genetic differentiation may not be evident even if populations are isolated and 
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experiencing directional selection, due to a time-lag (Landguth et al. 2010; Epps and Keyghobadi 

2015).  

Several characteristics of species are more likely to generate adaptive differences 

between populations: (i) significant environmental clines are likely to cause localized selection 

leading to local adaptions (Hohenlohe et al. 2010); (ii) restricted gene flow between populations 

prevents gene flow from overpowering selection (Slatkin 1985); and (iii) large effective 

population sizes prevent drift from overcoming selective forces (Lande 1976). Conversely, little 

or no local adaptive differences are likely in (i) species with little or no environmental clines 

across their range, (ii) species that experience high levels of gene flow, where gene flow between 

populations counteracts selection, and (iii) species with small effective population sizes, so drift 

counters local adaptation.  

 

Study Aim 

In this thesis, I investigate the spatial patterns of population genetic diversity in a sea duck, the 

Common Eider (Somateria mollissima (Linnaeus), 1758: order Anseriformes; family Anatidae). 

My objective is to answer the question: What is the spatial genetic variation among breeding 

Common Eiders in North America? To do so, I first determined whether Common Eiders exhibit 

distinct spatial patterns of genetic structure throughout North America using all loci, neutral loci 

and putatively adaptive loci, to assist in delineating conservation units. A previous population 

genetic study of Common Eiders in North America revealed genetic differentiation consistent 

with subspecies designations (Sonsthagen et al. 2011). My analysis expands on the earlier work 

by utilizing single nucleotide polymorphisms (SNPs) derived from an NGS technique, double-

digest restriction site-associated DNA sequencing (ddRAD-seq), under a population genomics 
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framework to detect finer scales of genetic differentiation. Then, I test the hypothesis that 

geographic distance influences genetic structure. Here, I test for a pattern of isolation by distance 

(IBD), where genetic distance is a function of geographic distance. 

 

Study System 

The long-lived Common Eider is the largest duck in the Northern Hemisphere. The hen’s 

appearance is pencil brown with barred grey and black camouflage streaks, while the drake’s 

breeding plumage is a striking jet-black and snowy-white contrasted body, highlighted by a hint 

of sea-green around the back of the head and a yellow-orange bill (Goudie et al. 2000). Common 

Eiders breed on small offshore islands in colonies reaching 10,000 pairs and migrate to 

overwinter in ice-free coastal locations (Goudie et al. 2000). Common Eiders breed in a complete 

circumpolar distribution throughout Arctic and sub-Arctic regions. In North America, four 

subspecies are recognized based on slight morphological distinctions and differences in breeding 

and wintering locations (Figure 1) (Sea Duck Joint Venture 2014; Reed 1986, Abraham and 

Finney 1986, Goudie 1986). The subspecies S. m. borealis breeds in the north-eastern Canadian 

Arctic, overwintering in large aggregations off the west coast of Greenland, or along the 

Canadian east coast (Bourget 1986; Mosbech et al. 2006).  Somateria m. v-nigrum breeds in 

north-western Canada and Alaska and typically overwinters in the closest available ice-free 

habitat, perhaps minimizing migratory distance, along the northern Pacific coast (Peterson and 

Flint 2002). Somateria m. sedentaria, an essentially sedentary subspecies, remains year-round in 

Hudson Bay breeding on small islands, and overwintering in polynyas and ice floe edges near the 

Belcher Islands (Gilchrist and Robertson 2000). Somateria m. dresseri breeds along the eastern 

Atlantic coast as far north as Newfoundland and overwinters southward along coastal Virginia 
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and occasionally as far south as Florida (Goudie et al. 2000). Occasionally a rare migrant or 

wandering individual is observed outside subspecies primary migration routes (Goudie et al. 

2000; Sonsthagen et al. 2011).  Females also show strong natal philopatry, whereas males 

typically form mate pairs in overwintering grounds and may accompany a different hen to a 

different breeding ground each year (Rohwer and Anderson 1988). The different overwintering 

locations of each eider subspecies suggests winter site fidelity, likely a consequence of 

geographic partitioning during the last glacial maximum and postglacial recolonization 

(Robertson and Cooke 1999). 

 Previous molecular studies revealed that Common Eiders breeding throughout North 

America and Europe were potentially restricted to three glacial refugia of the Newfoundland 

Bank, Beringia, and Europe (Tiedemann et al. 2004; Sonsthagen et al. 2011). Evidence suggests 

that Common Eiders persisted in two North American refugia during the most recent ice age of 

the Pleistocene: one each north-west and south-east of the North American ice sheets (Ploeger 

1968; Sonsthagen et al. 2011). Gene flow estimates and additional clustering analyses suggest 

postglacial colonization of North America occurred in a stepwise manner out of the 

Newfoundland Bank refugium with little contribution from Beringia. Genetic sub-structuring in 

12 microsatellites, mtDNA and two nuclear intron markers suggest that eiders in North America 

cluster in four groupings consistent with subspecies designations (Sonsthagen et al. 2011; Figure 

2). A previous mtDNA study suggests that postglacial colonization in Europe also progressed in 

a stepwise fashion from a single Pleistocene refugium in the Baltic Sea northward (Tiedemann et 

al. 2004).  

Two North American populations essentially have non-migratory sedentary populations: 

the Belcher Islands in Hudson Bay and the Aleutian Islands in Alaska (Gilchrist and Robertson 
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2000, Sonsthagen et al. 2011). Given that the Aleutian Island birds have displayed non-migratory 

behaviour potentially since before the last glacial maximum, whereas the Belcher Islands colony 

would have needed to colonize formerly glaciated habitat, and then lost their migration 

behaviour, an opportunity to investigate how eiders have converged on sedentary behaviour at 

different evolutionary times may provide insight into the genetic factors linked to migratory 

behaviour.  

The eider diet consists of mostly mollusks and sea cucumbers picked off the seabed floor 

while diving (Goudie and Ankney 1986, Guillemette et al. 1996). Young birds will feed in 

shallow and protected intertidal waters generally <5 m deep, while adults typically feed in 

shallow areas where wave action and tides result in extensive intertidal zones, with dives lasting 

on average 60 seconds (Cantin et al. 1974; Guillemette et al. 1992; Hamilton 2001). Adult eiders 

are well suited for swimming and diving but typically spend time foraging in waters <25 m deep 

(Guillemette et al. 1993).  

Like many birds, eiders exhibit several sex-specific differences. For example, after 

copulation and egg laying, females are solely responsible for incubation while males return to 

sea and undergo fall molt (Swennen et al. 1993; Goudie et al. 2000). During incubation, which 

usually lasts 26 days (Erikstad and Tveraa 1995), females will remain on the nest unless 

disturbed by predators (Palmer 1976), other than to take a quick break at nearby ponds to drink 

freshwater (Swennen et al. 1993). Typically, hens will only leave the nest for a drink of water 

every second- or third-day and are known to drink water drops that accumulate on their own 

back feathers (Palmer 1976). Females lose around 45% of their pre-lay body mass during 

incubation (Gabrielsen et al. 1991). During this critical stage in reproduction, the two sexes 

experience very different selective forces.  
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Common Eiders act as important ecosystem engineers at Arctic colonies by transporting 

nutrients from marine environments to their terrestrial nesting sites via nutrient-rich feces and 

other deposits (e.g., eggshells, feathers and carcasses) that facilitate vegetative growth and 

support entire ecosystems (Clyde 2017). Common Eiders are also a socio-economically vital 

species for many Inuit, First Nations, and Metis communities that routinely harvest meat, eggs 

and feather down (Gilliland et al. 2009). Many of these communities also place significant 

cultural importance on eiders, as hunts are a way to pass on knowledge and are an important 

social activity (Nakashima and Murray 1988). Conservation concerns have been raised since the 

early 1800’s due to overharvesting by Euro-Canadians for feather down and meat (Townsend 

1914). Additionally, paleolimnology surveys suggest that Common Eiders experienced 

population declines throughout the 20th century, likely a direct result of the increased availability 

of firearms and motors (Hargan et al. 2019). In the 1990s, observers again noted a steep decline 

in numbers linked to overharvesting (Gilliland et al. 2009). As such, the species is partially-

protected from non-aboriginal harvests, although aboriginal harvests are permitted. A heavily 

managed recreational harvest continues for many coastal communities during the harvesting 

season, with daily bag and possession limits ranging from 5-12 birds per person in Canada 

(Government of Canada Migratory Birds Regulations 2018) and daily possession limits of ten in 

the United States (Fish and Wildlife Service 2018).  

Common Eider census population sizes are slightly declining throughout much of their 

range or remaining relatively stable since the early 2000’s, when stricter hunting regulations 

were enforced in North America (Bowman et al. 2015). Simulated forecasting models for 

northern Common Eiders (S. m. borealis) indicate that in a warmer climate, a loss of Arctic sea 

ice will lead to increased nest predation pressures from polar bears (Ursus maritimus) but also an 
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increase in clutch size (Dey et al. 2018). Taken together, the negative effects of increased bear 

predation and positive effects of an increase in clutch size did not significantly alter population 

sizes over a 50-year period when compared to the starting population sizes. While this result 

counters many predicted ecological responses to climate change, it does not imply adaptation to 

changing environmental conditions in the Arctic. Incorporating baseline genetic information 

about the adaptive potential of Common Eider populations may help improve forecasting 

models.  

Due to the social, economic and cultural significance of Common Eiders, an in-depth 

analysis of the spatial patterns of population genetic structure is warranted to improve species 

conservation. Facing a changing climate, hunting pressures, and new predation stresses among 

others, spatial genetic data are needed for identifying conservation units to improve management. 

Additionally, as species begin to expand and shift their ranges northward following 

environmental changes in North America (Thomas and Lennon 1999; Chen et al. 2011; 

Lehikoinen and Virkkala 2016), Common Eiders might already hold the genetic traits required 

for non-migratory behaviour and the ability to adapt to local environmental conditions. By 

determining the current spatial genetic variation of the species using genomic markers, more 

effective conservation policies can be executed to sustain extant populations. 
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Chapter 1 Figures and Tables 
 

  

Figure 1. Distribution of four North American subspecies of the Common Eider. Blue represents 
each subspecies breeding range and orange represents the wintering ranges. (modified from Sea 
Duck Joint Venture 2014). 

S. m. dresseri 

S. m. borealis S. m. sedentaria 

S. m. v-nigrum 
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Figure 2. Subspecies distribution and location of 15 Common Eider populations (n = 716) 
used in a previous genetic analysis of mtDNA and microsatellite variation, suggesting four 
genetically differentiated populations within North America (roughly matching subspecies) 
and at least one separate population in Europe (Sonsthagen et al. 2011). The extent of the most 
recent last glacial ice sheets are illustrated in white; unglaciated regions are in grey. (Figure 
from Sonsthagen et al. 2011). 
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Table 1. Methods to discover potentially adaptive loci 

Method Data required     What the method 

uncovers   

Review articles    

Outlier detection Genetic markers from 

a number of distinct 

populations 

Genetic markers that are 

more differentiated across 

individuals or populations 

than expected by chance 

Luikart et al. 2003; 

Narum and Hess 

2011; Lotterhos and 

Whitlock 2014 

Environmental 

association 
Genetic markers from 

a number of distinct 

populations, and 

environmental and/or 

landscape data for 

each population 

Genetic markers that are 

associated with 

environmental variation 

over space  

 

Joost et al. 2007; 

Manel and 

Holderegger 2013;  

Wang and Bradburd 

2014; 

Rellstab et al. 2015; 

Genome-wide 

association  

Genome-wide data 

from hundreds of 

individuals with 

fitness known for 

each individual 

Identify markers 

associated with traits 

associated with fitness 

recorded under different 

controlled environments 

Kang et al. 2008; 

 Yang et al. 2011 

 

  



 14 

Chapter 2 Methods and materials 

Sample collection  

Tissue samples from 334 adult breeding Common Eiders were collected from 1991-2017 from 

24 locations over the entire North American species’ distribution (Table 2; Figure 3). Individual 

samples comprised tissues (blood, muscle and liver) extracted from specimens collected for other 

scientific studies, or wings submitted by hunters and trappers. Tissues are archived either at the 

Environment and Climate Change Canada (ECCC) National Wildlife Research Centre in Ottawa 

(Ontario, Canada) or the United States Geological Survey (USGS) Alaska Science Center in 

Anchorage (Alaska, USA) at -40 to -80ºC.  

 

DNA extraction 

All tissues from ECCC’s archive followed a standard RNAse, proteinase-K digestion, 

phenol/chloroform rinse with an ethanol precipitation protocol similar to Sambrook et al. (1989) 

to produce pure DNA. DNA extraction from the tissues stored by the USGS followed the 

DNeasy Blood & Tissue Kit procedure (Qiagen, Valencia, California, USA). DNA was 

standardized to 25 ng/µl using Qubit dsDNA Broad Sensitivity Assay Kits (Invitrogen, Carlsbad, 

California, USA) on a Qubit 3.0 fluorometer. 

 

Library Preparation 

Double-digest restriction site-associated DNA sequencing (ddRAD-seq; Peterson et al. 2012) 

libraries were prepared at the USGS Alaska Science Center following the methods described in 

DaCosta and Sorenson (2014). Briefly, ~1.0 µg of genomic DNA was digested with 10U of each 
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restriction enzyme SbfI and EcoRI (New England Biolabs, Ipswitch, Massachusetts, USA) to 

reduce the genome into smaller fragments. Fragments were ligated with Illumina TruSeq 

compatible adapters and library specific barcodes. Fragments of 300-350 base pairs (bp) 

(including adapters) were size selected using gel electrophoresis and purified using a MinElute 

Gel Extraction Kit (Qiagen, Valencia, California, USA). Size-selected fragments were PCR-

amplified with Phusion high-fidelity DNA polymerase (Thermo Scientific, Pittsburgh, 

Pennsylvania, USA) and products were subsequently purified using a 1.8X concentration of 

AMPure XP beads (Beckman Coulter, Inc., Indianapolis, Indiana, USA). The concentrations of 

purified libraries were estimated using quantitative PCR (Illumina library quantification kits; 

KAPA Biosystems, Wilmington, Massachusetts, USA). Finally, libraries were pooled in 

equimolar concentrations and sequenced on an Illumina HiSeq4000 (Ilumina Inc., San Diego, 

California, USA) platform with a 150 bp paired-end module at the University of Oregon 

Genomic and Cell Characterization Core Facility (Eugene, Oregon, USA), which also performed 

data demultiplexing. The quality of demultiplexed data was checked using FastQC (Andrews 

2010). 

 

Raw data Filtering and SNP Identification 

The short segments of sequenced DNA (reads) were filtered and processed using the 

computational pipeline described by DaCosta and Sorenson (2014; Python scripts available at 

https://github.com/BU-RAD-seq/ddRAD-seq-Pipeline) and following the steps outlined in 

Lavretsky et al. (2015). Individual samples were first demultiplexed based on the dual index 

sequences, and then the indices and adapters were trimmed. Identical sequences were collapsed 

into a single data line by sample while retaining the number of identical reads observed and the 
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highest quality score for each position. Poor quality reads (average Phred score <20%) were 

omitted (DaCosta and Sorenson 2014). Collapsed reads were then clustered into putative loci 

using the UCLUST method in USEARCH v. 5 (Edgar 2010) with an –id setting of 0.85 and 

minimum of 10x coverage.  

The highest quality sequences from each putative locus were searched against the 

reference genome of the mallard (Anus platyrhynchos) (Kraus et al. 2011; Huang et al. 2013; 

chromosomal assembly provided by T. Farault, unpubl. data) using BLASTN v. 2.2.25 (Altschul 

et al. 1990). Clusters with BLAST hits to the same or approximate same chromosome position 

(±50 bp) were combined. If a cluster did not have a BLAST hit, those putative loci were retained 

but as anonymous loci. The program MUSCLE v. 3.8.31 (Edgar 2004) was then used to align 

sequences within each cluster/ putative locus.  

Samples within each cluster were genotyped using a custom Python script 

(RADGenotypes.py; DaCosta and Sorenson (2014); available at https://github.com/BU-RAD-

seq/ddRAD-seq-Pipeline), and loci that needed manual editing were flagged. Briefly, the script 

identifies areas with SNPs and or insertions/deletions, identifies unique haplotypes (considering 

polymorphic sites only), and evaluates the results for each sample under Mendelian expectations. 

For autosomal loci, we can expect the sequences from each homozygote to reflect a singular 

haplotype, while heterozygotes should ideally have two haplotypes at roughly equal frequencies. 

Individuals were scored as homozygotes if more than 93% of the sequence reads for a given 

locus were consistent with a single haplotype and were scored as heterozygotes if the second 

most frequent haplotype was represented by 29% of reads (outlined in DaCosta and Sorenson 

2014). If haplotype scores fell between 20-29% for the second most frequent score, the genotype 

for that individual was flagged as a “provisional heterozygote.” Samples for which the second 
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most frequent haplotype represented 7-20% of reads were flagged as ambiguous “Bad Ratios” 

(outlined in DaCosta and Sorenson 2014). Samples with a third haplotype representing more than 

10% of reads scored also were flagged as “Extra Reads.” Additionally, samples were flagged for 

alignments with more than two polymorphisms in the last five base pairs, those with unusually 

high numbers of polymorphisms or indels, and ragged ends. All flagged loci were manually 

checked, and if needed, edited, and realigned using Geneious v. 11.1 

(https://www.geneious.com). Finally, only individuals with genotype scores with at least 80% of 

loci were retained in downstream analyses.  

Loci were classified as either autosomal or Z-linked loci based on two approaches similar 

to Lavretsky et al. (2015). First, a script that calculates depth and heterozygosity statistics for 

male and female samples for each locus was utilized. If a locus is located on a Z chromosome, 

one would expect males to have approximately twice the depth of females. Therefore, if male 

depth divided by female depth is less than 1.50, that locus is assumed to be autosomal, and if the 

value is greater than 1.75 it is likely Z-linked. Secondly, loci with depth ratios between 1.50-1.75 

were blasted against the mallard reference genome (Kraus et al. 2011; Huang et al. 2013; 

chromosomal assembly provided by T. Farault, unpubl. data) using BLASTN v. 2.2.25 (Altschul 

et al. 1990), and loci that mapped to a mallard Z contig were inferred to be part of the Z 

chromosome (Appendix A, Figure S1). Because males are homomorphic (ZZ) and females are 

heteromorphic (ZW), Z-linked markers in females should appear homozygous and be recovered 

at about one-half the sequencing depth of males.  
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Dataset  

The final dataset consists of multi-SNP autosomal haplotype markers. Use of haplotypes, rather 

than single SNPs has been shown to increase statistical power when assessing population genetic 

structure (Morin et al. 2009). Power rapidly rises when multiple SNPs are added to haplotype 

markers, as the number of alleles can double with each biallelic SNP added (2 SNPs = 4 

haplotypes, 3 SNPs = 8 haplotypes, 4 SNPs = 16 haplotypes, etc.). Because of high levels of 

linkage between SNPs, the majority of multi-SNP haplotype markers within a population will 

contain one or two usable haplotypes and even fewer will have more than two usable haplotypes 

(Morin et al. 2009). Additionally, using multi-SNP haplotype data is an effective method to 

handle closely linked SNPs without losing information by retaining only a single-SNP per locus 

(Willis et al. 2017). Jakobsson et al. (2008) demonstrated that haplotype data added information 

in a population genetic study in humans, by splitting the most divergent groups, in contrast to 

single SNPs (which drew similar, but slightly different conclusions) which appear to separate 

only isolated populations. McKinney et al. (2017) compared assignment accuracy between multi-

SNP and single-SNP markers, reporting that 150 multi-SNP haplotype markers were as efficient 

as 300 single-SNP markers to achieve 90% correct assignment probabilities in Chinook Salmon 

(Oncorhynchus tshawytscha).   

 

Population Genetic Structure 

Observed heterozygosity (Ho), expected heterozygosity (He) and inbreeding coefficients (GIS) 

were estimated for each of my 24 sampling locations using GENODIVE v. 2.0 b23 (Meirmans 

2013). All population genetic structure analyses were first run using all autosomal loci, then 

separate analysis was done on putatively neutral and high FST outlier (potentially adaptive) loci 
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that were independently identified by the program BAYESCAN v. 2.1 (see outlier detection 

below; Foll and Gaggiotti 2008).  

To assess population genetic structure, the Bayesian model-based clustering method 

implemented in the program STRUCTURE v. 2.3.4 (Pritchard et al. 2000) was run hierarchically 

to infer the number of genetically uniform clusters among populations. STRUCTURE clusters 

individuals to one or more groupings in an attempt to minimize deviations from Hardy-Weinberg 

and linkage equilibrium. Both the admixture and no admixture model settings were used 

independently. The admixture model assumes that each individual draws some fraction of their 

genome from each of K clusters, while the no admixture model assumes individuals from 

different populations are completely discrete from one another. Additional settings in 

STRUCTURE included a burn-in of 100,000 replicates followed by 1,000,000 replicates of the 

Markov Chain Monte Carlo (MCMC) simulation using correlated allele frequencies among 

populations and were run using the Compute Canada Cluster following StrAuto v. 1.0 (Chhatre 

and Emerson 2017) parallelization. Ten iterations of each parameter set were performed for K 

from one to six, allowing estimation of the most likely number of clusters. Default settings were 

used if not mentioned above. To estimate the number of clusters, the Pritchard’s K (Pr[X|K]) 

method (Pritchard et al. 2000), the DK method (the second order rate of change between 

successive K values (Evanno et al. 2005)), and the parsimony index method (Wang 2019) were 

estimated for each K value using STRUCTURE HARVESTER (Earl and vonHoldt 2012) and 

KFINDER (Wang 2019). Results were visualized using the R package pophelper v. 2.2.6 

(Francis 2017, R Core Team 2018).  

To further explore population genetic structure and the number of genetic clusters (K), a 

discriminant analysis of principal components (DAPC) was performed using the R package 



 20 

adegenet v. 2.1.1 (Jombart 2008, R Core Team 2018). DAPC first transforms the data using a 

principal component analysis (PCA) followed by a discriminant analysis on the resulting 

uncorrelated PCA scores to produce synthetic discriminant functions (axes) that maximize 

between-group variation while minimizing within-group variation. For all data subsets, a DAPC 

was first run without sampling location as a priori information using the find.clusters() function 

across a range of K = 1:24 to identify the K-means clusters of individuals. The Bayesian 

information criterion (BIC) was used to identify the best-supported number of clusters by 

comparing values for the successive K values (Jombart et al. 2010). A second independent 

DAPC was run on each data subset with sampling location as a priori information and the 

optim.a.score function identified the number of principal components (PCs) to retain based on 

the a-score to avoid overfitting with too many retained PCs.   

A principal component analysis (PCA) was also conducted on each data set to investigate 

population genetic structure using the glPca function in the R package adegenet v. 2.1.1 

(Jombart 2008, R Core Team 2018). A PCA is different from rule-based clustering methods of a 

DAPC or STRUCTURE analysis because it summarizes trends in the global variation in allele 

frequencies rather than attempting to cluster populations or regions together. 

 

Outlier detection 

To identify potential neutral and adaptive loci to define conservation units, the FST outlier 

detection software BAYESCAN v. 2.1 (Foll and Gaggiotti 2008) was employed. FST measures 

deviations from expected Hardy-Weinberg proportions (Wright 1949), and BAYESCAN 

attempts to identify loci with high (potentially divergent selection) or low (potentially balancing 

selection) FST values. To detect outlier loci, BAYESCAN estimates the posterior probability of 
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markers that may be under selection based on alternative models with and without selection 

while simultaneously distinguishing between positive/diversifying (a > 0) and 

balancing/purifying (a < 0) selection. PGDSPIDER v. 2.1.1.5 (Lischer and Excoffier 2011) 

converted the full dataset into BAYESCAN input files. BAYESCAN settings included 20 pilot 

runs of 10,000 steps each, followed by a burn-in of 200,000 and 10,000 sampling steps with a 

thinning interval of 10. The neutral prior odds (pr_odds) parameter was set to 1000 as advised in 

Lotterhos and Whitlock (2014) when dealing with large genomic datasets. The prior odds 

parameter denotes the prior probability that a single locus is under selection. Higher prior odds 

will tend to eliminate false positives, at the cost of reducing the power to detect any marker 

under selection (Foll and Gaggiotti 2008). Outliers were identified using a false discovery rate 

(FDR) of 0.05 using q-values (Benestan et al. 2015; Xuereb et al. 2018). All q-values had 

0.00001 added to enable log transformations. 

 

Isolation by distance 

A correlation between genetic distance (Slatkin’s linearized FST: FST/(1−FST)) and geographic 

distance (geodesic (km): a straight line between coordinates correcting for the curve of the earth) 

between all pairwise sampling locations (here n = 21) was conducted to test the hypothesis of 

isolation by distance (IBD). All populations with fewer than five individuals were removed from 

this analysis (Holman (2) and Ten Mile Bay (4)), while Nuuk (3) and Ameralik (7) were 

combined to avoid small population sample size bias. Genetic distance based on pairwise 

estimates of FST and tests for significance with 999 permutations was calculated using 

GENODIVE v. 2.0 b23 (Meirmans 2013). Statistical significance was set at 0.05. To avoid 

potential Type I error Benjamini-Yekutieli corrections for multiple pairwise comparisons were 
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calculated using the p.adjust function in the package stats (Benjamini and Yekutieli 2001; R 

Core Team 2018). Pairwise geographic distances, here, geodesic distance (km) - a straight line 

between sampling coordinates accounting for the curvature of the earth - were calculated using 

the package sp v. 1.3-1 (Bivand et al. 2013). IBD was assessed using a Mantel test, performed 

using the mantel.rtest function in the ade4 v 1.7-13 (Dray and Dufour 2007) with 9,999 

permutations.  
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Chapter 2 Figures and Tables 
 

 

Figure 3. Locations of the 24 Common Eider breeding locations that were sampled across North 
America (320 individuals). Abbreviations found in Table 2.  
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Table 2. Sample site information: Site abbreviations (Abb.), Region, Subspecies, Tissue bank Archive source (Archive), total number 
of samples extracted (Ns), number of samples successfully genotyped (Ng), observed and expected heterozygosities (Ho and He), 
inbreeding coefficient (GIS), year of sample collection, and geographic coordinates. *NWT = Northwest Territories

Abb. Site Name Region Subspecies Archive Ns Ng Ho He GIS Year Latitude Longitude 

 West Region 
ALN Aleutians Alaska v-nigrum USGS 26 26 0.266 0.274 0.029 1993-2001 52.93 -173.23 
YKD Yukon Delta Alaska v-nigrum USGS 18 18 0.285 0.293 0.028 1997-2002 59.88 -162.53 
NOA North Alaska Alaska v-nigrum USGS 30 29 0.287 0.295 0.026 2000-2003 70.53 -149.54 
HOL Holman NWT* v-nigrum ECCC 10 2 0.278 0.293 0.053 1997 70.73 -117.77 
NAL Nauyak Lake Nunavut v-nigrum USGS 20 20 0.289 0.299 0.034 2001-2003 68.50 -107.00 
 East Region 
TNI Tern Island Nunavut borealis ECCC 10 9 0.259 0.268 0.035 2008 75.49 -96.19 
KED King Edward 

Point 

Nunavut borealis ECCC 10 10 0.260 0.267 0.027 1993 76.12 -81.05 
ARV Arviat Nunavut sedentaria ECCC 10 10 0.255 0.262 0.028 1993 61.10 -94.06 
CHA Coral Harbour Nunavut sedentaria ECCC 10 10 0.257 0.264 0.025 1993 64.13 -83.16 
EBI East Bay Island Nunavut borealis ECCC/USGS 21 21 0.259 0.269 0.038 2013 64.00 -81.99 
BCH Belcher Islands Nunavut sedentaria ECCC 30 29 0.255 0.263 0.031 2012-2013 56.62 -78.79 
CDO Cape Dorset Nunavut borealis ECCC 35 35 0.260 0.268 0.029 2011-2012 64.23 -76.54 
NEI Neta Island Nunavut borealis ECCC 13 12 0.260 0.266 0.024 2001 64.25 -76.29 
HUD Hudson’s Strait Nunavut borealis USGS 20 20 0.263 0.267 0.014 1995-1999 61.78 -70.28 
GER George River Quebec borealis ECCC 6 6 0.259 0.268 0.031 1991 58.82 -66.20 
AME Ameralik Greenland borealis ECCC 7 7 0.259 0.267 0.030 2001 64.14 -50.87 
NUK Nuuk Greenland borealis ECCC 3 3 0.259 0.265 0.025 2001 64.18 -51.69 
TMB Ten Mile Bay Newfoundland dresseri ECCC 4 4 0.257 0.264 0.026 1993 56.48 -61.46 
TAB Table Bay Newfoundland dresseri ECCC 10 10 0.263 0.269 0.023 2008 53.70 -56.70 
TRP Trepassey Newfoundland dresseri ECCC 6 6 0.257 0.265 0.032 1992 46.73 -53.36 
LOI Long Island Nova Scotia dresseri USGS 10 10 0.305 0.307 0.007 2015-2017 44.33 -66.27 
GRP Gros-Pot Quebec dresseri USGS 10 10 0.273 0.280 0.025 2015-2017 48.05 -69.46 
MEM Memramcook New Brunswick dresseri ECCC 5 5 0.261 0.271 0.036 1993 45.57 -64.65 
CAL Calf Island Massachusetts dresseri USGS 10 9 0.275 0.277 0.005 2015-2017 42.34 -70.89 

 Total    334 320       
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Chapter 3 Results 

Individual and Marker Filtering and Genetic Diversity 

After initial filtering steps, and successful genotyping, 4,095 variable multi-SNP autosomal 

haplotype loci were retained for a total of 320 individuals from 24 populations (Figure 3; Table 

2). Following initial analysis with STRUCTURE, DAPC and PCA, five individual birds were 

removed as outliers (see Appendix A Figure S2; potential immigrants from Europe or Russia, 

requiring further investigation in a global analysis) leaving 315 individuals. Estimates of Ho were 

slightly lower than He (Ho = 0.255 – 0.305; He = 0.262 – 0.307) for each sampling location and 

global inbreeding (GIS) was low across all sites (GIS = 0.005 – 0.038; Table 2).  

 

Detecting neutral and high FST loci  

BAYESCAN identified 66 high FST outlier loci presumed to be under divergent selection 

(1.61%), 1,833 putatively neutral loci (44.76%), and 2,196 loci with low FST potentially under 

balancing or purifying selection (53.62%; Figure 4). However, only seven of the loci potentially 

under balancing selection were identified as outliers (0.17%). The high number of loci identified 

as potentially under balancing selection may provide support that balancing selection is more 

prevalent than previously expected (Charlesworth 2006; Shimada et al. 2010).  

 

Population Structure 

As rare migrants and potential interbreeding cannot be ruled out, the more conservative, 

admixture model results for STRUCTURE are presented below (see Appendix A Figure S3 for 

an example of results from the no admixture model). The DK method was primarily used to infer 
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the most likely number of clusters in STRUCTURE runs, as the DK method is more accurate for 

hierarchically structured populations (Janes et al. 2017; Wang 2019).  

Analyses of all loci using STRUCTURE suggested two main genetic clusters across all 

sampling locations (Figure 5). The posterior probability of membership coefficients showed a 

clear geographic split between sites in north-western Canada west to Alaska and sites from 

north-eastern Canada east to the American seaboard, hereafter referred to as “west” and “east” 

regional groups respectively. Within the west region, all individuals identified are from the 

subspecies S. m. v-nigrum. Within the east, all individuals identified are from the subspecies S. 

m. borealis, S. m. dresseri, and S. m. sedentaria.  STRUCTURE was run on each of the two 

potential clusters independently to assess clusters within each region. Two potential genetic 

clusters in the west region were suggested separating the Aleutian Islands samples from all other 

western samples and no clear clusters in the east region (see Appendix A Figure S4- S5). 

Using the neutral loci subset STRUCTURE suggested two genetic clusters across all 

sample locations, corresponding to the west and east regional divide (see Appendix A Figure 

S6). Using the neutral loci in a hierarchal analysis, STRUCTURE suggested two genetic clusters 

in the west region, separating samples from the Aleutian Islands from other western samples 

(Figure 6). Additionally, two genetic clusters were suggested in the east region, which were 

difficult to explain biologically. (Figure 7).  

Using the high FST outlier loci STRUCTURE suggested two genetic clusters across all 

sampling locations (Figure 8) corresponding to the west and east regional divide. Within the 

western region, STRUCTURE suggested two genetic clusters separating the Aleutian Islands 

from other western samples (Figure 9). Within the east, STRUCTURE suggested two genetic 

clusters separating the subspecies S. m. dresseri from all other eastern samples (Figure 10). 
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DAPC analyses run on all loci without sampling location as a priori information 

identified two genetic clusters across all sampling locations based on the lowest BIC score 

(Figure 11). Membership probabilities indicated that the two groups form a clear west and east 

regional divide. Using all loci within the west and east region, independent DAPC analyses for 

all loci without a priori information both indicate one genetic cluster in each region (not shown) 

based on the lowest BIC score. 

DAPC with neutral loci without sampling location as a priori information identified two 

genetic clusters across all sampling locations based on the lowest BIC score (Figure 11). 

Membership probabilities indicated that the two groups form a clear west and east regional 

divide. Within the west, two genetic clusters were identified based on the lowest BIC score 

separating the Aleutian Islands from all other western samples (Figure 12). Within the east, three 

genetic clusters were identified based on the lowest BIC score, separating each of the three 

subspecies in the eastern region (Figure 12).  

Analysis of the high FST outlier loci without sampling location as a priori information 

identified three genetic clusters across all sampling locations based on the lowest BIC score 

(Figure 12). Membership probabilities indicated a separation at the west and east regional divide, 

and two potential genetic groupings emerge in the east. One group within the eastern region 

roughly correspond to S. m. dresseri with several individuals from other eastern subspecies, and 

the second cluster consists of all other eastern individuals with many individuals showing partial 

membership to both genetic clusters.  

For all loci, when the DAPC included sampling locations as a priori information, 42 PCs 

were retained based on the a-score, and the first five discriminant functions explained 78%, 9%, 

6%, 4% and 2% of the variance, respectively (Figure 13). The first discriminant axis (DAPC1) 
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highlighted the differences between the west and east regions. The second discriminant axis 

(DAPC2) split the Aleutian Islands from all other populations, and separated subspecies. The 

third discriminant axis (DAPC3) further highlighted the differences between each of the 

subspecies in the east region. The fourth discriminant axis (DAPC4) highlighted the split of 

Belcher Islands from other S. m. sedentaria populations. The fifth discriminant axis (DAPC5, not 

shown) further separated the Belcher Islands from all other populations resulting in six potential 

genetic clusters across all sampling locations as no clear structure was observed on additional 

axes.  

For neutral loci in the west region only, when the DAPC included sampling locations as a 

priori information, 18 PCs were retained, and the first discriminant axis (DAPC1) split the 

Aleutian Islands from all other western populations (not shown). No further structure was 

observed on additional axes, implying two genetic clusters in the west. In the east, using neutral 

loci and sampling locations as a priori information, 23 PCs were retained, and the first 

discriminant axis (DAPC1) split the S. m. dresseri from all other populations (Figure 14). The 

second discriminant axis (DAPC2) highlighted the segregation of S. m. sedentaria from all other 

subspecies. The third discriminant axis (DAPC3) further split the Belcher Islands samples from 

the other S. m. sedentaria samples. No other segregation was observed on additional axes, 

suggesting four clusters in the east.   

For high FST outlier loci, when the DAPC included sampling locations as a priori 

information across all sampling locations, 48 PCs were retained, and the first discriminant axis 

(DAPC1) highlighted the west-east regional split (Figure 15a). The second discriminant axis 

(DAPC2) highlighted the segregation of S. m. dresseri from all other populations. No further 

clustering was observed on subsequent axes, suggesting three genetic clusters across all sampled 
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populations. In the west, using sampling locations as a priori information, 12 PCs were retained, 

and the first discriminant axis (DAPC1) highlighted the split of the Aleutian Islands from all 

other western populations (not shown). No further structure was observed on additional axes, 

suggesting two genetic clusters in the west. In the east, using high FST outlier loci and sampling 

locations as a priori information, 26 PCs were retained, and the first discriminant axis (DAPC1) 

separated S. m. dresseri from all other samples (Figure 15b). The second discriminant axis 

(DAPC2) highlighted the segregation of S. m. sedentaria from all other populations. No further 

structure was observed on subsequent axes, suggesting three genetic clusters in the east. 

 PCA using all loci also supported strong genetic clustering into west and east regions 

along PC1 (Figure 16). PC2 separated S. m. dresseri from the other subspecies. PC3 split 

Aleutian Island samples from all subspecies. PC4 split the S. m. sedentaria from all other 

samples. No further clustering was identified on additional axes, suggesting five genetic clusters. 

 PCA using neutral loci in the west split the Aleutian Islands from all other western 

locations along PC1 (Figure 17). No additional separation was identified on additional axes, 

suggesting two genetic clusters in the west. In the east region, PCA for neutral loci split S. m. 

dresseri from all other populations along PC1 (Figure 17). PC2 separated S. m. sedentaria from 

all other populations. PC3 and PC4 split the Belcher Island samples from S. m. sedentaria. No 

additional separation was observed on additional axes, suggesting four genetic clusters in the 

east. 

 PCA using the high FST outlier loci across all sampling locations identified a split of 

samples into west and east regions along PC1 (not shown). No additional separation was 

identified on additional axes, suggesting two genetic clusters across all sampling locations. PCA 

using the high FST outlier loci in the west region identified a spilt of the Aleutian Islands from all 
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other western samples along PC1 (not shown). No additional separation was identified on 

additional axes, suggesting two genetic clusters in the west. PCA using the high FST outlier loci 

in the east region did not show any clear separation of samples (not shown) suggesting one 

genetic cluster within the east. 

 

Isolation by distance 

Mantel tests for a correlation between genetic distance and geographic distance was significant 

across all sampling locations (r = 0.809, p = 0.0001; Figure 18, see Table 3 for pairwise 

estimates of FST). Mantel tests were also performed on data from each region: the relationship 

within the west was non-significant (r = 0.154, p = 0.336), but a significant correlation was 

found within the east (r = 0.470, p = 0.0009; Figure 18). Within the east region, additional 

Mantel tests were performed on the two clusters of points within the east.  A Mantel test for the 

relationship with all samples that clustered with Slatkin’s linearized FST  > 0.01 within the 

eastern region was significant (r = 0.470, p = 0.004) while those values that clustered with 

Slatkin’s linearized FST  < 0.01 within the eastern region was non-significant (r = 0.173, p = 

0.0606; Figure 18). 
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Chapter 3 Figures and Tables 
 

 
Figure 4. Scatterplot of FST values versus log10(q) from BAYESCAN for 4,095 loci from 315 
Common Eiders sampled from 24 breeding populations (Figure 3). The grey line represents a 
false discovery rate (FDR) of (0.05) used to distinguish between non-outliers (left) and outliers 
(right). Alpha values equal to or greater than zero are colored black (potentially neutral; 1,833) 
or red (high FST suggesting diversifying selection; 66), while alpha values less than zero are 
colored blue (low FST suggesting balancing or purifying selection; 2,196). 
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Figure 5. Posterior mean estimates of assignment to each of K genetic clusters from 
STRUCTURE for all loci for 315 Common Eiders. Each individual bar represents an individual 
bird, each color represents a genetic cluster represented by K. The program was run under the 
admixture model with correlated allele frequencies. Populations are ordered geographically from 
northwest to southeast. Most likely values of K from K-estimation methods: DK = 2, Pritchard’s 
K = 3, Parsimony K = 2.  
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Figure 6. Posterior mean estimates of assignment to each of K genetic clusters from STRUCTURE 
for neutral loci in the west region for 95 Common Eiders. Each individual bar represents an 
individual bird, each color represents a genetic cluster represented by K. The program was run 
under the admixture model with correlated allele frequencies. Populations are ordered 
geographically from west to east. Most likely values of K from K-estimation methods: DK = 2, 
Pritchard’s K = 3, Parsimony K = 2.  
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Figure 7. Posterior mean estimates of assignment to each of K genetic clusters from STRUCTURE for 
neutral loci in the east region for 220 Common Eiders. Each individual bar represents an individual 
bird, each color represents a genetic cluster represented by K. The program was run under the 
admixture model with correlated allele frequencies. Populations are ordered geographically from 
northwest to southeast. Most likely values of K from K-estimation methods: DK = 2, Pritchard’s K = 5, 
Parsimony K = 1. 
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Figure 8. Posterior mean estimates of assignment to each of K genetic clusters from STRUCTURE 
for high FST outlier loci for 315 Common Eiders. Each individual bar represents an individual bird, 
each color represents a genetic cluster represented by K. The program was run under the admixture 
model with correlated allele frequencies. Populations are ordered geographically from northwest to 
southeast. Most likely values of K from K-estimation methods:  DK = 2, Pritchard’s K = 3, 
Parsimony K = 4. 
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Figure 9. Posterior mean estimates of assignment to each of K genetic clusters from 
STRUCTURE for high FST outlier loci in the west region for 95 Common Eiders. Each individual 
bar denotes an individual, each color denotes a genetic cluster represented by K. The program was 
run under the admixture model with correlated allele frequencies. Populations are ordered 
geographically from west to east. Most likely values of K from K-estimation methods:  DK = 2, 
Pritchard’s K = 2, Parsimony K = 3.  
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Figure 10. Posterior mean estimates of assignment to each of K genetic clusters from STRUCTURE  
for high FST outlier loci in the east region for 220 Common Eiders. Each individual bar denotes an 
individual, each color denotes a genetic cluster represented by K. The program was run with 
admixture model and correlated allele frequencies. Populations are ordered northwest to southeast. 
Most likely values of K from K-estimation methods:  DK = 2, Pritchard’s K = 2, Parsimony K = 5. 
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Figure 11. (a) Plot of individual membership probabilities for 315 Common Eiders based on all loci 
(left), neutral loci (middle) and high FST outlier loci (right) identified using DAPC without sampling 
location as a priori information. (b) Plot of Bayesian information criterion (BIC) scores for 
increasing K values from 1 to 24. The lowest BIC score indicates the optimal number of clusters 
presented in (a). 
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Figure 12. (a) Plot of individual membership probabilities using neutral loci for the west (left) and 
east (right) identified using DAPC without sampling location as a priori information. (b) Plot of 
Bayesian information criterion (BIC) scores for increasing K values from 1 to 24. The lowest BIC 
score indicates the optimal number of clusters presented in (a). 
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Figure 13. DAPC scatterplots for 315 Common Eiders with sampling location as a priori 
information using all loci and all sampling locations. Individuals (dots) are plotted to minimize 
within population (colors and ellipses) genetic variation while maximizing between population 
variation. 42 PCs were retained based on the a-score.  
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Figure 14.  DAPC scatterplots for 220 Common Eiders with sampling location as a priori 
information using neutral loci in the east region. Individuals (dots) are plotted to minimize 
within population (colors and ellipses) genetic variation while maximizing between 
population variation. 23 PCs were retained based on the a-score.  
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Figure 15. DAPC scatterplots with sampling location as a priori information using high FST 
outlier loci. Individuals (dots) are plotted to minimize within population (colors and ellipses) 
genetic variation while maximizing between population variation. For (a) 315 Common 
Eiders across all sampling locations with 48 PCs retained based on the a-score, and (b) 220 
Common Eiders in the east region with 24 PCs retained based on the a-score. 
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Figure 16. PCA scatterplots for 315 Common Eiders using all loci and all sampling 
locations. Individuals (dots) are plotted based on allele frequencies and grouped by 
population (colors and ellipses).  
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Figure 17. PCA scatterplots for neutral loci for west (left) and east (right) regions. Individuals (dots) are 
plotted based on allele frequencies and grouped by population (colors and ellipses). 
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Figure 18. Plots of genetic distance (Slatkin’s linearized FST: FST/(1−FST)) against geographic 
distance (geodesic (km)) and regression lines for a) All sampled populations with 5 or more 
individuals (see Table 3; 21 sampling locations) (r = 0.809, p = 0.0001), b) west region only (r = 
0.154, p = 0.336, four sampling locations) c) east region only (r = 0.470, p = 0.0009, 17 sampling 
locations) d) sampling locations within the east region with Slatkin’s linearized FST  greater than 
0.01 (r = 0.470 , p = 0.004, eight sampling locations) and e) sampling locations within the east 
region with Slatkin’s linearized FST  less than 0.01 (r = 0.173, p = 0.0606, nine sampling locations). 
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Table 3. Estimates of pairwise FST values (top) and the p-values (bottom) between Common Eider sampling locations. Bold p-values 
are statistically significant after Benjamini-Yekutieli correction. Only populations with five or more samples are included, populations 
AME (7) and NUK (3) were combined for GRN. Abbreviations available in Table 2. 

Abb. ALN YKD NOA NAL TNI KED ARV CHA EBI BCH CDO NEI HUD GER GRN TAB TRP LOI GRP MEM CAL 

ALN -- 0.037 0.037 0.037 0.13 0.129 0.13 0.131 0.129 0.132 0.131 0.131 0.13 0.128 0.129 0.124 0.131 0.126 0.126 0.121 0.128 

YKD 0.001 -- 0.003 0.001 0.08 0.08 0.083 0.084 0.082 0.086 0.084 0.082 0.083 0.076 0.08 0.077 0.079 0.079 0.079 0.076 0.082 

NOA 0.001 0.064 -- 0.002 0.081 0.081 0.084 0.084 0.083 0.087 0.085 0.082 0.083 0.077 0.08 0.079 0.08 0.082 0.08 0.076 0.083 

NAL 0.001 0.077 0.105 -- 0.076 0.077 0.08 0.081 0.079 0.083 0.082 0.078 0.08 0.072 0.076 0.074 0.075 0.076 0.075 0.071 0.078 

TNI 0.001 0.001 0.001 0.001 -- -0.001 0.017 0.019 0.001 0.015 -0.001 0 0 0 -0.001 0.023 0.001 0.033 0.031 0.023 0.032 

KED 0.001 0.001 0.001 0.001 0.708 -- 0.022 0.021 -0.001 0.019 -0.001 0.002 0.002 -0.002 -0.001 0.024 0 0.035 0.034 0.026 0.031 

ARV 0.001 0.001 0.001 0.001 0.001 0.001 -- 0.002 0.019 0.021 0.019 0.021 0.021 0.018 0.021 0.032 0.023 0.035 0.036 0.03 0.037 

CHA 0.001 0.001 0.001 0.001 0.001 0.001 0.057 -- 0.019 0.022 0.02 0.019 0.021 0.019 0.021 0.032 0.023 0.038 0.04 0.035 0.039 

EBI 0.001 0.001 0.001 0.001 0.228 0.873 0.001 0.001 -- 0.016 0 0.001 0.001 -0.002 0.001 0.021 0 0.035 0.032 0.023 0.031 

BCH 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 -- 0.017 0.018 0.017 0.016 0.017 0.028 0.018 0.039 0.036 0.031 0.035 

CDO 0.001 0.001 0.001 0.001 0.763 0.904 0.001 0.001 0.238 0.001 -- 0.001 0.001 0 -0.001 0.024 0.001 0.038 0.034 0.025 0.033 

NEI 0.001 0.001 0.001 0.001 0.605 0.055 0.001 0.001 0.258 0.001 0.105 -- 0.003 0.002 0.002 0.024 0.003 0.034 0.033 0.026 0.033 

HUD 0.001 0.001 0.001 0.001 0.465 0.110 0.001 0.001 0.092 0.001 0.077 0.045 -- 0.002 0.001 0.025 0.001 0.035 0.033 0.024 0.033 

GER 0.001 0.001 0.001 0.001 0.572 0.866 0.003 0.001 0.932 0.001 0.441 0.114 0.137 -- 0 0.018 -0.001 0.029 0.027 0.02 0.028 

GRN 0.001 0.001 0.001 0.001 0.815 0.814 0.001 0.001 0.216 0.001 0.876 0.095 0.318 0.58 -- 0.022 0.002 0.033 0.033 0.025 0.033 

TAB 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 -- 0.024 0.005 0.002 -0.002 0.002 

TRP 0.001 0.001 0.001 0.001 0.322 0.531 0.001 0.001 0.412 0.001 0.137 0.036 0.34 0.689 0.104 0.001 -- 0.031 0.031 0.026 0.032 

LOI 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 -- 0.003 0 0.003 

GRP 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.042 0.001 0.023 -- -0.002 0.001 

MEM 0.001 0.001 0.001 0.001 0.002 0.001 0.002 0.001 0.001 0.001 0.001 0.003 0.001 0.003 0.002 0.822 0.004 0.371 0.776 -- 0 

CAL 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.085 0.001 0.065 0.339 0.552 -- 
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Chapter 4 Discussion  

This study used double-digest RAD sequencing and identified hierarchical genetic structure in 

Common Eiders sampled across North America, dominated by a broad-scale west-east regional 

divide. This divide was further separated into five to six subpopulations that primarily align with 

the geographic distribution of the four genetic clusters previously identified by Sonsthagen et al. 

(2011) from microsatellite and mtDNA variation. However, within the present analysis, results 

further identified population genetic substructure at a finer spatial scale than previously revealed 

for this species — specifically, the dissimilarity of the Aleutian Islands and Belcher Islands 

populations in relation to their respective subspecies. Most pairwise FST values were statistically 

significant (Table 3.), and a pattern of isolation by distance was identified across eastern sampled 

populations. Taken together, these results suggest that Common Eiders are not a single panmictic 

population throughout our sampled populations in North America. Such results are consistent 

with migratory behaviour and warrant new conservation considerations, that are discussed below 

(Gilchrist and Robertson 2000, Goudie et al. 2000; Peterson and Flint 2002, Mosbech et al. 2006; 

Funk et al. 2012).  

 

Broad-scale population structure 

A broad-scale west-east regional divide, identified across multiple analyses, supports the 

hypothesis that Common Eiders were isolated in two glacial refugia during the last glacial 

maximum (Sonsthagen et al. 2011). Similar patterns have been previously observed in other 

Arctic species, such as the Rock Ptarmigan (Lagopus mutus; Holder et al. 1999; Holder et al. 

2004). During the last glacial maximum, glaciers were present across most of Canada and 
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Northern United States (see Figure 2) and these glaciers are thought to have promoted 

intraspecific genetic differentiation because they acted as a physical barrier to gene flow between 

refugia (Hewitt 2004; Provan and Bennett 2008). Within eiders, our results suggest at least two 

distinct genetic clusters in North America with the current divide geographically positioned at 

Victoria Strait, a section of the Northwest Passage, in the Kitikmeot Region of Nunavut (Figure 

19). This boundary is nearly identical to the boundary of eastern and western King Eiders 

(Somateria spectabilis) inferred using satellite telemetry (Dickson et al. 1997), band recoveries 

(Lyngs 2003) and stable isotope data (Mehl et al. 2004). Though notably, this pattern was not 

evident in King Eider microsatellite and mtDNA data (Pearce et al. 2004). The similarity in a 

west and east regional divide between both eider species suggests that similar forces may be 

driving their evolution and behaviour. A more comprehensive analysis of King Eider population 

structure using genomic tools is needed to expand on the work of Pearce et al. (2004), to provide 

a higher resolution analysis of population structure.  

In my study, the broad-scale west-east pattern of population genetic structure using 

genomic markers was comparable to previous genetic work (Sonsthagen et al. 2011).  While all 

markers can be used to calculate genetic diversity and test for population genetic structure, the 

different marker types can lead to different inferences (Allendorf et al. 2010). For example, 

McCartney-Melstad et al. (2018) found that RAD-seq data were able to identify five 

geographically structured genetic clusters in the foothill yellow-legged frog (Rana boylii), 

providing clearer, finer scale population delineation than the mtDNA markers, which only 

revealed three weakly differentiated populations. Due to the higher resolution of the ddRAD-seq 

data, however, the results presented here for Common Eiders enabled identifying additional 
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genetic substructure that was previously unknown, likely a consequence of greater coverage of 

the nuclear genome.   

 

Population substructure 

Population substructure was identified within both the west and east regions. The west region 

was subdivided into at least two distinct genetic clusters. This result was consistent across 

neutral and high FST outlier loci. However, within the east region using neutral loci, hierarchical 

STRUCTURE, DAPC, and PCA results did not converge on the same genetic clustering 

solutions, rather, the east was subdivided into potentially, two, three or four genetic clusters 

depending on the analysis. Different results have been observed previously (Benestan et al. 2015 

and Xuereb et al. 2018). However, DAPC has been shown to be better at detecting subtle genetic 

subdivision when overall differentiation is low (Jombart et al. 2010, Benestan et al. 2015 and 

Xuereb et al. 2018). Furthermore, STRUCTURE can fail to detect genetic clusters when smaple 

sizes vary (Puechmaille 2016). Within the eastern region, low genetic differentiation and 

clustering was observed based on significant pairwise FST values, despite uneven population 

sizes. The different results between programs used are likely due to analytical limitations. Thus, 

the DAPC results of three (without a priori information) and four (with a priori information) 

genetic clusters should be considered most likely. 

Various processes can lead to population differences accumulating in neutral markers, 

including random genetic drift, sex-biased dispersal and differences in demographic history 

resulting in restricted gene flow. Population subdivision in Common Eiders appears to be 

influenced by a combination of historical isolation and more recent separation of populations in 

different overwintering grounds and migration behaviour. The identification of population 
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substructure using neutral loci indicates that this isolation has been long enough, and populations 

are small enough for unique variation to arise in each identified cluster. Demographic studies 

corroborate that eiders subspecies overwinter in separate regions (Robertson and Cooke 1999). 

Additionally, females display natal philopatry to breeding grounds while males typically form 

mate bonds on overwintering grounds and will escort females to potentially different breeding 

grounds each year (Rohwer and Anderson 1988). Together, segregated overwintering grounds 

and sex-biased dispersal can reduce gene flow among populations, potentially producing the 

observed population substructure in neutral markers (Avise 1996, Friesen et al. 2007).  This 

behaviour is of special concern for management and conservation, as the populations that are 

segregated over winter appear to be genetically differentiated.  

When testing for further population substructure using the high FST outlier loci, across all 

sampled populations, there is evidence for three genetic clusters. Though STRUCTURE 

indicates two genetic clusters, three clusters were identified by the more sensitive analyses with 

and without a priori information for DAPC. One interesting result from STRUCTURE involves 

comparing plots of K = 2 and K = 3 (Figure 8). The high FST outlier loci separate S. m. dresseri 

samples (red in the K = 3 plot), but K = 3 was not identified as the most likely value of K. 

Additionally, within the west, two genetic clusters were identified with the high FST outlier loci, 

and three genetic clusters were identified in the east region. If individual birds locally adapt to 

their breeding grounds, then one would expect genetic clusters based on similar selection forces 

at breeding locations. Breeding grounds may differ in temperature, precipitation, timing of ice 

break up, and predator pressures. Conversely, the genetic clusters observed using the high FST 

outlier loci may be driven by selection during the non-breeding season. Again, selection 
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pressures could differ between overwintering groups and could produce a pattern where 

individuals appear to group by overwintering areas.  

A potential shortcoming of our method to identify outlier loci is that the highest FST loci 

may only represent differences between the west and east regions and may not actually be under 

selection. Instead, they may represent neutral divergence during prolonged isolation and appear 

to be under selection based on the methods used. However, the variation that is highlighted using 

the outlier detection scan still represent an overall measure of “adaptive potential” (Barbosa et al. 

2018). These accumulated differences still contribute to a population’s potential to adapt in the 

future. One method to confirm if the identified high FST outlier loci are actually under selection 

is to investigate if the loci are linked to annotated genes of known function (Tigano et al. 2017). 

Ideally, one would use a fully annotated genome of the same species or a closely related species 

and identify if the loci are parts of the annotated gene, or if it is closely linked to a gene of 

known function. Another concern with the outlier scan is that with ddRAD-seq may miss the vast 

majority of potentially adaptive variation, which merely is not detected (Pearse 2016). The 

current results with high FST outlier loci still advance our knowledge of the spatial distribution of 

potentially adaptive genetic variation in Common Eiders and are important to incorporate into 

managing divergent populations potentially experiencing different selective pressures that have 

the potential for future adaptation (Funk et al. 2012).   

In the present study, a significant correlation between genetic differentiation (FST) and 

geographic distance between sampling locations suggested isolation by distance (IBD). This 

result underscores that geographic distance may be a critical spatial driver of genetic structure in 

Common Eiders, at least within the east. It is worth noting that my study utilized straight line 

distances between sampling locations. A more biologically accurate approach would be to 
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calculate a least-cost path that avoids going over large land masses, as Common Eiders are 

known to avoid flying over land. Future work may find conflicting results as IBD in the east 

seems to be primarily driven by the pairwise genetic distance between S. m. sedentaria and S. m. 

dresseri colonies. IBD commonly occurs when gene flow occurs between neighbouring 

populations, producing patterns where populations that are closer to one another are more 

genetically similar than those further apart (Hutchison and Templeton 1999). This finding 

suggests that eider populations are partially isolated groups that are not panmictic (Wright 1943). 

 

Non-migratory populations  

My study identifies two essentially sedentary populations of eiders, the Aleutian Islands and 

Belcher Islands, that are genetically separate from all other migratory populations. This was 

evident in the more sensitive DAPC (with a priori information) and non-rule based PCA 

clustering analysis. Distinct non-migratory populations have previously been identified as 

genetically divergent from migratory populations in Barnacle Geese (Branta leucopsis; Jonker et 

al. 2013). While the results for Common Eiders presented here indicate that sedentary and 

migratory populations differ, they do not reveal how or why this is so. Bird migration 

encompasses a suite of features incorporating morphological, behavioural and physiological 

specializations, incredibly accurate navigational systems and a vast array of migration routes 

(Berthold 1999). Migratory behaviour has captivated scientists for centuries and lead to 

extensive studies on the timing, routes, energetic requirements, and navigation mechanisms. 

However, from an evolutionary perspective migration is less well understood (Berthold 1998). 

Therefore, the differences between sedentary and migratory populations warrant further research. 

Comparing genetic profiles of two sedentary eider populations in this study with the migratory 
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populations might unravel evolutionary insights into the time of divergence between populations 

differing in migratory behaviour, the geographic origin of the ancestors of the sedentary 

populations, and the biotic and abiotic factors that influence migration behaviour. Further 

analyses could explore the microevolutionary changes from migration to sedentary behaviour or 

vice versa. Phylogenetic analysis of the data from this study could also provide insight into how 

eider populations might deal with migration in the face of climate change. 

 

Context within other Arctic avian studies 

Seabirds do not encounter many physical barriers limiting dispersal and are typically useful taxa 

to investigate intraspecific genetic differences because demography and ecology are typically 

well documented (Friesen et al. 2007; Friesen 2015). Arctic seabird and waterfowl species 

represent a spectrum of population genetic patterns. On one end of this spectrum, there is low 

population genetic differentiation in the Little Auk (Alle alle; Wojczulanis-Jakubas et al. 2014), 

no genetic differentiation in Arctic Atlantic puffin (Fratercula arctica; Moen 1991) and a lack 

of clear spatial genetic structure in King Eiders (Pearce et al. 2004). On the other extreme, there 

is clear population genetic differentiation in the Razorbill (Alca torda; Moum and Arnason 

2001), Thick-billed Murre (Uria lomiva; Tigano et al. 2015), Barnacle Goose (Jonker et al. 2013) 

and Kittlitz’s Murrelet (Brachyramphus brevirostris; Birt et al. 2011). Common Eiders would 

fall into the latter category and show clear genetic structuring.  

Common Eiders are very much attached to the land-sea interface (Clyde 2017). Although 

identified as seabirds, eiders encounter more terrestrial than marine influences similar to other 

duck and waterfowl species during the breeding season. For example, eiders breed on a wide 

variety of terrestrial habitats including rocky or mossy substrates, within grasses and shrubs, in 
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dense coniferous or mixed forests, or any combination of these (Goudie et al. 2000). In contrast, 

most true Arctic seabirds are limited to breeding habitats that are highly specific, such as cliff 

ledges (Thick-billed Murres; Gaston and Hipfner 2000, Northern Fulmars (Fulmarus glacialis); 

Mallory et al. 2012). Additionally, across North America, eiders breed in a diversity of 

environmental conditions along latitudinal and longitudinal clines. Because eiders interact with a 

large gradient of environmental habitats, future work can potentially link environmental 

conditions to genetic differences under a landscape genomics framework (Manel et al. 2003; 

Manel and Holderegger 2013; Balkenhol et al. 2016). This may uncover different terrestrial and 

or seascape variables that may be responsible for driving genetic differences in Common Eiders. 

Landscape genomic analyses can advance our understanding of population genetic patterns and 

the processes driving population divergence in Common Eiders. 

 

Conservation and management implications 

The overall results of this thesis identify differentiated genetic clusters within Common 

Eiders sampled across North America, which enables the identification of unique conservation 

units that incorporate different evolutionary processes. The different genetic clusters identified 

with the various marker types enable conservation and management authorities to incorporate the 

potential influences of gene flow, genetic drift and selection into management plans. Previous 

phylogeographic studies found similar results supporting the broad-scale west-east regional 

divide identified in this study, suggesting that the broad-scale divide warrants identification of 

two potential evolutionary significant units (ESUs; Figure 19). Within the identified ESUs, 

neutral loci also suggest the existence of five to six unique genetic clusters warranting unique 

management units (MUs). The results from neutral loci are consistent with the known 
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demographic and migratory differences of each subspecies but reveal finer scale genetic 

differences within the non-migratory populations that should be considered in management 

strategies. Additionally, the high FST outlier loci reveal at least three adaptive units (AUs) across 

all sampled locations in this study. To maximize the adaptive potential within the ESUs, 

management authorities should also consider two AUs within the west, and three potential AUs 

in the east.  

Previous behavioural observations of waterfowl species (including eiders) suggest that 

distinct populations display segregated overwintering philopatry (Robertson and Cooke 1999). 

There may be concern for inbreeding and inbreeding depression through this behavioural 

tendency of discrete populations not exchanging many individuals, particularly in small 

populations. However, population estimates span from roughly 40,000 individuals in S. m. 

dresseri to 800,000 in S. m. borealis (see Bowman et al. 2015). These large census sizes 

combined with potential, rare migrants, may provide enough gene flow to limit inbreeding (GIS; 

Table 2). Further work can produce estimates of effective population sizes now at various levels 

- perhaps within the potential ESUs, within each potential MUs, within each AUs, or at an even 

finer scale of individual colonies - to aid in management and conservation planning scenarios. 

Due to the complexity of various evolutionary, ecological and political factors, specific 

conservation measures are difficult to offer. However, management authorities clearly should not 

group western and eastern populations of eiders. The fine-scale genetic clusters within the 

western and eastern regions identified in this study support the considerable demographic and 

behavioural differences between eider subspecies and unique sedentary populations. This result 

may warrant each subspecies and sedentary population being treated and evaluated separately by 

management and conservation authorities. Consequently, hunting quotas and estimates of 



 56 

population health should be determined separately for each of these groups. However, the 

political and logistic difficulties of such a fine-scale approach may limit feasibility. At the very 

least, further investigation into these fine-scale clusters is needed. 
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Chapter 4 Figures and Tables 
 

Figure 19. Delineation of conservation units for Common Eiders in North America. Black dashed bar 
represents the geographic location of the west-east regional divided. Black solid ovals represent the two 
evolutionarily significant units identified using all loci. Blue dashed ovals represent the six potential 
management units identified using neutral loci. Red dashed ovals represent the five potential adaptive units 
identified using the high FST outlier loci. Abbreviations available in Table 2. 
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Appendix A- Figure S1 (a) Assignment of 4,409 ddRAD-seq loci to autosomal or the Z 
chromosome based on male minus female heterozygosity (Y-axis) and the ratio of male/female 
sequencing depth (X-axis) (b) Same as a) but with loci between 1.50-1.75 removed and blasted 
against mallard reference genome to infer autosomal (blue) or Z-linked (orange) loci. Because 
females have only one Z chromosome, Z-linked markers in females should appear homozygous 
and be recovered at about one half the sequencing depth of males.  
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Appendix A- Figure S2 STRUCTURE (top), PCA (bottom left) and DAPC (bottom right) plots 
showing the five individual birds removed as outliers. Three individuals were removed from 
Arviat (COEI_L94-69101, COEI_L94-69104, COEI_L94-69105), one individual from East Bay 
Island (COEIH91730), and one individual from Cape Dorset (COEI_K11-29221). 
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Appendix A- Figure S3. Posterior probability estimates of assignment to each of K genetic 
clusters from STRUCTURE for all loci for 315 common eiders across all sampled locations. 
Each individual bar represents an individual bird, each color represents membership probability 
to that assigned cluster. The program was run under the no admixture model with correlated 
allele frequencies. Populations are ordered geographically from northwest to southeast. The 
number of clusters is represented by (K). K-estimation methods: DK = 2, Pritchard’s K = 2, 
Parsimony K = 3. 
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Appendix A- Figure S4. Posterior mean estimates of assignment to each of K genetic clusters 
from STRUCTURE for all loci for 95 common eiders in the west region. Each individual bar 
represents an individual bird, each color represents membership probability to that assigned 
cluster. The program was run under the admixture model with correlated allele frequencies. 
Populations are ordered geographically from west to east. The number of clusters is represented 
by (K). K-estimation methods: DK = 2, Pritchard’s K = 3, Parsimony K = 2.  
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Appendix A - Figure S5. STRUCTURE plot for all loci for 220 common eiders in the east 
region. Each individual bar represents an individual bird, each color represents membership 
probability to that assigned cluster. The program was run under the admixture model with 
correlated allele frequencies. Populations are ordered geographically from northwest to 
southeast. The number of clusters is represented by (K). K-estimation methods: DK = 2, 
Pritchard’s K = 3, Parsimony K = 1. 
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Appendix A- Figure S6. Posterior mean estimates of assignment to each of K genetic clusters 
from STRUCTURE for neutral loci for 315 common eiders. Each individual bar denotes an 
individual, each color denotes a genetic cluster represented by K. The program was run under the 
admixture model with correlated allele frequencies. Populations are ordered geographically from 
northwest to southeast. The number of clusters is represented by (K). K-estimation methods: DK 
= 2, Pritchard’s K = 2, Parsimony K = 2.  
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