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ABSTRACT 

 

Climate change poses a significant threat to the future of Arctic ecosystems. To 

effectively conserve Arctic species, genetically differentiated populations must be defined for 

adaptive and neutral genetic variation to be appropriately managed. This project examines 

population genetic differentiation in the Glaucous Gull (Larus hyperboreus) – a circumpolar 

Arctic species – and assesses hybridization between Glaucous Gulls and three closely-related 

species. The Glaucous Gull is a valuable species, biologically and culturally. As apex predators, 

Glaucous Gulls develop high levels of toxins in their tissue and are, therefore, excellent 

bioindicators of the long-range transport of contaminants in the Arctic. Glaucous Gulls also 

hybridize with other white-headed gull species where breeding ranges overlap. Although the 

International Union for Conservation of Nature currently lists Glaucous Gull as Least Concern, 

declines have been reported across their range in Arctic Canada. Currently no finescale 

population genetic information exists for this species, and management units have not been 

delineated. Double digest restriction-site associated DNA sequencing was conducted on 62 

Glaucous Gulls, 18 American Herring Gulls (L. smithsonianus), 6 European Herring Gulls (L. 

argentatus), and 15 Glaucous-winged Gulls (L. glaucescens) sampled across the North American 

and European Arctic. Despite the geographic distance between sampling locations, molecular 

assignments and principal coordinates analysis suggest only weak population differentiation 

between sampled European and Canadian colonies of Glaucous Gull. Interspecific analyses using 

2145 loci show that Glaucous Gull and Glaucous-winged Gull are genetically distinct species but 

that Glaucous Gull and the two species of Herring Gull are only weakly differentiated. Several 

sampled individuals may represent hybrids between Glaucous Gulls and American Herring 

Gulls. Detailed information on population genetic structure and hybridization will help 
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conservation practitioners effectively manage the long-term persistence of Glaucous Gull 

populations. Proactive management strategies for this species will benefit both Glaucous Gull 

and the entire Arctic ecosystem. 
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A Note on Systematics 

The phylogeny of the large white-headed gulls (order Charadriiformes; family Laridae) is 

controversial and there is no consensus between the International Ornithologist’s Committee 

(IOC) World Bird List and the American Ornithological Society. Throughout this thesis, species 

naming conventions will follow the suggestion of the IOC World Bird List v. 10.2 (Gill et al. 

2020). I will be referring to the American Herring Gull (Larus smithsonianus) and European 

Herring Gull (L. argentatus) as valid and distinct species rather than treating the American and 

European Herring Gulls as subspecies of the Herring Gull (L. a. smithsonianus and L. 

argentatus, respectively). Singular names (e.g. Glaucous Gull) will be used to refer to the taxa, 

and plural names (e.g. Glaucous Gulls) will be used to refer to individual organisms. 
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CHAPTER 1: INTRODUCTION  

Arctic species are facing a variety of threats due to anthropogenic climate change, and the 

conservation of Arctic species will require proactive and informed management strategies in 

response to these threats. Anthropogenic climate change is having and will continue to have 

severe impacts on the Arctic. The annual mean extent of Arctic sea ice has decreased by 3-4% 

per decade since 1979 (IPCC 2014) and current climate projections suggest that the most 

northern Arctic communities may experience the greatest declines in shore-fast sea ice (Cooley 

et al. 2020). The Arctic is expected to experience greater increases in average sea surface 

temperature and average precipitation than the global mean (IPCC 2014). Rising average 

temperatures and the reduction of sea ice in Arctic environments have diverse and wide-reaching 

impacts for the persistence and health of Arctic organisms and ecosystems. A study on the 

impact of climate change on Arctic and subarctic mammals found that indirect impacts of 

climate change such as restrictions to dispersal ability and changes to community composition 

may be just as threatening as climate change itself (Hof et al. 2012). Rapid changes to the Arctic 

climate can lead to the range expansion of southern species into Arctic environments. These 

invasive southern species could include pathogens, predators and competitors for the already 

limited resources of Arctic ecosystems. A study on pathogens in Polar Bears (Ursus maritimus) 

found that bears in the Southern Beaufort Sea were being exposed to a new array of pathogens 

and that climate change-induced behavioural changes (such as time spent on land) had a 

significant impact on their exposure risk (Atwood et al. 2017). The range expansions of southern 

species into Arctic territories may also lead to increased predation (e.g., invasive Red King Crab 

(Paralithodes camtschaticus): Christiansen et al. 2015), competition for habitat and resources 

(e.g., Red Fox (Vulpes vulpes) vs. Arctic Fox (V. lagopus): Elmhagen et al. 2017), and 
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hybridization (e.g., Grizzly Bear (U. arctos horribilis) x Polar Bear: Pongracz et al. 2017; 

Harbour Porpoise (Phocoena phocoena) x Dall’s Porpoise (Phocoenoides dalli): Crossman et al. 

2014).  

The balance of Arctic ecosystems may also be threatened by continued human 

interference. The reduction of sea ice represents a unique economic opportunity and many 

industries are already taking advantage of this unprecedented Arctic access. For many shipping 

companies in the Northern Hemisphere, trade routes through the Northwest Passage have the 

potential to be shorter and cheaper than shipping routes through the Panama Canal (Somanathan 

et al. 2007). The reduction of sea ice in the last decade has led the total number of kilometres 

travelled by ships through the Arctic to triple (Dawson et al. 2017). Arctic tourism is another 

avenue by which industry has an opportunity to exploit an untapped market. Nunavut has 

experienced a 70% increase in expedition cruise tourism, and a 400% increase in pleasure craft 

tourism in the past decade (Johnston et al. 2019). Although the Government of Canada has 

collected information from a range of sources and is developing Low Impact Shipping Corridors, 

the suggestions of people in Arctic communities across the Inuit Nunangat (Inuit homeland) have 

not yet been taken into account (Dawson et al. 2020). Increased shipping activity poses many 

threats to Arctic ecosystems including the introduction of invasive species through ballast water 

(Ware et al. 2016), ship strikes on marine mammals, accidental entanglement in equipment by 

birds and mammals, anthropogenic noise causing disorientation and migratory disruption, and 

most significantly, the accidental or illegal release of oil pollution (Arctic Marine Shipping 

Assessment 2009).   

To protect vulnerable Arctic ecosystems, proactive and informed management plans are 

critical. The development of protected areas is an example of a popular management strategy to 
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conserve a region or ecosystem. For instance, at the end of 2019, Canada had 12% of terrestrial 

areas and inland water, and 13% of marine and coastal areas federally protected (Environment 

and Climate Change Canada 2020). Land management by Indigenous peoples is also an effective 

form of ecosystem conservation; Schuster et al. (2019) found that Indigenous-managed land in 

Australia, Brazil and Canada was more vertebrate-rich and hosted more threatened vertebrate 

species than federally protected areas. Individual species such as the Polar Bear may also have 

detailed management plans both federally and internationally (Durner et al. 2018). 

 

Conservation of genetic variation 

 Effective conservation must work to protect three levels of diversity: ecosystems, species 

and genes (McNeely et al. 2010). The conservation of ecosystems and individual species gets 

considerable attention, but the conservation of genetic variation is less commonly discussed 

(Coates et al. 2018). Genetic diversity has long been recognized as an essential component of a 

species’ evolutionary potential as it is the foundation for adaptation and long-term population 

viability (Frankel 1970; Avise 2008). Population size has an impact on genetic diversity since 

small populations tend to have less standing genetic diversity and experience more genetic drift 

(i.e. are more likely to have beneficial alleles reduce in frequency and maladaptive alleles 

increase in frequency due to chance) (Frankham 1996). Small population sizes can also lead to a 

greater risk of inbreeding depression, and the formation of an extinction vortex which could be 

further exacerbated by environmental pressures (Gilpin and Soulé 1986). The maintenance of 

genetic diversity, therefore, may be critical to a species’ ability to respond to climate change.  
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 Several conservation strategies involve the division of species into population units to 

appropriately conserve genetic variation. Funk et al. (2012) suggested a hierarchical method of 

determining conservation units based on different genetic markers. They proposed that all loci 

should be used to assess population genetic differentiation, and that genetically distinct 

populations should be considered evolutionarily significant units (ESUs). Genetic variation that 

is putatively neutral to selection versus putatively adaptive (functional) is identified through 

methods such as outlier analysis (Foll and Gaggiotti 2008). Funk et al. (2012) suggested that 

neutral loci be used to designate management units (MUs), and that putatively adaptive loci be 

used to designate adaptive units (AUs) within the pre-defined ESUs. Barbosa et al. (2018) 

demonstrated this method as a strategy for conservation and species management of the Cabrera 

Vole (Microtus cabrerae).  

   

Hybridization 

Appropriate species management can be complicated by hybridization between species. 

Conservation policies need to be flexible when setting guidelines for hybridizing species since 

the frequency of hybridization, extent of introgressed genetic variation, evolutionary impacts of 

hybridization, and causes of hybridization are likely to be unique to each species (Allendorf et al. 

2001). Furthermore, hybridization between species can have both positive and negative effects.  

Climate change can facilitate range shifts that bring closely related species into secondary 

contact. Depending on the reproductive barriers between these species, range shifts due to 

climate change can lead to hybridization between previously separate species (Chunco 2014). 

Hybrid offspring may exist anywhere on the spectrum from complete sterility to greater fertility 
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than either parental species. Fertile first-generation (F1) hybrids may experience a phenomenon 

known as hybrid vigour where the F1 individual has higher fitness than either of its parental 

species, but later generations of hybrid crosses often experience a reduction in fitness known as 

outbreeding depression. Hybridization between species can be a part of the natural formation of 

new species (hybrid speciation) such as in the Golden-crowned Manakin (Lepidothrix vilasboasi) 

(Barrero et al. 2018) and the ‘Big Bird’ lineage of Darwin’s finch on Daphne Major (Geospiza 

fortis x G. conirostris) (Lamichhaney et al. 2018). Hybridization can also lead to the genetic 

rescue of declining species (Becker et al. 2013). For instance, research by Wells et al. (2019) 

found that hybridization between genetically highly divergent Brook Trout (Salvelinus fontinalis) 

populations had mostly neutral or positive effects on offspring fitness. 

However, hybridization can also eliminate evolutionary adaptations to the local 

environment through genetic admixture (Verhoeven et al. 2011), and lead to the extinction of 

populations or even species (Rhymer and Simberloff 1996). Furthermore, when hybridization is 

occurring between a threatened species and an introduced or invasive species, the imbalance in 

population size and stability of the species can lead to the threatened species being overwhelmed 

both demographically and genetically. For example, in the 1860s Mallard Ducks (Anas 

platyrhynchos) were introduced to New Zealand. Since their introduction, Mallard Ducks have 

hybridized with the native Grey Ducks (A. superciliosa) which, coupled with the pressures of 

overhunting and habitat reduction, led to the near extinction of pure representatives of the Grey 

Duck. By the 1980s, pure Grey Ducks represented only 4.5% of the population in Otago, New 

Zealand (Gillespie 1985). A hybrid swarm can occur when hybrid offspring have a similar level 

of genetic fitness to their parental species and can backcross with their parental species. 

Anthropogenic hybridization is the hybridization of two species caused by human activity (either 
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intentionally or unintentionally). Anthropogenic hybridization can occur between species that 

never could have bred in natural conditions (hybridization between wild and domesticated 

species: Randi 2008; hybridization between native and introduced species: Hohenlohe et al. 

2011). Identifying whether hybridization is due to anthropogenic effects or natural processes can 

be challenging but is extremely important for determining appropriate management strategies 

(Allendorf et al. 2001).  

 

Glaucous Gull 

This study will explore population genetic differentiation and hybridization in an Arctic 

seabird, the Glaucous Gull (Larus hyperboreus), and may inform the division of conservation 

units in collaboration with Environment and Climate Change Canada (ECCC). 

Ecology 

The Glaucous Gull is a large species of Arctic seabird and the second-largest species of 

gull in the world. Glaucous Gulls are large-bodied, deep-chested, and thick-necked with males 

averaging larger in weight and longer in wing length than females (Weiser and Gilchrist 2020). 

They take four years to mature and have distinct plumage morphs each year. Juvenile Glaucous 

Gulls have pale feathers with intricate greyish-brown streaking, dark eyes, and pink bills with 

black tips (Weiser and Gilchrist 2020). As adults, both sexes have light grey mantles and 

upperwings, white underwings and wingtips, thick yellow beaks with a red subterminal spot, and 

pink legs (Weiser and Gilchrist 2020).  

Glaucous Gulls have a circumpolar breeding distribution. They nest on the ground or on 

cliff ledges, often in mixed-species colonies with Thick-billed Murres (Uria lomvia), Common 
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Murres (U. aalge), Black-legged Kittiwakes (Rissa tridactyla), geese (Anser and Branta sp.), 

Eiders (Somateria sp.), Northern Fulmars (Fulmarus glacialis), and other species (Gaston and 

Nettleship 1981; Smith et al. 1994; Gilchrist and Robertson 1999; Mallory and Gilchrist 2005). 

Glaucous Gulls nest at low densities (average <100 pairs per colony), and nest density tends to 

decrease as distance from coastal areas increases (Strang 1976; Barry and Barry 1990). Mating 

pairs are philopatric to a nest site if it has been successful in the past (Portenko 1972). Juvenile 

Glaucous Gulls are also natally philopatric, with 40% of chicks that survived to breed returning 

to their natal colony (Gaston et al. 2009). Established breeding pairs frequently remain together 

for multiple years; the divorce rate at Coats Island, Nunavut, over 22 years was 9% (Gaston et al. 

2009).  

Across the breeding range, four subspecies of Glaucous Gulls are recognized based on 

plumage colour and body size (Banks 1986). Larus h. pallidissimus is the largest and breeds 

across northern Siberia; L. h. hyperboreus breeds in northern Scandinavia and into northwestern 

Siberia; L. h. leuceretes breeds in Iceland, Greenland, and in Arctic Canada east of the 

Mackenzie River; and L. h. barrovianus is the smallest and breeds in Alaska and Arctic Canada 

west of the Mackenzie River (Banks 1986). 

Due to their wide geographic range and remote breeding locations, estimates of a global 

population size are challenging. More than 2768 breeding colonies may exist in the circumpolar 

Arctic, with between 138,600 and 218,600 breeding pairs (Petersen et al. 2015). Population 

estimates in Canada vary, with Gilchrist (2001) estimating 69,000 individuals in 1000 colonies 

and Gaston et al. (2012) estimating a minimum of 25,000 individuals.  
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Population differentiation 

Previous work on population genetic differentiation in Glaucous Gulls revealed some 

evidence of structure. Research using mitochondrial DNA (mtDNA) showed that Glaucous Gulls 

were biphyletic: Glaucous Gulls sampled in Europe shared a clade of haplotypes that differed 

from those of the Glaucous Gulls sampled in North America (Liebers et al. 2004; Sternkopf et al. 

2010). However, this structure was not evident in amplified fragment length polymorphism 

(AFLP) data, which could not distinguish between North American and European Glaucous 

Gulls (Sternkopf et al. 2010). Research using eleven microsatellite loci indicated that Glaucous 

Gulls were weakly structured by sampling location with clusters loosely representing south-

western Alaska; northern Alaska, and Canada; Iceland; and Greenland, and Svalbard 

(Sonsthagen et al. 2012).  

The mtDNA haplotypes of North American Glaucous Gull samples were shared by 

American Herring Gulls (Larus smithsonianus) (Liebers et al. 2004; Sternkopf et al. 2010). 

Sonsthagen et al. (2012) also found that microsatellite and nuclear intron data grouped Glaucous 

Gulls and Herring Gulls together. Sternkopf et al. (2010) hypothesized that some Glaucous Gulls 

radiated into Northern Europe from a North American glacial refugium and hybridized with 

European Herring Gulls (L. argentatus), undergoing a complete mtDNA replacement since the 

last Glacial Maximum. A study using allozymes found that the genetic distance between 

Glaucous Gulls and Iceland Gulls (L. glaucoides) sampled on Baffin Island, Canada was less 

than between Glaucous Gulls sampled on Baffin Island and Glaucous Gulls sampled from 

Bjarnarhafnarfjall, Iceland (Snell 1991). Another study that used mtDNA and incorporated the 

allozyme data from Snell’s (1991) work found that when the gull species tested had two 

haplotypes, the less frequent haplotype was identical to a common haplotype in another species 
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(Crochet et al. 2003). Crochet et al. (2003) found that the less frequent of the two Glaucous Gull 

haplotypes was shared by European Herring Gulls, suggesting that much of the intraspecific 

diversity of Larus gulls is due to hybridization between species, rather than genetic processes 

within species.   

Hybridization 

Hybridization between Glaucous Gulls and other members of the Herring Gull species 

complex is relatively common and has occurred across the breeding range of Glaucous Gull 

(Sonsthagen et al. 2016). The frequency of hybridization within this species complex may be due 

to the small number of morphological features that enforce reproductive isolation including iris 

colour, fleshy eye-ring colour, leg colour, and bill colour (Smith 1966; Pierotti 1987). Some 

hybrid combinations such as Glaucous Gulls and Great Black-backed Gulls (Larus marinus) 

have very few sightings, and reports rely solely on unusual or intermediate plumage colouration 

and body size as evidence of hybridization (e.g. Glaucous Gull x Great Black-backed Gull 

sighting in Limerick, Ireland in 1948: Wilson 1951). Other crosses are so common that they have 

their own names within “gulling” communities. Glaucous Gull x (European or American) 

Herring Gull hybrids are sometimes called “Viking Gulls” or “Nelson’s Gulls”, and Glaucous 

Gull x Glaucous-winged Gull (L. glaucescens) hybrids are sometimes called “Seward Gulls”. 

These hybrid crosses have been identified visually through intermediate characteristics 

(Glaucous x Herring: Ingólfsson 1970; Spear 1987; Glaucous x Glaucous-winged: Swarth et al. 

1934), but they have also been uncovered through genetic analysis (Vigfúsdóttir et al. 2008; 

Pálsson et al. 2009; Sonsthagen et al. 2012; Sonsthagen et al. 2016). Hybridization has also been 

reported between Glaucous-winged Gulls and Herring Gulls (called “Cook Inlet Gulls”) 

(Williamson and Peyton 1963; Smith 1966); as well as between Herring Gulls and Lesser Black-
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backed Gulls (L. fuscus) (“Appledore Gulls”) (Smith 1966), Great Black-backed Gulls (“Great 

Lakes Gulls”) (Smith 1966), and Kelp Gulls (L. dominicanus) (“Chandeleur Gulls”) (Dittmann 

and Cardiff 2005); and between Glaucous-winged Gulls and Western Gulls (L. occidentalis) 

(“Olympic Gulls” or “Puget Sound Gulls”) (Heinl and Piston 2009). 

The central and eastern coast of Iceland represents a well-researched zone of secondary 

contact between Glaucous Gulls and European Herring Gulls. The earliest unquestionable record 

of a European Herring Gull in Iceland was an immature bird shot in Husavik in 1909 (Ingólfsson 

1970). European Herring Gulls were observed breeding in Iceland by 1925 and have since 

become established on the eastern coast of Iceland (Ingólfsson 1970; Vigfúsdóttir et al. 2008) 

and are encroaching on key Glaucous Gull breeding territory in central Iceland (Petersen 1998). 

European Herring Gulls may be competing with Glaucous Gulls for nesting sites and resources. 

First generation hybrids and fertile backcrosses have been identified through both morphometric 

and genetic analyses (Ingólfsson 1970; Vigfúsdóttir et al. 2008; Pálsson et al. 2009). Visual 

identification of Glaucous Gull x European Herring Gull hybrids is challenging and is typically 

based on the identification of intermediate traits. Due to the significant overlap of appearance 

between ‘pure’ individuals of Glaucous Gull and European Herring Gull, a bird with 

intermediate traits could suggest an admixed individual or could represent the natural range of 

traits within one species or the other.  

Hybrid gulls show little or no indication of reduced fitness (Neubauer et al. 2009). A 

study on the hybrid zone between Herring Gulls and Caspian Gulls (Larus cachinnans) found 

that hybrid females have a slightly shorter lifespan than females or males in either parental 

species (Neubauer et al. 2014). This result agrees with Haldane’s Rule, which predicts that the 

heterogametic sex (females in birds) will experience a greater reduction in hybrid fitness 
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(Haldane 1922). When species are recently diverged, genetic incompatibilities may not have had 

time to develop and hybridization can lead to hybrid superiority (Grant and Grant 1992) such as 

in the hybrid zone of Glaucous-winged Gulls and Western Gulls (Good et al. 2000).  

Conservation concerns 

Glaucous Gulls are currently listed as Least Concern by the International Union for 

Conservation of Nature (IUCN) (Bird Life International 2018); however, estimates of the 

stability of Glaucous Gull populations vary greatly with geographic location. Glaucous Gull 

populations are stable or increasing in Alaska, Greenland and Russia but declining in Canada, 

Iceland and Svalbard (Petersen et al. 2015). These populations face a wide array of threats, 

which also differ by geographic location. In Canada, population declines may be due to low 

reproductive success and high mortality. Breeding success at the declining colony at Prince 

Leopold Island, Nunavut was significantly lower than at the stable Coats Island, Nunavut colony 

(Gaston et al. 2005; 2009). Studies in two Canadian colonies (St. Helena Island, Nunavut and 

Coats Island, Nunavut) estimated adult survival of Glaucous Gull to be about 0.85 (Gaston et al. 

2009; Allard et al. 2010), which is lower than the estimated survival rate of 0.89 for more 

temperate Larus species including Herring Gulls, Lesser Black-backed Gulls and California 

Gulls (L. californicus) (Gaston et al. 2009).  The lower survival rates at Canadian colonies may 

be attributable to several interacting threats: contaminant loads, which are higher in Glaucous 

Gulls than in other Canadian seabirds (Buckman et al. 2004); outbreaks of avian cholera due to 

scavenging off infected carcasses (Allard et al. 2010); severe or irregular weather; and other 

unknown causes (e.g., some Glaucous Gulls have been found dead despite good physical 

condition) (Mallory et al. 2009).   
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Glaucous Gull declines in Iceland are not well understood. Adult birds and eggs are 

harvested in Iceland, but harvest rates have declined by more than half from an annual average 

harvest of 3847 Glaucous Gulls between 1995 and 2002, to an annual average of 1722 between 

2004 and 2011 (Petersen et al. 2015). Nest predation by Arctic Foxes has grown as fox 

populations have increased in Iceland in recent decades, but this predation pressure may be 

resulting in relocation of nest sites rather than direct population declines (Hersteinsson 2004). 

Reduction of food availability may also contribute to the population decline of Glaucous Gulls, 

as Iceland is more tightly managing garbage dumps and the disposal of fish refuse from 

processing plants (Petersen et al. 2015). Hybridization between Glaucous Gulls and European 

Herring Gulls in the past century may also play a part in population declines for Icelandic 

Glaucous Gulls (Ingólfsson 1970; Vigfúsdóttir et al. 2008; Pálsson et al. 2009).       

Populations of Glaucous Gulls in Bjørnøya, Norway are likely declining due to increased 

competition for resources and the bioaccumulation and biomagnification of contaminants. Great 

Skua (Stercorarius skua) became established on Bjørnøya in 1970 and have since increased to 

more than 300 breeding pairs; Glaucous Gulls have experienced a 65% reduction to 600 breeding 

pairs since 1986 which may, in part, be due to increased competition for resources with and 

predation by Great Skuas (Strøm 2007). Large numbers of dead and dying Glaucous Gulls are 

found annually on Bjørnøya and autopsies suggest that these birds have high levels of 

organochlorine pesticides (OCP), polychlorinated biphenyls (PCB), and polybrominated 

diphenyl ethers (PBDE) in their tissue (Sagerup et al. 2009). A wide array of negative 

consequences have been linked to high levels of environmental contaminants in Glaucous Gulls 

(Verreault et al. 2010), including reduced reproductive success (Bustnes et al. 2003), reduced 

adult survival (Bustnes et al. 2003), weakened immune function (Sagerup et al. 2000), altered 
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hormone production (Verreault et al. 2004), and altered breeding and nesting behaviour (Bustnes 

et al. 2001). Finally, hybridization between Glaucous Gulls and European Herring Gulls may not 

be a major cause of population declines on Bjørnøya but some mixed-species pairs have been 

observed (Bertram and Lack 1933).  

 

Methodology 

High-throughput sequencing technology has allowed large quantities of detailed genetic data 

to be produced for a relatively low cost. Double digest restriction site-associated DNA (ddRAD) 

sequencing is a high-throughput sequencing method in which DNA is digested by two restriction 

enzymes, ligated with barcoded adaptors, and amplified to produce many copies of the same 

DNA fragments (Peterson et al. 2012). ddRAD sequencing depends on high quality samples but 

can produce millions of fragments of DNA for analysis. High-throughput sequencing has 

allowed researchers to detect more detailed genetic structure and evolutionary history (Emerson 

et al. 2010), observe subtle gene flow (Zarza et al. 2016), resolve phylogenies (McCormack et 

al. 2013), identify novel viruses (Rwahnih et al. 2018), and detect ancient hybridization events 

(Lecaudey et al. 2018) among other things.  

 

Research Aims and Predictions 

The aim of this research is to use high-throughput sequencing to determine 1) if hybrid 

individuals or introgressed genetic material from closely-related members of the Herring Gull 

species complex are present in the sampled Glaucous Gull colonies, and 2) if populations of 

Glaucous Gulls are genetically differentiated across their range.  
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I predict that first generation (F1) hybrids and backcrosses will be present in the dataset 

due both to the apparent frequency of hybridization between Glaucous Gulls and closely-related 

species, and to the challenges of identifying hybrid gulls visually, leading to their unintentional 

sampling. I predict that due to the natal philopatry of Glaucous Gulls, hybrids will be present in 

colonies where Glaucous Gulls and other members of the Herring Gull species complex breed 

sympatrically, and that hybrids and introgression with other gulls will be less frequent or non-

existent where Glaucous Gulls breed allopatrically. 

I predict that population genetic structure will be present in Glaucous Gulls but will be 

relatively weak despite the wide geographic range of the samples and the large number of 

genetic markers included in this study. Glaucous Gulls breed at low densities, are natally 

philopatric and form monogamous breeding partnerships, which could contribute to strong 

population genetic differentiation; however, Glaucous Gulls are recently diverged from other 

Larus gulls, hybridize with other Larus species, and are highly mobile, which could weaken or 

eliminate population genetic differentiation. With consideration for these divergent forces and 

previous research that suggests little population genetic differentiation, I predict that population 

genetic structure will be weak but that colonies may show a pattern of isolation by distance, and 

that North American and European colonies may be differentiated.  

Due to the wide circumpolar range of Glaucous Gull, breeding colonies likely experience 

different climates and predation pressures. Under different selective pressures, populations of 

Glaucous Gulls may begin to develop local adaptations. For this reason, I predict that I will find 

some putatively adaptive single nucleotide polymorphisms (SNPs) in outlier analyses.  
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Significance 

 This work is part of a greater collaborative project between Queen’s University, McGill 

University, the University of Toronto and ECCC to determine the potential of Arctic seabird 

species to adapt to climate change, including Glaucous Gull, Northern Fulmar, Common Murre, 

Black-legged Kittiwake, Common Eider (Somateria mollissima), Ivory Gull (Pagophila 

eburnea) and Black Guillemot (Cepphus grylle). This work will inform ECCC’s management 

decisions for the long-term persistence of Glaucous Gulls in a changing Arctic. Furthermore, this 

work aims to uncover the extent of hybridization and introgression between Glaucous Gulls and 

closely related members of the Herring Gull species complex.  
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CHAPTER 2: METHODS 

Sample collection and DNA extraction 

Tissue samples were collected from 133 Glaucous Gulls, 15 Glaucous-winged Gulls, 20 

American Herring Gulls, and 24 European Herring Gulls from 25 sampling locations (Table 2.1). 

Samples are archived at -80°C at Queen’s University, Kingston. DNA was extracted using a 

NaCl precipitation protocol (Aljanabi and Martinez 1997). Samples were digested with 20μl 

proteinase K (20mg/ml) at 56°C in 200μl of salt-homogenizing buffer (400mM NaCl; 10mM 

TRIS-HCl pH 8.0; 2mM EDTA pH 8.0) and 40μl of 10% SDS (Aljanabi and Martinez 1997). 

After denaturing, 2.5μl of RNAse A/T1 (2mg/ml) was added and samples were incubated at 

37°C for 30 minutes (Aljanabi and Martinez 1997). Many samples had large concentrations of 

fat and were further purified using a chloroform treatment (Friesen et al. 1997). DNA was 

further purified using ethanol precipitation and samples were resuspended in 30μl of 10mM 

TRIS buffer (Sambrook et al. 1989). To assess sample quality visually, 2μl of each sample was 

subjected to electrophoresis through a 2% agarose gel with a 100 base pair (bp) ladder in TRIS-

acetate buffer. To assess contamination and DNA concentration, 1μl of each sample was 

analyzed in a Denovix QFX Fluorometer (Denovix, Wilmington, DE, USA). DNA quality was 

highly variable due to the preservation method and advanced age of some samples.   

 

Library preparation and sequencing 

In silico digestion of an annotated American Herring Gull reference genome (B10K-DU-

002-28) from the Bird 10,000 Genome Project was performed using the program 

ddRADseqTools (Mora-Márquez et al. 2017) to optimize the selection of enzymes and fragment 
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sizes. The enzymes SbfI and MluCl, and fragment sizes between 200 and 400 bp (325 – 525 bp 

including the adaptors) were selected to maximize the average coverage per sample and number 

of fragments for further analyses. Preparation of a ddRAD library was done in-house at Queen’s 

University by Zhengxin Sun based on a protocol by Peterson et al. (2012). DNA samples were 

digested using enzymes MluCl and SbfI and cleaned using SPRI beads (Beckman Coulter, 

Indianapolis, IN, USA). Unique combinations of adaptors with degenerate base regions were 

ligated to each individual sample from a selection of 48 barcodes and 4 indexes. Adaptors had 

degenerate base regions (DBR) to facilitate the removal of PCR duplicates during bioinformatic 

processing (Schweyen et al. 2014; Vendrami et al. 2017). Samples were pooled and cleaned 

again with SPRI beads. Samples were shipped to the Centre for Applied Genomics in Toronto 

for 2x125 bp paired-end sequencing in a single lane on an Illumina HiSeq 2500 automated 

sequencer (Illumina, San Diego, CA, USA). 

 

Identifying loci and filtering data 

Quality of raw sequences was explored using the program FastQC v 0.11.9 (Andrews 

2010). Then PCR duplicates were removed using the Python script ParseDBR_ddRAD.py 

(github.com/Eljensen/ParseDBR_ddRAD) which was designed specifically to complement 

adaptors with DBRs (see above). Demultiplexing of samples was done using process_radtags in 

the program STACKS v 2.3e (Catchen et al. 2013). Reads with uncalled bases were removed, 

reads with low quality scores were discarded, barcodes and RADtags were rescued, and reads 

were trimmed to 104 bp (-c -q -r -t 104) using STACKS. Reads were aligned to the American 

Herring Gull reference genome (B10K-DU-002-28) using the Burrows-Wheeler Aligner v 0.7.17 
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BWA-MEM (Li and Durbin 2010). Alignment success was assessed using SAMtools v 1.10 (Li 

et al. 2009) and unmapped reads and secondary alignments were removed.  

Aligned reads were assembled in STACKS using the ref_map.pl pipeline and populations 

was used to select only the first SNP from every locus to reduce linkage disequilibrium. 

VCFtools v 0.1.16 (Danecek et al. 2011) was used to filter to the highest quality SNPs. The order 

and value of filters used was informed by O’Leary et al. (2018) and was conducted iteratively to 

retain the greatest number of individuals and SNPs while also ensuring the highest possible 

quality data. In VCFtools, the function --minQ was used to retain only sites with a quality value 

of 20 or greater, and the function --minDP was used to retain only individuals with an average 

depth of 3 or greater. The function --min-meanDP was used to retain only sites with an average 

depth of 10 or greater. Discarding sites and individuals with low average depth decreases the 

chances of making incorrect site calls because sites with low depth can be inadvertently labelled 

homozygous due to the lack of an alternative allele among the reads. The function --mac was 

used to set the minor allele count to 3 meaning that an allele must appear in at least 3 individuals 

to be retained. The function --max-missing was used to remove sites that had 50% or more 

missing data, and then --missing-indv was used to assess the missing data per individual. The 

function --remove was used to remove individuals with 90% or more missing data. Next, the 

functions --max-missing, --missing-indv, and --remove were used cyclically to gradually increase 

the severity of the filters up to removing sites that had 10% or more missing data and removing 

individuals with 30% or more missing data.  

The above filters were run separately on two datasets: 1) a dataset of 133 Glaucous Gull 

samples; and 2) a combined dataset of 133 Glaucous Gulls, 15 Glaucous-winged Gulls, 20 

American Herring Gulls, and 24 European Herring Gulls. After filtering, the “Glaucous Gull 
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dataset” retained 62 samples, nine populations (KARR_NU, AKPA_NU, BEAR_NO, 

DEVI_NU, BJAR_IS, BAFF_NU, KUUJ_QC, INUK_QC, and ARCO_AK; Table 2.1), and 621 

loci; the “combined species dataset” retained 59 Glaucous Gulls (nine populations), 15 

Glaucous-winged Gulls (3 populations), 6 European Herring Gulls (one population), 18 

American Herring Gulls (two populations), and 2145 loci. 

Finally, the program PGDSpider v 2.1.1.5 (Lischer and Excoffier 2012) was used to 

convert the Glaucous Gull dataset and the combined species dataset from .vcf format to the 

appropriate input formats for further analyses.  

 

Hybridization 

Hybridization between Glaucous Gull and Glaucous-winged Gull, American Herring 

Gull and European Herring Gull was examined using several methods: molecular assignment 

using STRUCTURE v 2.3.4 (Pritchard et al. 2000), principal components analysis, principal 

coordinates analysis, Wright’s indices of population differentiation (pairwise FST), and 

NewHybrids v 1.0 (Anderson and Thompson 2001). The program BayesAss v 3.0.4 (Wilson and 

Rannala 2003) was used to estimate migration rates between the four species. 

Differentiation between the four species 

STRUCTURE v 2.3.4 is a Bayesian clustering program which assigns sampled 

individuals to genetic populations by minimizing deviations from Hardy-Weinberg and linkage 

equilibrium. STRUCTURE was run on the combined species dataset with three models: a) the 

admixture model without prior population information, b) the admixture model with the species 

designation as prior information, and c) the species designation as prior information without the 
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admixture model. Each run used 1,000,000 Markov chain Monte Carlo (MCMC) repetitions after 

a burn-in of 100,000 repetitions. This dataset was tested for a best K (assumed number of genetic 

populations) from 1 to 4, and was run 5 times for each value of K.  

STRUCTURE was also run on the combined species dataset without the Glaucous-

winged Gull samples because the strength of the genetic differentiation between Glaucous-

winged Gulls and the other three species may mask weaker differentiation between Glaucous 

Gull and the two Herring Gull species. This reduced dataset was also run with the three models 

described above, as well as 1,000,000 MCMC repetitions after 100,000 burn-in repetitions. This 

dataset was tested for a K from 1 to 3 and was run 5 times for each value of K.  

To determine the best value of K for each of the STRUCTURE analyses described above, 

three methods were implemented in KFinder (Wang 2019): the Evanno method (Evanno et al. 

2005), Bayes’ Rule (Pritchard et al. 2000), and the parsimony method (Wang 2019). 

STRUCTURE plots were visualized using the package pophelper v 2.3.0 (Francis 2017) in R v 

4.0.2 (R Core Team 2020). The best value of K was selected through a combination of visual 

analysis of STRUCTURE plots and the K value selected by the above methods.  

Principal component analyses (PCAs) and principal coordinates analyses (PCoAs) are a 

priori dimensionality-reduction methods that preserve the variability of the original dataset while 

finding linear variables to explain aspects of the data. A PCA generates clusters based on 

correlations among samples, while a PCoA generates clusters based on differences between 

samples. PCoAs provide a better fit than PCAs when data are missing (Rohlf 1972). PCAs and 

PCoAs were conducted on the combined species dataset using the ade4 package (Dray and 

Dufour 2007) and visualized using the ggplot2 package (Wickham 2016) in R. PCAs and PCoAs 

were also conducted on the Glaucous Gull and American Herring Gull samples (77 individuals), 
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Glaucous Gull and European Herring Gull samples (65 individuals), and Glaucous Gull and 

Glaucous-winged Gull samples (74 individuals).  

Pairwise FST compares the variation in genotype frequencies within and between sampled 

populations to index population structure. Pairwise comparisons of FST between the four species 

were estimated on the “combined species dataset” using Arlequin v 3.5.2.2 (Weir and 

Cockerham 1984; Excoffier and Lischer 2010). Values of FST were considered significant when 

p < 0.05.  

NewHybrids v 1.0 is a program designed to estimate the probability that a sampled 

individual represents any one of several defined hybrid categories. This program was run on 

paired species datasets of Glaucous Gull and Glaucous-winged Gull (74 individuals); Glaucous 

Gull and American Herring Gull (77 individuals); Glaucous Gull and European Herring Gull (65 

individuals); and Glaucous Gull and Herring Gull (American and European Herring Gull pooled; 

83 individuals) using 100,000 MCMC repetitions and a burn-in of 10,000 repetitions, and 

200,000 MCMC repetitions and a burn-in of 20,000 repetitions. NewHybrids is unable to handle 

large numbers of loci so 10 datasets of 500 randomly sampled loci were generated for each 

species pairing. A reduced set of unlinked loci with the highest FST between the species pairings 

was also used to try to increase confidence in differentiating between species. These high-FST 

loci were selected by the function genepop_toploci in genepopedit (Stanley et al. 2016) in R. The 

Glaucous Gull and American Herring Gull dataset had 154 unlinked high-FST loci; the Glaucous 

Gull and European Herring Gull dataset had 128 loci; the Glaucous Gull and Glaucous-winged 

Gull dataset had 184 loci; and the Glaucous Gull and pooled Herring Gull dataset had 146 loci. 

These reduced loci datasets were run with 100,000 MCMC repetitions and 10,000 burn-in 
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repetitions. To increase efficiency, this program was run through the GUI platform EasyParallel 

(Zhao et al. 2020) and graphed in hybriddetective (Wringe et al. 2017) in R. 

Migration rate 

The program BayesAss v 3.0.4 is a Bayesian method of estimating contemporary 

migration between populations. This program was run using the combined species dataset with 

four populations designated by species. BayesAss was run three times with different seed values 

using 3,000,000 MCMC iterations, a burn-in of 300,000 repetitions, and sampling every 2000 

iterations. The mixing parameter for allele frequencies (-a) was adjusted from the default (0.1) to 

0.3 to optimize mixing. To examine convergence between runs, the program Tracer v 1.7.1 

(Rambaut et al. 2018) was used to graph the trace files and deviance was calculated using an R 

script developed by Meirmans (2014). 

 

Population differentiation within the Glaucous Gull 

Hybrids were removed and population genetic differentiation within Glaucous Gulls was 

assessed using several methods: molecular assignment using STRUCTURE, PCA, PCoA, 

Wright’s indices of population differentiation (pairwise FST) and a Mantel test. BayeScan v 2.1 

(Foll and Gaggiotti 2008) was used to identify loci potentially under selection, and BayesAss 

was used to estimate migration rate between populations. 

Population genetic structure 

STRUCTURE was run on the Glaucous Gull dataset without three identified hybrids (see 

Results), and without the sole representatives of three populations (KUUJ_QC, INUK_QC, and 
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ARCO_AK) because STRUCTURE can be biased by uneven sample size (Puechmaille 2016). 

Three models were run: a) the admixture model without prior population information, b) the 

admixture model with the sampling location as prior information, and c) the sampling location as 

prior information without the admixture model. STRUCTURE was run for K from 1 to 8, and 

was run 5 times for each value of K. To determine the best value of K, the three methods 

described above were implemented in KFinder. STRUCTURE plots were visualized using the 

package pophelper in R. The best value of K was selected through a combination of visual 

analysis of STRUCTURE plots and the K value selected by the above methods. 

PCAs and PCoAs were conducted on the Glaucous Gull dataset without the three 

identified hybrids as described above.  

Pairwise comparisons of FST were estimated for the Glaucous Gull dataset without the 

three identified hybrids, and without the individuals from ARCO_AK, KUUJ_QC, INUK_QC, 

and BAFF_NU using Arlequin (Weir and Cockerham 1984). These individuals were removed 

because pairwise FST estimates can be biased by small or unequal sample sizes. Values of FST 

were considered significant when p < 0.05. 

Genetic diversity 

Three indices of genetic diversity were calculated to estimate the genetic distinctiveness and 

diversity of the populations: rarefied allelic richness, expected heterozygosity, and private 

alleles. Rarefied allelic richness was calculated for five populations (KARR_NU, AKPA_NU, 

BEAR_NO, DEVI_NU, and BJAR_IS) using the package hierfstat (Goudet 2005; Kalinowski 

2004) in R. Expected heterozygosity was estimated from allelic variation (Smith and Grassle 

1977) for the same five populations. Private alleles were computed for three populations of 
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similar sample size (KARR_NU, BEAR_NO, and DEVI_NU) in the package poppr v 2.81 

(Kamvar et al. 2015) in R. 

Mantel test 

A Mantel test was conducted to determine if genetic distance between sampled colonies is 

correlated with geographic distance. Slatkin’s linearized FST (FST/(1-FST)) (Slatkin 1991) was 

calculated in Arlequin. Marine distance (the shortest distance between two sites that does not 

cross over land) was approximated to the nearest 250 km in Google Maps (Google Maps 2020) 

and was used instead of Euclidean distance. Marine distance may be a better estimate of flying 

distance between colonies because seabirds tend not to fly over large expanses of land or ice. 

Marine distances were log-transformed (base = 10) based on the recommendations for analysis 

of isolation by distance in Rousset (1997). A Mantel test was conducted on Slatkin’s linearized 

FST and log-transformed marine distance between five colonies of Glaucous Gull (AKPA_NU, 

BEAR_NO, DEVI_NU, KARR_NU, and BJAR_IS) using the package ade4 in R with 99 

repetitions. The relationship between Slatkin’s linearized FST and log-transformed marine 

distance was graphed using ggplot2 in R. 

Loci potentially under selection 

BayeScan v 2.1 was used to search for SNPs potentially under selection. BayeScan was run 

on the Glaucous Gull dataset twice: once using population designations (KARR_NU, 

AKPA_NU, BEAR_NO, DEVI_NU, BJAR_IS, BAFF_NU, KUUJ_QC, INUK_QC, and 

ARCO_AK), and once using regional designations (either Europe or North America). BayeScan 

was run using 100,000 repetitions following a burn-in of 50,000 repetitions, and prior odds of 

both 100 and 1000.  
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Migration rate 

The program BayesAss was run on the Glaucous Gull dataset without three identified hybrids 

using the two genetic populations (North America and Europe), as described above. 
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Table 2.1. Sampling location, year, species designation, and source for sampled individuals. NWRC = National Wildlife Research 

Centre, Canada; ROM = Royal Ontario Museum, Canada; IINH = Icelandic Institute of Natural History, Iceland; BURKE = Burke 

Museum, USA; FRIESEN = Queen’s University, Canada 

SPECIES SAMPLING      
LOCATION              

SHORT 
FORM 

COUNTRY COORDINATES SEQUENCED 
SAMPLES 

SAMPLES AFTER 
FILTERING 

SAMPLE 
SOURCE 

YEAR 

GLAUCOUS GULL Bjørnøya, Svalbard BEAR_NO Norway 74.46, 19.12 16 16 NWRC 1996 

 Skrúður  Iceland 64.9, -13.62 3 0 IINH 1965 

 Bjarnarhafnarfjall BJAR_IS Iceland 64.99, -23.01 16 4 ROM/IINH 1986/1971-72 

 Ittoqqortoormiit  Greenland 70.5, -22.0 12 0    
Devil Island, Nunavut DEVI_NU Canada 76.51, -90.46 18 14 NWRC 2005-06  

Akpatok Island, Nunavut AKPA_NU Canada 60.59, -68.11 4 4 NWRC 1983  
Karrak Lake, Nunavut KARR_NU Canada 67.26, -100.27 21 17 NWRC 2004, 2007  
Baffin Island, Nunavut BAFF_NU Canada 68.98, -68.17 7 4 ROM 1985  
Kuujjuarapik, Quebec KUUJ_QC Canada 55.27, -77.76 2 1 NWRC 1992  

Inukjuak, Quebec INUK_QC Canada 58.45, -78.11 3 1 NWRC 1991 

 Simpson Lake, Nunavut  Canada 68.5, -91.4 10 0 NWRC 2007  
Arctic Ocean, Alaska ARCO_AK USA 71.2, -163.85 10 1 BURKE 1993 

 Kigigak Island, Alaska  USA 60.9, -165.0 9 0 ROM 1994 

 North Slope Borough, 
Alaska 

 USA 71.3, -156.5 
 

2 0 BURKE 1995 

EUROPEAN 
HERRING GULL 

Skrúður SKRU_IS Iceland 64.9, -13.62 19 6 ROM 1986 

 Bjarnarhafnarfjall  Iceland 64.9, -22.9 5 0 IINH 1965-1966 

AMERICAN 
HERRING GULL 

Southampton Island, 
Nunavut 

SOUT_NU Canada 64.0, -81.92 9 8 FRIESEN 2013 

 
Witless Bay, 

Newfoundland 
WITB_NL Canada 47.28, -52.83 11 10 FRIESEN 2012 

GLAUCOUS-
WINGED GULL 

Bare Island, British 
Columbia 

BARE_BC Canada 48.63, -123.29 3 3 ROM 1996 

 
Buldir Island, Alaska BULD_AK USA 52.37, 175.92 4 4 ROM 1994  

Amchitka Island, Alaska AMCH_AK USA 51.53, 179.03 8 8 ROM 1994 
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Figure 2.1. A map of sampling locations of gulls retained after data filtering. Species breeding 

ranges (Bird Life International 2020; Cornell Lab of Ornithology 2019; Hayward and Verbeek 

2020; Weiser and Gilchrist 2020) are designated by colour, and the number of samples from each 

location after data filtering is contained in the coloured points and in Table 2.1.  
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Figure 2.2. Sampling map of Glaucous Gull colonies after hybrid individuals were removed. The 

breeding range (Weiser and Gilchrist 2020) of Glaucous Gull is shown in blue and the number of 

samples from each location is contained in the coloured points. 
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CHAPTER 3: RESULTS 

Prior to data filtering, mean effective per sample coverage was 13.1 (24.8 SD). The 

minimum coverage was 1.2 and the maximum coverage was 156.8. The “Glaucous Gull dataset” 

had 133 individuals, 14 populations, and 60,464 loci; and the “combined species dataset” had 

192 individuals, 21 populations across four species, and 77,657 loci.   

After data filtering, the Glaucous Gull dataset retained 62 Glaucous Gulls from nine 

populations (KARR_NU, AKPA_NU, BEAR_NO, DEVI_NU, BJAR_IS, BAFF_NU, 

KUUJ_QC, INUK_QC, and ARCO_AK), and 621 loci. After data filtering, the combined 

species dataset retained 59 Glaucous Gulls from nine populations (KARR_NU, AKPA_NU, 

BEAR_NO, DEVI_NU, BJAR_IS, BAFF_NU, KUUJ_QC, INUK_QC, and ARCO_AK), 15 

Glaucous-winged Gulls from three populations (BARE_BC, AMCH_AK, and BULD_AK), 18 

American Herring Gulls from two populations (SOUT_NU and WITB_NL), 6 European Herring 

Gulls from one population (SKRU_IS), and 2145 loci. 

 

Hybridization 

Differentiation between the four species 

Analyses by the program STRUCTURE showed that Glaucous-winged Gulls are genetically 

distinct from the other three species of gull, but showed no clear distinctions between Glaucous 

Gulls and European Herring Gulls and only weak distinctions between American Herring Gulls 

and Glaucous Gulls, and between American Herring Gulls and European Herring Gulls (Figures 

3.1-3.3, Table 3.1). Regardless of the model, one American Herring Gull (from Witless Bay, 

Newfoundland) grouped closely with the Glaucous-winged Gulls (Figures 3.1-3.3). Furthermore, 
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three Glaucous Gulls and one European Herring Gull grouped with the American Herring Gulls 

(Figure 3.2-3.3).  

In the STRUCTURE analysis without Glaucous-winged Gulls, there was almost 

complete consensus across the three models and the three methods that the most likely number of 

genetic populations was 2 (Table 3.1). Visual analysis of the STRUCTURE plot suggested a 

weak divide between American Herring Gulls and European Herring Gulls and between 

American Herring Gulls and Glaucous Gulls (Figure 3.3).  

Principal component analysis (PCA) showed clear differentiation along species 

boundaries for Glaucous-winged Gulls and American Herring Gulls but no clear differentiation 

between Glaucous Gulls and European Herring Gulls (Figure 3.4). Principal coordinates analysis 

(PCoA) showed a similar pattern with slightly more of the variation explained by each axis 

(Figure 3.5). Both the PCA and PCoA showed five individuals that did not group with their 

species designations: three Glaucous Gulls grouped with the American Herring Gulls; an 

American Herring Gull grouped with the Glaucous-winged Gulls; and a European Herring Gull 

grouped with the American Herring Gulls (Figures 3.4-3.5). The same five individuals also 

appeared as potential hybrids in the paired species PCAs and PCoAs (Figures 3.6-3.8). 

Pairwise estimates of FST were significantly greater than zero between all sampled 

species (Table 3.2), however, estimates of population differentiation between European Herring 

Gulls and the other three species should be interpreted cautiously due to the low number of 

samples representing European Herring Gull.  

NewHybrids analyses between Glaucous Gull and Glaucous-winged Gull samples with 

500 randomly sampled loci consistently identified several putative hybrids (Figure 3.9), 
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however, analyses with the reduced panel of high FST loci were unable to identify Glaucous-

winged Gull as a separate species and instead identified them as F2 hybrids. This failure to 

identify Glaucous-winged Gull as a distinct species suggests that NewHybrids run parameters 

did not converge and, therefore, putative hybrids cannot be identified by this analysis. All 

analyses between Glaucous Gull and American Herring Gull, European Herring Gull, and 

Herring Gull (pooled American and European Herring Gull) also failed to converge. 

Migration rate 

BayesAss run parameters converged, estimates of migration and residency rate were 

consistent between runs, and the run with the lowest deviance was selected as the best (Table 

3.3). However, the estimate of residency rate for the European Herring Gull samples was too low 

to be able to confidently estimate migration between this species and the other three. Otherwise, 

only one estimate of migration (between Glaucous Gulls and American Herring Gulls) was 

significantly different from zero (Table 3.3). 

 

Population differentiation within the Glaucous Gull 

Population genetic structure 

Estimates of the most likely number of genetic populations were inconsistent across the three 

models in STRUCTURE (Table 3.4). Visual analysis of STRUCTURE plots showed clear 

division between European colonies (Bjørnøya and Bjarnarhafnarfjall) and North American 

colonies of Glaucous Gull when sampling location was used as prior information (Figure 3.10). 

Population differentiation between North America and Europe was also visible in the K=7 plots 

using the other two models (Figures 3.11-3.12).  
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The PCA and PCoA showed weak differentiation between North American and European 

colonies of Glaucous Gull, with colonies separating along the secondary axis of the PCA (Figure 

3.13a) and along the primary axis of the PCoA (Figure 3.14a). 

Pairwise estimates of FST were significantly greater than zero between Bjørnøya and Karrak 

Lake or Devil Island, Nunavut (Table 3.5). Pairwise estimates of FST were also significantly 

greater than zero between Karrak Lake and Bjarnarhafnarfjall, Iceland, however, this may be a 

statistical artifact due to the low sample size from Bjarnarhafnarfjall (Table 3.5). 

Loci potentially under selection 

BayeScan did not identify any putatively adaptive loci. 

Genetic diversity 

The six Glaucous Gull colonies had similar levels of allelic richness and expected 

heterozygosity (Table 3.6). The three colonies with sufficient sample size (KARR_NU, 

DEVI_NU, and BEAR_NO) had 166 private alleles in total (Table 3.7). Colonies at KARR_NU 

and BEAR_NO had a similar number of private alleles, and DEVI_NU had the least (Table 3.7). 

Over 45% of the private alleles were found in just one individual per population, however, nearly 

40% were found in two individuals and more than 15% were found in three or more individuals 

per population (Figure 3.15).   

Migration rate 

BayesAss run parameters converged, estimates of migration and residency rate were 

consistent between runs, and the run with the lowest deviance was selected as the best (Table 
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3.8). However, the residency rate for North American Glaucous Gulls is too low to be able to 

confidently estimate migration between North America and Europe. 

Mantel test 

The Mantel test did not find a significant correlation between Slatkin’s linearized FST and 

log-transformed marine distance (r = 0.21, p = 0.29) (Figure 3.16).  
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Figure 3.1. Results of analyses using the program STRUCTURE on the combined species dataset 

showing probability of assignment to two, three, and four genetic populations using a) the 

admixture model, and b) the admixture model and species as prior population information. 
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Figure 3.2. Results of analyses using the program STRUCTURE on the combined species dataset 

showing probability of assignment to two, three, and four genetic populations without admixture 

using species as prior population information. 
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Figure 3.3. Results of analyses using the program STRUCTURE on the combined species dataset 

without Glaucous-winged Gulls showing probability of assignment to two genetic populations 

using a) the admixture model, b) the admixture model and species as prior population 

information, and c) species as prior population information. 
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Figure 3.4. Results of principal component analysis of genomic variation in Glaucous Gull, 

European Herring Gull, American Herring Gull, and Glaucous-winged Gull samples; a) depicts 

principal components one and two and bar chart shows eigenvalues, b) depicts principal 

components two and three. Putative hybrids are labelled with their sampling colony. See Table 

2.1 for colony abbreviations. 
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Figure 3.5. Results of principal coordinates analysis of genomic variation in Glaucous Gull, 

European Herring Gull, American Herring Gull, and Glaucous-winged Gull samples; a) depicts 

principal coordinates one and two and bar chart shows eigenvalues, b) depicts principal 

coordinates two and three. Putative hybrids are labelled with their sampling colony. See Table 

2.1 for colony abbreviations. 
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Figure 3.6.  Results of principal component analysis (a) and principal coordinates analysis (b) of 

genomic variation in Glaucous Gull and American Herring Gull samples. Bar charts show 

eigenvalues. Putative hybrids are labelled with their sampling colony. See Table 2.1 for colony 

abbreviations. 
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Figure 3.7. Results of principal component analysis (a) and principal coordinates analysis (b) of 

genomic variation in Glaucous Gull and European Herring Gull samples. Bar charts show 

eigenvalues. Putative hybrids are labelled with their sampling colony. See Table 2.1 for colony 

abbreviations. 
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Figure 3.8. Results of principal component analysis (a) and principal coordinates analysis (b) of 

genomic variation in Glaucous Gull and Glaucous-winged Gull samples. Bar charts show 

eigenvalues. Putative hybrids are labelled with their sampling colony. See Table 2.1 for colony 

abbreviations. 
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Figure 3.9. Results of analyses using the program NewHybrids on Glaucous Gull and Glaucous-

winged Gull samples showing probability of assignment to each of six hybrid categories using 

500 randomly sampled loci. 
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Figure 3.10. Results of analyses using the program STRUCTURE on the Glaucous Gull dataset 

showing probability of assignment to two, three and four genetic populations using sampling 

location as prior population information. See Table 2.1 for colony abbreviations. 
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Figure 3.11. Results of analyses using the program STRUCTURE on the Glaucous Gull dataset 

showing probability of assignment to two, four and seven genetic populations using admixture 

model and sampling location as prior population information. See Table 2.1 for colony 

abbreviations. 
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Figure 3.12. Results of analyses using the program STRUCTURE on the Glaucous Gull dataset 

showing probability of assignment to two, three and seven genetic populations using the 

admixture model. See Table 2.1 for colony abbreviations. 
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Figure 3.13. Results of principal component analysis of genomic variation in Glaucous Gull 

samples from 6 colonies; a) depicts principal components one and two and bar chart shows 

eigenvalues, b) depicts principal components two and three. 
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Figure 3.14. Results of principal coordinates analysis of genomic variation in Glaucous Gull 

samples from 6 colonies; a) depicts principal coordinates one and two and bar chart shows 

eigenvalues, b) depicts principal coordinates two and three.
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Figure 3.15. Histogram of the combined frequency (number of occurrences) of private alleles in 

three colonies of Glaucous Gull (BEAR_NO, KARR_NU, and DEVI_NU). See Table 2.1 for 

colony abbreviations.  
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Figure 3.16. Correlation between Slatkin’s linearized FST and log-transformed marine distance 

between five colonies of Glaucous Gull (AKPA_NU, BEAR_NO, KARR_NU, DEVI_NU, and 

BJAR_IS) with linear regression line. See Table 2.1 for colony abbreviations.  
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Table 3.1.  Most likely number of genetic populations (K) from STRUCTURE analyses of four 

species of gull, selected by three methods: Evanno (Evanno et al. 2005), Bayes’ Rule (Pritchard 

et al. 2000), and parsimony (Wang 2019). See page 19 for a description of each STRUCTURE 

model. 

 Model Evanno Bayes’ Rule Parsimony 

Combined species Admixture 2 4 2 

 Priors 2 4 3 

 Admixture + Priors 2 3 2 

Combined species 

without Glaucous-

winged Gull 

Admixture 2 2 2 

Priors 2 2 2 

Admixture + Priors 2 2 1 
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Table 3.2. Estimates of pairwise FST between the four sampled species of gull.  FST values are 

below the diagonal, p-values are above the diagonal. Estimates that are significantly different 

from 0 (p < 0.05) are bold.  

 Glaucous Gull European 

Herring Gull 

American 

Herring Gull 

Glaucous-

winged Gull 

Glaucous Gull  0.01 0.00 0.00 
European Herring Gull 0.03  0.01 0.00 
American Herring Gull 0.09 0.03  0.00 
Glaucous-winged Gull 0.29 0.18 0.18  
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Table 3.3. Estimates of migration rate for Glaucous Gull, American Herring Gull, European 

Herring Gull and Glaucous-winged Gull are given as the proportion of the recipient population 

which originated from the source population. Residency rate appears along the diagonal and 

standard deviations are in brackets. Values displayed are from the run with the lowest deviance. 

Estimates that are significantly different from zero are in bold with an asterisk.  

     

 Source 

Populations 

Glaucous Gull European 

Herring Gull 

American 

Herring Gull 

Glaucous-

winged Gull 

Recipient 

Populations 

Glaucous  

Gull 

0.962 (0.013) 0.011 (0.007) 0.022* (0.01) 0.006 (0.005) 

 European 

Herring Gull 

0.200 (0.049) 0.700 (0.03) 0.066 (0.04) 0.035 (0.03) 

 American 

Herring Gull 

0.016 (0.015) 0.015 (0.015) 0.938 (0.027) 0.031 (0.021) 

 Glaucous-

winged Gull 

0.018 (0.017) 0.018 (0.017) 0.035 (0.023) 0.929 (0.031) 
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Table 3.4. Most likely number of genetic populations (K) from STRUCTURE analysis of 

Glaucous Gull samples selected by three methods: Evanno (Evanno et al. 2005), Bayes’ Rule 

(Pritchard et al. 2000), and parsimony (Wang 2019). See page 23 for a description of each 

STRUCTURE model. 

Model Evanno Bayes’ Rule Parsimony 

Admixture 2 7 3 

Priors 2 4 2 

Admixture + Priors 4 7 2 
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Table 3.5. Estimates of pairwise FST between five sampled colonies of Glaucous Gull displayed 

east to west. FST values are below the diagonal, p-values are above the diagonal. Estimates that 

are significantly different from 0 (p < 0.05) are bold and have an asterisk. See Table 2.1 for 

colony abbreviations. 

 BEAR_NO BJAR_IS DEVI_NU AKPA_NU KARR_NU 

BEAR_NO  0.06 0.00* 0.26 0.00* 

BJAR_IS 0.02  0.22 0.16 0.03* 

DEVI_NU 0.03* 0.01  0.25 0.12 

AKPA_NU 0.00 0.03 0.01  0.36 

KARR_NU 0.01* 0.02* 0.01 0.00  
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Table 3.6. Rarefied allelic richness and expected heterozygosity from five colonies of Glaucous 

Gull. See Table 2.1 for colony abbreviations.  

 Allelic 

Richness 

Expected 

Heterozygosity 

KARR_NU 1.13 0.13 

AKPA_NU 1.14 0.14 

BEAR_NO 1.13 0.13 

DEVI_NU 1.13 0.13 

BJAR_IS 1.14 0.14 
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Table 3.7. Frequency of private alleles from three Glaucous Gull colonies. See Table 2.1 for 

colony abbreviations.  

Frequency KARR_NU BEAR_NO DEVI_NU 

1 27 22 26 

2 26 10 29 

3 3 7 6 

4 4 0 1 

5 1 1 0 

6 1 1 0 

7 1 0 0 

Total: 63 62 41 
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Table 3.8. Estimates of migration rate for Glaucous Gulls from two genetically differentiated 

regions: North America (4 populations, 36 individuals), and Europe (2 populations, 20 

individuals) are given as the proportion of the recipient population which originated from the 

source population. Residency rate appears along the diagonal, and standard deviations are in 

brackets. Values displayed are from the run with the lowest deviance. 

 Source Populations North America Europe 

Recipient 

Populations 

North America 0.676 (0.009) 0.324 (0.009) 

 Europe 0.025 (0.019) 0.975 (0.019) 
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CHAPTER 4: DISCUSSION 

As predicted, several individuals included in this analysis were identified as potential hybrids 

between Glaucous Gulls and American Herring Gulls. Furthermore, one individual was 

identified as an American Herring Gull x European Herring Gull hybrid, and one individual was 

identified as a Glaucous-winged Gull x American Herring Gull hybrid. This research also 

provided evidence for weak population genetic structure between North American and European 

colonies of Glaucous Gulls, as predicted.   

 

Hybridization 

Identification of hybrid individuals was challenging due to the low differentiation between 

Glaucous Gulls and American Herring Gulls, European Herring Gulls and Glaucous-winged 

Gulls. However, as predicted, several Glaucous Gulls sampled in areas of breeding range overlap 

were identified as hybrids. 

Differentiation between four gull species 

The Glaucous Gull and Glaucous-winged Gull were the most strongly differentiated of the 

species pairs. This result agrees with previous work using nuclear intron and microsatellite data 

that showed that Glaucous Gulls and Glaucous-winged Gulls group in separate clusters within 

the Herring Gull species complex (Sonsthagen et al. 2016). Glaucous Gulls and American 

Herring Gulls were confidently differentiated by most methods in the present study, although 

NewHybrids was unable to identify the American Herring Gull samples as distinct from the 

Glaucous Gull samples. This is likely because NewHybrids is limited in the number of loci it can 

analyze, and 500 loci was not enough for NewHybrids to reach convergence between such 
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closely related species. Previous research on Glaucous Gulls and American Herring Gulls could 

not confidently differentiate the species using microsatellite loci and nuclear introns (Sonsthagen 

et al. 2016) or mtDNA (Liebers et al. 2004) and the phylogenetic relationship between these 

species is still controversial. Glaucous Gulls and European Herring Gulls were significantly 

differentiated using pairwise FST but the value was low and these species could not be 

differentiated by any other methods. This may be due to historical association between the 

species as well as contemporary gene flow and introgression in Iceland (Ingólfsson et al. 1970; 

Vigfúsdóttir et al. 2008). In future work, a greater number of nuclear loci may be necessary to 

distinguish these two species.  

Residency rates of Glaucous Gulls, American Herring Gulls, and Glaucous-winged Gulls 

estimated using BayesAss were sufficiently high to assess the migration rate between these 

species. Unfortunately, the estimated residency rate of European Herring Gulls was too low to 

accurately measure the migration rate between European Herring Gulls and the other three 

species which may suggest that gene flow is (or has recently been) high between them. 

Furthermore, results seem to suggest significant migration occurs from Glaucous Gull into 

European Herring Gull which is consistent with previous research (Vigfúsdóttir et al. 2008). 

Most estimates of migration were not significantly different from zero, providing no evidence for 

gene flow between these species. In contrast, the estimated migration rate from American 

Herring Gull into Glaucous Gull was 2.2% (1.0% SD). This estimate of migration is higher than 

some estimates of migration between populations within structured species (e.g. New Zealand 

Blue Duck (Hymenolaimus malacorhynchos): Grosser et al. 2016), which further highlights the 

limited barriers to gene flow between members of the Herring Gull species complex. Since 

filtering did not retain samples from regions of breeding range overlap between Glaucous Gulls 
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and Glaucous-winged Gulls, the rate of migration estimated by this analysis may not accurately 

represent the extent of gene flow between these species. Overall, results from BayesAss suggest 

significant migration from American Herring Gull into Glaucous Gull, and from Glaucous Gull 

into European Herring Gull. 

Glaucous Gull hybrids 

Through a combination of methods, three individuals were identified as hybrids between 

Glaucous Gulls and American Herring Gulls. All three individuals were originally identified as 

Glaucous Gulls and were sampled near where the southern edge of the Glaucous Gull breeding 

range overlaps with the northern edge of the American Herring Gull breeding range (Figure 2.1). 

Only four individuals from the Baffin Island colony were retained through data filtering and two 

individuals were identified as potential Glaucous Gull x American Herring Gull hybrids (hybrid 

frequency of 50%). Seventeen individuals from the Karrak Lake colony were retained through 

data filtering and one was identified as a Glaucous Gull x American Herring Gull hybrid (hybrid 

frequency of 6%). With so few samples retained from Baffin Island, this value is probably not 

indicative of the true hybrid frequency at this colony. However, these results may suggest that 

hybrids are more frequent at Baffin Island than at Karrak Lake. Interestingly, the colonies at 

Akpatok Island and Southampton Island had no potential hybrids despite the colonies’ placement 

within the overlap between the American Herring Gull and Glaucous Gull breeding ranges 

(Figure 2.1). Overall, three hybrid individuals were identified from 59 Glaucous Gull samples, 

which is a hybrid frequency of 5%. Previous research on the frequency of Glaucous Gull x 

American Herring Gull hybrids near the Mackenzie Delta used intermediate morphology to 

assign 4.4% of the birds assessed as hybrids (Spear 1987). 
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Despite clear genetic differentiation between Glaucous Gulls and Glaucous-winged Gulls, no 

Glaucous Gull x Glaucous-winged Gull hybrids were identified. Hybridization between 

Glaucous Gulls and Glaucous-winged Gulls is frequent in some regions of Alaska where 

breeding ranges overlap (Swarth 1934; Strang 1977). Therefore, the lack of Glaucous Gull x 

Glaucous-winged Gull hybrids is likely because no Alaskan Glaucous Gull colonies were 

retained through data filtering.  

No individuals were identified as Glaucous Gull x European Herring Gull hybrids despite the 

frequency of hybridization between these species. A study of gull morphology at 

Bjarnarhafnarfjall and Skrúður, Iceland in the 1960s showed that 22% of the gulls sampled at 

Bjarnarhafnarfjall and 51% of the gulls sampled at Skrúður were Glaucous Gull x European 

Herring Gull hybrids (Ingólfsson 1970). Hybridization between Glaucous Gulls and European 

Herring Gulls is likely much less frequent in Bjørnøya, Norway, although mixed species pairs 

and F1 hybrids have been recorded (Bertram and Lack 1933). Due to the lack of strong genetic 

differentiation between Glaucous Gulls and European Herring Gulls, if hybrid individuals were 

present among the samples from Iceland (Bjarnarhafnarfjall and Skrúður) or Norway (Bjørnøya), 

our methods may not have been able to identify them. A greater number of loci as well as 

morphological data for each sample may be necessary to accurately differentiate Glaucous Gulls 

and European Herring Gulls.  

Other hybrids 

Analyses also uncovered one European Herring Gull x American Herring Gull hybrid in 

Iceland (Skrúður), and one American Herring Gull x Glaucous-winged Gull hybrid in 

Newfoundland, Canada (Witless Bay). American Herring Gull sightings in Iceland are 

uncommon but not rare, and hybridization between these two species is frequent. Not all 
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organizations consider the American Herring Gull and European Herring Gull to be separate 

species but treat the American Herring Gull as a subspecies of the European Herring Gull (see 

Introduction).  

Some Glaucous-winged Gulls have been reported in Newfoundland, but they are extremely 

rare (Mactavish 2005; Clarke 2006) and no Glaucous-winged Gulls have been recorded breeding 

in Newfoundland. A Glaucous-winged Gull x American Herring Gull hybrid hatched on the east 

coast of Canada would be an extraordinarily rare individual. It may instead be a hybrid between 

an American Herring Gull and another gull species. Due to the close genetic relationships 

between members of the Herring Gull species complex, the Witless Bay individual may actually 

be a hybrid between American Herring Gull and another gull species that Glaucous-winged 

Gulls are genetically similar to. Previous research by Sonsthagen et al. (2016) revealed that 

Glaucous-winged Gulls form a genetic clade with Mew Gulls (Larus canus), Ring-billed Gulls 

(L. delawarensis), Heermann’s Gulls (L. heermanni), Yellow-footed Gulls (L. livens) and 

Western Gulls (L. occidentalis), while Glaucous Gulls and American Herring Gulls are part of a 

separate genetic clade. However, most of the species that form a genetic clade with Glaucous-

winged Gulls are also not common breeders in Newfoundland, and Ring-billed Gulls (which do 

breed in Newfoundland) have no recorded instances of hybridization with American Herring 

Gulls. Another possibility is that the Witless Bay individual hatched on the west coast (where 

hybridization between Glaucous-winged Gulls and American Herring Gulls is relatively 

common) and subsequently migrated to Newfoundland and found an American Herring Gull 

breeding partner. 
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Population differentiation within the Glaucous Gull 

As predicted, this study revealed weak population genetic differentiation between North 

American and European colonies of Glaucous Gulls using several different methods. Pairwise 

FST indicated significant differentation between Bjørnøya and Devil Island, and between 

Bjørnøya and Karrak Lake, which are the most geographically distant pairs of colonies (Figure 

2.2). Using the most sensitive model (using sampling sites as prior information, without genetic 

admixture), STRUCTURE was able to uncover clear differentiation between North American 

and European colonies of Glaucous Gull. Principal component analysis and principal coordinates 

analysis each displayed a single, diffuse cluster of samples, with North American populations on 

one side and European populations on the other and significant overlap between them, 

suggesting weak differentiation between North American and European populations. Finally, an 

isolation by distance analysis showed a positive but nonsignificant relationship between 

geographic and genetic distance between sampled colonies. 

Historical association and contemporary gene flow 

Previous researchers found differentiation between North American and European 

colonies of Glaucous Gulls in mitochondrial but not nuclear (AFLP) data (Liebers et al. 2004; 

Sternkopf et al. 2010). Sternkopf et al. (2010) proposed that the observed mitochondrial divide 

(biphyly) between North American and European Glaucous Gulls may be due to historical 

associations between different species of gulls in shared glacial refugia. They hypothesized that 

Glaucous Gulls shared a glacial refugium with other gulls with Clade II haplotypes (North 

American species). After the Last Glacial Maximum, Glaucous Gulls with Clade II haplotypes 

may have expanded into Europe and interbred with European Herring Gulls (Clade I haplotypes), 

eventually experiencing a near complete mitochondrial replacement with Clade I haplotypes at 
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European colonies. According to this hypothesis, the mitochondrial biphyly is a more recent 

development after the Last Glacial Maximum, and that Clade II is the ancestral mitochondrial 

lineage of Glaucous Gulls. Unlike Sternkopf et al. (2010), my research revealed a North 

American/European divergence in nuclear loci which may warrant reconsideration of the theory 

proposed by Sternkopf et al. (2010).  

If the North American/European divergence in nuclear loci reflects historical separation 

of Glaucous Gull colonies, North American Glaucous Gulls may have shared a glacial refugium 

with gulls with Clade II haplotypes, while European Glaucous Gulls shared a glacial refugium 

with gulls with Clade I haplotypes. However, if the North American/European differentiation in 

nuclear loci instead reflects a more contemporary lack of gene flow between North American 

and European Glaucous Gull colonies, population genetic structure at nuclear loci may have 

arisen after Clade II Glaucous Gulls expanded into Europe and underwent a mitochondrial 

replacement with Clade I haplotypes. The program BayesAss can be used to estimate 

contemporary migration rates and may have helped uncover whether this North 

American/European divergence in Glaucous Gulls reflects historical or contemporary population 

genetic structure. Unfortunately, BayesAss is unable to accurately estimate migration rates if the 

proportion of migrants in the population is greater than 1/3 (Meirmans 2013). Therefore, despite 

convergence in BayesAss runs, and similar estimates of migration and residency rate between 

runs of different seed values, BayesAss was unable to accurately estimate the migration rate 

between North American and European colonies of Glaucous Gulls.   

Without an accurate method to estimate contemporary migration between North 

American and European colonies of Glaucous Gull, my study is unable to resolve whether the 

observed differentiation between North America and Europe reflects contemporary population 
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dynamics or historical associations between Glaucous Gulls in shared glacial refugia. Future 

work using Approximate Bayesian Computation (ABC) modelling may be able to distinguish 

between contemporary and historical causes of differentiation. 

Private alleles can be an indicator of the uniqueness of a population (Barbosa et al. 2018). 

Private alleles largely reflect mutations arising in a population and, therefore, large numbers of 

private alleles occurring at a high frequency in a population may suggest that the population has 

been genetically isolated for an extended time. Karrak Lake, Nunavut and Bjørnøya, Norway had 

similar numbers of private alleles, and Devil Island, Nunavut had the fewest. The greatest 

number of private alleles in Karrak Lake and Bjørnøya were found in one individual per 

population while at Devil Island, the greatest number of private alleles was found in two 

individuals. These results may suggest some restrictions to gene flow between the colonies but 

barriers to migration may not be very strong. An analysis of isolation by distance was not 

significant, however, there was a trend towards greater genetic distance between more distant 

colonies. Genetic and geographic distance may be positively correlated but small numbers of 

sampling sites may reduce the power to detect this relationship. Glaucous Gulls are mid-range 

migrants and so distance alone between the sampled colonies may reduce gene flow sufficiently 

to produce genetic differentiation (Weiser and Gilchrist 2020). Glaucous Gulls are also 

philopatric both to their birth location and to nesting locations where they have bred successfully 

in previous years (Portenko 1972; Gaston et al. 2009). Philopatry can reduce gene flow because 

adult Glaucous Gulls do not frequently switch to new breeding locations. 

Selection pressures 

Because Glaucous Gulls have such a large range, they likely do not experience the same 

selective pressures across their range in either the breeding or non-breeding season. Glaucous 
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Gulls in western Iceland and south-western Greenland are year-long residents, however, most 

Glaucous Gulls breed in the Arctic and migrate to lower latitudes during the winter (Weiser and 

Gilchrist 2020). Migratory Glaucous Gulls may breed as far north as Ellesmere Island in North 

America and the north coast of Scandinavia in Europe, but winter as far south as North Carolina 

in North America and western France in Europe (Weiser and Gilchrist 2020). The temperature, 

precipitation, predators, prey availability, prey type, hunting pressure, and proximity to human 

settlements likely differ throughout the breeding and nonbreeding season across the sampled 

colonies. Despite the wide range of potential selective pressures across the sampled Glaucous 

Gull colonies, no loci were identified as being putatively under either divergent or balancing 

selection by BayeScan. Since ddRAD sequencing only subsamples the genome, this result may 

simply reflect the low coverage of the genome that ddRAD sequencing provides.   

Subspecies designations 

Population genetic differentiation between North American and European colonies does 

not completely align with current subspecies designations. Glaucous Gulls breeding in Norway 

are designated as L. h. hyperboreus while Glaucous Gulls breeding in North America and Iceland 

are L. h. leuceretes. Subspecies designations are based on regional morphological differences 

between populations; for instance, L. h. leuceretes are typically larger and have a paler mantle 

than L. h. hyperboreus (Banks 1986). In this study, Icelandic Glaucous Gulls (Bjarnarhafnarfjall) 

genetically group with the breeding birds in Norway (Bjørnøya) rather than with the colonies in 

North America. This result may suggest that Glaucous Gulls in Iceland are more genetically 

similar to L. h. hyperboreus individuals despite their morphological similarities to L. h. 

leuceretes individuals. However, since only four Glaucous Gulls from Iceland 

(Bjarnarhafnarfjall) were retained through data filtering, further research may be necessary to 
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determine to which subspecies Icelandic Glaucous Gulls are more genetically similar at nuclear 

loci. Previous work by Vigfúsdóttir et al. (2008) using mtDNA and microsatellites showed that 

Icelandic Glaucous Gulls group genetically with Europe rather than with Canada. They also 

found that populations sampled in eastern Greenland were more genetically similar to Canadian 

rather than Icelandic Glaucous Gull colonies (Vigfúsdóttir et al. 2008). This may suggest that the 

location of the geographic divide between the North American and European genetic populations 

is between Greenland and Iceland. Sonsthagen et al. (2012), however, found that Glaucous Gulls 

in Greenland grouped genetically with those in Svalbard, and that Icelandic Glaucous Gulls 

formed their own genetic cluster.  

Population genetic differentiation between North American and European colonies has been 

found in other species within the Herring Gull species complex as well as other seabird species. 

Sonsthagen et al. (2012) observed a divide in microsatellite loci between the eastern and western 

Atlantic in Herring Gulls. However, this result may simply reflect the taxonomy used in their 

sampling. Sonsthagen et al. (2012) pooled Vega Gulls (Larus vegae), American Herring Gulls 

and European Herring Gulls under the Herring Gull species designation. Genetic differentiation 

between North America and Europe has also been found in other North Atlantic seabird species 

such as Common Murres (Morris-Pocock et al. 2008) and Razorbills (Alca torda) (Moum and 

Árnason 2001). This shared pattern of population genetic differentiation between European and 

North American colonies of seabirds is often attributed to glacial refugia during the Pleistocene. 
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Conservation implications  

Hybridization 

This research aligns with current species boundaries between Glaucous Gulls, American 

Herring Gulls, and Glaucous-winged Gulls. However, STRUCTURE, principal component 

analysis, principal coordinates analysis and NewHybrids were unable to accurately identify 

European Herring Gull as a species distinct from Glaucous Gull, and pairwise FST was 

significant but low between Glaucous Gull and European Herring Gull. This result may suggest 

that European Herring Gulls are more closely related to Glaucous Gulls than to American 

Herring Gulls. Unfortunately, only six European Herring Gull samples were retained through 

data filtering, and all samples were from Iceland where European Herring Gulls have only 

recently become established breeders. European Herring Gulls breeding in Iceland may be less 

genetically differentiated from Glaucous Gulls due to frequent hybridization between these two 

species and introgression of Glaucous Gull alleles into European Herring Gulls in Iceland 

(Vigfúsdóttir et al. 2008). Further work should be done to determine the genetic relationship 

between Glaucous Gulls and European Herring Gulls using a greater number of samples from a 

wider geographic range.  

Although hybridization may not currently pose a conservation concern to colonies of 

Glaucous Gulls north of the American Herring Gull breeding range, American Herring Gulls 

may expand their range northward as climate change impacts the Arctic (Brommer et al. 2012). 

Increasing air and water temperatures through the summer may allow American Herring Gulls to 

breed in progressively higher latitudes and increase their breeding range overlap with Glaucous 

Gulls. For instance, climate change may be responsible for the northward expansion and 

population growth of Lesser Black-backed Gulls in Greenland (Boertmann and Frederiksen 
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2016). However, Boertmann and Frederiksen (2016) also studied European Herring Gull 

populations and discovered that they have not significantly expanded their range in Greenland 

since the first breeding pair was reported in 1986 (Boertmann and Frederiksen 2016). A 

northward range shift could bring more American Herring Gulls into contact with colonies of 

Glaucous Gulls and other high Arctic gulls and lead to more hybridization between these species. 

Hybridization can be beneficial through the introduction of novel genetic diversity but it can also 

lead to introgression of maladaptive variation, loss of local adaptation, and outbreeding 

depression (Allendorf et al. 2001). Previous research has shown that introgression between 

Glaucous Gulls and European Herring Gulls in Iceland is asymmetrical: a greater proportion of 

Glaucous Gull mtDNA haplotypes introgressed into European Herring Gulls than vice versa 

(Vigfúsdóttir et al. 2008). This is likely due to Glaucous Gulls being well-established in Iceland 

while European Herring Gulls have only recently begun breeding there. A similar pattern of 

asymmetric introgression could emerge if American Herring Gulls expand northward and 

hybridize with Glaucous Gulls more extensively in the Canadian Arctic.  

When managing a species that hybridizes as readily as Glaucous Gulls do, it is important 

to consider that hybridization can be natural or anthropogenically induced. Allendorf et al. 

(2001) suggested a framework for hybrid management with six hybrid categories that distinguish 

between natural and anthropogenic hybridization, and between hybridization without 

introgression, occasional hybridization leading to some introgression, widespread introgression, 

and complete admixture. Across their range, populations of Glaucous Gulls may fall into Type 2 

(natural introgression), Type 3 (natural hybrid zone) and Type 5 (widespread introgression due to 

human interference), depending on which species they hybridize with, how frequently 

hybridization occurs, and if these hybrid crosses are anthropogenically induced or naturally 



70 
 

 

occurring. Genetic and demographic associations between Glaucous Gulls and other members of 

the Herring Gull species complex are complicated and management of Glaucous Gulls should 

reflect that.    

My research strengthens the suggestion that hybrid gulls are challenging to identify 

morphologically. All the samples used in this analysis were identified as ‘pure’ members of their 

respective species based on their morphology. Due to the frequency of hybridization between 

Glaucous Gulls and American Herring Gulls in Canada, future genomic work on either species 

should attempt to identify and remove hybrids before assessing population differentiation, as 

accidental inclusion of hybrids could bias results.  

Population genetic structure 

Due to the lack of genetic differentiation between Canadian colonies at neutral loci, Glaucous 

Gulls may be best organized under a single management unit (MU) in Canada. However, since 

this study did not identify any putatively adaptive SNPs, this research alone should not be used 

to inform adaptive units (AU) or evolutionarily significant units (ESU) under the framework 

proposed by Funk et al. (2012). Furthermore, ecological information should be considered when 

determining appropriate conservation units. Crandall et al. (2000) suggested using measures of 

both genetic and ecological exchangeability to determine if populations were truly 

demographically and genetically distinct. Without ecological data, my study cannot assess 

ecological exchangeability between Glaucous Gulls in North America and Europe using traits 

such as life history, morphology, and habitat as Crandall et al. (2000) suggested. Glaucous Gulls 

in Europe and North America are considered separate subspecies but this division is due mainly 

to differences in morphology and this may not be sufficient for Glaucous Gulls in North America 

and Europe to be considered ecologically non-exchangeable (Banks 1986). 
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Before designating all North American Glaucous Gull colonies under a single 

conservation unit, Glaucous Gulls sampled from Alaska and the western Canadian Arctic need to 

be analyzed. A previous study using microsatellite loci showed weak evidence for two genetic 

clusters in North America: one from south-western Alaska and one from northern Alaska, and 

Baffin Island (Sonsthagen et al. 2012). Morphological differences between Alaskan Glaucous 

Gulls and central Canadian Glaucous Gulls has led to their designation as separate subspecies (L. 

h. barrovianus, and L. h. leuceretes respectively). Larus h. barrovianus are smaller in size than 

L. h. leuceretes and have the darkest mantle of all four subspecies (Banks 1986). Some seabird 

species show population genetic differentiation between eastern and western Nunavut centered 

around the Victoria Strait region (e.g., Common Eider, Turner 2019). All sampling in the present 

study was east of Victoria Strait, Nunavut, and so this research cannot inform whether colonies 

of Glaucous Gull in Alaska and the western Canadian Arctic form a separate genetic group. A 

future study may support the results of Sonsthagen et al. (2012), reveal population genetic 

differentiation between Glaucous Gull east and west of the Victoria Strait, or uncover structure 

between the subspecies, L. h. barrovianus and L. h. leuceretes. 

 

Future Directions 

My work has identified Glaucous Gull x American Herring Gull hybrids through genetic 

methods, and revealed that population genetic structure exists within the Glaucous Gull. Due to 

the genetic similarity between Glaucous Gulls and American and European Herring Gulls, not all 

hybrid individuals may have been uncovered. In the future, I propose to experiment with some 

other methods of analysis, including hzar (Derryberry et al. 2014), gghybrid (Bailey 2020), 

SplitsTree (Huson and Bryant 2006), pcadapt (Luu et al. 2016), Linear Discriminant Analysis 
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(LDA), and ConStruct (Bradburd et al. 2018) to attempt to differentiate between the closely-

related species. Other methods may also uncover other hybrid individuals in the data. I also 

propose to use ABC modelling in the program ABCtoolbox (Wegmann et al. 2010) to attempt to 

distinguish between historical and contemporary drivers of population genetic differentiation in 

Glaucous Gulls.  

An increase in contemporary sampling would significantly improve the ability to produce 

high quality genomic data. The oldest samples included in this study were collected in 1965, and 

the most recent were collected in 2013. Just 40% of the samples were collected since 2000. 

Samples collected prior to the invention of high-throughput sequencing technology may not have 

been stored under the right conditions to preserve large amounts of high quality DNA. Increasing 

the sampling effort and ensuring that blood or tissue samples are frozen after collection and then 

transferred to an ultra-cold (-70°C) freezer will reduce the number of samples that drop out of 

analyses after sequencing. 

This study could also be improved by increasing sampling in several key geographic 

areas. All the samples from Greenland (Ittoqqortoormiit region) and Alaska (Kigigak Island, and 

North Slope Borough region) were eliminated during data filtering. Incorporating samples from 

the Yukon and the Northwest Territories as well as more samples from Alaska would improve 

our understanding of population genetic structure in North America. Sampling colonies in 

Alaska would also increase the likelihood of sampling Glaucous Gull x Glaucous-winged Gull 

hybrids.  

Greenland represents a key sampling area because of its geographic placement between 

North America and Europe. Colonies of Glaucous Gulls in Greenland may group genetically 

with either the European or North American genetic populations, or may represent a mix of both. 
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Since seabirds tend not to fly across large expanses of land or ice, Greenland could represent the 

geographic barrier to gene flow between North America and Europe. Previous work by 

Vigfúsdóttir et al. (2008) showed that Glaucous Gulls in eastern Greenland grouped with North 

American colonies, but Sonsthagen et al. (2012) found that Glaucous Gulls from the same region 

in eastern Greenland grouped with samples from Svalbard. However, neither of these studies 

used high-throughput sequencing methods. Greenland could also have both Glaucous Gull x 

American Herring Gull, and Glaucous Gull x European Herring Gull hybrids.  

Finally, including Iceland Gulls from high Arctic breeding colonies would uncover the 

prevalence of hybridization between Glaucous Gulls and Iceland Gulls. Despite large differences 

in body size between Glaucous Gulls and Iceland Gulls, these species have been observed 

hybridizing under experimental (Smith 1966) and natural conditions (Swarth 1934). Iceland 

Gulls are challenging to sample during the breeding season due to the extremely high latitudes of 

their breeding sites. For that reason, Iceland Gulls have often not been included in research on 

the relationships among members of the Herring Gull species complex, or have had a very small 

number of samples included in analyses (Crochet et al. 2003; Liebers et al. 2004). However, 

research by Snell (1991) using allozymes revealed that Glaucous Gulls and Iceland Gulls 

sampled from Home Bay, Baffin Island, were more similar to each other than to members of 

their own species sampled from other colonies. Genetic data produced with high-throughput 

sequencing may be able to differentiate between Glaucous Gulls and Iceland Gulls and identify 

hybrid individuals.   
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Conclusion 

To conclude, Glaucous Gulls have a significant impact on Arctic ecosystems. As 

facultative scavengers, Glaucous Gulls contribute to pest and disease control (Moleón et al. 

2014). As apex predators, they represent a significant source of mortality for sympatric breeding 

seabirds. For instance, researchers estimated that ~13,000 Glaucous Gulls consumed 21,000 

Emperor Goose (Anser canagicus), 34,000 Canada Goose (Branta canadensis), and 16,000 

White-fronted Goose (Anser albifrons) goslings on the Yukon-Kuskokwim Delta, Alaska in a 

single breeding season (Bowman et al. 2004). Glaucous Gull is also a culturally significant 

species. Because they bioaccumulate and biomagnify high levels of environmental contaminants, 

they are ideal bioindicators to track contamination in the Arctic (Newman et al. 2007; Verreault 

et al. 2010). They are also one of six species selected to be monitored by all circumpolar 

countries under the Circumpolar Seabird Group of the Conservation of Arctic Flora and Fauna 

(CAFF) program. Finally, Glaucous Gulls are a traditional food source for some Inuit 

communities and are harvested for eggs and meat across the circumpolar Arctic (Weiser and 

Gilchrist 2020). Glaucous Gulls deserve an informed and proactive management strategy to 

protect this biologically and culturally important species for generations to come.   

Because populations of Glaucous Gulls show only weak population genetic 

differentiation between Europe and North America, Canadian Glaucous Gulls may be best 

organized under a single management unit. Furthermore, managers should be cognizant of the 

interconnectedness of this complex of hybridizing species. Management decisions (e.g. 

protections, hunt and harvest allowances, culling) directed towards one species in the Herring 

Gull species complex may impact closely related species due to the frequency of hybridization 

and morphological similarity between Larus species.       
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