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ABSTRACT 

Despite their ability to overcome most geographic barriers to dispersal and to fly long distances, 

many seabird species exhibit strong population genetic structure. For this project, I quantify 

population differentiation within a pelagic seabird, the Leach’s storm-petrel species complex 

(Hydrobates spp.). This species complex covers a wide geographic range in the northern Atlantic 

and Pacific, comprising three species (H. leucorhous, H. socorroensis, and H. cheimomnestes) 

and two subspecies (H. l. leucorhous and H. l. chapmani). Hydrobates socorroensis and H. 

cheimomnestes both breed on Guadalupe Island in the Pacific, and may have undergone a form 

of sympatric speciation known as allochronic speciation, or speciation via differences in 

breeding time. As species classifications for the Leach’s storm-petrel are only based on 

phenotypic distinctions, further genomic work is needed to elucidate processes driving their 

diversification. Using double-digest restriction site-associated DNA sequencing of 141 

individual Leach’s storm-petrels from 13 breeding populations throughout the species’ ranges, I 

identify five genetically differentiated groups, although some gene flow may still occur between 

subspecies and between populations separated by ocean basins. Allochronic sister taxa, H. 

cheimomnestes and H. socorroensis, are highly differentiated from all other populations, as is a 

common pattern for populations of other organisms residing on Guadalupe Island. I discovered 

that the Guadalupe populations first diverged from all other H. leucorhous, and then diverged 

from one another, supporting allochronic divergence as a viable mode of speciation. I also 

discovered that H. l. chapmani in the south Pacific genetically diverged from H. l. leucorhous in 

the north Pacific before Pacific and Atlantic H. l. leucorhous diverged, suggesting either 

parapatric speciation along a genetic cline, or non-geographic barriers to gene flow between 

north and south populations. Finally, I found 12 putatively adaptive loci possibly implicated in 
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either local adaptation or conserved selection pressures across populations. Overall, the Leach’s 

storm-petrel species complex has a complicated evolutionary history, influenced by both 

geographical and non-geographical barriers to gene flow. My thesis also provides a framework 

for classifying species versus subspecies, and how these classifications can be used for 

conservation management. 
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CHAPTER 1: General Introduction and Literature Review  

For most species, geographic separation between populations is thought to be one of the main 

factors facilitating population genetic divergence, as originally discussed by Dobzhansky (1937; 

as cited by Coyne 1994) and Mayr (1942; as cited in Coyne 1994). Yet, myriad other complex 

processes influence genetic differentiation between populations. Understanding these processes 

provides insight into how biodiversity arises, helps us describe the evolutionary history of a 

species, and aids important conservation decisions. Processes such as gene flow, genetic drift, 

population bottlenecks, and selection all affect the pattern of genetic variation among and within 

populations (reviewed in Andrews 2010a). This pattern is commonly referred to as population 

genetic structure (hereafter “genetic structure”). Population connectivity, or gene flow between 

separated populations, counteracts forces that increase population genetic structure, such as 

genetic drift and selection (Garant et al. 2006). If populations are highly connected, they may 

form a metapopulation, meaning that each population is demographically independent, yet 

individuals can disperse to and breed in other populations within the metapopulation (Esler 

2000). However, if population connectivity is reduced or prevented, populations will begin to 

diverge and possibly form new species. 

 Seabirds represent interesting systems for studying the drivers of genetic structure and 

speciation. Seabirds are highly mobile and widely distributed, able to overcome most geographic 

barriers and disperse long distances. Thus, one would expect seabirds to have high gene flow and 

therefore little or no genetic structure. Instead many seabird species exhibit strong genetic 

structure (e.g. Burg & Croxall 2001; Dearborn et al. 2003; Friesen et al. 2007b). This 

counterintuitive observation has been coined the “seabird paradox” (Milot et al. 2008), and 

suggests that other, nongeographic barriers to gene flow may play a large role in determining 
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their genetic structure. For this reason, population genetic studies on seabirds help explain how 

both geographic and nongeographic barriers result in diversification, and may even lead to 

speciation. 

 My thesis focuses on assessing genetic structure and speciation within a small pelagic 

seabird, the Leach’s storm-petrel (Hydrobates spp. formerly Oceanodroma spp.; order: 

Procellariiformes). In this introduction, I (1) give an overview of the processes that lead to 

genetic structuring in temperate seabirds, (2) discuss mechanisms of speciation, (3) explain how 

population genomic studies assist conservation, (4) discuss population genomic approaches used 

to measure divergence and evolutionary history, (5) review genetic studies of the Leach’s storm-

petrel species complex, and (6) identify research objectives. 

 

1.2 Overview of processes leading to genetic structure 

Geographic barriers to gene flow can shape genetic structure within a species (Coyne & Orr 

2004). Among seabird populations, geographic barriers include large expanses of land or ice, or 

large geographic distances between populations (Friesen et al. 2007b; Friesen 2015). For 

instance, seabird populations located in different ocean basins, separated by continents, usually 

exhibit strong genetic structure. However, geographic distance is less likely to act as a barrier to 

gene flow between seabird populations, as even small seabirds like the Leach’s storm-petrel 

travel thousands of kilometres seasonally (Pollet et al. 2014a; Halpin et al. 2018; Hedd et al. 

2018; Pollet et al. 2019).  

Alternatively, nongeographic barriers may affect genetic structure. These types of 

barriers include adaptation to local environmental conditions, natal philopatry, or differences in 

nonbreeding distributions, foraging distributions during the breeding season, and breeding 
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phenology (Friesen et al. 2007b; Friesen 2015). Differences in local selection pressures, such as 

climate, food, predators, competitors, parasites, disease, and ocean regimes, may lead to local 

adaptation and subsequent population differentiation. Ocean regimes consist of either ocean-

atmosphere systems, such as currents, or marine community structure, such as seasonal changes 

in abundance and productivity. Most seabirds also exhibit strong natal philopatry, returning to 

the natal colonies to breed each year (Coulson 2002). The main benefit of natal philopatry is that 

conditions are likely to be favourable for reproduction, given that the parents were able to 

successfully breed, however it reduces gene flow between breeding colonies (Coulson 2002). 

Populations with differing nonbreeding distributions, foraging ranges, or breeding times, also 

may have little opportunity for gene flow. 

Past barriers to gene flow that are no longer present, such as past glaciation events, can 

also affect the current genetic structure within a species. For instance, the Pleistocene glaciations 

(peaking ~10,000 years ago) forced many Arctic and temperate seabirds into isolated refugia as 

the ice sheets formed. The genetic signatures of this isolation are still visible in current 

populations of some northern species (e.g. Congdon et al. 2000; Sonsthagen et al. 2012; Thanou 

et al. 2017). Seabirds in particular have long life spans, large effective population sizes, and long 

generation times (Weimerskirch 2002), and thus require more time for genetic signatures of past 

events to be lost. One way to understand how historical processes affect genetic structure is by 

reconstructing demographic history. The most important components of demographic history for 

genetic structure are the magnitude and changes in migration rate and genetically effective 

population size over time. By assessing demographic history, we can infer prominent events in a 

species’ or a population’s history, such as expansion, contraction, fragmentation, and gene flow.  
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1.3 Mechanisms of speciation 

Genetic divergence can ultimately lead to speciation. According to the biological species 

concept, new species are formed when populations become reproductively isolated (Mayr 1942; 

as cited in Coyne & Orr 2004). Multiple geographic modes of speciation have been described 

(Coyne & Orr 2004), but I focus on two: allopatric and sympatric speciation. Allopatric 

speciation is arguably the most prevalent form of speciation (Barraclough & Vogler 2000). In 

this mode, geographic barriers to gene flow initiate genetic divergence of populations, which 

consequently evolve reproductive isolation through genetic drift and selection. However, 

allopatric speciation does not explain all speciation events, such as the evolution of sympatric 

sister species. Sympatric speciation is a more cryptic and therefore more controversial mode of 

speciation, in which natural or sexual selection reduces gene flow between populations within 

the same breeding range, allowing them to adapt to different local ecological niches. In this type 

of speciation, reproductive isolation evolves without geographic barriers to gene flow. The 

controversy surrounding sympatric speciation historically centred on genetic models disputing 

the likeliness for this process (e.g. Felsenstein 1981b; Maynard Smith 1966; as cited in Bolnick 

& Fitzpatrick 2007), and a shortage of empirical examples (Futuyma & Mayer 1980; as cited in 

Bolnick & Fitzpatrick 2007). Coyne and Orr (2004) presented four strict criteria for identifying 

sympatric speciation: (1) the species must be largely sympatric, (2) the populations must be each 

other’s closest relatives on the phylogenetic tree, (3) there must be no evidence of allopatric 

speciation, and (4) the species must be reproductively isolated. The number of empirical 

examples that fit these criteria is increasing (e.g. Li et al. 2016; Taylor & Friesen 2017; Lemoine 

et al. 2019), leading to sympatric speciation gaining acceptance in the scientific community. In 

fact, this type of speciation, as well as ecological speciation, is often seen in seabirds (e.g. Burg 
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& Croxall 2001; Friesen et al. 2007b; Wiley et al. 2012). Ecological speciation is divergence due 

to adaptation to local environments, and similarly to sympatric speciation, does not require 

geographic barriers to gene flow.  

 One form of sympatric speciation, known as allochronic speciation, occurs when 

populations diverge due to differences in breeding time (reviewed in Taylor & Friesen 2017). 

Populations become reproductively isolated because of temporal isolation, which can be on a 

scale of hours, days, seasons, or even years. For example, on a short temporal scale, corals in the 

genus Acropora spawn two hours apart and, as a result, became genetically differentiated 

(Fukami et al. 2003). On a seasonal time scale, the pine processionary moth (Thaumetopoea 

pityocampa) has two different reproductively isolated seasonal populations, in which larval 

development occurs in either the summer or winter (Santos et al. 2007). On a longer time scale, 

cicadas of the genus Magicicada diverged allochronically via 13- and 17-year periodical 

emergences (Ritchie 2001). Additional reinforcement via morphological and vocal differences 

between 13- (M. neotredecim) and 17-year (M. septendecim) periodical cicadas has lead to 

further reproductive isolation between species (Ritchie 2001). The band-rumped storm-petrel 

species complex (Hydrobates spp.) is also hypothesized to have undergone allochronic 

speciation multiple times, as differentiated sympatric seasonal breeding populations have arisen 

independently on multiple islands in parallel (Friesen et al. 2007a; Taylor et al. 2019). Indeed, 

recently the winter-breeding and summer-breeding band-rumped storm-petrels residing in the 

Azores Archipelago were elevated to separate species by the European Taxonomic Commission, 

as recommended by Bolton et al. (2008). 
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1.4 Population genomics in a conservation framework 

Identifying differentiated populations and delimiting species is also useful for conservation 

management. With the help of genomic data, researchers can delineate conservation units (CUs), 

which is an essential first step in developing a management strategy for endangered or threatened 

species. CUs are defined as populations that are considered distinct for the purposes of 

conservation, and can include management units (MUs), evolutionary significant units (ESUs), 

and adaptive units (AUs; Funk et al. 2012; Barbosa et al. 2018). All of these types of units have 

important distinctions. MUs are defined as demographically independent units and may be 

identified using neutral markers, whereas AUs may be differentiated from each other based on 

putatively adaptive markers (Funk et al. 2012; Barbosa et al. 2018) or heritable adaptive traits 

(Crandall et al. 2000). Comparatively, ESUs encompass both MUs and AUs, and are identified 

using all available markers. ESUs are defined as populations or groups of populations that are 

highly distinct both genetically and ecologically (Funk et al. 2012; Barbosa et al. 2018). 

Conserving MUs or AUs may aid short-term management goals, while conserving ESUs plays 

an important role in long-term management of species by maximizing evolutionary potential, 

especially during times of environmental change (Eizaguirre & Baltazar-Soares 2014). 

Conservation management also requires inferring demographic history. For instance, we 

can determine which populations within a greater metapopulation act as sources or sinks for 

genetic diversity. Source populations usually have large population sizes and high levels of 

genetic diversity. Sink populations, on the other hand, usually rely on immigrants from a source 

population to avoid extinction. Source-sink dynamics are a common phenomenon in nature, and 

we can often measure the direction of gene flow between populations and collect observational 

data regarding trends in population size to help identify source and sink populations. By 
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supplying information regarding source and sink populations to resource managers, we can aid 

more effective allocation of conservation resources, such that priority is given to source 

populations with greater genetic diversity. 

 

1.5 Using population genomics to assess population divergence 

Methods to measure genetic structure are advancing with high-resolution genomics. Reduced 

representation sequencing methods allow us to survey thousands of neutral and functional loci. 

Using these sequencing methods, researchers can identify regions of genomic differentiation 

more confidently. Genome scans such as double-digest restriction site-associated DNA 

sequencing (ddRAD-seq) are highly informative when determining the level of genetic 

differentiation among populations. Regions of high genomic differentiation are usually indicative 

of low gene flow among populations and/or strong divergent selection. These regions are 

characterized by outlier loci, measured by the fixation index (FST). Highly divergent regions may 

have arisen due to selective processes such as local adaptation, accentuated by background 

selection or selective sweeps after isolation, or due to neutral processes such as genetic drift 

(Charlesworth et al. 1993; Noor & Bennet 2009; Cruickshank & Hahn 2014). Comparatively, 

regions of low genomic differentiation could be due to homogenizing gene flow, historical 

associations, or stabilizing selection (Räsänen & Hendry 2008; Holsinger & Weir 2009; Delmore 

et al. 2018).  

Estimating and comparing the level of genetic variation within populations can also be 

useful for inferring demographic history and informing conservation decisions. For instance, 

populations with less genetic variation may have diverged more recently than established 

populations with greater genetic variation (Nei et al. 1975). However the opposite may also be 
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true, as a bottleneck event could lead to lower genetic variation within the ancestral population. 

Many researchers use genomic approaches to measure genetic diversity at the population and 

species levels. Genetic variation acts as a proxy, albeit an imperfect one, for the adaptive 

potential of a species, and species with higher genetic diversity are thought to have greater 

adaptive potential (Soulé 1985; Eizaguirre & Baltazar-Soares 2014). Often, researchers estimate 

the relative level of genetic variation among populations using expected heterozygosity and 

allelic richness calculated from single nucleotide polymorphisms (SNPs; Greenbaum et al. 

2014). Expected and observed heterozygosity are sensitive to allele frequencies within a 

population, not just the number of alleles. Allelic richness, on the other hand, is the average 

number of alleles per locus, usually rarefied to account for differences in sample size between 

populations. Allelic richness is directly related to the evolutionary potential of a species, as a 

greater number of rare alleles increase a population’s ability to adapt over the long-term 

(Caballero & García-Dorado 2013).   

 To test for different mechanisms of speciation, we can use SNP data generated from 

ddRAD-seq to infer phylogenetic trees. Researchers use any of a variety of algorithms to infer 

phylogenetic trees, such as Bayesian hierarchical clustering (e.g. BEAST; Heled & Drummond 

2010) and maximum likelihood (e.g. RAxML; Stamatakis 2014). Bayesian inference methods 

compare posterior probabilities over a large number of tree topologies, and the most accurate tree 

is the phylogeny with the highest posterior probability (Rannala & Yang 1996). Maximum-

likelihood methods find the most likely tree topology given the observed data, accounting for 

varying rates in evolution of different lineages, and evaluating the significance with non-

parametric bootstrapping (Felsenstein 1981a). 
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Multiple methods are also available to measure contemporary and historical gene flow 

from genomic data. The level of genetic structure among populations is often used as a proxy for 

gene flow, however, FST can be biased by multiple factors such as small population sizes, recent 

population reductions, and fragmentation – all processes that lead to migration-drift 

nonequilibrium (Whitlock & McCauley 1999; Kinnison et al. 2002). Programs such as 

BAYESASS (Wilson & Rannala 2003) use molecular assignment to measure recent migration 

rates among populations without assuming migration-drift equilibrium. BAYESASS takes 

populations with known allele frequencies and effectively assigns individuals with a given 

genotype to a source population, without prior knowledge of the identity of the actual source 

population (Wilson & Rannala 2003). As long as genetic differentiation is sufficiently high (FST 

≥ 0.05) and migration among populations is sufficiently low (m ≤ 0.15), simulations show that 

this method can be fairly accurate (Faubet et al. 2007). To estimate historical gene flow, 

programs such as DIYABC (Cornuet et al. 2014) prove useful. DIYABC is an approximate 

Bayesian computation approach (Beaumont et al. 2002) that uses coalescent-based software to 

compare competing evolutionary scenarios and measure the relative support for each of these 

scenarios. Scenarios are usually informed by past events in the species’ history.  

 

1.6 The Leach’s storm-petrel  

Leach’s storm-petrels are pelagic, tube-nosed seabirds of the order Procellariiformes. Despite 

their small size (~50 g), they have long generation times (13 years) and only lay one egg per 

breeding season (BirdLife International 2018a). Over their lifetimes, they form monogamous 

pair bonds (BirdLife International 2018a). Their diets consist of plankton and nekton, and during 

the breeding season they concentrate the lipid-rich food into stomach oil. This oil is stored in the 
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proventriculus, and later regurgitated and fed to the chick (Place et al. 1989; Duke et al. 1989). 

Leach’s storm-petrels are pelagic foragers, travelling thousands of kilometres from their nesting 

sites to search for food (Pollet et al. 2014b; Halpin et al. 2018; Hedd et al. 2018). Despite their 

ability to forage large distances from the breeding ground, decreased prey availability due to 

environmental change may lead to increased foraging costs (e.g. Mullers et al. 2009), as they 

must expend more energy locating food.  

These seabirds have a wide geographic breeding range (Figure 1), including both the 

North Atlantic and North Pacific oceans. Pacific breeding colonies span from northern Japan and 

the Aleutian Islands through the Pacific coast of North America to Mexico. Atlantic breeding 

colonies are located in northern USA, eastern Canada, Iceland, Norway, and Scotland (del Hoyo 

et al. 1992; Huntington et al. 1996). A few recent studies attempted to determine the nonbreeding 

distribution of Leach’s storm-petrels using geolocators, but small sample sizes leave some 

uncertainty. Within the Atlantic, Leach’s storm-petrels were found to have variable migration 

patterns and low seasonal connectivity (Pollet et al. 2014a; 2019). A single bird from Bon 

Portage overwintered off the eastern coast of Brazil (Pollet et al. 2014a), and of six Leach’s 

storm-petrels tracked from two Canadian colonies, two migrated to southern Africa, while others 

stayed in northern Atlantic Canada (Pollet et al. 2019). The overall migration strategy was not 

found to correlate with breeding colony (Pollet et al. 2019). Even less is known about migratory 

patterns in the Pacific, where only two Leach’s storm-petrels were tracked from a colony near 

Vancouver Island, BC: both migrated to the Eastern Tropical Pacific, ~6700 km away (Halpin et 

al. 2018). Further work is required to quantify the precise migratory patterns of these mysterious 

seabirds. 
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1.6.1 Conservation concerns for the Leach’s storm-petrels 

Leach’s storm-petrels are currently abundant (6.7-8 million breeding pairs globally), but some 

populations have recently elicited conservation concern. Since 1977, colonies in the Atlantic 

have declined 30% and were recently labeled Vulnerable (previously Least Concern) by the 

International Union for Conservation of Nature (IUCN; BirdLife International 2018a). The 

reasons for this extreme and sudden population decline are unknown, but factors associated with 

a rapidly changing climate, such as rising temperatures, increasing frequency of extreme weather 

conditions, and declining food abundance are known to reduce seabird survival (Gremillet & 

Boulinier 2009). Climate-associated factors can reduce reproductive success by influencing the 

timing of arrival to the breeding grounds, thus creating a mismatch between timing of optimal 

food abundance and chick feeding, and increasing foraging distance. In fact, warmer ocean 

conditions are known to have negatively impacted reproductive success in Leach’s storm-petrels 

on Bon Portage Island, Canada (Pollet 2017). Other possible reasons for the storm-petrel decline 

are high predation at breeding colonies (Bicknell et al. 2009), collisions with off-shore structures 

like oil and gas platforms and seismic vessels (Wiese et al. 2001; Baillie et al. 2005; Ronconi et 

al. 2015), exposure to oil contamination (Leighton 1993), and mercury toxicity due to 

bioaccumulation (Elliott et al. 1992; Goodale et al. 2008; Bond & Diamond 2009; Pollet et al. 

2017; but see Ikemoto et al. 2004). Understanding population connectivity and dispersal 

dynamics is vital for successful management of declining North Atlantic colonies. Furthermore, 

the identification of ESUs and MUs using genomic data may help wildlife managers effectively 

protect genetic variation within endangered populations. 



	 12	

 

 

1.6.2 Systematics and taxonomy of the Leach’s storm-petrel 

In addition to addressing conservation concerns, understanding the enigmatic evolution of the 

Leach’s storm-petrel species complex is important to clarify taxonomy. These seabirds were 

once designated as a single species, but they are now classified as three (Hydrobates leucorhous 

[del Hoyo & Collar 2014] with two subspecies [H. l. leucorhous and H. l. chapmani], H. 

socorroensis, and H. cheimomnestes). The path to discovering the systematic relationships within 

this species complex has been long and convoluted, and is on-going. Historically, taxonomists 

emphasized morphology, vocalizations, and breeding season when deciding species or 

subspecies status (reviewed in Ainley 1980; Bourne & Jehl 1982; Ainley 1983; Power & Ainley 

1986). Defining species and subspecies is in itself controversial. In this thesis, I define a species 

based on the biological species concept, in which a species comprises individuals within a 

population, or group of populations, that are able to interbreed with one another (Mayr 1942; as 

cited by Coyne & Orr 2004). I define a subspecies as a population, or group of populations, that 

resides in a geographically distinct breeding range, and individuals within this group are 

distinguishable from other populations of the same species based on at least one heritable 

phenotypic trait (Remsen 2010). The advent of more sophisticated population genetic approaches 

may aid the delineation of species and subspecies within the Leach’s storm-petrel species 

complex, as it allows for greater resolution of relationships.  

Slight phenotypic distinctions exist between species and subspecies of the Leach’s storm-

petrel species complex, as well as between populations separated by ocean basins. Atlantic birds 

exhibit no geographic variation in morphology, and northern Pacific birds are morphologically 
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similar to Atlantic birds, only slightly smaller (Ainley 1980; Power & Ainley 1986). However, 

within the Pacific an observable cline in morphology exists along a latitudinal gradient, with 

more northern breeding populations displaying darker rumps (uppertail coverts), larger sizes, and 

longer wingspans than their more southern counterparts (Ainley 1980; Power & Ainley 1986). 

Seasonal breeding populations residing on Guadalupe Island also differ in colour, distinguishable 

both from each other and from all other populations in the Pacific. Winter breeders are smaller 

than other Pacific storm-petrels, with intermediate rump colouration (Power & Ainley 1986; 

AOU Classification Committee 2016). Summer breeders are the smallest in the species complex 

and have mostly dark rumps (Ainley 1980; AOU Classification Committee 2016). Additionally, 

Ainley (1980) argued that different vocalizations and breeding phenology supported premating 

reproductive isolation between seasonal breeders. In 1986, four subspecies were defined: O. l. 

leucorhous in the Atlantic and North Pacific, O. l. chapmani in the islands of San Benito, and O. 

l. cheimomnestes (winter breeders) and O. l. socorroensis (summer breeders) on Guadalupe 

Island (Ainley & Power 1986). In 2016, the seasonal populations of Guadalupe were both 

elevated to species status (AOU Classification Committee), the winter breeders named Ainley’s 

storm-petrel (O. cheimomnestes) and the summer breeders named Townsend’s storm-petrel (O. 

socorroensis).  

More recently, genetic work on these seabirds has been used to test population 

relationships and species classifications. Paterson and Snyder (1999) compared randomly 

amplified polymorphic DNA (RAPDs) among storm-petrels from three colonies in Atlantic 

Canada, and found weak but significant geographic differentiation (FST=0.04, p<0.05). However, 

almost 95% of the variation observed was due to individual differences rather than differences 

between populations. Paterson and Snyder (1999) argued that the weak genetic structure 
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observed was due to either behavioural barriers to gene flow, such as natal philopatry, or 

historical associations during the Pleistocene. However, RAPDs use a low stringency PCR, 

which can result in a high genotyping error rate (Bonin et al. 2004); thus further studies were 

required to fully resolve relationships within the Atlantic.   

Bicknell et al. (2012) did the first global study investigating genetic structure using 357 

base pairs of the mitochondrial control region, 19 microsatellite markers, and samples from nine 

colonies spanning the Atlantic and Pacific. Consistent with Paterson & Snyder (1999), Bicknell 

et al. found that populations within the Atlantic were genetically homogenous, but discovered a 

significant genetic distinction between the Pacific and Atlantic samples (ϕST=0.32, FST=0.04, 

both p<0.001). The Pacific colonies also exhibited greater allelic diversity than the Atlantic, but 

only two colonies were sampled in the Pacific so this could be an artefact of low sample size. 

This study also found some evidence for gene flow between Atlantic and Pacific colonies.  

The most recent study used a 333 base pair fragment from the mitochondrial control 

region and six nuclear microsatellite markers from 16 populations spanning the Atlantic and 

Pacific (Taylor et al. 2018). This study incorporated all species and subspecies in the complex. 

Results suggest that H. socorroensis and H. cheimomnestes are sister taxa and are significantly 

differentiated both from each other (ϕST [control region]=0.27 and FST [microsatellites]=0.06; 

p<0.001 for both) and from all other populations (summer: ϕST=0.35-0.61, p<0.001 for all 

pairwise comparisons of colonies, FST=0.04-0.25, p<0.001 for all but two pairwise comparisons 

of colonies; winter: ϕST=0.57-0.72, FST=0.17-0.39, p<0.001 for all pairwise comparisons). The 

San Benito subspecies (H. l. chapmani) was significantly differentiated from most other 

populations (ϕST=0.48-0.72, p<0.001 for all comparisons, FST=0.03-0.35, p<0.001 for all but four 

comparisons). Analyses using the program STRUCTURE (Pritchard et al. 2000) suggested two 
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genetic groupings: (1) H. l. leucorhous and H. l. chapmani, and (2) H. socorroensis and H. 

cheimomnestes. These groups were also proposed to be separate ESUs. 

Although these three studies gave a general pattern of the diversity within the Leach’s 

storm-petrel species complex, all studies used strictly neutral DNA and only a few low-

resolution markers. Furthermore, Taylor et al. (2018) found four out of the six microsatellite loci 

were out of Hardy-Weinberg proportions, which could indicate potential sequencing errors and 

the presence of null alleles. The use of SNP markers can be advantageous over microsatellites 

and mitochondrial DNA because SNPs can detect both strongly and weakly diverged 

populations, and can also reveal patterns of ancestral genetic variation due to their slower 

mutation rate (Zhang & Hewitt 2003; Andrews et al. 2016). The use of phylogenomics rather 

than phylogenetics to infer evolutionary relationships also reduces the amount of sampling error 

and error due to incomplete lineage sorting, as it comprises a large multigene dataset rather than 

a dataset containing only a few genes (Phillipe et al. 2011). Thus, high-resolution genomic 

sequencing can help to assess the evolutionary relationships of these taxa, and to estimate more 

accurately the genetic structure and population connectivity among Leach’s storm-petrel 

populations.  

 

1.6 Research Objectives 

In this study, I use double-digest restriction site-associated DNA sequencing (ddRAD-seq) to 

assess the level of population genetic differentiation and gene flow between both spatially and 

temporally isolated populations of Leach’s storm-petrels across their range. Using samples 

representative of all species and subspecies within the complex, I address three main objectives: 

1) evaluate the level of genetic structure and population connectivity within the Leach’s storm-
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petrel species complex to identify likely barriers to dispersal, 2) assess the evolutionary 

relationships among species and subspecies to determine which populations are ancestral and 

which are more recently diverged, and 3) identify putatively adaptive markers to understand 

potential mechanisms of local adaptation. First, I predict that genetic structure found using high-

throughput sequencing will not only confirm genetic structure found in previous studies, but will 

also detect even finer scale structure not accessible using mitochondrial and microsatellite DNA. 

I also predict that population connectivity will be high within the Atlantic and Pacific, but low 

between ocean basins and separate species and subspecies. This prediction is based on not only 

contemporary barriers, but also historical barriers to gene flow between the Atlantic and Pacific 

such as the periodic glaciations and formation of the Bering Landbridge during the Pleistocene 

(Marincovich & Gladenkov 2001). Next, I predict that phylogenetic reconstructions will be 

similar to the ones observed using microsatellite and mitochondrial DNA (Taylor et al. 2018), 

but will have greater support given the higher number of markers used. I also predict that 

seasonal populations within Guadalupe Island will form a monophyletic clade as they represent 

putative sister taxa. Finally, I predict that I will identify a few putatively adaptive markers under 

diversifying selection, as these populations are likely experiencing local adaptation given their 

extensive range and varying environmental conditions. After testing multiple predictions, I will 

synthesize a comprehensive overview on how this genetic information should be used in a 

conservation framework. 
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CHAPTER 2: Methods 

2.1 Sample preparation and sequencing 

Blood or solid tissue samples (muscle or egg contents) were collected from Leach’s storm-

petrels from all across the breeding range by various sample collectors (see Acknowledgments, 

Figure 1. DNA was extracted from 229 samples from 17 populations using a salt-extraction 

protocol (Aljanabi & Martinez 1997), the DNeasy® method (Qiagen, Mississauga, Ontario), or 

by standard proteinase K digestion and phenol/chloroform extraction (Maniatis et al. 1982). 

Initial digestion of each sample was conducted using RNase A/T1 and incubation at 37°C for 30 

minutes, as outlined in Maniatis et al. (1982). Samples were purified using ethanol precipitation 

(Sambrook et al. 1989). DNA concentrations were quantified using a Qubit® fluorometer 

(Invitrogen, Carlsbad, CA, USA) and a NanoDrop® Microvolume Spectrophotometer (Thermo 

Fisher Scientific, Wilmington, DE, USA), and each sample was standardized to ensure 

concentrations were between 500-1000 ng/µl.  

 Library preparation (digestion with restriction enzymes and size selection) was completed 

by Zhengxin Sun in the Core Genotyping Facility at Queen’s University, using the enzymes Sbf1 

and MluC1 and a size-selection window of 360 to 560 base pairs (including 110 base pair 

adaptors). Library preparation was done following the protocol outlined in Peterson et al. (2012). 

Enzymes and fragment size range were chosen in silico to ensure both sufficient depth (~40x) 

and breadth (~1 million reads/individual) of coverage, using the Leach’s storm-petrel reference 

genome (unpublished data from SYW Sin & SV Edwards) and the package ddradseqtools 

(Mora-Márquez et al. 2017). Samples were sent in two batches (batch 1 in August 2018, batch 2 

in February 2019) to The Centre for Applied Genomics in Toronto for sequencing using an 
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Illumina HiSeq 2500 (Illumina, San Diego, CA, USA), with four duplicate samples sent between 

batches. Samples were sequenced using paired-end 150 base pair, single-lane sequencing. 

 

2.2 Data sorting and filtering 

To minimize batch effects, sequences from both batches were pooled and bioinformatics was 

done on the pooled dataset. PCR duplicates were removed using the python script 

ParseDBR_ddRAD.py (Github: ElJensen/ParseDBR_ddRAD) and the quality of sequences was 

checked using fastQC (Andrews 2010b). Reads were demultiplexed using the program 

process_radtags in STACKS (Catchen et al. 2013). Demultiplexing consists of assigning 

individual reads to samples based on barcode information and removing the adaptors. This 

program also removes ambiguous and low-quality reads. I used a sliding window approach is 

used to assess ~15% of each read at a time, discarding any reads with segments with raw Phred 

scores below 10. 

 Next, the Burrow-Wheelers Aligner (BWA; Li & Durbin 2009) was used to align the 

sequences to the Leach’s storm-petrel reference genome, and only reads that were properly 

mapped and aligned were kept for further analysis. Aligned reads were run through the STACKS 

pipeline using the ref_map.pl script. This script runs through the different components of 

STACKS, including pstacks (which builds loci from a reference and calls SNPs), cstacks (which 

assembles a catalogue of loci), and sstacks (which matches individuals and populations to the 

catalogue of loci). Then, genotypes were filtered and exported using populations in STACKS. In 

populations, the sequences were filtered for 50% missing data (minimum per-population 

percentage of samples and minimum number of populations to keep a locus), minimum minor 

allele frequency of 0.05, and maximum observed heterozygosity of 0.75, and then the first SNP 
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from each read was selected (to control for linkage effects). These parameters were chosen based 

on Jensen et al. (2018) and Jensen (pers. comm.), and by varying the percentage of missing data 

to maximize both the number of loci and the number of individuals retained. Default parameters 

were used to call genotypes, such that if the ratio of the depth of the minor allele to the depth of 

the major allele was greater than 1/10, then the stack was called a heterozygote. If the ratio of the 

depth of the minor allele to the major allele was below 1/20, then the stack was called a 

homozygote. Any frequency between these ratios was called as unknown. The resulting data 

were exported in Variant Call Format (VCF). 

 The program VCFtools (Danecek et al. 2011) was implemented for more in-depth 

filtering of the data. First, the level of missing data per individual was calculated, and all 

individuals with more than 30% missing data were removed from the dataset. To remove 

potential sequencing errors, the minor allele frequency was set to 0.05. Reads were filtered for a 

minimum depth of coverage of 5 and maximum depth of coverage of 80.5 (2 standard deviations 

above the mean). Sites with low genotype quality (Phred score < 30) or more than 20% missing 

data were removed. A thinning interval was implemented to ensure that SNPs were at least 

10,000 base pairs apart, reducing the likelihood of linkage disequilibrium influencing the dataset 

(e.g. Zhang et al. 2018). Sites out of Hardy-Weinberg (HW) proportions were assessed 

separately for each population and compared across populations. No sites were consistently out 

of HW proportions in more than one population, and therefore no sites were excluded.  

 Batch effects, which could result from differences in fragment size selection during 

library preparation, and which can produce a false signal of genetic structure, were also 

controlled for in the data. To test for batch effects, four duplicate individuals were included in 

both batches. After filtering the data, a Principal Component Analysis (PCA) was run to 
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determine if individuals grouped by sequencing batch. A discordance analysis was performed in 

VCFtools, which compares the level of similarity between loci in individuals sequenced across 

batches. 

 The raw data were also divided into two separate datasets: (i) Guadalupe summer (H. 

socorroensis) and winter (H. cheimomnestes); and (ii) H. leucorhous. The two new datasets were 

created because the magnitude of difference between the storm-petrels on Guadalupe and H. 

leucorhous may have biased marker selection in the original dataset, resulting in overestimations 

of pairwise FST values for outlier analysis. The two new datasets were run through the same 

filtering steps as above with slight alterations. For instance, since the Guadalupe dataset had so 

few individuals, a missing data cut-off of 90% rather than 80% was used, and the minor allele 

count was set to three. The cut-off for the maximum depth of coverage also differed in these 

datasets, as it was consistently set to two standard deviations above the mean coverage. The 

maximum depth of coverage for the Guadalupe dataset was set to 103, whereas for the H. 

leucorhous dataset it was set to 74.3. The same analyses were conducted separately for all three 

datasets. 

 

2.3 Genetic variability 

To assess global and population-level genetic variation within the Leach’s storm-petrel, diversity 

indices and F statistics were estimated in GENODIVE (Meirmans & Van Tienderen 2004). 

Expected (HE) and observed (HO) heterozygosity were calculated as general indicators of genetic 

variation across populations. The number of private alleles, the number of loci deviating from 

HW proportions, and allelic richness within each population were estimated. Private alleles were 

discovered using the R package Poppr (Kamvar et al. 2014). Loci were identified as deviating 
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from HW proportions using an exact test, with a p-value < 0.05 (Wigginton et al. 2005). Allelic 

richness was calculated using the R package PopGenReport (Adamack & Gruber 2014). Eight 

random individuals were chosen from each population to ensure that sample sizes were equal, 

with populations having less than eight samples being excluded from the analysis. The rarefied 

mean allelic richness was then calculated across all loci for all populations. 

 

2.4 Population genetic structure 

To quantify genetic structure, global and pairwise estimates of FST between populations were 

calculated using analysis of molecular variance in GENODIVE (Weir & Cockerham 1984). Only 

populations with a sample size greater than five were included in the pairwise FST calculations 

(Willing et al. 2012). The Benjamini-Yekutieli False Discovery Rate (FDR) correction for 

multiple pairwise comparisons was computed using the p.adjust function in the R package stats 

(Benjamini & Yekutieli 2001; Narum 2006; R Core Team 2018). 

 Next, multiple PCAs were run using the glPCA function in adegenet (Jombart et al. 

2018). The purpose of PCAs is to reduce the dimensions of a large dataset to a few informative 

coordinates that explain the most variation in the data. PCAs are useful in population genomic 

studies because they identify structure in the distribution of genetic variation across populations, 

where individuals that are more similar appear closer together on the PC axes (reviewed in 

McVean 2009). For the complete dataset, four PCAs were run: (i) including all samples; (ii) only 

O. leucorhous; (iii) only O. l. leucorhous; and (iv) only H. cheimomnestes and H. socorroensis 

(Guadalupe). For the O. leucorhous only dataset, two PCAs were run: (i) including all O. 

leucorhous; and (ii) including only O. l. leucorhous. A single PCA was run for the Guadalupe 

only dataset. 
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 Last, the program STRUCTURE v2.3.4 (Pritchard et al. 2000) was used to assess genetic 

structure within the Leach’s storm-petrel species complex. STRUCTURE is a clustering method 

that applies Markov Chain Monte Carlo (MCMC) estimation to assign individuals to a pre-

selected number of genetic clusters (K) based on their allele frequencies. However, 

STRUCTURE assumes that populations are at HW equilibrium and no linkage exists between 

markers. For this reason, results from the model-based STRUCTURE program were validated 

with results from the distance-based PCAs, as distance-based methods make no assumptions 

about the data. STRUCTURE was run for all datasets, and a hierarchical analysis was performed 

within the complete and H. leucorhous datasets. The admixture model in STRUCTURE was 

used, which assumes that genes can be exchanged between populations. For all STRUCTURE 

runs, parameters were as follows: K = 1-7 (for complete and H. leucorhous only datasets) or K = 

1-5 (for Guadalupe only dataset), with ten independent runs for each value of K, and sampling 

location not included as prior information. The range of K values was chosen to encompass all 

biologically feasible values of K. A maximum K-value of 7 was selected because it is two values 

higher than the estimated number of genetic clusters (5) within the Leach’s storm-petrel species 

complex (Taylor et al. 2018). A minimum K-value of 1 was selected in case all populations were 

genetically homogenous. Each run contained 1,000,000 MCMC iterations, with the first 10% of 

iterations discarded as burnin, as is standard among population genomic studies (e.g. Gilbert 

2012; Vergara 2015; Fu 2018). StrAuto v1.0 (Chhatre & Emerson 2017) was used to run 

STRUCTURE in parallel on the Compute Canada Cluster, reducing the total run-time. The 

program KFINDER was executed to find the most likely number of genetic clusters using three 

different methods: (1) Bayes’ Rule	(Pr[X|K]; Pritchard et al. 2000), (2) ΔK (Evanno et al. 2005), 

and (3) the parsimony index method (Wang 2019). Values of K produced by these three methods 
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often differed, however K-values determined by the parsimony index method were ultimately 

selected. This method chooses the K with the minimal mean admixture, consistently produces 

more accurate results when using both empirical and simulated data, and can test for K=1 (Wang 

2019). It should be noted that estimates of K usually have a high level of uncertainty and should 

be viewed with a degree of scepticism (Meirmans 2015). The package pophelper v2.2.6 in R was 

used to visualize the assignment plots (Francis 2017; R Core Team 2018).  

 

2.5 Estimates of gene flow 

To estimate contemporary gene flow, the program BAYESASS v3.0.4 (Wilson & Rannala 2003) 

was implemented. Since BAYESASS cannot handle large SNP datasets, the code was modified 

using the script BayesAss3-SNPs (BA3-SNPS; Mussmann et al. 2019). The only difference 

between BAYESASS and BA3-SNPS is the need to specify the file and number of loci in the 

command line, and a change to the upper limit of 420 markers. Because both previous and new 

analyses identifying genetic structure indicated a maximum of five genetic groups, populations 

were assigned to one of these five groups: (1) H. l. leucorhous [Pacific]; (2) H. l. leucorhous 

[Atlantic]; (3) H. l. chapmani; (4) H. socorroensis; and (5) H. cheimomnestes. Each dataset was 

given three independent runs through BA3-SNPS, changing the random seed and population 

order in each run. After 1,000,000 iterations, the first 10% of runs were discarded as burnin. To 

ensure convergence, the resulting trace files were assessed using TRACER v1.7 (Rambaut et al. 

2018). The runs were compared and the best run was chosen using the calculateDeviance R 

script developed by Meirmans (2014).  

 To test for historical association, or genetic similarities between different populations due 

to recent divergence, the program DIYABC v2.1 (Cornuet et al. 2014) was used. DIYABC 
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combines approximate Bayesian computation and coalescent theory to model historical 

demographic events. Both the complete dataset and the H. leucorhous dataset were used for these 

analyses, and subsets of 500 SNPs with no or little (10%) missing data were selected for each 

dataset to reduce computation time and increase accuracy of the program. For the complete 

dataset, two historical models were compared: (1) initial divergence between H. leucorhous and 

Guadalupe birds, followed by divergence between summer- and winter-breeding populations; 

and (2) initial colonization of Guadalupe by H. leucorhous, which evolved to breed in winter, 

followed by a second colonization of Guadalupe by H. leucorhous that bred in summer 

(hypotheses tested shown in Figure 2). For the H. leucorhous dataset, two historical models were 

also compared: (1) initial divergence of H. l. chapmani from H. l. leucorhous, followed by 

divergence between Pacific and Atlantic H. l. leucorhous; and (2) initial divergence of Pacific 

and Atlantic H. l. leucorhous, followed by divergence between Pacific H. l. leucorhous and H. l. 

chapmani (hypotheses tested shown in Figure 3). Priors were chosen from the preliminary runs 

to maximize overlap between the distribution of simulated data and observed data. In total, 

200,000 simulations were run for each of the historical models, using log-uniform priors for all 

parameters. All single sample and two sample summary statistics for gene diversity, FST, and 

Nei’s distances were used to compare similarities between simulations and observed data. A 

PCA was conducted to confirm that the chosen priors produced simulated datasets that 

overlapped with the observed dataset. The most likely evolutionary scenario was then assessed 

using posterior probabilities calculated from both a direct approach and a logistic regression 

(Cornuet et al. 2008). The direct approach calculates the proportion of datasets obtained with a 

certain scenario that are closest to the observed data, and uses this information to estimate 

posterior probabilities of the scenario. Conversely, the logistic regression approach uses a linear 
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regression to estimate parameters, in which the dependent variable is the posterior probability of 

scenarios, and the independent variable is the differences between observed and simulated 

datasets. A logit link function is then applied to the regression to calculate posterior probabilities. 

 

2.6 Phylogenetic analysis 

To assess genetic relationships among individuals and divergence between groups, multiple 

phylogenetic trees were constructed. First, maximum likelihood trees were constructed using 

RAxML v8.0 (Stamatakis 2014). Then, Bayesian inferred trees were constructed using BEAST 

v2.5 (Bouckaert et al. 2019).  

 Three separate trees were constructed using RAxML. The first tree used the complete 

dataset, comprising 141 individuals and 3444 SNPs. A second tree was constructed using band-

rumped storm-petrel (Hydrobates castro) sequences as an outgroup. For this tree, a new dataset 

had to be created to include sequences from 30 band-rumped storm-petrel samples (from Gillesse 

2019) in addition to all of the Leach’s storm-petrel samples. Band-rumped storm-petrel samples 

used for this analysis underwent the same sequencing procedure as the Leach’s storm-petrels, 

including digestion by the same enzymes and use of the same size-selection window (Gillesse 

2019). The band-rumped storm-petrels were also aligned to the Leach’s storm-petrel reference 

genome. All raw sequences were run through the filtering pipeline described in section 2.2, but 

only filtered for 50% missing data in VCFtools. The low threshold for missing data was required 

as highly stringent filtering led to a low number of loci recovered, however the loci that were 

recovered using the relaxed filtering had a high proportion of missing data. For RAxML analysis, 

H. castro was specified as the outgroup. Finally, to avoid ambiguities due to “rogue” taxa and/or 

missing data (Wilkinson 1996), a third tree was constructed with a highly filtered dataset. Rogue 
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taxa are defined as taxa that assume varying and often opposing phylogenetic positions in the 

collection of trees used to generate the consensus tree, resulting in overall decreased resolution 

of the consensus tree. The three individuals per population with the least amount of missing data 

(<3%) were selected, and these individuals were run through STACKS and VCFtools using the 

same filtering parameters as above, but allowing no missing data. In VCFtools, 2000 randomly 

selected SNPs were kept for the analysis. All three trees were generated by RAxML using the 

GTRGAMMA model and 2000 bootstrap iterations. All trees were visualized in FIGTREE v1.4 

(Rambaut 2012).  

 The highly filtered SNP dataset containing 2000 randomly chosen SNPs was also used in 

BEAST to reduce computation time and increase accuracy. The VCF file was converted to a 

nexus file in binary format using PGDSpider v2.1 (Lischer & Excoffier 2012), and run through 

the SNAPP template in BEAUTi to generate an xml input file. The xml file was run through 

BEAST on the command line using 1,000,000 MCMC iterations and default parameters, 

discarding the first 10% of trees as burnin. However, due to lack of computational resources, this 

tree was only allowed to run for 385,000 iterations. Consequently, smaller datasets comprised of 

1000 SNPs and 500 SNPs were created and run through BEAST using the same parameters as 

stated above. The 1000 SNP dataset was also only run for 329,000 iterations, however the 500 

SNP dataset was run for the full 1,000,000 iterations. TRACER v1.7 (Rambaut et al. 2018) was 

used to assess convergence, and TREEANNOTATOR v2.6 (Bouckaert et al. 2019) was used to 

generate a consensus tree. The resulting tree was visualized in FIGTREE v1.4. 
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2.7 FST outlier analysis 

A genome scan was conducted using the program BayeScan v1.2 (Foll & Gaggiotti 2008) to test 

for FST outlier loci among the sampled Leach’s storm-petrel populations. This program uses the 

differences in allele frequencies between populations to identify SNPs that are either putatively 

under selection or putatively neutral. BayeScan tests for selection by separating the population-

specific component of FST (beta, “neutral” genetic variation) and the locus-specific component of 

FST shared by all populations (alpha, “adaptive” genetic variation). Positive alpha suggests 

diversifying selection, whereas negative alpha suggests balancing selection. Three separate 

iterations of BayeScan were run (one for each dataset mentioned in Section 2.2), using 1000 

prior odds for the neutral model and a false discovery rate (q-value) of 0.05. Any SNP with a q-

value < 0.05 and alpha < 0.05 was classified as potentially under balancing selection, whereas 

any SNP with a q-value < 0.05 and alpha > 0.05 was classified as potentially under diversifying 

selection (based on Benestan et al. 2016). All SNPs with a q-value > 0.05 were classified as 

neutral. Convergence of the MCMC chains was assessed using Geweke’s convergence 

diagnostic (Geweke 1992) and Heidelberg and Welch’s convergence diagnostic (Heidelberg & 

Welch 1983) in the package coda in R (Plummer et al. 2006). After identifying loci putatively 

under balancing or diversifying selection, NCBI BLAST (Johnson et al. 2008) was used on the 

150 base pair fragment containing each locus in question to determine whether they were located 

in functional regions of the genome. 
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FIGURE 2. Evolutionary scenarios compared using DIYABC, in which A) scenario 1 comprises 

an initial divergence between H. leucorhous and the Guadalupe populations at time T1, followed 

by a secondary divergence between the seasonal populations at time T2, and B) scenario 2 

comprises an initial divergence between H. leucorhous and H. cheimomnestes (which then 

evolved winter breeding) at time T1, followed by a secondary divergence between H. leucorhous 

and H. socorroensis at time T2. Time points (T0, T1, T2, Present) are not to scale. 
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FIGURE 3. Evolutionary scenarios compared using DIYABC, in which A) scenario 1 comprises 

an initial divergence between H. l. leucorhous and H. l. chapmani at time T1, followed by a 

secondary divergence between the Atlantic and Pacific H. l. leucorhous populations at time T2, 

and B) scenario 2 comprises an initial divergence between Pacific and Atlantic populations of H. 

l. leucorhous at time T1, followed by a secondary divergence between H. l. leucorhous and H. l. 

chapmani at time T2. Time points (T0, T1, T2, Present) are not to scale. 
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CHAPTER 3: Results 

After sequencing and filtering, the complete dataset contained 3444 SNPs and 141 individuals 

from 13 breeding populations (Table 1, Figure 4), the H. leucorhous dataset contained 2323 

SNPs and 113 individuals from 11 breeding populations (Table 2), and the Guadalupe dataset 

contained 1719 SNPs and 26 individuals from the two breeding populations (Table 3). After 

conducting an initial PCA, five individuals were removed from all subsequent analyses, either 

due to being potential hybrids, migrants between species, or grouping in a biologically 

nonsensical way (see Supplementary Figures 1, 2, 3). These five outliers were from the 

Guadalupe summer, San Benito, and Green Island populations. Interestingly, one of the samples 

removed (LESP_2A) was considered a migrant from the Pacific H. l. leucorhous population to 

Guadalupe Island in previous studies as well (Wallace et al. 2017; Taylor et al. 2018). Samples 

from most locations in Alaska (Western and Central Aleutian Islands and Semidi Islands) were 

severely degraded and therefore these populations were excluded from the study. The complete 

dataset has an average of 12.0% missing data per individual, the Guadalupe dataset has an 

average of 11.8% missing data, and the H. leucorhous dataset has an average of 13.8% missing 

data.  

 Based on the PCA and discordance analysis, ascertainment bias due to differences 

between sequencing batches is likely negligible. On the PCA (not shown), individuals grouped 

by hypothesized species/subspecies classifications, and not by sequencing batch. Further, I found 

only ~3% discordance in genotype calls between the same individuals sequenced across batches. 
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3.1 Genetic variability 

The analysis of molecular variance (AMOVA) estimating global F-statistics implemented in 

GENODIVE indicated that low but significant outbreeding occurs within populations (GIS=-

0.054±0.008). In the complete dataset, only H. cheimomnestes, H. socorroensis, and H. l. 

chapmani have private alleles. Although the number of private alleles is relatively low (Table 1), 

their occurrence at high frequencies in multiple individuals from each population indicates a 

potential lack of gene flow to and from these populations (see Supplementary Figure 4; Slatkin 

1985). Using the H. leucorhous only dataset, only H. l. chapmani has a small number of private 

alleles (Table 2). Conversely, using the Guadalupe only dataset, H. socorroensis has 393 private 

alleles, and H. cheimomnestes has 195 private alleles (Table 3). No SNPs deviate from HW 

proportions consistently across populations, although some SNPs deviate from HW proportions 

within populations (Tables 1, 2, 3). Most SNPs deviating from HW proportions within 

populations are experiencing homozygote excess, rather than deficiency (Tables 1, 2, 3). 

 

3.2 Population genetic differentiation 

Based on estimates for pairwise comparisons of populations using the complete dataset, H. 

socorroensis and H. cheimomnestes are strongly and significantly differentiated from all other 

populations (FST=0.80-0.81 for 22 comparisons, p<0.01; Table 4). Hydrobates l. chapmani is 

also significantly differentiated from H. leucorhous (FST=0.13-0.17 for 10 comparisons, p<0.01), 

and H. l. leucorhous (Pacific) and H. l. leucorhous (Atlantic) are weakly but significantly 

differentiated from each other (FST=0.04-0.05 for 28 comparisons, p<0.01). Samples from Aiktak 

in the Pacific are weakly but significantly differentiated from the other two Pacific populations 

(FST=0.01, p<0.01).  
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 The results from the PCAs agree with results from the pairwise FST analysis. Using the 

complete dataset, H. cheimomnestes and H. socorroensis group together and appear to differ 

substantially from H. leucorhous on the first principal component axis, which explains 64.4% of 

the variation in the data (Figure 5A). In the hierarchical PCA analysis, as well as PCAs 

constructed using the other datasets, H. socorroensis and H. cheimomnestes form two distinct 

clusters (Figure 5B), and H. leucorhous separates into three distinct clusters corresponding to H. 

l. chapmani, H. l. leucorhous (Pacific), and H. l. leucorhous (Atlantic; Figures 5C & 5D).  

 Hierarchical analyses using STRUCTURE also support five distinct genetic clusters. 

Using the complete dataset, STRUCTURE results indicate that the most likely value of K is 2 

(Figure 6A), with samples of H. leucorhous and the Guadalupe birds (H. socorroensis and H. 

cheimomnestes) assigning to separate genetic groups with high probability. The hierarchical 

analyses using the complete dataset indicate that the most likely value of K is 1 for the species 

breeding on Guadalupe (Figure 6B), and 2 within H. leucorhous (Figure 6C), however the 

molecular assignment plot suggests K=3 (Figure 6D). For H. l. leucorhous, the most likely value 

of K is 2 (Figure 6E). Using the dataset for Guadalupe only, the most likely value of K is 2 

(Figure 7). Using the H. leucorhous dataset, the most likely value of K is 3 (Figure 8A). When 

only considering H. l. leucorhous in the dataset for H. leucorhous, the most likely value of K is 2 

(Figure 8B). 

 

3.3 Estimates of gene flow 

Contemporary migration estimates calculated in BA3-SNPS for the complete dataset give 

estimates of residency (nonmigration) that are too low for reliable estimation of migration rates 

(Table 5; Wilson and Rannala 2003). In the Guadalupe dataset, estimates of migration do not 
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differ significantly from zero, suggesting no contemporary gene flow between H. socorroensis 

and H. cheimomnestes (Table 6). Estimates of migration calculated using the H. leucorhous 

dataset are not significantly different from zero for migration from the Pacific to the Atlantic H. 

l. leucorhous (0.027±0.023) or vice versa (0.056±0.035), or from the Pacific H. l. leucorhous to 

H. l. chapmani (0.063±0.061) or the Atlantic H. l. leucorhous to H. l. chapmani (0.062±0.061; 

Table 7). 

 Results from DIYABC for the complete dataset support scenario 1 as the most likely 

scenario using both the direct approach (1.00 – 1.00) and the logistic approach (1.00±0.00; 

Figure 3, Supplementary Table 1). For the H. leucorhous dataset, scenario 1 was also chosen as 

the most likely evolutionary scenario using both the direct approach (0.80 – 1.00) and the logistic 

approach (1.00±0.00; Figure 3, Supplementary Table 2).  

 

3.4 Phylogenetic analysis 

The tree constructed in RAxML using H. castro sequences as an outgroup (Supplementary 

Figure 5) has low resolution, likely due to rogue taxa and/or the inclusion of too many missing 

data (Wilkinson 1996), as bootstrap support for nodes is low. The phylogeny including the 

complete dataset for all Leach’s storm-petrel samples displayed two well-supported groups 

(Figure 9). The Guadalupe species, H. cheimomnestes and H. socorroensis, form a monophyletic 

clade, with H. socorroensis paraphyletic to H. cheimomnestes. H. leucorhous also forms a 

monophyletic clade, with apparent high divergence between the H. leucorhous and Guadalupe 

clades based on the scaled branch lengths. Although support is low, the Pacific H. l. leucorhous 

forms a paraphyletic clade, encompassing both the Atlantic H. l. leucorhous and H. l. chapmani, 

and the Atlantic H. l. leucorhous and H. l. chapmani may form their own monophyletic clades 
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with one exception each. However, bootstrap support values are still low for some of the nodes, 

which could be due to lack of phylogenetic resolution, presence of rogue taxa, and/or too much 

missing data (Wilkinson 1996). The phylogenetic tree constructed using the filtered dataset with 

only 3 individuals per population and 2000 random SNPs shows similar topology, but with 

greater bootstrap support (Figure 10). This tree depicts H. cheimomnestes and H. socorroensis as 

reciprocally monophyletic, and also H. l. chapmani and H. l. leucorhous as reciprocally 

monophyletic. The Pacific and Atlantic populations of H. l. leucorhous still group together in the 

same major clade. 

 The phylogenies generated by BEAST better resolve relationships, giving greater branch 

support than the RAxML generated trees. The dataset using 2000 SNPs groups populations 

mostly as expected based on results from RAxML phylogenies, however one individual from the 

Aleutian Islands (LESP_W2) groups with the Guadalupe birds rather than with the other Pacific 

H. l. leucorhous (Figure 11). Also, H. socorroensis and H. cheimomnestes do not fully resolve 

into reciprocally monophyletic taxa, as one winter-breeder groups with the summer-breeding 

birds, although support is very low. Altogether, posterior probabilities indicate high support for 

the Guadalupe birds, Pacific H. l. leucorhous, Atlantic H. l. leucorhous, and H. l. chapmani all 

forming monophyletic clades (except for LESP_W2). The dataset using 1000 SNPs groups 

populations as expected, with strong support for monophyly of each of the five groups identified 

as distinct by the genetic structure analyses (Figure 12).  

 

3.5 FST outlier analysis 

BayeScan found three outliers putatively under balancing selection in the complete dataset 

(Figure 13), and nine outliers putatively under diversifying selection in the H. leucorhous dataset 
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(Figure 14; Table 8). BayeScan found no outlier loci in the Guadalupe dataset, likely because the 

sampling size and number of populations was too small. The Guadalupe populations are also 

quite different, so most loci likely exhibit strong differentiation between the populations, and 

thus none are considered outliers.  

 BLAST search results determined that two of the three outliers putatively under 

balancing selection are located in a functional region of the genome. The first outlier corresponds 

to Niban-Like Protein 1 (NIBL1), and the second corresponds to Calcium-Responsive 

Transcription Factor (CaRF). NIBL1 is involved in apoptosis suppression of cancer cells in 

humans (Old et al. 2009; Chen et al. 2011), but remains relatively unstudied in other vertebrates. 

CaRF plays a role in neuronal development and plasticity through the induction of brain-derived 

neurotrophic factor (BDNF; Tao et al. 2002). Search results for outliers putatively under 

diversifying selection were either inconclusive or determined that most outliers are located in 

non-coding regions. However, the search did find that one outlier corresponds to NFKB 

repressing factor (NKRF), and another corresponds to Protein Phosphatase 2 Regulatory Subunit 

Bgamma (PPP2R2C). NKRF possesses multiple functions, including binding to NFKB-regulated 

gene promoters and regulating transcription (Rother et al. 2015). In humans, NFKB is involved 

in a series of biological processes, including inflammation, immunity, cell growth, and apoptosis 

(Barkett & Gilmore 1999; Guttridge et al. 1999; Hayden et al. 2006; Lawrence 2009). PPP2R2C 

belongs to the phosphatase 2 regulatory subunit B family, which negatively controls cell growth, 

division, and apoptosis (Spencer et al. 2012). Another outlier is also located on the Z 

chromosome, although it is unknown whether this outlier resides in a coding or non-coding 

region. 
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TABLE 2. Sample site information for the H. leucorhous only dataset with 2323 SNPs: 

hypothesized genetic groups (Bicknell et al. 2012; Taylor et al. 2018), sampling site, region, 

abbreviation (Abb.), number of individuals genotyped (N), number of private alleles, rarefied 

allelic richness (AR), observed heterozygosity, (HO), expected heterozygosity (HE), inbreeding 

coefficient (GIS), number of SNPs deviating from HW proportions (HWE sites), and percentage 

of those deviating sites with a heterozygote excess (% Het Excess).  

Genetic Group Sampling Site N Private 
Alleles AR HO HE GIS 

HWE 
sites 

% Het 
Excess 

H. l. leucorhous 
(Atlantic) 

Heryken 10 0 1.493 0.296 0.272 -0.090 5 20.0 

Île du 
Corrosol 10 0 1.483 0.275 0.267 -0.028 16 37.5 

 Baccalieu I. 13 0 1.488 0.287 0.270 -0.062 20 15.0 

 Green I. 8 0 1.471 0.266 0.261 -0.019 23 0.0 

 Kent I. 15 0 1.497 0.301 0.274 -0.098 30 26.7 

H. l. leucorhous 
(Pacific) 

Aleutians 12 0 1.450 0.261 0.257 -0.015 64 10.9 

Cleland I. 14 0 1.475 0.272 0.264 -0.029 46 15.2 

 Storm I. 4 0 NA 0.329 0.262 -0.244 0 NA 

 Thomas I. 3 0 NA 0.297 0.268 -0.106 0 NA 

 Daikoku I. 12 0 1.467 0.259 0.258 -0.004 57 12.3 

H. l. chapmani San Benito  12 18 1.406 0.263 0.234 -0.126 20 50.0 

Total  113 18  0.283 0.264 -0.073 281 17.8 
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TABLE 3. Sample site information for the Guadalupe only dataset with 1719 SNPs: 

hypothesized genetic groups (Taylor et al. 2018), sampling site, region, abbreviation (Abb.), 

number of individuals genotyped (N), number of private alleles, rarefied allelic richness (AR), 

observed heterozygosity, (HO), expected heterozygosity (HE), inbreeding coefficient (GIS), 

number of SNPs deviating from HW proportions (HWE sites), and percentage of those deviating 

sites with a heterozygote excess (% Het Excess).  

Genetic Group Sampling Site N Private 
Alleles AR HO HE GIS 

HWE 
sites 

% Het 
Excess 

H. cheimomnestes Guadalupe  12 195 1.452 0.198 0.197 0.019 61 0.5% 

H. socorroensis Guadalupe 14 393 1.493 0.205 0.198 -0.004 26 11.5% 

Total  26 588  0.201 0.197 0.007 87 6.9% 
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TABLE 4. Pairwise FST estimates (above diagonal) and the corresponding Benjamini-Yekutieli 

corrected p-values (below diagonal), calculated using the complete dataset. Significantly 

differentiated populations (p<0.01) are designated with an asterisk, and strongly differentiated 

populations (FST>0.5) are bolded. See Table 1 for population abbreviations. 

 
 HN IC BI GI KI AL CI DI SB GW GS 
HN - 0.00 0.00 0.00 0.00 0.05* 0.04* 0.04* 0.17* 0.81* 0.80* 
IC 1.00 - 0.00 0.00 0.00 0.05* 0.04* 0.04* 0.17* 0.81* 0.80* 
BI 1.00 1.00 - 0.00 0.00 0.04* 0.04* 0.04* 0.17* 0.81* 0.80* 
GI 1.00 1.00 1.00 - 0.00 0.04* 0.04* 0.04* 0.17* 0.81* 0.80* 
KI 1.00 1.00 0.98 1.00 - 0.05* 0.04* 0.04* 0.17* 0.81* 0.80* 
AL 0.01 0.01 0.01 0.01 0.01 - 0.01 0.01 0.15* 0.81* 0.80* 
CI 0.01 0.01 0.01 0.01 0.01 0.02 - 0.00 0.13* 0.81* 0.80* 
DI 0.01 0.01 0.01 0.01 0.01 0.02 1.01 - 0.13* 0.81* 0.80* 
SB 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 - 0.81* 0.80* 
GW 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 - 0.05* 
GS 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 - 
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TABLE 5. Migration and residency (non-migration) rate estimates and standard errors calculated 

using BA3-SNPs for the complete dataset. Population names have been shortened for clarity, 

such that Pacific = Pacific populations of H. l. leucorhous, Atlantic = Atlantic populations of H. 

l. leucorhous. Migration rates that are significantly different from zero are designated with bold 

type and an asterisk. 

 

Recipient Population Source Population Migration Rate/ 
Residency Rate Confidence Interval 

Pacific  Pacific 0.94 0.04 

 H. l. chapmani 0.02 0.02 

 H. cheimomnestes 0.01 0.01 

 H. socorroensis 0.01 0.01 

 Atlantic 0.03* 0.03 
H. l. chapmani Pacific 0.26* 0.07 

 H. l. chapmani 0.69 0.04 

 H. cheimomnestes 0.02 0.04 

 H. socorroensis 0.02 0.04 

 Atlantic 0.02 0.04 
H. cheimomnestes Pacific 0.02 0.03 

 H. l. chapmani 0.02 0.03 

 H. cheimomnestes 0.93 0.06 

 H. socorroensis 0.02 0.03 

 Atlantic 0.02 0.03 
H. socorroensis Pacific 0.02 0.03 

 H. l. chapmani 0.02 0.03 

 H. cheimomnestes 0.02 0.03 

 H. socorroensis 0.93 0.06 

 Atlantic 0.01 0.01 
Atlantic Pacific 0.02 0.02 

 H. l. chapmani 0.03* 0.03 

 H. cheimomnestes 0.02 0.03 

 H. socorroensis 0.01 0.01 
  Atlantic 0.94 0.03 
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TABLE 6. Migration and residency (non-migration) rate estimates and standard errors calculated 

using BA3-SNPs for the Guadalupe only dataset. Migration rates that are significantly different 

from zero are designated with bold type and an asterisk. 

Recipient Population Source Population Migration Rate/ 
Residency Rate Confidence Interval 

H. cheimomnestes H. cheimomnestes 0.98 0.04 

 H. socorroensis 0.02 0.04 
H. socorroensis H. cheimomnestes 0.02 0.04 
  H. socorroensis 0.98 0.04 
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TABLE 7. Migration and residency (non-migration) rate estimates and standard errors calculated 

using BA3-SNPs for the H. leucorhous only dataset. Population names have been shortened for 

clarity, such that Pacific = Pacific populations of H. l. leucorhous, Atlantic = Atlantic 

populations of H. l. leucorhous. Migration rates that are significantly different from zero are 

designated with bold type and an asterisk. 

Recipient Population Source Population Migration Rate/ 
Residency Rate Confidence Interval 

Pacific  Pacific 0.94 0.04 

 H. l. chapmani 0.01 0.01 

 Atlantic 0.06* 0.04 
H. l. chapmani Pacific 0.06* 0.06 

 H. l. chapmani 0.88 0.08 

 Atlantic 0.06* 0.06 
Atlantic Pacific 0.03* 0.02 

 H. l. chapmani 0.01 0.02 
  Atlantic 0.96 0.03 
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FIGURE 4. Leach’s storm-petrel sampling sites included in this project. Numbers represent 

number of individuals sequenced from each sampling site. Locations are colour-coded by 

hypothesized genetic group: pink is O. l. leucorhous (Pacific), orange is O. l. leucorhous 

(Atlantic), blue is H. l. chapmani, green is H. socorroensis, and purple is H. cheimomnestes. 

Abbreviations can be found in Table 1. 
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FIGURE 5. Results of principal components analyses depicting A) overall genetic variation 

among groups; B) genetic variation among H. cheimomnestes and H. socorroensis; C) genetic 

variation among H. leucorhous; and D) genetic variation among H. l. leucorhous. Colour codes 

are as follows: green = H. socorroensis; purple = H. cheimomnestes; blue = H. l. chapmani; 

orange = H. l. leucorhous (Pacific); pink = H. l. leucorhous (Atlantic). Ellipses represent 

confidence intervals, containing 95% of the data for each population. 
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FIGURE 6. Probability of assignment of individuals to different genetic populations based on 

analysis of the complete dataset using STRUCTURE for A) all individuals; B) individuals from 

Guadalupe; C) H. leucorhous individuals for K=2; D) H. leucorhous individuals for K=3; and E) 

H. l. leucorhous individuals. See Table 1 for population abbreviations. 
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FIGURE 7. Probability of assignment of individuals to different genetic populations based on 

analysis of the Guadalupe only dataset using STRUCTURE for K=2. See Table 1 for population 

abbreviations. 
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FIGURE 8. Probability of assignment of individuals to different genetic populations based on 

analysis of the H. leucorhous only dataset using STRUCTURE for A) H. l. leucorhous and H. l. 

chapmani; and B) only H. l. leucorhous. See Table 1 for population abbreviations. 
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FIGURE 9. The most likely phylogenetic tree constructed in RAxML, using the complete 

dataset and excluding H. castro consisting of 141 individuals and 3444 SNPs.  Each branch tip 

represents one individual and is colour-coded by sampling site (green = H. socorroensis, purple 

= H. cheimomnestes, pink = H. l. leucorhous [Pacific], orange = H. l. leucorhous [Atlantic], and 

blue = H. l. chapmani. No outgroup is used in this tree. Percentage of bootstrap support greater 

than 50 from 2000 bootstrap iterations is shown on each branch. 
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FIGURE 10. The most likely phylogenetic tree constructed in RAxML, using three individuals 

from each population, 2000 random SNPs, and 0% missing data from the complete dataset.  Each 

branch tip represents one individual and is colour-coded by sampling site (green = H. 

socorroensis, purple = H. cheimomnestes, pink = H. l. leucorhous [Pacific], orange = H. l. 

leucorhous [Atlantic], and blue = H. l. chapmani. No outgroup is used in this tree. Percentage of 

bootstrap support greater than 50 from 2000 bootstrap iterations is shown on each branch.  
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FIGURE 11. Maximum clade credibility tree constructed in BEAST using three individuals 

from each population, 2000 random SNPs, and 0% missing data from the complete dataset.  Each 

branch tip represents one individual and is colour-coded by sampling site (green = H. 

socorroensis, purple = H. cheimomnestes, pink = H. l. leucorhous [Pacific], orange = H. l. 

leucorhous [Atlantic], and blue = H. l. chapmani. No outgroup is used in this tree. Posterior 

probabilities that are greater than 0.80 are shown at each branch. 
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FIGURE 12. Maximum clade credibility tree constructed in BEAST using three individuals 

from each population, 1000 random SNPs, and 0% missing data from the complete dataset.  Each 

branch tip represents one individual and is colour-coded by sampling site (green = H. 

socorroensis, purple = H. cheimomnestes, pink = H. l. leucorhous [Pacific], orange = H. l. 

leucorhous [Atlantic], and blue = H. l. chapmani. No outgroup is used in this tree. Posterior 

probabilities greater than 0.80 are shown at each branch. 
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FIGURE 13. Output from BayeScan, plotting the distribution of markers based on their FST and 

Log(q-value) for the complete dataset. The dashed line represents the cut-off for significance (a 

q-value < 0.05), and markers plotted to the right of this line (shown in red) are putatively under 

balancing selection. All other markers (shown in black) are putatively neutral. 
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FIGURE 14. Output from BayeScan v2.1, plotting the distribution of markers based on their FST 

and Log(q-value) for the H. leucorhous only dataset. The dashed line represents the cut-off for 

significance (a q-value < 0.05), and markers plotted to the right of this line (shown in red) are 

putatively under diversifying selection. All other markers (shown in black) are putatively neutral. 
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CHAPTER 4: Discussion 

High-throughput sequencing of a reduced representation library representing Leach’s storm-

petrels sampled throughout their range identified thousands of genetic markers, allowing the 

assessment of genetic structure, population connectivity, and evolutionary history within the 

Leach’s storm-petrel species complex. Based on bioinformatic analyses of these genetic markers, 

two major genetically isolated groups exist within the species complex: (1) one comprising H. l. 

leucorhous and H. l. chapmani, and (2) a second comprising H. socorroensis and H. 

cheimomnestes. Additional analyses found substructure within these two major groups. Within 

the first group, three genetically differentiated groups exist: (1) H. l. leucorhous [Pacific]; (2) H. 

l. leucorhous [Atlantic]; and (3) H. l. chapmani. Within the second group, two genetically 

differentiated groups exist: (4) H. socorroensis; and (5) H. cheimomnestes. Phylogenomic 

analyses support the distinction between the two major groups; however conflicting trees 

generated from different tree-constructing algorithms leave some confusion as to the exact 

relationships within the two major clades. The tree generated using RAxML using the band-

rumped storm-petrels as an outgroup is poorly resolved, as bootstrap support is extremely low 

and the sequences contain extensive missing data. The tree also displays relationships that do not 

make biological sense and conflict with trees constructed using only Leach’s storm-petrels. 

Finally, genome scans for FST outlier loci identified three loci putatively under balancing 

selection and nine loci putatively under directional selection, with all other loci being putatively 

neutral. I discuss these relationships in turn below. 
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4.1 Genetic relationship between Atlantic and Pacific H. l. leucorhous 

Based on results from STRUCTURE, PCA, and pairwise FST estimates, Atlantic and Pacific 

populations of H. l. leucorhous are weakly but significantly differentiated from one another. 

Estimates of migration rates between the two populations using the complete dataset do not 

differ significantly from zero. These results support the hypothesis that large expanses of land act 

as a barrier to gene flow between seabird colonies (Friesen et al. 2007b; Friesen 2015). 

Differentiation between populations in different ocean basins is a common pattern among seabird 

species, occurring even in pantropical species that are separated by a mere 35 kilometres at the 

narrowest section of the Isthmus of Panama (Steeves et al. 2003; Steeves et al. 2005). Common 

murres (Uria aalge), thick-billed murres (Uria lomvia), black-legged kittiwakes (Rissa 

tridactyla), and band-rumped storm-petrels (Hydrobates spp.) are a few examples of seabirds 

that also follow this pattern, with Atlantic and Pacific populations often representing separate 

subspecies or sister species (Friesen et al. 2007b). The differentiation between Atlantic and 

Pacific populations of H. l. leucorhous is much weaker than the differentiation seen in other 

seabird taxa, as Atlantic and Pacific populations are still considered the same subspecies. 

For the H. leucorhous dataset, I found that estimates of migration differ significantly 

from zero, and may indicate bidirectional gene flow between the Atlantic and Pacific. 

Previously, Bicknell et al. (2012) found evidence for asymmetrical gene flow from the Pacific to 

the Atlantic, estimating that approximately 2 female migrants make the transoceanic journey 

every generation. However, they did not find any evidence for gene flow from the Atlantic to the 

Pacific. The use of microsatellite and mitochondrial DNA, low sample sizes for Pacific 

populations, and different programs to estimate gene flow may be the reason why the result from 

the previous study differs from mine. Overall, whether travelling from the Pacific to the Atlantic 
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or vice versa, it is unusual for seabirds to traverse large expanses of land or ice. Travelling across 

land poses many risks, including lack of prey availability, vulnerability to predators, and less 

efficient flight (Yoda et al. 2017). Many seabirds, including the Leach’s storm-petrel, can also 

become stranded on land because they can only take off from cliff edges or sloped burrow 

entrances (Bent 1922; as cited in Chilelli 1999; Le Corre et al. 2002). Sometimes, seabirds can 

get blown across land or inland during storms (e.g. Steeves et al. 2003; Steeves et al. 2005), as 

often seen in dovekies (Alle alle; Stenhouse & Montevecchi 1996), or they may even cross the 

Arctic Ocean during warmer climatic periods, resulting in gene flow between the Pacific and 

Atlantic. Little is known of the travels of Leach’s storm-petrels, however given their ability to fly 

thousands of kilometres in a single foraging trip (Pollet et al. 2014b; Halpin et al. 2018; Hedd et 

al. 2018), they may be able to journey between ocean basins. With the advent of climate change 

and the melting of the sea ice in the Arctic Ocean, the rate of gene flow between the Atlantic and 

Pacific could potentially increase. 

 Gene flow between Atlantic and Pacific Leach’s storm-petrels could confound 

interpretations of their evolutionary history. Maximum-likelihood and Bayesian inference 

methods led to differing phylogenetic trees, with few resolving completely for Atlantic and 

Pacific populations. In the tree constructed in RAxML, the Atlantic and Pacific populations 

together form a monophyletic clade with low bootstrap support for the inner nodes. Polytomies 

and low support within this tree may be a result of low effect size, incomplete lineage sorting, or 

rapid cladogenesis (Walsh et al. 1999). If populations from the Atlantic and Pacific are currently 

exchanging genes, this may also explain why the maximum likelihood trees are poorly resolved. 

However, the trees generated using the BEAST algorithm show high support for the Atlantic and 

Pacific groups forming reciprocally monophyletic clades. Further research could use DNA 
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sequences of cytochrome b, a gene with a well-known mutation rate, in addition to SNP data, to 

help calibrate the molecular clock and date the divergence of these two populations (Weir & 

Schluter 2008; Strange et al. 2018). Many divergence events in temperate seabirds date to major 

climate oscillations, such as those occurring during the Pleistocene and Pliocene glaciations (e.g. 

Friesen et al. 1996). Gene flow between the Pacific and Atlantic would have been periodically 

blocked by the glacial cycles of the Pleistocene, which would have separated populations into 

two glacial refugia unable to cross the sea ice or Bering Landbridge (Marincovich & Gladenkov 

2001). The Pacific and Atlantic populations of Leach’s storm-petrels likely diverged around this 

time as well, but molecular dating is required to test this hypothesis. 

 

4.2 Genetic relationships between subspecies H. l. leucorhous and H. l. chapmani 

Consistent with Taylor et al. (2018), H. l. chapmani and H. l. leucorhous appear to be strongly 

and significantly differentiated from each other. However, estimates of migration rates were 

significantly different from zero for birds travelling from the Pacific to San Benito, and birds 

travelling from San Benito to the Atlantic. Migration from the Pacific colonies to San Benito is 

biologically plausible, as no obvious geographical barriers (specifically land or ice) to gene flow 

prevent individuals from travelling within the ocean basin. However, migration from San Benito 

to the Atlantic is unexpected, and this result is most likely due to lack of convergence of the 

MCMC chains or incomplete lineage sorting (Faubet et al. 2007; Meirmans 2014). Programs that 

measure contemporary gene flow are also known to overestimate migration (Samarasin et al. 

2017).  Low non-migration rates, as seen in the San Benito population (0.686 ± 0.037), suggest 

that estimates of migration are unreliable. Furthermore, because the estimate of gene flow from 
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San Benito to the Atlantic is relatively small with large confidence intervals (0.033 ± 0.025), this 

result could just be an overestimation by the program. 

 Phylogenetic reconstructions consistently displayed H. l. chapmani and H. l. leucorhous 

each forming monophyletic clades with high support. From these reconstructions, we can also 

infer that H. l. chapmani either diverged from H. l. leucorhous before the Atlantic and Pacific 

populations of H. l. leucorhous diverged, or contemporary gene flow is preventing further 

divergence between the Atlantic and Pacific populations. DIYABC supports the former 

alternative, determining that the most likely evolutionary scenario involves an initial divergence 

event between H. l. leucorhous and H. l. chapmani, followed by a second divergence event 

between Pacific and Atlantic H. l. leucorhous. Potential drivers for the divergence between H. l. 

leucorhous and H. l. chapmani are unclear, but include ocean regimes, such as current systems 

and prey availability. Ocean conditions are important determinants of foraging distribution for 

Leach’s storm-petrels, as storm-petrels have been found to respond to chlorophyll 

concentrations, sea-surface temperatures, and variations in the thermocline (Vilchis et al. 2006). 

Consequently, differences in foraging distributions between the northern and central Pacific 

populations could lead to less opportunity for gene flow.  

 It is also unclear whether a genetic cline exists along the Pacific coast, as sites between 

British Columbia and the San Benito Islands have not yet been sampled. Further sampling would 

determine whether Leach’s storm-petrels in the Pacific comprise a parapatric species complex. 

Genetic research in addition to behavioural studies, such as playback experiments, could help 

discern whether neighbouring populations interbreed, while terminal populations are, for the 

most part, reproductively isolated (Barton & Charlesworth 1984).  Some phenotypic traits 

indicate potential reproductive isolation between terminal populations, such as differences in 
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morphology along the cline (Ainley 1980; Ainley & Spear 1986). More northern Leach’s storm-

petrels exhibit a strong white band across their rumps, whereas more southern birds exhibit no 

band across their rumps, and all birds in between exhibit intermediate colouration. However, a 

comparison of vocalizations between H. l. chapmani and H. l. leucorhous indicate that the two 

groups display nearly identical mating calls (Ainley 1980), although no playback experiments 

have confirmed whether they would respond to the other’s call. Leach’s storm-petrels are also 

thought to disassortatively mate based on polymorphisms in the major histocompatibility 

complex (MHC; Hoover et al. 2018), thus further research into MHC-based mating processes 

may also provide evidence for reproductive isolation between these populations. Parapatric 

species complexes are a prime example of how local selection or genetic drift can lead to 

speciation despite ongoing gene flow. However, genetic research alone is not enough to 

determine whether H. l. leucorhous and H. l. chapmani are reproductively isolated. 

 

4.3 Genetic differentiation within Guadalupe 

Within the Guadalupe samples, two distinct genetic clusters emerged as expected: (1) summer 

breeders (H. socorroensis), and (2) winter breeders (H. cheimomnestes). These genetic clusters 

are consistent with previous research (Taylor et al. 2018), and, combined with migration rate 

estimates of zero between the populations, further supports allochronic divergence in sympatry 

as a potential mode of speciation. Phylogenetic analyses also consistently demonstrated 

divergence between the summer and winter populations, with some trees indicating that the two 

populations form reciprocally monophyletic sister taxa. No trees conclusively determined 

whether the summer or winter population is ancestral, although most evidence points toward H. 

socorroensis being the ancestral population. For instance, all other populations of Leach’s storm-
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petrels as well as their close relatives are summer breeders (Huntington et al. 1996; Wallace et al. 

2017), so it would be highly unlikely for the winter-breeding trait to evolve in Guadalupe birds, 

followed by a divergence event and re-evolution of (or re-colonization by) the summer-breeding 

trait. The maximum-likelihood trees also indicated that H. socorroensis is paraphyletic to H. 

cheimomnestes, although bootstrap support for these nodes was low. Determining if one 

population has experienced a period of reduced genetic variation could also provide further 

support as to which population is ancestral. New populations are often formed by only a few 

individuals from the ancestral population, and are thus likely to exhibit signatures of a bottleneck 

associated with a founder event. Future research could answer this question using programs such 

as BOTTLENECK (Piry et al. 1999) or effective population size estimates in BEAST (Bouckaert 

et al. 2019).  

 Although differences in breeding time pose an obvious barrier to reproduction, the initial 

impetus for the evolution of seasonal breeding times is unclear. For instance, the evolution of 

seasonal breeding times could maximize fitness, as birds that switch from summer- to winter-

breeding may have access to novel resources. Animals that breed seasonally use predictive cues 

in the environment, such as photoperiod, to coincide timing of gonadal development with 

optimal food abundance (Dawson et al. 2001). Thus, when competition for resources becomes 

too great, populations may evolve seasonal breeding strategies to take advantage of multiple 

peaks in resource abundance at different times of year. Seasonal breeding strategies may have 

also started off as a phenotypically plastic trait that offsets competition, and eventually evolved 

into a fixed species difference over time (Pfennig & Murphy 2002; Pfennig et al. 2010).  

The alternative is that H. socorroensis and H. cheimomnestes did not undergo true 

allochronic speciation at all. For the divergence between H. socorroensis and H. cheimomnestes 
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to be considered true sympatric speciation via allochrony, a few stringent criteria must be met 

(See Introduction; Coyne & Orr 2004). Leach’s storm-petrels meet the first two of Coyne and 

Orr’s (2004) criteria, as (1) they both breed on the same island and even use some of the same 

rock crevices to nest (Ainley 1980); and (2) phylogenetic analyses consistently group the 

summer and winter populations as sister taxa. However, it is less clear whether these seabirds 

meet criteria (3) and (4). 

Criterion (3) states that allopatric speciation must be very unlikely (Coyne & Orr 2004). 

In the case of the summer and winter breeding birds on Guadalupe, mechanisms other than 

sympatric divergence could produce the pattern of genetic structure observed. First, since 

Guadalupe comprises a series of islets rather than one large island, the summer- and winter-

breeding populations could have diverged in allopatry if they bred on different islets. However, 

this possibility is unlikely as it would require a series of specific events: both populations evolve 

reproductive isolation from the ancestral H. l. leucorhous, one must change its breeding time, 

one or both species then change their breeding distributions so the populations breed on the same 

islets, and one or both species experience extirpation from the former breeding distribution. A 

second alternative involves an initial colonization of Guadalupe, subsequent evolution of the 

winter-breeding phenotype within this colony, and then a second colonization by the summer-

breeding H. leucorhous. This alternative also seems unlikely based on monophyly of the 

summer- and winter-breeding populations on the phylogenetic tree. The apparent lack of 

migration between H. socorroensis and H. cheimomnestes inferred from BAYESASS also 

discounts the hypothesis that this close relationship could be a result of contemporary gene flow. 

Furthermore, the most likely evolutionary scenario from DIYABC involves the initial divergence 
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between H. leucorhous and Guadalupe birds, followed by divergence between H. socorroensis 

and H. cheimomnestes.   

Criterion (4) states that the two populations must be reproductively isolated (Coyne & 

Orr 2004). In the case of Leach’s storm-petrels residing on Guadalupe, differences in breeding 

time between seasonal populations act as a premating barrier to reproduction. According to 

analyses conducted in BAYESASS, the two seasonal populations are exchanging few, if any, 

migrants, and thus likely satisfy the condition of being reproductively isolated. On the other 

hand, the lack of strong differentiation between the seasonal Guadalupe populations may indicate 

that these populations are either recently diverged or not fully reproductively isolated. H. 

socorroensis and H. cheimomnestes may actually represent incipient species in the process of 

diverging via allochrony. Incipient species are defined as separate populations that have the 

ability to interbreed, but are prevented from doing so by some natural barrier (e.g. Marques et al. 

2016). Consequently, incipient species have been an area of taxonomic contention. 

By comparing populations that represent all points along the species continuum, we can 

better define “incipient species”, and determine how Leach’s storm-petrels may fit into this 

definition. Incipient speciation is usually common in groups that have undergone recent 

radiations (Seehausen 2006). These groups may display phenotypic variation while lacking 

substantial genetic differentiation due to incomplete lineage sorting or introgressive 

hybridization, such as the capuchino seedeaters (genus Sporophila; Campagna et al. 2012). 

Another example is the Ensatina complex of plethodontid salamanders, which was once 

recognized as seven subspecies (Stebbins 1949). Due to expansions and isolations, followed by 

secondary contact, some subspecies are much less genetically differentiated from the other taxa 

(e.g. E. e. eschzcholtzii), whereas other subspecies are deeply differentiated (e.g. E. e. 
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oregonensis; Wake 1997). Thus, the subspecies actually represent populations at varying stages 

in the speciation process (Wake 1997). A close relative of the Leach’s storm-petrel, the band-

rumped storm-petrel (Hydrobates spp.), also has races that lie at different points along the 

speciation continuum. Band-rumped storm-petrels have undergone multiple allochronic 

divergence events at different times in different archipelagos (Monteiro & Furness 1998; Smith 

et al. 2007; Friesen et al. 2007a; Taylor et al. 2019). Sympatric seasonal populations of band-

rumped storm-petrels in the Azores represent reproductively isolated species that are genetically 

and phenotypically different; populations in Cape Verde represent incipient species that are 

genetically isolated; and populations in Desertas, Selvagem, and the Galapagos represent 

genetically differentiated populations that may still be exchanging genes and are likely early in 

the speciation process (Friesen et al. 2007a).  

Based on these case studies, I suggest that due to the lack of substantial genetic 

differentiation despite the apparent genetic isolation between these two populations, H. 

soccoroensis and H. cheimomnestes should be demoted to subspecies status. The AOU 

Classification Committee (2016) proposed to elevate the seasonal Guadalupe populations to 

separate species status based on differences in vocalizations and morphology, not taking into 

account genetic differences. Overall, the pairwise genetic difference between allochronic 

populations on Guadalupe (FST=0.05, p<0.01) is comparable to the pairwise differences observed 

between Atlantic and Pacific populations of H. l. leucorhous (FST=0.04-0.05, p<0.01), which are 

considered the same species. Additionally, morphological distinctions are not always a reliable 

metric of reproductive isolation, as many morphological traits are plastic and can be influenced 

by ecological factors, such as dominant food source, environmental influences, or ontogenic 

effects (McGraw 2006; Adams et al. 2011). 
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4.3 Divergence of Guadalupe populations 

The existence of two distinct genetic and phylogenetic groups within the Leach’s storm-petrels 

species complex indicates that one or more nongeographic barriers to gene flow are driving 

divergence between the nominate species and the species residing on Guadalupe Island. 

Guadalupe Island is home to many endemic species, including terrestrial and marine 

invertebrates (Hubbs 1960; Jimenez & Ricardo 1994), terrestrial and marine plants (Neushul et 

al. 1967; Reimann & Ezcurra 2005; Garcillán et al. 2008), songbirds (Aleixandre et al. 2013), 

and even other seabirds (Birt et al. 2012; Chesser et al. 2012, Wallace et al. 2015). One reason 

for this high level of endemism could be a break in the ocean current system between Oregon 

and California, known as the California Transition Zone, which results in different 

oceanographic conditions between southern and central California (Newell 1948; Valentine 

1966). This biogeographical break produces differences in timing of upwellings along the coast 

(Batchelder & Powell 2002), possibly preventing gene flow between southern and northern 

populations of the same taxa (Dawson 2001). In the case of the Leach’s storm-petrel, seasonal 

differences in upwellings between southern and northern populations in the Pacific could have 

prompted foraging segregation, eventually leading to genetic divergence.  

However, foraging segregation does not explain strong divergence between H. l. 

chapmani and the two seasonal Guadalupe populations, as they both reside in the same current 

system. H. l. chapmani is more closely related to H. l. leucorhous than to the more proximate H. 

socorroensis or H. cheimomnestes, indicating that isolation by distance is not a main driver of 

divergence in this species complex. Additionally, the presence of putative migrants from the 

Pacific H. l. leucorhous populations into H. l. chapmani (Table 5, 7) may indicate that a cline in 

genetic variation exists along the Pacific coast that does not encompass the Guadalupe birds. As 
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previously mentioned, to test whether such a genetic cline actually exists, we would need to 

enlarge this study to incorporate samples from populations along the Pacific coast between 

British Columbia, Canada, and Baja California. 

One interesting result is the presence of one H. l. leucorhous bird (LESP_W2) sampled 

from the Aleutian Islands grouping with the Guadalupe birds with high support on the 

phylogenetic tree constructed by BEAST using 2000 SNPs (Figure 12). Many possible reasons 

exist as to why this individual might be included in this clade in this particular tree, but not in 

other trees. For instance, the panel of SNPs chosen was random, and perhaps a significant 

portion of those SNPs was shared between Guadalupe birds and this individual, indicating 

potentially recent shared ancestry. Alternatively, this result could also be due to limitations of the 

program BEAST, an insufficient number of iterations, or lack of convergence of the MCMC 

chains. Further research could involve constructing multiple phylogenetic trees in BEAST, each 

using a random subsample of SNPs, to determine whether a consistent pattern is recovered.  

 

4.4 Variation in putatively adaptive markers 

Previous studies on Leach’s storm-petrels have only used neutral markers to measure population 

differentiation (Paterson & Snyder 1999; Bicknell et al. 2012; Taylor et al. 2018), but high-

throughput sequencing allows us to identify at least a few putatively adaptive markers, 

permitting us to answer questions that were previously unanswerable. Genome scans carried out 

for all datasets revealed three markers putatively under balancing selection across all populations 

in the complete dataset, and nine markers putatively under diversifying selection in the H. 

leucorhous dataset. Markers under balancing selection could be genes that are conserved because 

they have important implications for fitness across a wide variety of niches. Equally, these 
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markers may not actually be functional themselves, but could be linked to adaptive genes. On the 

other hand, markers that are under diversifying selection may be locally adapted, or linked to 

genes involved in local adaptation.  

 A BLAST search revealed that two out of the three markers putatively under balancing 

selection are located in a functional region of the genome, corresponding to Niban-like protein 1 

(NIBL1) and calcium-responsive transcription factor (CaRF). NIBL1 is involved in apoptosis 

suppression, and the presence of this gene under balancing selection may provide interesting 

insights into important physiological processes within this species complex. For instance, storm-

petrels are known for their exceptionally long life-spans compared to mammals of similar size, 

which is somewhat paradoxical because avian species have higher metabolic rates and should 

undergo greater oxidative damage as a result (Holmes & Austad 1995). Reactive oxygen species 

(ROS) produced by a normal metabolism are essential for regulating normal physiological 

functions involved in development, but too many ROS can lead to cell damage and activation of 

cell death processes such as apoptosis (Covarrubias et al. 2008; Redza-Dutordoir & Averill-

Bates 2016). I speculate that NIBL1 is conserved across all populations because it protects cells 

from elevated levels of ROS, helping to slow the aging process. Further research into the 

function of this gene in avian species, as well as how this gene is expressed in storm-petrels, is 

needed to fully answer this question. 

 Apoptosis suppression appeared to be a common theme among diversifying SNPs 

(NKRF and PPP2R2C) as well. It seems counterintuitive that genes involved in apoptosis 

suppression should be under both balancing and diversifying selection, however I hypothesize 

that this enigma may be explained by the different metabolic demands of geographically distinct 

populations. If Leach’s storm-petrels over-winter in equatorial waters, then populations that are 
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farther north may have higher metabolic demands than populations that are farther south, as they 

expend more energy travelling to their wintering grounds (e.g. Halpin et al. 2014). Similarly, 

depending on the ocean current system and the cycle of upwellings, some populations may be 

closer to food sources and not have to travel as far to forage (Brown 1988; Pollet et al. 2014b; 

Hedd et al. 2018). Increased metabolic demands would increase the level of ROS, and therefore 

may also increase the need for apoptosis suppression. However, further research is required to 

understand adaptive variation and the function of these genes within this species complex. The 

genes identified using ddRAD-seq may be used as candidate genes in future studies on Leach’s 

storm-petrels. Furthermore, whole genome and transcriptome sequencing should be conducted to 

identify a greater number of putatively adaptive genes to better understand the physiological 

processes that may underlie local adaptation. 

 

4.5 Implications for conservation 

The results of this study have considerable implications for conservation and management. At 

least five genetically distinct groups exist within the Leach’s storm-petrel species complex. 

Whether these five distinct groups warrant ESU status is an important concern. Taylor et al. 

(2018) proposed that, based on microsatellite and mitochondrial DNA, two ESUs should be 

designated within the Leach’s storm-petrels. Using ddRAD-seq data, two highly differentiated 

and five moderately differentiated genetic groups were observed, and I propose that the number 

of ESUs to be designated lies within this range.  

 The ultimate goal of defining ESUs is to maximize the evolutionary potential and 

effectiveness of conservation of a species (Crandall et al. 2000). By protecting populations that 

represent unique genetic lineages, the species will have a greater chance of adapting to 
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environmental challenges, such as climate change. For this reason, protecting island populations 

that are adapted to different environmental conditions and different breeding seasons is of the 

utmost importance. Island populations are in greater need of protection because they often 

exhibit high levels of endemism and are more susceptible to certain threats, such as predators, 

pathogens, and competitors (Blondel 2000; Robertson et al. 2014). In fact, a close relative of the 

Leach’s storm-petrel, the endemic Guadalupe storm-petrel (Hydrobates macrodactyla), was 

eradicated from Guadalupe Island due to predation by introduced cats and habitat competition 

with introduced goats (BirdLife International 2018b). 

 Defining ESUs requires consideration of both genetic and ecological distinctiveness 

(Crandall et al. 2000; Funk et al. 2012). To be considered an ESU, a population must be 

genetically isolated from all other populations, meaning that it must exhibit significant genetic 

divergence and no evidence of gene flow with any other populations (Funk et al. 2012). The five 

groups identified using STRUCTURE, PCA, and phylogenetic analyses are all significantly 

genetically differentiated from each other based on pairwise FST estimates, however some gene 

flow appears to be ongoing between H. l. chapmani and H. l. leucorhous, and between Pacific 

and Atlantic H. l. leucorhous. Thus, these three genetically distinct groups are not completely 

genetically isolated from one another, and I suggest that all of H. leucorhous be considered one 

ESU. In contrast, H. cheimomnestes and H. socorroensis are genetically differentiated both from 

one another, and from all other Leach’s storm-petrel populations, with no evidence of gene flow 

among populations. Strong differences in vocalizations between Guadalupe birds and all other 

Leach’s storm-petrels provides further evidence for their reproductive isolation from the 

nominate species (Ainley 1980). These populations are also ecologically distinct as they fit into 

separate ecological niches – H. socorroensis breeding in the summer, and H. cheimomnestes 
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breeding in the winter. The fact that both of these populations are endemic to Guadalupe Island 

suggests that their protection should be prioritized. Thus, I recommend that H. socorroensis and 

H. cheimomnestes be considered two separate ESUs, and should consequently be managed 

separately.  

 Another conservation concern is the vulnerability of H. l. leucorhous residing in the 

Atlantic. Population trends in the Pacific are unknown, however populations in the Atlantic are 

experiencing rapid declines (BirdLife International 2018a). The reasons behind the recent 

declines are unknown, but thought to be due to changing prey availability, collisions with 

offshore man-made structures, increased predation, pollution, and climate-change (Wiese et al. 

2001; Bicknell et al. 2009; Gremillet & Boulinier 2009; Pollet et al 2017). Without sampling all 

populations in the Atlantic, including the UK and Iceland, it is difficult to preclude that 

individuals from Atlantic Canada are dispersing to other colonies. However, genetic analyses 

suggest that all Atlantic populations sampled in this study, including Quebec, Newfoundland, 

New Brunswick, and Norway, are freely exchanging genes and likely form a larger 

metapopulation. Analysis of recent demographic history would also be beneficial, as it would 

allow us to determine whether the recent decline is part of a natural cycle of population 

expansion and contraction, or is a result of changing environmental conditions associated with 

human interference.  

 Ultimately, the conservation of threatened seabirds such as the Leach’s storm-petrel is a 

high priority. Pelagic seabirds are an integral component of marine food webs, acting as 

predators, scavengers, and depositors of marine nutrients into terrestrial environments 

(Wainwright et al. 1998; Diamond & Devlin 2003). Changing climatic conditions and human 

interference negatively affect prey and habitat availability, forcing many seabirds to adapt, shift 
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ranges, or perish (Walther et al. 2002). Monitoring and prioritizing at-risk seabird populations 

based on genomic research can help prevent the extinction of a vital part of marine ecosystems.  

 

4.6 Conclusions and future directions 

Genomics provides useful tools for detecting genetic structure, assessing gene flow among 

populations, evaluating evolutionary relationships, and identifying adaptive variation. I have 

confirmed and expanded upon past findings regarding the genetic organization of the Leach’s 

storm-petrel species complex, and proposed various changes to their classification. I have 

explored both geographical and non-geographical barriers to gene flow, and contemplated 

sympatric speciation via allochrony as a viable mode of divergence within this species complex. 

The possible major drivers of diversification among the five genetic groups include large 

expanses of land, separation in breeding time, disjunct foraging and wintering distributions, and 

strong natal philopatry. 

Despite these findings, genomic tools are only as useful as the number and quality of 

samples collected and the computational resources available. Although many questions 

surrounding the evolutionary history of Leach’s storm-petrels have been answered through the 

use of genomics, many questions are still unanswered. The next steps for this study are to 

conduct demographic analyses to determine whether population declines within this species 

complex are natural cycles or are due to recent perturbations. These analyses can be achieved 

using methods such as Extended Bayesian Skyline Plots in BEAST (Heled & Drummond 2008). 

Additionally, I will be combining cytochrome b sequences for a few individuals with the SNP 

data to estimate divergence times of major clades in BEAST (Bouckaert et al. 2019). We will 

also model both historical demography and contemporary gene flow using more sophisticated 
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methods of Approximate Bayesian Computation, such as ABCtoolbox (Wegmann et al. 2010). 

Additional research would benefit from a larger geographic sampling, spanning the entire Pacific 

breeding range of the species complex, as well as encompassing populations from the UK and 

Iceland in the Atlantic. A fully annotated genome would also be useful for determining linkage 

among loci and identifying the exact location of outliers. To acquire even higher resolution data, 

whole genome resequencing should be considered.  
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APPENDIX A: SUPPLEMENTARY MATERIAL 

SUPPLEMENTARY TABLE 1. DIYABC summary statistics for evolutionary models 

compared using the complete dataset. Values indicate for each summary statistic the proportion 

of simulated data sets that have a value below the observed one, with values that are significantly 

different from the simulated data set bolded and designated with an asterisk. The first letter of 

each summary statistic indicates either genic diversity summary statistics (H), FST distances (F), 

or Nei’s distances (N). For each of these, the following calculations were performed: proportion 

of zero values (P0), mean of non-zero values (M1), variance of non-zero values (V1), and mean 

of complete distribution (M0). Summary statistics were calculated among all 3 populations. 

 
Summary Statistic Observed value Scenario 1 Scenario 2 
HP0_1 -0.404 0.858 0.842 
HP0_2 -0.728 0.168 0.257 
HP0_3 -0.656 0.050 0.420 
HM1_1 -0.227 1 .00* 1.000* 
HM1_2 -0.345 0.958* 0.885 
HM1_3 -0.281 0.664 0.374 
HV1_1 -0.025 0.709 0.084 
HV1_2 -0.024 0.312 0.395 
HV1_3 -0.032 0.926 0.964* 
HMO_1 -0.136 0.977* 0.437 
HMO_2 -0.094 0.901 0.777 
HMO_3 -0.097 0.949 0.522 
FP0_1&2 -0.020 0.000* 0.000* 
FP0_1&3 -0.020 0.000* 0.000* 
FP0_2&3 -0.808 0.282 0.987* 
FM1_1&2 -0.603 0.904 0.891 
FM1_1&3 -0.600 0.904 0.983* 
FM1_2&3 -0.086 0.233 0.036* 
FV1_1&2 -0.173 0.937 0.928 
FV1_1&3 -0.172 0.931 0.985* 
FV1_2&3 -0.010 0.216 0.046* 
FMO_1&2 -0.591 0.957* 0.956* 
FMO_1&3 -0.588 0.957* 1.000* 
FMO_2&3 -0.017 0.475 0.006* 
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NP0_1&2 0.000 0.003* 0.004* 
NP0_1&3 0.000 0.006* 0.001* 
NP0_2&3 -0.620 0.149 0.797 
NM1_1&2 -0.511 0.934 0.927 
NM1_1&3 -0.508 0.932 0.990* 
NM1_2&3 -0.035 0.290 0.046* 
NV1_1&2 -0.196 0.913 0.893 
NV1_1&3 -0.197 0.912 0.980* 
NV1_2&3 -0.004 0.238 0.041* 
NMO_1&2 -0.511 0.945 0.942 
NMO_1&3 -0.508 0.944 0.999* 
NMO_2&3 -0.013 0.549 0.015* 
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SUPPLEMENTARY TABLE 2. DIYABC summary statistics for evolutionary models 

compared using the H. leucorhous only dataset. Values indicate for each summary statistic the 

proportion of simulated data sets that have a value below the observed one, with values that are 

significantly different from the simulated data set bolded and designated with an asterisk. The 

first letter of each summary statistic indicates either genic diversity summary statistics (H), FST 

distances (F), or Nei’s distances (N). For each of these, the following calculations were 

performed: proportion of zero values (P0), mean of non-zero values (M1), variance of non-zero 

values (V1), and mean of complete distribution (M0). Summary statistics were calculated among 

all 3 populations. 

 

Sum Stats Observed Value Scenario 1 Scenario 2 
HP0_1 -0.023 0.019* 0.001* 
HP0_2 -0.056 0.000* 0.000* 
HP0_1_3 -0.316 0.000* 0.005* 
HM1_1 -0.224 0.999* 0.999* 
HM1_2 -0.217 0.293 0.640 
HM1_1_3 -0.299 0.499 0.739 
HV1_1 -0.015 0.000* 0.368 
HV1_2 -0.018 0.087 0.055 
HV1_1_3 -0.024 0.555 0.542 
HMO_1 -0.219 1.000* 1.000* 
HMO_2 -0.205 1.000* 1.000* 
HMO_1_3 -0.204 1.000* 1.000* 
FP0_1&2 -0.397 0.687 0.344 
FP0_1&3 -0.274 0.039* 0.097 
FP0_2&3 -0.376 0.131 0.107 
FM1_1&2 -0.043 0.138 0.168 
FM1_1&3 -0.151 0.320 0.094 
FM1_2&3 -0.141 0.076 0.228 
FV1_1&2 -0.002 0.099 0.111 
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FV1_1&3 -0.043 0.409 0.182 
FV1_2&3 -0.036 0.174 0.317 
FMO_1&2 -0.026 0.161 0.408 
FMO_1&3 -0.110 0.529 0.450 
FMO_2&3 -0.088 0.117 0.566 
NP0_1&2 -0.015 0.137 0.106 
NP0_1&3 -0.002 0.004* 0.005* 
NP0_2&3 -0.042 0.001* 0.001* 
NM1_1&2 -0.009 0.121 0.252 
NM1_1&3 -0.054 0.379 0.356 
NM1_2&3 -0.050 0.084 0.265 
NV1_1&2 -0.000 0.088 0.122 
NV1_1&3 -0.016 0.374 0.238 
NV1_2&3 -0.015 0.109 0.263 
NMO_1&2 -0.009 0.135 0.330 
NMO_1&3 -0.053 0.422 0.383 
NMO_2&3 -0.048 0.123 0.526 
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SUPPLEMENTARY FIGURE 1. Results from a PCA of H. leucorhous birds exhibiting 

biologically nonsensical grouping of individuals P30 and M7 (indicated with red arrows). These 

groupings could either be due to migration (P30 from Guadalupe and M7 from H. l. leucorhous 

in the Pacific) or contamination during sample preparation or sequencing. 
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SUPPLEMENTARY FIGURE 2. Results from a PCA of Guadalupe birds exhibiting 

biologically nonsensical grouping of individuals LESP_2A, LESP_3A, 3A (duplicate sample 

sent between batches), and LESP_4A (indicated with red arrows). LESP_2A is likely a migrant 

from the Pacific H. l. leucorhous, as this individual also grouped with H. leucorhous using 

mitochondrial and microsatellite DNA (Wallace et al. 2017; Taylor et al. 2018). 
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SUPPLEMENTARY FIGURE 3. Phylogenetic tree constructed in RAxML displaying 

biologically nonsensical evolutionary relationships and/or migrants: M7, LESP_2A, LESP_4A, 

LESP_3A, 3A, and P30 (indicated with red arrows).  
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SUPPLEMENTARY FIGURE 4. Frequencies of private alleles in A) the complete dataset, B) 

the H. leucorhous only dataset, and C) the Guadalupe only dataset. Each bar represents a private 

allele, and frequency represents the number of individuals in a population that have that allele. 

High frequencies of private alleles are an indication of low gene flow among populations 

(Slatkin 1985). 

 

 

 

0

2

4

6

8

Alleles

Fr
eq
ue
nc
y

A

0

2

4

6

8

Alleles

Fr
eq
ue
nc
y

B

0.0

2.5

5.0

7.5

10.0

Alleles

Fr
eq
ue
nc
y

C



	 99	

 

12

1

4

4

0

2

5

0

1

0

3

1

0

0

4

8

29

1

0

0

1

15

3

36

9

99

2

8

0

4

49

6

0

26

0

16

0

2

24

6

0

9

0

1

0

21

0

57

8

0

0

100

41

18

78

0

6

0

0

0

0

0

62

1

8

6

0

46

10

1

27

86

4

10

16

60

11

0

3

10

3

6

2

9

24

25

19

0

0

80

0

18

0

0

0

0

0

14

18

7

14

0

48

0

6

0

1

39

36

8

0

0

6

9

0

2

0

0

25

0

0

4

6

0

37

0

0

6

0

10

0

0

2

1

1

0

82

40

45

15

0

100

3

0

0

2

0

98

0

3

0

0

15

14

2

4

43

3

14

11

95

5

20

54

32

0

18

0

1

9

88

0

3

0

5

50

90

0

2

3

0

4

1

1

100

4

11

0

1

100

99

6

1

0

5

0

10

25

2

61

13



	 100	

SUPPLEMENTARY FIGURE 5. The most likely phylogenetic tree constructed in RAxML, 

using 204 individuals and 7673 SNPs.  Each branch tip represents one individual and is colour-

coded by sampling site (green = H. socorroensis, purple = H. cheimomnestes, pink = H. l. 

leucorhous [Pacific], orange = H. l. leucorhous [Atlantic], blue = H. l. chapmani, and black = H. 

castro [outgroup]). Each node displays the percentage of bootstrap support from 2000 bootstrap 

iterations. 

 


