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ABSTRACT

Using a combination of both mitochondrial DNA and microsatellites, as well as
spatio-geographic modelling, this study examines how the most recent glaciations may
have affected the population genetic structure of the boreal chickadee (Poecile
hudsonicus), a small resident passerine of the North American boreal forests. The
MtDNA data support a separation between eastern and western populations, with central
populations containing a mixture of haplotypes from both the east and west. Estimated
dates place the divergence during the Wisconsin (56.2-129.7 kya). Microsatellite analyses
support the separation of Newfoundland from all mainland populations, indicating that
the eastern straits are restricting gene flow. No evidence for reduced gene flow was found
for the Rocky Mountains. The results suggest the use of multiple glacial refugia, one in
Beringia and one in the east, followed by stepping-stone colonisation and secondary

admixture.
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CHAPTER ONE - GENERAL INTRODUCTION

Ecological patterns and processes shape the genetic patterns seen in species today.
Phylogeography aims to uncover how paleogeographic and environmental processes may
have influenced genetic variation, and to identify this signature in the current geographic
distribution of species (Avise et al. 1987; Avise 2000). Intraspecific phylogeography
specifically looks at how a species responds to an array of factors, such as land formation
(e.g. islands), major geological events (e.g. volcanic activity), and climatic events (e.g.
glaciations). Topographic features (e.g. mountain ranges) can also influence the
geographic distribution of a species.

The recurring glaciations during the Pleistocene impacted the genetic structure and
biodiversity seen today, particularly in temperate species. The rapid contraction of habitat
led to loss of diversity, both in terms of number of species and within-species variation
(Hewitt 2004a). Species which were physically isolated in separate locations by the ice
sheets underwent genetic divergence and, if prolonged, resulted in speciation (Stewart &

Lister 2001; Hewitt 2004a).

1.1 The Pleistocene Epoch

The Earth s biological history is full of change. Large volcanic eruptions, resulting
in global warming, precipitated mass extinction events in the Paleozoic. The Mesozoic
was a time of speciation and extinction events due to the break-up of the Pangaea
supercontinent, as well as climate change following the impact of asteroids (Hallam &

Wignall 1997). The current era, the Cenozoic, began approximately 65 million years ago.



Although species have not suffered extinctions to the same degree as in earlier eras, the
most recent period, the Quaternary, has been inundated by severe geological events

(Gradstein et al. 2004).

1.1.1 The last ice age

The Pleistocene epoch occurred from approximately 1.8 million years ago to
12,000 years ago, and consisted of long glacial periods interspersed by shorter
interglacials (Nilsson 1983). This oscillation of freezing and warming greatly influenced
the evolution of species in a wide range of habitats from the arctic species that thrived
during colder periods, to the temperate and tropical species that suffered huge losses as
the climate cooled at the onset of glaciation (Hewitt 2004a; Stewart & Dal@n 2008).
These extreme changes in climate are believed to be a result of the Milankovitch cycle, a
combination of variations in the three cycles of the Earth s orbit: the eccentricity
(100,000 year cycle), the axial tilt (40,000 year cycle) and the precession or wobble
(26,000 year cycle; Bennett 1990; Hewitt 1996; Hewitt 2000). At their most extreme, the
global insolation (solar radiation) is sufficiently reduced to cause cooler summers to the
extent that the winter ice-pack does not melt (Clark et al. 2009). It is this lowering of
summer temperatures, in combination with large amounts of polar ice, which trigger the
onset of glaciations.

The most recent glaciation occurred approximately 110-12 kya (thousand years
ago): the W rm (Eurasia) or Wisconsin (North America) glaciation. During this time
much of the northern hemisphere was covered by large ice sheets, sea levels dropped, and

climate conditions changed considerably (Flint 1947; Hewitt 1996). The last glacial



maximum (LGM) was the largest in the Pleistocene, perhaps the most extreme in history,
with over 17 million km? of ice covering North America (Barendregt & Irving 1998;
Dyke et al. 2003; Clark et al. 2009). The ice reached its maximum extent between 21 and
18 kya, and sea level drops of 120 m uncovered 20% more land than at present (Pielou
1991; Hewitt 2004a).

In North America two main ice sheets were present (Figure 1.1): the Laurentide ice
sheet in the centre and east, and the Cordilleran ice sheet in the west. The Laurentide ice
sheet originated from centres over Keewatin (Northwest Territories) and Labrador, and
spread to cover an area from the Rocky Mountains to the Atlantic coast, extending as far
south as 40 N in some regions (Pielou 1991; Hewitt 1996; Barendregt & Irving 1998).
The Cordilleran ice sheet extended along the west side of the Rocky Mountains from
northern Washington up to Alaska (Pielou 1991). A third, the Innuitian ice sheet, covered

Greenland and the Arctic (Dyke et al. 2002).

1.1.2 Glacial refugia

With much of the land covered with snow and ice, temperate fauna and flora
underwent dramatic range shifts and extinctions, while many arctic and high-latitude
species flourished (Barrowclough et al. 2004; Hewitt 2004a). Temperate species were
unable to survive in their pre-glaciation range, and persisted only in ice-free regions
known as refugia. A combination of fossil evidence, pollen data and sediment cores has
been used to identify the location of several glacial refugia (Pielou 1991). While these

habitable areas tended to be found south of the ice sheets, abundant evidence exists for



more northerly cryptic refugia (Stewart & Lister 2001; Hewitt 2004a; Provan & Bennett
2008).

In North America there has been much debate over the number and location of
glacial refugia (Figure 1.1). Much of mid-latitude United States was ice-free, and while
the climate was much different than today, this region is thought to have supported most
of the plants and animals of North America (Pielou 1991; Jaramillo-Correa et al. 2009).
There existed as many as six or more refugia south of the ice sheets, with eastern and
western refugia separated by a large swath of desert (Pielou 1991; Swenson & Howard
2005 and references therein). Each supported a small array of species not generally co-
associated (Graham et al. 1996; Stewart & Lister 2001). Boreal and temperate trees were
widespread in the southeast, providing habitat for forest species such as birds and
mammals (Jackson et al. 2000).

A second widely-accepted ice-free area existed in the far north-west, in the area
between Alaska and the Yukon across to Siberia. In the early 20™ century Hultgn (1937)
named this region Beringia after the land that emerged as the sea levels dropped. The
Bering Strait is a mere 50 m deep, and the land bridge was quite extensive (Brubaker et
al. 2005). Originally believed to harbour mostly arctic shrubs in a steppe-tundra
environment (Brubaker et al. 2005; Elias & Crocker 2008), evidence now supports the
use of Beringia by a multitude of plants (Bain & Golden 2005; Anderson et al. 2006;
Gerardi et al. 2010), insects (Scudder et al. 1993; Reiss et al. 1999), fish (Crossman &
Harington 1970; Cumbaa et al. 1981), birds (Holder et al. 1999; Scribner et al. 2003;
Jones et al. 2005; Pruett & Winker 2005), and mammals (Flagstad & Rted 2003;

Eddingsaas et al. 2004; Cegelski et al. 2006; Aubry et al. 2009). The land bridge may



also have acted as a migration corridor, allowing terrestrial species to travel freely
between North America and Asia (Elias & Crocker 2008).

A number of additional, smaller refugia are purported to have existed along the
periphery of the ice sheets. On the east coast of Canada, the Atlantic seabed was exposed
for much of the LGM (Pielou 1991). This Atlantic shelf refugium is thought to have
supported numerous tree (Schauffler & Jacobson 2002; Brubaker et al. 2005) and bird
(Gill et al. 1993; Zink & Dittmann 1993; Colbeck et al. 2008) species. A number of now-
submerged banks and islands may have combined to form a larger area, or may have been
emerged at different times (Pielou 1991). This dynamic environment became even more
unstable as the ice sheets began to recede and the sea levels rose once again, isolating
previously connected areas. Along the west coast of North America, both the Alexander
Archipelago (Alaska) and Haida Gwaii (also known as the Queen Charlotte Islands,
British Columbia) have been shown to support at least a small number of species (Byun
et al. 1997; Soltis et al. 1997; Janzen et al. 2002; Burg et al. 2005). Vancouver Island and
several isolated coastal refugia, as well as nunataks (exposed mountain terrain above the

ice sheets), may also have played a role in Pleistocene species survival (Pielou 1991).

1.1.3 Colonisation

As the climate warmed, the ice sheets began to melt and the sea levels rose. The
recession of the ice sheets was asynchronous; the Laurentide ice sheet started to recede
about 16 kya and the Cordilleran ice sheet 12 kya (Harris 1996). As land became
available, the return of life was rapid shrubs and trees, closely followed by the animals

they sustain, moved out of refugia (Hewitt 2001). Many high-latitude regions in North



America were colonised from Beringia, while the general trend was a northerly
movement from the south (Hewitt 2001). In general, genetic diversity decreased with
distance from the refugia due to sequential bottlenecks and founder events (Hewitt 2000;
Petit et al. 2003; Hewitt 2004b). This genetic depauperation led to the term southern
richness, northern purity , often referred to in glacial phylogeography (Hewitt 1996,
2000, 2001).

There are several ways in which species could have colonised previously glaciated
areas, and accordingly, a number of post-glacial colonisation models have been proposed:
the phalanx, pioneer, and stepping-stone models (Figure 1.2a; Nichols & Hewitt 1994;
Ibrahim et al. 1996). The phalanx model is based on Fisher s wave, and is characterised
by a gradual spread of individuals into new habitat. The advancing wave is slow enough
that gene flow is maintained among the populations, analogous to a large panmictic
population, allowing genetic diversity to be retained. This model results in a
homogeneous pattern, with high within-population diversity and low among-population
differences (Nichols & Hewitt 1994; Hewitt 1996). The pioneer model includes both
short and long-distance dispersal. The short-distance movement retains much of the
genetic diversity, while the long-distance colonisers tend to be few in number, and result
in founder effects and pockets of genetically distinct clusters of individuals. In contrast to
the phalanx model, the pioneer model shows modest among-population differences, with
high among-population distances around the pocket populations, and moderate within-
population variation throughout most of the range except in pocket populations where it
is low (Nichols & Hewitt 1994; Ibrahim et al. 1996). The stepping-stone model, similar

to an island model, allows short-distance dispersal between neighbouring populations.



Movement tends to be primarily into new habitat, although subsequent bidirectional gene
flow may exist. As short-distance dispersal allows a reasonable number of migrants,
genetic diversity remains relatively high within populations, and moderate among
populations, with neighbouring populations showing few differences (lbrahim et al.
1996).

Many species persisted in multiple glacial refugia; consequently, diversity patterns
are more complex than these models predict (Figure 1.2b). As refugial populations
expanded into virgin territory, their reproduction was exponential. If an area was already
inhabited, however, one of two things happened: (1) the advance stopped, or (2) the
expansion continued, although at a lesser rate (Hewitt 2000, 2004b). In either case, the
merging of two (or more) refugial populations resulted in an increase in diversity due to

secondary admixture (Taberlet et al. 1998; Petit et al. 2003).

1.2 Physical Barriers

Barriers to dispersal can come in many forms: physical barriers, intraspecific
competition, behavioural barriers, resource availability and climatic conditions. While
some of these obstacles may be easier to overcome than others, they all play a major role
in shaping species biodiversity. Physical barriers are perhaps the largest contributors to

population genetic structure due to their permanency.

1.2.1 Mountain ranges
Every continent has mountain ranges which act as barriers. In Europe, the Alps

have been shown to restrict dispersal in plants (Thiel-Egenter et al. 2011), while in Asia,



the Himalayas have reduced gene flow in rhesus macaques Macaca mulatta (Kyes et al.
2006). In Canada and the United States there are five major mountain chains, all running
north-south through the continent: the Coastal, Cascade, Rocky, Sierra Nevada and
Appalachian Mountains (Figure 1.3). While the Rocky Mountains are by far the largest,
all of these ranges restrict dispersal in some species. Both the mountain ranges
themselves, and the area between them, act as barriers in many tree species (Soltis et al.
1997 and references therein; Jaramillo-Correa et al. 2009 and references therein). Gene
flow in crustaceans (Crease et al. 1997), reptiles (Fontanella et al. 2008), amphibians
(Austin et al. 2002; Jones et al. 2006), birds (Burg et al. 2005; Peters et al. 2005), and

mammals (Rueness et al. 2003; Geffen et al. 2004) is also restricted.

1.2.2 Waterways

Previous studies have shown that large bodies of water (Figure 1.3) can stop
movement in both aquatic and terrestrial species. The Mississippi and Tombigbee Rivers
prevent movement in freshwater fish (Bermingham & Avise 1986; Avise 1992), reptiles
(Burbrink 2002; Brandley et al. 2010), amphibians (Hoffman & Blouin 2004; Moriarty &
Cannatella 2004), birds (Gill et al. 1999), and mammals (White et al. 2000; Brant & Orti
2003). Straits surrounding islands may preclude colonisation, or gene flow between
existing populations. This may be the case with rock ptarmigan Lagopus mutus (Holder et
al. 1999) and moose Alces alces (Broders et al. 1999) in Newfoundland, as well as the
many endemic bird species in Haida Gwaii (Topp & Winker 2008). Unidirectional
barriers such as waterfalls can also cause genetic discontinuities (e.g. in fish; Castric et

al. 2001; Crispo et al. 2006).



1.2.3 Human-mediated barriers

With the onset of anthropogenic development, many species suffered various types
of habitat disturbance. Habitat fragmentation, often via logging, road-building, or
agriculture, has had a profound influence on genetic structure, namely gene flow and
levels of genetic variation. Studies have shown that genetic discontinuities have arisen
from patchy habitat in insects (Vandergast et al. 2006), reptiles (Stow et al. 2001), birds
(McDonald et al. 1999; Uimaniemi et al. 2000), and mammals (Coulon et al. 2004).
Roads prevent movement both as a foreign surface (Baur & Baur 1990; Vos et al. 2001)
and due to animal-vehicle collisions (Riley et al. 2006; Frantz et al. 2010). This
introduction of unfamiliar barriers may also contribute to the connectivity of a species,

and has been shown to precipitate the onset of genetic drift.

1.3 Molecular Markers

The introduction of the polymerase chain reaction (PCR) and improved laboratory
techniques have opened new doors to answer more complex evolutionary questions. The
most common marker in animal molecular studies remains mitochondrial DNA
(mtDNA), although studies employing nuclear markers are increasing (Avise 2004). A
multi-locus study is the preferred approach, and two complementary markers are mtDNA
and microsatellites (Zhang & Hewitt 2003). The main differences between these two
markers are the effective population size, the mutation rate and the mode of inheritance
(Hare 2001; Zink & Barrowclough 2008; Brito & Edwards 2009). The genetic patterns
detected by a molecular marker is dependent upon both the effective population size and

the mutation rate (Hare 2001; Zink & Barrowclough 2008).



1.3.1 Mitochondrial DNA

Animal mtDNA is a maternally inherited marker, in most species, which does not
generally undergo recombination. It is a circular molecule containing 15 coding genes
(two rRNAs and 13 mRNAs), 22 tRNAs and a non-coding control region (Figure 1.4a;
Bensch & Harlid 2000; Kvist 2000). As mtDNA is a single, continuous genome, all
markers are physically linked. There are four main gene orders in avian mtDNA, each of
which is fairly conserved within taxa (Desjardins & Morais 1990; Gibb et al. 2006). Most
avian species have the standard chicken gene order, allowing easy discovery of marker-
specific primers (Singh et al. 2008). MtDNA is a highly variable marker, with an average
mutation rate of ~2% per million years, 5-10 times faster than in nuclear DNA (nuDNA).
The higher mutation rate is primarily due to an inefficient repair mechanism, higher copy
number per cell, and shorter generation time (i.e. mtDNA replicates more often than
nuDNA; Brown et al. 1979; Baker & Marshall 1997). Given its uniparental inheritance
and haploid nature, mtDNA has an effective population size (Ng) four times smaller than
nuclear DNA. This makes it more sensitive to genetic drift, and it will likely show
monophyly much more rapidly, allowing relatively recent events (e.g. the LGM) to be
studied (Hare 2001; Palumbi et al. 2001; Zink & Barrowclough 2008; Brito & Edwards
2009).

Initially, fairly conserved coding regions such as cytochrome b (cytb) or NADH
dehydrogenase subunit 2 (nd2) were used to study both inter- and intraspecific
relationships. These regions tend to have a relatively low mutation rate, and may be under
functional constraints (Avise 2004). Recently, studies have moved towards using the non-

coding control region. The avian control region consists of three domains (Figure 1.4a): 1,

10



I, and IIl. Domains | and Il tend to be the most variable (domain Il in Parus), and
domain Il contains conserved functional boxes responsible for regulating transcription
and replication in the mtDNA genome (Kvist 2000; Ruokonen & Kvist 2002). The
displacement loop (D-loop), or origin of replication, is located in domain Il (Ruokonen
& Kvist 2002). It was initially believed that the control region had a mutation rate of 15-
20% per million years, considerably higher than that of the coding regions (Baker &
Marshall 1997). This figure was primarily based on a short fragment of domain I found in
the snow goose (Quinn 1992). It has since been shown that the mutation rate varies
among groups, and that rates can be as low as 2-5% in both birds and mammals (Cann et
al. 1984; Ruokonen & Kvist 2002; Pereira et al. 2004; P ckert et al. 2006).

Mitochondrial DNA has two main limitations. First, each cell contains multiple
(e.g. 50-100) mitochondria, and within each mitochondrion there also exist more than one
copy (e.g. 2-10) of the genome. While most of the mtDNA genomes will likely be
identical, it is possible that an individual can contain multiple haplotypes. This
phenomenon, termed heteroplasmy, is fairly rare, and is detected by the presence of
multiple peaks in a sequence chromatogram (Avise et al. 1987). The second limitation is
perhaps slightly more common, and less identifiable. Two individuals with the same
sequence are assumed to be identical by descent. Instead, it may be that a base pair has
mutated back to its original state (e.g. A T  A), and thus there should actually be
two mutations between the individuals (Avise 2004; Zink & Barrowclough 2008).
Homoplasy is difficult to detect; however, presence of a strong geographic pattern should

overcome this limitation.
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1.3.2 Microsatellites

Microsatellites are short tandem repeats, generally of 2-6 base pairs (Figure 1.4b),
found throughout the nuclear genome as well as in chloroplast DNA (cpDNA,; Jarne &
Lagoda 1996; Avise 2004). The repeats can be pure (e.g. AGAGAG), compound (e.g.
AGAGCTCT) or interrupted (AGAGTTAGAGAG) (Jarne & Lagoda 1996). Pure repeats
are generally the most commonly used in population studies, likely due to their high
variability and ease of scoring (Luikart & England 1999). As nuclear markers are
biparentally inherited, both the male and female histories impact the results.
Microsatellites are codominant markers, and are inherited in a standard Mendelian
manner (Jarne & Lagoda 1996).

Microsatellites have an extremely high mutation rate, estimated to be from 10 to
10" mutations per generation (Schl tterer 2000). Based on an average generation time of
two years (common in passerines; Uimaniemi et al. 2003), this rate is up to 1000 times
higher than that of mtDNA. This level of polymorphism creates a high degree of
resolution, and it is argued that more recent events may be revealed with microsatellites
that are not evident with mtDNA (Flanders et al. 2009; Kempf et al. 2009). The high
mutation rate is due to the method of mutation DNA replication slippage. During
replication, DNA polymerase often detaches from the strand it is copying, especially if
the sequence contains a number of repeats. Given the repetitive nature of microsatellites,
when the enzyme tries to reattach, it does so in the wrong place, either upstream or
downstream by a few base pairs. This causes the microsatellite to grow or shrink by one
or a few repeats. A repair mechanism recognises and fixes some of these errors, but many

are not caught and remain in the DNA (Jarne & Lagoda 1996; Schl tterer 2000).
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Two hypothesized mutation models in microsatellites are the stepwise mutation
model (SMM) and the infinite alleles model (IAM). While it is unlikely that either of
these models is strictly followed, they are good representations of what is happening. The
SMM states that the mutations occur one repeat unit at a time, either increasing or
decreasing in number (Jarne & Lagoda 1996). A variation on the SMM, the two-phase
stepwise model (TPM), allows rare multiple repeat changes as well as single repeat
changes (Di Rienzo et al. 1994). The IAM states that every mutation creates a new allele
(Goldstein & Pollock 1997).

As with all markers, microsatellites have a number of limitations. The initial issue
is with primer development. This can be a lengthy and costly process if loci are not
already developed in the species of interest or a closely related species (Jarne & Lagoda
1996; Goldstein & Pollock 1997). Microsatellites are also believed to be heavily plagued
by homoplasy. The high level of variation, and similarity due to convergence rather than
descent, may make genetic patterns difficult to interpret or completely overwrite

historical signatures (Primmer & Ellegren 1998; Estoup et al. 2002; Wang 2010).

1.4 Study Species
1.4.1 Paridae

The Paridae family (tits, titmice and chickadees) is a group of small, familiar
songbirds found throughout Europe, Asia, Africa and North America. Parids are
generally found in treed areas, and are known for caching seeds and insects (Gill et al.
2005). Their feeding behaviour and reliance on temperate forests may explain the

absence of these birds in the warmer southern continents (e.g. reliance on cool
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temperatures for food storage). Worldwide there are ~68 species of Paridae separated into
nine genera (Lepage 2003; Gill et al. 2005). In North America there are seven chickadee
(Poecile) and five titmouse (Baeolophus) species (American Ornithologists’ Union 1998;
Chesser et al. 2010). All but two of these species are restricted either to the eastern
(Carolina chickadee P. carolinensis and tufted titmouse B. bicolor) or western (Siberian
tit or grey-headed chickadee P. cinctus, mountain chickadee P. gambeli, chestnut-backed
chickadee P. rufescens, Mexican chickadee P. sclateri, oak titmouse B. inornatus, juniper
titmouse B. ridgwayi, bridled titmouse B. wollweberi, and black-crested titmouse B.
atricristatus) half of the continent (Peterson 1990; Sibley 2003). The two wide-spread
species, black-capped chickadee P. atricapillus and boreal chickadee P. hudsonicus, are

found coast to coast.

1.4.2 The boreal chickadee

This study looks at the boreal chickadee, Poecile hudsonicus. The boreal chickadee
is found primarily in the boreal forests of North America. It is generally associated with
spruce and fir trees which it uses for both food and shelter (Gill et al. 1993; Ficken et al.
1996). Its range extends from Alaska to Newfoundland, as far south as Montana in the
west and Wisconsin/New York in the east (Figure 1.3; Sibley 2003). The distribution
closely resembles that of both black spruce Picea mariana and white spruce Picea glauca
ranges, to which it is closely connected (Anderson et al. 2006; Gerardi et al. 2010).

The boreal chickadee is a permanent resident and does not undergo seasonal
migration (Ficken et al. 1996), although occasional irruptions occur in response to food

supply (e.g. spruce budworm outbreaks; Yunick 1984; Bolgiano 2004). Banding records
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(Canadian Bird Banding Office) are sparse, but all recaptured birds were found within 40
km from the initial banding site (n = 21). Little is known about natal dispersal in this
species. As with other chickadee species, individuals form territorial pairs in the breeding
season and small flocks in the winter (n = 4; McLaren 1975). They are cavity nesters, and
can either excavate their own nest in a soft stump or tree, or use one previously made by
a woodpecker or other primary excavator (McLaren 1975; Ficken et al. 1996). Several
studies have examined the breeding biology and vocalisations in this small songbird
(McLaren 1975, 1976), yet little is known about the population structure.

A previous study by Gill et al. (1993) examined the relationship of North American
chickadees. They found two clades: a black-capped group consisting of P. atricapillus,
P. carolinensis, and P. gambeli and a brown-capped group made up of P. hudsonicus,
P. rufescens, and P. sclateri. A later study (Gill et al. 2005) included P. cinctus in the
brown-capped group and moved P. sclateri to the black-capped clade. It has been shown
that P. rufescens is the sister-species to P. hudsonicus, likely diverging in the early
Pleistocene (Gill et al. 2005). As part of the original study, Gill et al. also looked at the
within-species differences. In the boreal chickadee they found seven haplotypes in the
five continental populations sampled, and an eighth haplotype restricted to Nova Scotia
and Newfoundland. The highest observed diversity was in the central populations,
however only 37 individuals were included in the study. The molecular markers used by
Gill et al. (1993) were restriction fragment length polymorphisms (RFLPs), common at
the time, but since replaced by more variable sequence data and nuclear markers (Avise

2004).
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1.4.3 Subspecies

As with many birds, subspecies have been described based on morphological
features and geographical boundaries (Avise 1992; Zink 2004). There has been much
debate over the value of subspecific designation unless a strict definition can be agreed
upon (Ball & Avise 1992; Zink 2004). In many species there is no genetic evidence to
support described subspecies (Ball & Avise 1992). A good example of this is the dark-
eyed junco, Junco hyemalis. There are dramatic plumage differences between the five
recognised subspecies, yet no distinct genetic pattern supports this (Milk et al. 2007).
This may be due to phenotypic plasticity and longer coalescent time required in genes.

The 1957 AOU checklist, the last to designate subspecies, described five subspecies
in boreal chickadees (American Ornithologists’ Union 1957). Using a combination of the
AOQOU checklist (1957), Pyle (1997), a widely used bird identification guide, and Birds of
North America (Ficken et al. 1996), | extracted the approximate distributions of the five
subspecies (Figure 1.5). P. hudsonicus littoralis is described as extending from Qu@bec
east to the Maritimes and the north-eastern United States, while P. hudsonicus rabbittsi
was described for Newfoundland and a nearby island. The widespread P. hudsonicus
hudsonicus extends from Alaska to Ontario, P. hudsonicus columbianus along the Rocky
Mountains and Coastal Mountains, and P. hudsonicus cascadensis is found exclusively in
the northern Cascade Mountains (southern British Columbia/northern Washington). Gill
et al. (1993) found no support for these subspecies, nor those described in P. atricapillus
or P. carolinensis. However, as mentioned above, the intraspecific study required greater

sampling, and a more sensitive molecular marker may provide greater resolution.
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1.5 Thesis Aims

The aims of this study are to understand where the boreal chickadee survived the
last glacial maximum, how it colonised once the ice sheets receded, and what role
physical barriers play both in the historical and contemporary population genetic
structure. While many studies have looked at phylogeography in North American birds
(e.g. Barrowclough et al. 2004; Burg et al. 2005; Spellman et al. 2007), few focus on
widespread species (Ball et al. 1988; Colbeck et al. 2008), and fewer still on widespread
high-latitude resident species (Klicka et al. 2011). The studies there are tend to lack
samples from the northern extent of the range, which is important when evaluating
Pleistocene glacial refugia and post-glacial expansion.

In order to study the phylogeography and postglacial expansion of the boreal
chickadee, I incorporated both spatial modelling and genetic analysis. Spatial modelling
allows the potential species distributions to be estimated based on current climate data
(ecological niche modelling) and past climate estimates (paleogeographical modelling).
The modelled distribution can be used in conjunction with genetic data to identify
putative refugial locations. | employed molecular markers with complementary modes of
inheritance and different mutation rates. The combination of mtDNA, which is especially
useful at examining historical patterns (Uimaniemi et al. 2003; Zink & Barrowclough
2008), and microsatellites, reported to be useful at extracting patterns of contemporary
movement (Costello et al. 2003; Chiucchi & Gibbs 2010), will allow a more complete
picture of the chickadee s history than is currently available. The use of both markers
also avoids the limitations of single gene inferences (Zhang & Hewitt 2003; Brito &

Edwards 2009). Samples were collected from 14 populations covering most of the
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chickadee s distribution, and sampling locations were chosen such that physical barriers

(Figure 1.3) and putative refugia (Figure 1.1) could be tested.

1.6 Predictions

Given the widespread distribution of the boreal chickadee (Figure 1.3), and the fact
that it includes a number of possible refugia (Figure 1.1; Pielou 1991), | predict that there
will be evidence of expansion from multiple glacial refugia one (or more) in the east,
and one (or more) in the west. If a single refugium was used, genetic diversity would
decrease with increasing distance from the refugial population, and some alleles would
likely be shared among distant populations. If multiple refugia were used a slightly
different pattern would be expected; high genetic diversity in (or near) all refugial
populations, and where the different expansions meet (i.e. a contact zone; Taberlet et al.
1998). Few alleles would be shared among refugial populations, depending on the
duration of isolation.

As the boreal chickadee had to wait until suitable habitat became available (i.e. for
trees to colonise the land), and most of their current range was glaciated, | predict that
boreal chickadees expanded following a phalanx model. Genetic diversity will be high
within-populations and low among-populations. This mirrors the limited genetic structure
seen with RFLPs (Gill et al. 1993). Physical barriers will likely act to prevent dispersal in
this sedentary songbird. The Rocky Mountains have been shown to act as a barrier to
gene flow in many birds (Milot et al. 2000; Lovette et al. 2004; Burg et al. 2005; Peters
et al. 2005), and different subspecies of boreal chickadees are found on either side of the

mountains. Island populations often have reduced gene flow to the mainland, likely due
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the presence of an impassable water barrier. Newfoundland has a number of endemic
species and subspecies (Broders et al. 1999; Holder et al. 1999; Cronin et al. 2005; Hearn
et al. 2006), including a subspecies of boreal chickadee (American Ornithologists’ Union
1957), suggesting that gene flow between the island and the mainland will likely be

reduced.

1.7 Thesis Organisation

The thesis is written in four chapters. The first chapter provides a general
background of the biological processes which drive population genetic structure in
temperate species (the Pleistocene glaciations and barriers to dispersal), and the
molecular methods which can be used to study them. Chapter 2 examines the effects of
the Wisconsin glaciation on the boreal chickadee, how genetic diversity may have been
affected, and the resulting population genetic structure. Analysis of mtDNA data, in
conjunction with spatio-geographical modelling, highlights possible glacial refugia and a
likely colonisation model. The third chapter looks at population structure using
microsatellite markers. | address whether physical barriers (e.g. mountain ranges and
bodies of water) act to restrict dispersal and gene flow in this species. The final chapter
summarises the main results of Chapters 2 and 3, focusing on the similarities and
differences seen with the two molecular markers. | address possible causes for any
discrepancies between the two markers. The subspecies designations are compared to the

genetic findings. Potential future work is suggested.
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Figure 1.1. Approximate extent of the Laurentide (right) and Cordilleran (left) ice sheets
(grey) at the last glacial maximum. Dashed blue lines represent the location of three
putative northern refugia (from left to right: Beringia, Haida Gwaii/Alexander
archipelago and Atlantic Coast). Areas south of the ice sheets also acted as glacial
refugia. Figure modified from Pielou (1991).
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Figure 1.2. Examples of three potential colonisation models and the resulting patterns of
diversity if individuals originated from (a) one glacial refugium or (b) two isolated glacial
refugia which subsequently underwent secondary contact. In the phalanx model, an
advancing wave causes low inter-population diversity and an abrupt transition between
populations. The pioneer model is characterised by long-distance dispersal events
intermingled with a slow spread of individuals, resulting in pocket populations. In the
stepping-stone model, founders were exchanged between neighbouring populations,
forming a gradient. In each case, the presence of an existing population either prevents or
reduces further movement. Figure modified from Johansen & Latta (2003), and based on
colonisation patterns described by Ibrahim et al. (1996).

21



Figure 1.3. Large physical barriers such as mountain ranges (red, dashed; from left to
right: Coastal (top), Cascade (middle), Sierra Nevada (bottom), Rocky and Appalachian
Mountains) and large bodies of water (blue, solid; from left to right: Hecate Strait,
Mississippi and Tombigbee Rivers, and Gulf of St. Lawrence) may prevent dispersal and
gene flow in North American species. The distribution of the boreal chickadee (light
grey) is modified from Sibley (2003).
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Figure 1.4. (@) The general structure of avian mitochondrial DNA (mtDNA) showing the
control region (dark grey), 15 coding regions (light grey) and 22 tRNAs (black lines).
The callouts (not drawn to scale) show the areas sequenced in the study (control region,
top, and ATP coding region, bottom), and the arrows depict primer binding sites (refer to
Chapter 2 for names). Figure modified from Desjardins & Morais (1990) and Kvist
(2000). (b) A typical microsatellite sequence. Primers bind in the flanking regions which
surround short tandem repeats (i.e. GATA). These short sequences can be dozens of
repeats long.
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Figure 1.5. Approximate distribution for five described subspecies or boreal chickadee
(American Ornithologists’ Union 1957) modified from Pyle (1997) and Birds of North
America (Ficken et al. 1996).
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The Phylogeography of the Boreal Chickadee (Poecile hudsonicus)

L.A. Lait' and T.M. Burg'

'Department of Biological Sciences, University of Lethbridge, 4401 University Drive,

Lethbridge, Alberta, T1K 3M4

25



2.1 Introduction

The Wisconsin glaciation, the most recent major glacial event of the Pleistocene,
took place approximately 110 to 12 kya, with the maximum extent of ice occurring
between 21 and 18 kya (Pielou 1991). Throughout the Pleistocene, the climate and
vegetation in North America was greatly modified, with large ice sheets present in
Canada and the northern United States, and much cooler, drier conditions in the southern
United States than are typically found today (Adams & Faure 1997). Fossil evidence
supports the presence of a number of potential refugia: the United States south of the ice
sheets, Beringia, and several putative coastal and mountain refugia (Pielou 1991).

Previous studies have shown that many of the species now found in the Nearctic
survived in one or more of these refugia (Avise 1992; Zink 1996). The migratory yellow-
rumped warbler Dendroica coronata shows little genetic differentiation between eastern
and western populations, suggesting a single southern refugium (Mil£ et al. 2006). This
pattern is also evident in the downy woodpecker Picoides pubescens (Pulgarin-Restrepo
2011), mourning dove Zenaida macroura (Ball & Avise 1992), and red-winged blackbird
Agelaius phoeniceus (Ball et al. 1988). Many plant and animal species persisted in both
coastal and inland refugia in the south (e.g. black spruce Picea mariana (Jaramillo-
Correa et al. 2004), yellow warblers Dendroica petechia (Boulet & Gibbs 2006), and
eastern chipmunks Tamius striatus (Rowe 2004)). There is a growing body of literature
supporting Beringia as a glacial refugium (e.g. white spruce Picea glauca (Anderson et
al. 2006; de Lafontaine et al. 2010), rock ptarmigan Lagopus mutus (Holder et al. 1999),
and bighorn sheep Ovis canadensis (Loehr et al. 2006)). More recently, evidence for the

use of a north-eastern cryptic refugia (e.g. Sable Island and the Grand Banks off
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Newfoundland; Pielou 1991) has been found in several species of trees (Walter &
Epperson 2001; Jaramillo-Correa et al. 2004) and birds (Zink & Dittmann 1993; Zink et
al. 2003; Colbeck et al. 2008). The American redstart Setophaga ruticilla (Colbeck et al.
2008), common yellowthroat Geothlypis trichas (Ball & Avise 1992), white-breasted
nuthatch Sitta carolinensis (Spellman & Klicka 2007), hairy woodpecker Picoides
villosus (Graham 2011), and loggerhead shrike Lanius ludovicians (Vallianatos et al.
2001) all show evidence of having persisted in multiple glacial refugia.

As the ice sheets receded and the climate warmed, colonisation of the previously
glaciated regions occurred. Three general expansion models have been suggested: the
pioneer, phalanx and stepping-stone models (Figure 1.2; Nichols & Hewitt 1994; Ibrahim
et al. 1996), each producing a different population genetic pattern.

The boreal chickadee (Poecile hudsonicus) is a small, specialist songbird found
throughout Canada and the northern United States (Figure 2.1). The current range of the
boreal chickadee is nearly exclusively in the northern boreal forests, and was almost
entirely covered by the ice sheets during the last glacial maximum (Pielou 1991; Ficken
et al. 1996). Unlike many passerines, the boreal chickadee is a permanent resident, with
little or no migration occurring between breeding seasons. This lack of seasonal
movement should allow for a simpler genetic structure as there is less opportunity for
gene flow to occur.

A previous study by Gill et al. (1993) examined the population genetics of North
American chickadees. Mitochondrial DNA restriction fragment analysis was used to
examine the genetic structure both within and between species. In the boreal chickadee,

37 samples were collected from seven populations. Little genetic differentiation was seen
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in the continental populations, which roughly correspond to the previously glaciated
region, and a unique haplotype was found in Atlantic Canada, in the Nova Scotia and
Newfoundland populations. The low diversity seen may be a result of the low sensitivity
of restriction fragment length polymorphisms (RFLPS).

The present study examines the patterns of genetic diversity in the boreal chickadee
using an intensive, range-wide sampling regime and more variable mitochondrial DNA
(mtDNA) sequencing. MtDNA is an excellent marker for phylogeographic studies as it is
uniparentally inherited and therefore does not regularly undergo recombination (Avise
1992, 2004). This allows it to retain historical patterns. As mtDNA is maternally
inherited, it will only track the movement and history of females (Avise 2004); however,
given the sedentary nature of this species, the maternal lineage should be representative
of the species. We used both the non-coding control region and the ATP coding region.

The aim of this study is to evaluate the population genetic structure in the boreal
chickadee to determine: (1) Did the postglacial expansion originate from a single or
multiple glacial refugia? (2) Did the colonisation occur as a wave (phalanx), stepping-
stone or long-distance (pioneer) dispersal? As the current distribution of boreal
chickadees includes both Alaska (Beringia) and Nova Scotia and Newfoundland (the
putative Atlantic shelf refugia), we predict that the populations expanded from multiple
glacial refugia. If the boreal chickadee did survive in multiple, isolated refugia during the
last glacial maximum (LGM), multiple divergent groups will be evident having arisen
through mutation and drift. We predict that the population genetic structure will show

evidence of expansion from multiple glacial refugia one on the Atlantic coast and one
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in Beringia. Within-population genetic diversity will be high, with evidence of a phalanx

model of colonisation (Nichols & Hewitt 1994; Ibrahim et al. 1996).

2.2 Materials and Methods
2.2.1 Spatio-geographic modelling
2.2.1.1 The model

Both contemporary (ecological niche modelling; ENM) and historical (paleo-
distributional modelling) patterns of distribution were estimated using spatio-geographic
data. Environmental data (e.g. climatic variables, soil data, vegetation cover, elevation
and sunlight) and species occurrence records are combined to estimate the potential
distribution of a species (i.e. where they could survive) by assuming that the species is
found in the preferred environmental conditions (Phillips et al. 2006; Richards et al.
2007). This data can then be used in conjunction with paleo-climatic data to extrapolate
past distribution, or with climatic predictions to estimate future distributions (Richards et
al. 2007). The models rely on the key assumption of niche fidelity that the current niche
requirements are reflective of those in the past and/or future.

The distributions were predicted in MAXENT v3.3.3 which uses a maximum
entropy statistical model on presence-only occurrence data (Phillips et al. 2006; Phillips
& Dud k 2008). The program uses the environmental data in combination with the
occurrence data to train the model as to what habitat is considered suitable versus
unsuitable for the species in question. The model then assigns the most likely distribution
as the posterior distribution which meets all of the functional constraints (based on the

environmental data) while maximising entropy (chaos; the most spread out distribution)
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(Phillips et al. 2006). Ten replicates were run using the cross-validation method and

default settings.

2.2.1.2 Occurrence data

Occurrence records were comprised of sampling locations from this study and
sightings downloaded from the Global Biodiversity Information Facility (GBIF) data
portal (Global Biodiversity Information Facility data portal) and the Avian Knowledge
Network (Peterson 1990). Only those with accompanying GPS coordinates were
included. Several problems are known to arise with occurrence data: sightings tend to be
positively correlated with population density and habitat accessibility (e.g. roads);
geographic locations may be incorrect, and species may be misidentified (Phillips et al.
2006). In order to test for the effect of incorrect occurrence data, the model was run using
all occurrence records (all) and a modified (mod) dataset. For the modified dataset, the
records were carefully examined for unlikely sightings. These sightings may have been
erroneous (e.g. misidentified or transcribed incorrectly), or may represent rare long-
distance movements that do not follow the species typical habitat requirements. All
recorded sightings below 40 N in the east (east of 95 W), and below 46 N in the west,
were discarded. This boundary is well outside of the normal expected range (Figure 2.1),
and eliminated 239 of 32,379 records. Similar predicted distributions were seen with the
full and modified datasets, with slight differences in the contribution of each

environmental variable (see Results).
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2.2.1.3 Environmental data

The distribution model was based on 19 WorldClim climatic variables (see Results
for full list) extrapolated from GIS layers as described in Carstens et al. (2007). The
variables included average, extreme and ranges of temperature (temp) and precipitation
(precip), and were available for both the contemporary timescale and estimates for the
last glacial maximum (ca. 21 kya). The MIROC (a Model for Interdisciplinary Research
on Climate) climate layers used as the past climate estimates were provided by the

Paleoclimate Modelling Intercomparison Project Phase 11 (PMIP2; Waltari et al. 2007).

2.2.2 Sample collection

Two hundred and thirty samples were collected over four breeding seasons from 11
sampling locations across the chickadees range (Figure 2.1). Sampling locations,
hereafter referred to as populations, were limited to a 50 km radius whenever possible,
with no obvious barriers to dispersal, with the exception of the NSNB and NL sites. In
these two cases, multiple sites were combined after confirming there were no population
differences. Birds were caught using 12 m mist nets and call playback. A 100 L blood
sample was collected from the brachial vein and stored in ethanol. All birds were banded
and released. The samples were returned to the lab and stored at -80 C.

Fifty-three museum samples (Appendix 1) augmented sample sizes from field sites
and added an additional three sampling locations (Figure 2.1; 20 samples were from
existing sites and 33 in new locations). Two samples were not sequenced. Samples were
provided by the American Natural History Museum (n = 3), Burke Museum (n = 2),

Canadian Museum of Nature (n = 11), New Brunswick Museum (n = 3), New York State
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Museum (n = 3), Royal Alberta Museum (n = 1), Royal Ontario Museum (n = 16), Royal
British Columbia Museum (n = 1), and the Smithsonian Institution National Museum of

Natural History (n = 13).

2.2.3 DNA extraction

DNA was extracted from blood, feather and tissue samples using a modified chelex
procedure (Walsh et al. 1991). A small sample (10 L blood or a 3 mm slice of
tissue/feather) was added to 300 L DNA extraction buffer (0.1 M Tris buffer (pH 8),
0.05 M EDTA, 0.5 M NaCl, 1% SDS and 5% w/v chelex), 3 L proteinase K (20
mg/mL) and 2.5 L RNase (10 mg/mL). After incubating overnight at 50 C, the
extracted DNA was vortexed, centrifuged at 10,000 rpm for two minutes, transferred into
300 L 1X low TE buffer (0.01 M Tris buffer (pH 8), 0.0001 M EDTA and 5% w/v

chelex) and stored at -20 C.

2.2.4 DNA amplification

Two fragments of mtDNA were amplified using the polymerase chain reaction
(PCR). A 766 base pair (bp) fragment of the control region (CR) contained part of
domain I (295 bp) and most of domain Il (471 bp). The control region is the only major
non-coding region found in avian mtDNA (Ruokonen & Kvist 2002), and as such is not
under functional constraint. A 923 bp coding fragment (ATP) contained three coding
regions and a transfer RNA (tRNA): part of the cytochrome oxidase Il gene (61 bp), the
tRNA lysine (71 bp), and the overlapping ATPase 6 (168 bp) and ATPase 8 (627 bp)

genes (Desjardins & Morais 1990). All PCR reactions were performed in an Eppendorf
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Mastercycler ep gradient thermocycler. PCR products were visualised on a 0.8% agarose
gel.

The control region was amplified using the primers LmochCR1 and H1015chCR
(Table 2.1). For some of the museum samples, the DNA was degraded and a semi-nested
PCR was required for successful amplification. For these samples, the first round
amplification used L26¢chCR and H1015chCR, while the second round used the internal
primer LmochCR2 with H1015chCR (Table 2.1).

The PCR reaction (25 L) contained 1X GoTaq Flexi buffer (Promega), 2.5 mM
MgCl, (Promega), 0.2 mM dNTP (Fisher Scientific), 4 M forward and reverse primer, 1
U GoTaqg Flexi DNA polymerase (Promega) and genomic DNA. All PCRs were done
using the following thermal cycling program: an initial cycle of 2 min at 94 C, 45 s at
54 C,and 60 s at 72 C; followed by 37 cyclesof 30sat94 C,45sat54 C,60sat72 C;
and one final extension at 72 C for 5 min followed by 4 C for 20 s.

The ATP gene fragment was amplified using universal avian primers L8929 COIl
and H9855 ATP6 (Table 2.1; Sorenson et al. 1999). For some museum samples, semi-
nested amplifications were done using the internal primers H534chATP and L298chATP
(L8929/H534 and L298/H9855; Table 2.1). The ATP gene region was amplified in a 25

L reaction which contained 1X Crimson buffer (New England Biolabs), 1.5 mM MgCl,
(New England Biolabs), 0.2 mM dNTP (Fisher Scientific), 4 M of an H and L strand
primer and 1 U Crimson Taq DNA polymerase (New England Biolabs). A similar PCR
program to the control region amplification was used with the following modification:
initial reactions were performed with an annealing temperature of 58 C and the second

round of semi-nested PCRs were run with an annealing temperature of 48 C.
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2.2.5 Sequencing

All PCR products (5 L) were purified with an Exo-SAP clean up. This consisted
of a 15 min incubation step at 37 C with 0.1 U exonuclease | (USB Corporation) to
remove excess primers and 0.1 U shrimp alkaline phosphatase (Promega) to
dephosphorylate unincorporated dNTPs, followed by a 15 min step at 80 C to denature
both enzymes. The sequencing reaction (10 L) contained 0.25 L Big Dye v3.1
(Applied Biosystems), 1X sequencing buffer (McLab), 0.3 M of one primer and 1 L
purified, Exo-SAP-treated PCR product (approximately 100 ng DNA). Sequencing
reactions consisted of one cycle at 96 C for 2 min; 25 cycles of 96 C for 30 s, 50 C for
15 s; and a final extension at 60 C for 4 min. The sequences were cleaned using an
ethanol precipitation (removes excess primer, RNA, proteins and sequencing reagents)
and sequenced using capillary electrophoresis on a 3130 Genetic Analyzer (Applied
Biosystems, Foster City, CA). Some PCR products from blood samples and most

museum samples were sent to Genome Quebec for sequencing (McGill University, QC).

2.2.6 Genetic analyses

As the mitochondrial genome is a single continuous strand of DNA, all analyses
were run on a concatenated sequence of the CR and ATP fragments because the genes are
physically linked and therefore inherited as a single unit. The analyses were also
performed on the two fragments separately; the results were similar and are not shown.
The DNA sequences were checked by visual inspection of the chromatograms and
aligned in the program MEGA 4.0 (Tamura et al. 2007). All variable sites were double

checked against the chromatograms. Haplotypes (unique DNA sequences) were assigned
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to individuals manually, and confirmed using both MultAlin (Corpet 1988) and TCS
v1.21 (Clement et al. 2000).

Nucleotide and haplotype diversity were calculated in DnaSP v5 (Rozas & Rozas
1999; Rozas et al. 2003; Librado & Rozas 2009) as a measure of genetic diversity in the
populations; nucleotide diversity was calculated using the equation

where x; and x; are the frequency of the i and " sequence (Nei & Li 1979), and
haplotype diversity as — where n is the sample size and x; is the

frequency of the i haplotype (Nei & Tajima 1981). A statistical parsimony network was
constructed to visualise the relationship between haplotypes. The network was
constructed in TCS v1.21 (Clement et al. 2000) with a 95% connection limit, and all
connections were confirmed by visual inspection.

Pairwise genetic differences (st values), based on Wright s fixation index (Wright
1965), were calculated in Arlequin v3.11 (Excoffier et al. 2005). Pairwise st values
between two populations range from 0 (panmixia) to 1 (completely isolated; Wright
1965). In order to correct the critical significance value for multiple tests (multiplicity;
Benjamini & Hochberg 1995), a modified false discovery rate (FDR) procedure

(Benjamini & Yekutieli 2001) was applied, as described in Narum (2006; critical p-value

= —; i =1to k where k is the number of tests). Traditional Bonferroni corrections are

good at preventing type | errors (false positives), however they substantially reduce the
power of the tests by introducing type Il errors (false negatives; Moran 2003; Garc a
2004; Nakagawa 2004; Verhoeven et al. 2005). The FDR procedure was first described
by Benjamini and Hochberg (1995) to increase test power, and a modified FDR was

described by Benjamini and Yekutieli (2001). The modified FDR is intermediate between
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Bonferroni and FDR in controlling for both type I and type Il errors, and has been shown
to be the most effective (Narum 2006). Critical p-values and the number of significant p-
values were calculated using all three methods.

A Mantel s test was performed to examine the correlation between genetic and
geographic distances in Genepop v4.0.10 (Raymond & Rousset 1995; Rousset 2008). A
significant correlation between genetic and geographic distances suggests that there is
isolation-by-distance (Slatkin 1993). Geographic distances were calculated using the
weighted average GPS coordinates for each population and the Geographic Distance
Matrix Generator v1.2.3 (Ersts 2010), and linearised st values were used for genetic
distances. Significance was tested using 10,000 permutations.

The allocation of genetic variation within and among populations was tested using
an analysis of molecular variance (AMOVA,; 100,000 permutations) in Arlequin v3.11
(Excoffier et al. 2005). A spatial analysis of molecular variance (SAMOVA; Appendix 2;
Dupanloup et al. 2002) uses both geographical and genetic data to detect population
genetic structure. The SAMOVA partitions the populations into groups in order to
maximise ¢ (between-group variance; Excoffier et al. 1992) for a specified K (K =2 to
13; 100 iterations). As a result it identifies both maximally differentiated groups and
potential genetic barriers, although the process is fairly sensitive to isolation-by-distance
(Dupanloup et al. 2002).

A principal coordinates analysis (PCO; Appendix 2) was performed in GenAlEX
v6.3 (Peakall & Smouse 2006) on both individuals and population pairwise differences.
The PCO allows the visualisation of patterns in a set of random data by assigning

eigenvalues (or principal components) to the data (see Appendix 2). Although the PCO
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on summary statistics may lose some of its power, the resulting eigenvectors are much
easier to see due to the overlapping nature of the individual samples.

Cluster analysis was run using Bayesian Analysis of Population Structure (BAPS)
v5.2 (Corander et al. 2008). BAPS uses Bayesian analysis to assign individuals to K
clusters based on genetic data, with no a priori population information. To my
knowledge, this is the only clustering analysis software that allows haploid sequence data
to be used; all other programs use nuclear allele frequencies (e.g. amplified fragment
length polymorphisms (AFLPs) and microsatellites). As per Corander et al. (2008), the
analysis used the clustering with linked loci option (Corander & Tang 2007) and variable
K (K =1 to 20). The control region and ATP sequences were concatenated and the
number of clusters (K) determined based on maximising the log marginal likelihood of

the best visited partitions.

2.2.7 Molecular clock calibration

Many avian species are not well represented in the fossil record (Lovette 2004).
Molecular calibrations, therefore, are often made using a combination of paleo- and
biogeographical data (e.g. volcanic activity, the formation of islands, and the introduction
of geographical barriers; Gill et al. 2005; P ckert et al. 2007; Weir & Schluter 2008).

Traditionally, mtDNA has been believed to have a standard molecular-clock rate
of 2%/My (Brown et al. 1979). This rate was originally calibrated in primates (Brown et
al. 1979), but has also been reported in the snow goose Chen caerulescens (Shields &
Wilson 1987) and the Hawaiian honeycreepers (subfamily Drepanidinae; Fleischer et al.

1998). Since then, the divergence rate for mtDNA cytochrome b has been calibrated in a
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number of avian lineages (Weir & Schluter 2008). It has been shown to vary from 0.95%
to 3.74%/My (Weir & Schluter 2008) in passerines, and, more specifically, 0.7% to
1.8%/My in Paridae (Poecile; P ckert et al. 2007), with an overall average rate in birds of
2.1%/My (Weir & Schluter 2008). These approximate rates can be used to calibrate the
divergence times for some of the North American chickadees.

Cytochrome b sequences were downloaded from GenBank (P. rufescens:
EU075470-075501 (Topp & Winker 2008), AF347948 (Gill et al. 2005); P. hudsonicus:
AF347949 (Gill et al. 2005); P. cinctus: AF347950 (Gill et al. 2005)) and aligned in
MEGA 4.0 (Tamura et al. 2007). Using the lowest (0.7%), average (2.1%) and highest
(3.7%) estimated mutation rates for cytochrome b, approximate divergence dates were

calculated according to Wilson et al. (1985) using the formula t = / , where is the
corrected average pairwise difference (Arlequin v3.11;

Excoffier et al. 2005) and is the divergence rate / locus / million years (Table 2.2).

The approximate divergence dates match those calculated by Gill et al. (2005)
using both cytochrome b sequences and DNA-DNA hybridisation distances
(approximately 1.5 million years ago). The calculated dates were then used to compute a
range of approximate divergence rates for the ATP and control region fragments using
= [t (Table 2.2). For the ATP fragment, only P. hudsonicus (this study) and P. rufescens
(JF514157-514176; Lait et al. unpublished) sequences were available. For the control
region, P. cinctus (AF257185; Uimaniemi et al. 2003), P. hudsonicus (this study), and P.
rufescens (JF514177-514215; Lait et al. unpublished) sequences were used.

The calculated divergence rate for ATP was 0.59% to 3.17%/My, similar to the

2%/My widely used for mtDNA coding regions (Lovette 2004). For the control region,
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we found the rate to be 0.53% to 3.75%/My, with slightly higher rates in domain |
(0.82% to 4.83%/My) than in domain I (0.20% to 2.02%/My). While these figures are
considerably lower than traditionally considered for this non-coding region (Quinn 1992;
Baker & Marshall 1997; Lambert et al. 2002; Tris et al. 2004; Milk et al. 2007), similar
rates have recently been calibrated in a number of parids (Kvist et al. 2001; Ruokonen &
Kvist 2002; Pereira & Baker 2006; P ckert et al. 2007), cracids (Pereira et al. 2004),
goldcrests (P ckert et al. 2006), and the fox sparrow Passerella iliaca (Zink et al. 2003).
While using the cytb sequences to calculate divergence times is not ideal, the congruence
with Gill et al. s (2005) divergence date estimates provides additional support.

Using the divergence rates calculated from the average 2.1%/My cytochrome b
rate, | calculated a weighted average divergence rate for the boreal chickadee sequences
as follows: 295 bp of CR domain I, 471 bp of CR domain Il and 923 bp of ATP. This
weighted rate of 1.70%/My, with low (0.52%/My) and high (3.14%/My) weighted rates
as ranges, was used to calculate approximate divergence dates usingt= / (Wilson et al.
1985). Corrected average pairwise difference were calculated in Arlequin v3.11

(Excoffier et al. 2005).

2.3 Results
2.3.1 Spatio-geographic modelling

The maximum entropy model performed significantly better than random, as shown
by both the binomial test of omission and the receiver operating characteristic (ROC)
analysis (Figure 2.2). The fact that the tested omission rate was close to the predicted

omission rate is indicative of a low number of occurrences in areas deemed unsuitable by
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the model (p < 0.0001; Phillips et al. 2006). The area under the ROC curve (AUC) was
0.829 (-0.004). The higher the AUC, the better the model is at discriminating between
unsuitable and suitable habitat (Phillips et al. 2006). As we are using presence-only data,
the highest possible AUC value is 1 and random predictions would have an AUC of 0.5
(Carstens et al. 2007).

The present distribution predicted by the model (Figure 2.3) closely matches the
current range of the boreal chickadee found in many field guides and other resources
(Figure 2.1, e.g. Birds of North America, Sibley s, National Geographic). The potential
distribution at the last glacial maximum (ca. 21 kya) shows suitable habitat in Alaska,
along the western coast of North America, south of the ice sheets , and in Newfoundland
in the east (Figure 2.3). Similar patterns were seen with both the complete and modified
occurrence dataset.

The contribution of each of the environmental layers varied considerably and the
layers are not independent of each other (Table 2.3). The highest contributions were from
the annual mean temperature (34.9%) and the isothermality (14.1%). When all
occurrence values were used, the mean temperature in the coldest quarter (23.5% all) was

an important factor, and no longer appeared as a large contributor in the modified dataset.

2.3.2 Population structure

Two fragments of mtDNA were successfully amplified for 281 samples from 14
populations. A 766 bp fragment of the non-coding control region contained 56 variable
sites, 34 of which were parsimony informative (found in more than one sequence;

Appendix 3). Almost two-thirds of the variable sites in the control region were found in
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domain | (34 of the 56), and of those found in domain I, only eight were located in one
of the conserved boxes (Appendix 4). The average nucleotide composition of the light
strand was 28.1% T, 29.7% C, 24.6% A and 17.6% G. A 923 bp fragment of coding
DNA (ATP) contained 53 variable sites (21 parsimony informative; Appendix 3). The
variable sites were distributed as follows: 18 in the first codon position, four in the
second, 28 in the third, and three in the tRNA (Appendix 4). There were no unexpected
stop codons. The average nucleotide composition of the light strand was 22.8% T, 39.2%
C, 28.4% A and 9.6% G. Both fragments of mtDNA contained fixed differences between
the two groups (Appendix 3): site 586 in the CR isa C in almost all eastern birds, with
only a single NL bird having a T ; and site 1444 in the ATP is an A in most eastern
birds, and again only a single NL bird (the same individual) had a G at this site.

When the fragments were concatenated, there were a total of 109 variable sites: one
insertion/deletion (in the non-coding control region fragment), 105 transitions and three
transversions. No site had more than two base variants. There were 127 haplotypes, 26
shared between two or more individuals and 101 unique haplotypes (Table 2.4). Of the 26
shared haplotypes, 12 were restricted to a single population, seven were found in two or
more western populations, four in two or more eastern populations, and three were
present in populations across the range. No haplotypes were shared among the most
eastern populations (LAB, NY and NL) and the western populations (Alaska, British
Columbia and Alberta).

All of the populations shared a haplotype with at least one other population.
Haplotype diversity was high in all populations (0.600 to 1.000) and nucleotide diversity

ranged from 0.0009 to 0.0032 (Table 2.5). Some of the highest diversity values were
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found in AKF and NON, while one of the lowest ( ) was in NL (Table 2.5). Although
both haplotype and nucleotide diversity were lower in NL, it had the second highest
number of private haplotypes (Table 2.4).

The statistical parsimony network (Figure 2.4) showed that although there was little
population genetic structure in the boreal chickadee, what there was supported some
geographic structure. There was very little overlap among the eastern (NSNB, LAB, NY
and NL; haplotypes P and R to Z) and western (AKA, AKF, AKW, NBC, CBC, CAB
and SAB; haplotypes A to O) populations, and the central populations (SK, NON and
NQC) were present throughout the network. Similar patterns were seen when the ATP

and CR fragments were analysed separately (not shown).

2.3.3 Genetic analyses

Pairwise st values (Table 2.6) showed NL to be significantly different from all
other populations, and AKA and AKW were significantly different than all but each
other. The few values that were not significant were between neighbouring populations or
a series of adjacent sites (e.g. NQC, NSNB, LAB and NY). The smallest st values were
between CBC and CAB; LAB and NQC and LAB and NSNB. All negative values were
treated as zero. Using the modified FDR critical p-value (Pgit = 0.0098), 70 of 91
pairwise differences were significant. Little difference was seen with the more powerful
original FDR method (Pt = 0.0418; 76 of 91 were significant), and notably fewer were
significant with the more conservative sequential Bonferroni method (Pci; = 0.0015; 57 of

91).
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A significant correlation between genetic and geographic distance was found when
all populations were considered (p < 0.001; r* = 0.51; Figure 2.5). The AMOVA found
that the majority of the variation was within populations (72.2%) rather than among
populations (27.8%; st = 0.278, p < 0.001). The SAMOVA detected the presence of
two groups ( ¢t = 0.305, p < 0.001), although there was little difference seen between
two and three groups ( ¢t = 0.301, p < 0.001). The two groups found by the SAMOVA
were a western group (AKA, AKF, AKW, NBC, CBC, CAB, SAB, SK and NON) and an
eastern group (NQC, NSNB, LAB, NY and NL), and with three groups NY (n = 6) was
separated from the eastern populations. As the SAMOVA uses a simulated annealing
process (Dupanloup et al. 2002), all possible groups of neighbouring populations are
tested, and it is unlikely to mistake a local maximum for the global maximum.

Both the PCO on the individual samples and on the population st values
supported the separation of the eastern and western populations, with central populations
(SK, NON and NQC) falling intermediately (Figure 2.6). In the PCO on the populations,
most of the variation was explained by the first coordinate (74.0% coordinate 1, 10.0%
coordinate 2 and 8.8% coordinate 3). The variation in the individual PCO (not shown)
was explained by both coordinates 1 (56.0%) and 2 (20.4%). Individuals clustered in
groups (e.g. east versus west), but not strictly in populations, and showed less well
defined structure.

Bayesian clustering analysis separated the samples into three clusters: one primarily
in the east (blue), one primarily in the west (red), and a third almost exclusively in the
west (yellow; Figure 2.7). The five highest log maximum likelihood values ranged from -

2376 (K = 3) to -2557 (K = 5), and the probability of three clusters was one.
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2.3.4 Divergence time estimates

Using the calculated divergence rate estimates (see Materials and Methods),
approximate divergence times were calculated among populations (Table 2.7). The
estimated dates were based on the rate calculated using the 2.1%/My cytochrome b
divergence rate, and the ranges are based on the low and high calculated rates. The two
most geographically distinct populations (AKA and NL) diverged approximately 77.8
kya (42.0-253.1 kya), while AKA and AKF diverged approximately 13.0 kya (7.0-42.3
kya). The greatest divergence times are found between CBC and NL and CBC and NY,
and there is no evidence of divergence between CAB and CBC or between NSNB and
LAB (Table 2.7). These dates must be used with caution as the estimation of divergence
rates is uncertain. However, the fact that both the ATP and CR fragments, when analysed
separately, gave similar dates is encouraging (not shown). When the estimated
divergence times were compared to the geographic distance from putative refugia (NL
and AKF; Figure 2.8), a significant strong positive correlation was found (p < 0.001). A

similar pattern was seen if LAB or NSNB was tested as the eastern putative refugium.

2.4 Discussion
2.4.1 Evidence for multiple glacial refugia

Two main scenarios could explain the pattern of variation seen in the haplotype
network (Figure 2.4): (1) the use of multiple isolated refugia with subsequent mixing
following colonisation; or (2) the use of a single central refugium followed by outward
movement as the ice receded. In both cases genetic diversity would be high in the central

populations. However, in the case of a single refugium, diversity would be expected to
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decrease with increasing geographic distance from the centre due to sequential founder
effects (Hewitt 2004b), whereas with multiple refugia, diversity should be high in both
the refugial populations and a secondary contact zone would be present containing a
mixture of a subset of haplotypes from each refugia (Taberlet et al. 1998; Petit et al.
2003). Evidence rejecting the central refugium hypothesis includes diversity and
haplotype distribution.

One piece of evidence for the use of multiple refugia and not a central refugium
comes from the lack of shared haplotypes between the eastern and western groups, while
the central populations contained a subset of each (Figure 2.4). If the central refugium
hypothesis was correct, then the western and eastern populations should contain a subset
of haplotypes found in central populations. Paleogeographic modelling showed multiple
patches of suitable habitat at the LGM (Figure 2.3), consistent with putative refugia in
boreal tree species (Jaramillo-Correa et al. 2009 and references therein). The estimated
divergence times place the separation towards the beginning of the Wisconsin glaciation,
with the populations likely becoming physically isolated as the Laurentide ice sheet
expanded and genetically isolated some time thereafter.

With the extremely high haplotype diversity in AKF, a third possibility is that there
was a single western refugium that expanded eastwards as the ice receded, with a long
distance dispersal event forming the eastern group (pioneer model). A single Beringian
refugium has been suggested for many arctic plants (Hultdn 1937; Eidesen et al. 2007) as
well as several endemic bird species (Pruett & Winker 2005). However, given the pattern
of diversity (high in west, centre and east), and the presence of unique eastern haplotypes

that are absent in AKF, this scenario is unlikely. If there was a single western refugium,
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we would expect to find some shared haplotypes between eastern and western
populations, and lower diversity in the east (NSNB and LAB), particularly if it was

founded by long distance dispersal (see Table 2.4 and Figure 2.4).

2.4.2 Possible refugia locations

Studies on both black and white spruce, the boreal chickadee s preferred habitat,
found evidence of both species in Alaska and the north-east during the LGM using both
DNA and pollen data (Anderson et al. 2006; de Lafontaine et al. 2010; Gerardi et al.
2010). In fact, the population genetic pattern of the boreal chickadee closely resembles
that of these tree species: both the present-day distribution and the likely historical range.
Evidence of white spruce has been found in Alaska, the south-central plains, and in the
north-east (Anderson et al. 2006; de Lafontaine et al. 2010), and black spruce in Alaska,
multiple southern refugia and a north-eastern refugium near Newfoundland and Labrador
(Jaramillo-Correa et al. 2004; Gerardi et al. 2010). These putative refugia are congruent
with those found by the paleogeographical modelling (Figure 2.3).

The Beringia land bridge between North America and Asia, which included much
of Alaska and the Yukon, supported a number of plant and animal species through the
last glacial maximum (e.g. Hultgn 1937; Fedorov & Stenseth 2002; Fleming & Cook
2002; Flagstad & R¥ed 2003; Hewitt 2004a; Brubaker et al. 2005). The extremely high
diversity in AKF boreal chickadees, as well as the high number of private haplotypes
found in this population, indicates that this area was used by the boreal chickadee during
the most recent glacial period. A number of other birds are also believed to have used this

area including the dunlin Calidris alpina (Wenink et al. 1996), rock sandpiper Calidris
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ptilocnemis (Pruett & Winker 2005) and rock ptarmigan Lagopus mutus (Holder et al.
1999).

The role of Newfoundland or an Atlantic shelf refugium during the Wisconsin is
still debated, though there have been both macrofossils and pollen data found in the area
(Pielou 1991). Although the haplotype diversity in NL was lower than other populations
(due to many birds containing an identical haplotype), the surrounding populations (LAB
and NSNB) exhibited relatively high diversity while containing only the eastern
haplotypes. This could be due to the use of the nearby Atlantic shelf as glacial refugium
followed by a bottleneck in Newfoundland as the ice sheets melted and the sea levels
rose. The entire area surrounding the eastern Newfoundland peninsula was exposed with
the drop in sea levels associated with the glaciations, and as the sea levels increased the
islands were again separated from the mainland (Pielou 1991). The large number of
private haplotypes in this area suggests that NL may be an older population.

Several passerines are reputed to have survived in the Newfoundland area: the song
sparrow Melospiza melodia (Zink & Dittmann 1993), fox sparrow Passerella iliaca (Zink
et al. 2003), American redstart Setophaga ruticilla (Colbeck et al. 2008), and black-
capped chickadee Poecile atricapillus (Gill et al. 1993). The two spruce species
mentioned above, as well as the red pine Pinus resinosa (Walter & Epperson 2001), also
support the use of a north-eastern refugium. The paleogeographical model for boreal
chickadees supports suitable habitat both south of the ice sheets in mid-latitude United
States and in Newfoundland. While there is currently no definitive way to distinguish the

exact location of the north eastern refugium, recent studies confirm the presence of trees
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further north than previously assumed (Jaramillo-Correa et al. 2009; Godbout et al.
2010).

The complex pattern found in the western populations raises the possibility of
additional glacial refugia  either in Alaska and/or in the south. The separation of
AKA/AKW from the rest of the western populations may suggest an isolated coastal
refugium, followed by limited gene flow with AKF. Alternatively, an early dispersal
event from a Beringian refugium may prove a more probable scenario: the AKA/AKW
populations have slightly lower haplotype diversity than AKF (Table 2.5), and contain a
subset of haplotypes found in AKF (Table 2.4, Figure 2.4). The designation of different
subspecies of boreal chickadees from Anchorage and Fairbanks supports long term
isolation of these populations.

The third cluster identified by BAPS (Figure 2.7), and the pattern seen in the
principal coordinates analysis (Figure 2.6), suggest that a southern or mountain refugium
may have existed (CBC/CAB/SAB). It has been shown in a number of plants (Soltis et al.
1997; Gavin 2009; Gugger et al. 2010) and amphibians (Carstens et al. 2005) that there
was an inland refugium in Idaho. The use of this refugium, or one nearby, has also been
discovered in birds (Burg et al. 2006; Krosby & Rohwer 2009) and mammals (Hird &
Sullivan 2009). Whether the boreal chickadee survived in this inland refugium, or a more
distant southern refugium, cannot be determined with the current data. Additional
samples along the very southern edge of the range may help to clarify this, but given the
current distribution, the absence of many southern populations may make this question

unanswerable.
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2.4.3 Colonisation pattern

A stepping-stone colonisation is the most likely model to have occurred in this
species. Population genetic differences were not significant between neighbouring
populations (Table 2.6), with the exception of NBC/CBC and NL/all other populations. If
the populations had expanded in a gradual wave, little among-population diversity would
be expected (lbrahim et al. 1996), whereas most of the non-adjacent chickadee
populations exhibit significant genetic differences. Similarly, if long distance dispersal
had occurred, some geographically distant populations would be more genetically similar
than some relatively close populations. The pattern of isolation-by-distance supports

movement between neighbouring populations, but no long distant migration (Figure 2.5).

2.4.4 Population genetic structure

The population genetic structure of the boreal chickadee supports the separation of
eastern and western groups with fixed differences between them. Gene flow between
populations is low as shown by the large number of significant pairwise st values
(Table 2.6). This is similar to the pattern seen in many North American birds (Milot et al.
2000; Bull et al. 2010; Manthey et al. 2011). In the central populations a gradient was
found: the two populations west of Hudson s Bay (SK and NON) contained 57-73%
western haplotypes (those found in Alaska, British Columbia and Alberta) while NQC
contained only 36-45% (some of the individuals had only one of the two fixed
differences). This cline is likely the result of a secondary contact zone. When compared

to the earlier work on North American chickadees, the eastern populations represent Gill
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et al. s Atlantic haplotype and the central and western populations the continental
haplotypes.

The geographic distribution of haplotypes in the two groups differed considerably.
Boreal chickadee populations in Atlantic Canada underwent a recent population
expansion as indicated by the starburst pattern (Figure 2.4). A similar pattern is found in
other Atlantic forest species (de Lafontaine et al. 2010; Gerardi et al. 2010). The intricate
pattern observed in the western group (Figures 2.4 and 2.7) may result from isolated
Pleistocene glacial refugia or separation following dispersal from a western refugium
with limited subsequent gene flow. Evidence of multifaceted structure in western North
America is found in both plants (Brunsfeld et al. 2007) and animals (Krosby & Rohwer
2009). In both groups gene flow to other areas is reduced (Tables 2.4 and 2.6, Figure 2.7).

The east and west groups were only separated by the two fixed differences,
indicative of either a low mutation rate or a short separation time. The mutation rate in
parids, specifically in the control region, has been shown to be much lower than
previously reported in birds (see Materials and Methods; also Kvist et al. 2001;
Ruokonen & Kvist 2002; P ckert et al. 2007). Using the lower mutation rate estimate of
1.7% per site per million year, divergence estimates between east and west populations
were 56.2-129.7 kya (Table 2.7), suggesting that incomplete lineage sorting rather than

post-Pleistocene separation is responsible for the shallow structure.

2.4.5 Conclusions
The results of this study support the use of multiple glacial refugia by the boreal

chickadee and a stepping-stone model of colonisation. A cline is evident in the central
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populations, suggestive of a contact zone between two isolated groups. The sequence data
has allowed considerably more resolution, suggesting patterns of dispersal and the
potential locations of refugia. All of the refugial locations are supported by
paleogeographical modelling (Figure 2.3), with evidence for suitable habitat in Beringia,

along the west coast and in the east.
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Table 2.1. Primers used for amplification of mitochondrial DNA fragments. Each
reaction uses one L strand and one H strand primer.

Primer name | Sequence (5’ to 3°) Source

Control Region

H1015chCR | CGC GGG TTT AAC GAA TGT GG 1
LmochCR1 CAG GGT ATGTATGTCTTT GCATTC 1
L26¢chCR GGR TTG GAT GCA ACT GCC AGC 2
LmochCR2 TTTTTCATG GTT TAC AGG GTATG 2

ATP coding region

L8929 COIl | GGM CAR TGC TCA GAA ATC TGY GG 3
H9855 ATP6 | ACG TAG GCT TGG ATT AKG CTACWGC 3
L298chATP | CTT GAC CAT GAACYT AAGCT 2
H534chATP | ATT AGG GAT GTT ARG ATK AGG GC 2

1 Lait et al. (submitted)
2 This study
3 Sorenson et al. (1999)
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Table 2.2. Approximate divergence times (top) for three Poecile species based on
cytochrome b divergence rates of 0.7%/My, 2.1%/My and 3.7%/My. Approximate
divergence rates (bottom) for the mtDNA ATPase 6-8 coding region and the control
region were calculated based on these dates. The rates used in subsequent calculations are

shaded.

0.7%/My 2.1%/My 3.7%/My
Divergence Times (My)
P. cinctus-hudsonicus 4.5 15 0.8
P. cinctus-rufescens 55 1.8 1.0
P. hudsonicus-rufescens 4.9 1.6 0.9
Divergence Rates (%/My)
ATPase 6-8 0.59 1.78 3.17
Control Region 0.53 1.92 3.75
domain | 0.82 2.62 4.83
domain Il 0.20 0.95 2.02
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Table 2.3. The environmental layers used in the maximum entropy modelling, as
described in Carstens and Richards (2007), and the percent contribution towards the
predicted distribution. The values were averaged over 10 cross-validated replicate runs.
Both the modified (mod) and complete (all) occurrence records were tested.

# | Environmental variable % mod % all
1 | Annual mean temp 34.9 8.0
2 | Mean diurnal temp range 1.3 1.6
3 | Isothermality 141 13.7
4 | Temp seasonality 1.6 15
5 | Max temp of warmest month 11.8 5.8
6 | Min temp of coldest month 4.1 5.2
7 | Annual temp range 1.5 1.5
8 | Mean temp of wettest quarter 0.1 0.1
9 | Mean temp of driest quarter 0.3 15
10 | Mean temp of warmest quarter 0.1 0.1
11 | Mean temp of coldest quarter 0.8 23.5
12 | Annual precipitation 2.0 3.8
13 | Precip of wettest month 0.5 0.9
14 | Precip of driest month 1.9 24
15 | Precip seasonality 3.1 2.4
16 | Precip of wettest quarter 0.1 0.1
17 | Precip of driest quarter 9.6 15.5
18 | Precip of warmest quarter 1.9 2.6
19 | Precip of coldest quarter 10.3 9.9
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Table 2.4. Distribution of shared haplotypes among 14 boreal chickadee populations.
Refer to Figure 2.1 for locations.

-
m <
Haplowpe (S L S 8 2 22 382 2 s 4|5
< < < 2 O 0O v »v» 2 2 2 4d z Z|F
A 12 1 2 15
B 2 2
C 8 1 9 18
D 1 2 3
E 1 1 2
F 3 3
G 1 1 2
H 1 5 6
| 2 2
J 2 1 3
K 2 2
L 2 2
M 2 3 2 1 5 5 6 1 25
N 2 3 7 4 1 1 2 20
0] 2 1 2 1 2 1 9
P 3 2 3 5 16 | 30
Q 3 3
R 1 2 3
S 3 3

T 1 2
U 6 3 4 13
\Y/ 2 2
W 2 | 2
X 2 | 2
Y 3] 3
z 2 | 2
#uniquet | 7 17 11 4 3 4 4 5 10 6 7 10 2 11101
# private® 8 18 11 5 5 4 4 6 10 6 8 11 2 115|113
#haplotypes |14 28 15 9 8 7 5 9 14 8 13 14 3 16127
Samplesize |36 34 25 22 17 12 5 19 15 11 21 22 6 36281

! only found in one individual
2 only found in one population
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Table 2.5. Sample size (n), haplotype diversity (h), and nucleotide diversity (p) in 14
chickadee populations for the concatenated CR and ATP sequence. Refer to Figure 2.1
for locations.

n h p

AKA 36 0.844 0.0016
AKF 34 0.986 0.0020
AKW 25 0.873 0.0021
NBC 22 0.848 0.0015
CBC 17 0.868 0.0018
CAB 12 0.833 0.0021
SAB S 1.000 0.0013
SK 19 0.871 0.0023
NON 15 0.990 0.0032
NQC 11 0.927 0.0018
NSNB 21 0.910 0.0020
LAB 22 0.935 0.0018
NY 6 0.600 0.0022
NL 36 0.800 0.0009
ALL 281 0.965 0.0024
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Table 2.6. Population pairwise st values based on 100,172 permutations (above diagonal), and corresponding p-values (below
diagonal). Significant values after modified FDR correction are shown in bold (P¢i; = 0.0098). Refer to Figure 2.1 for locations.

AKA = AKF  AKW = NBC CBC CAB SAB SK NON NQC | NSNB LAB NY NL

AKA * 0.108 = 0.021 @ 0.157 0.292 0.238 0250 | 0.164 0.118 0.271 @ 0.391 0361 0.469  0.506
AKF <0.001 * 0.078 = 0.020 @ 0.101 0.066 @ 0.051 @ 0.077 | 0.121 0.238 0.378 0.348 0.436 0.489
AKW 0.129  0.004 * 0.123 0237 0.179 0212 0.131 0101 0.241 0361 0.335 0417 0491
NBC <0.001 0.111 <0.001 * 0222 0185 0.090 0.158 0.154 0.298 0418 0391 0493 0.563
CBC <0.001 0.006 <0.001 <0.001 * -0.026 0.235 0129 0.252 0408 0494 0483 0545 0.631
CAB <0.001 0.039 0.003 <0.001 0.611 * 0.194 = 0.045 0.166 @ 0.320 0427 0410 @ 0.462 0.579
SAB 0.004 0.095 0.007 0.066 0.014 0.044 * 0.186 0.153 0.342 0450 0437 0512 0.645
SK <0.001 0.011 0.003 <0.001 0.019 0.147 0.026 * 0.035 0101 0228 0193 0.295 0.349
NON <0.001 <0.001 <0.001 <0.001 <0.001 0.003 0.003 0.111 * 0.018 0.141 0.111 0.183 0.255
NQC <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.002 0.043 0.173 * 0.047 = 0.000 0.153 0.117
NSNB | <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.091 * 0.000 @ 0.030 0.130
LAB <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.003 0.388 0.379 * 0.070 ~ 0.090
NY <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.005 0.003 0.004 0.028 0.222 0.105 * 0.327

NL <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 @<0.001 <0.001 <0.001 *
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Table 2.7. Approximate divergence times among populations based on a divergence rate estimate of 1.70%/My and the corrected
average pairwise differences calculated in Arlequin v3.11. Times are given in kya. Refer to Figure 2.1 for locations.

AKA AKF AKW NBC CBC CAB SAB SK NON NQC NSNB LAB NY

AKF 13.0

AKW 2.1 10.2

NBC 17.4 2.4 14.8

CBC 40.4 13.0 35.7 26.8

CAB 31.2 8.3 26.5 21.9 0.0

SAB 33.0 9.9 34.8 9.2 32.0 294

SK 20.8 10.2 19.0 20.2 17.7 6.2 32.5

NON 145 17.9 155 22.1 47.9 32.3 37.4 5.3

NQC 36.1 36.6 37.4 38.8 71.3 53.8 51.8 144 3.9

NSNB 66.2 71.8 67.5 72,7 108.4 88.4 93.1 36.7 23.3 5.8

LAB 56.2 60.9 57.6 61.8 97.9 77.3 80.8 28.2 16.4 0.1 0.0
NY 86.1 92.3 87.7 89.8 129.7 1072 1129 55.7 41.7 19.3 2.8 6.8

NL 77.8 83.0 79.5 86.7 120.1 97.0 103.6 43.2 29.5 7.2 11.0 6.9 26.5
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Figure 2.1. Distribution of boreal chickadees across North America (shaded). Winter
irruptions may extend slightly further south in the east. Sampling locations are shown by
the crosses: AKA (Alaska Anchorage), AKF (Alaska Fairbanks), AKW (Alaska Wrangell
St. Elias), NBC (northern British Columbia), CBC (central British Columbia), CAB
(central Alberta), SAB (southern Alberta), SK (Saskatchewan), NON (northern Ontario),
NQC (northern Qu@dbec), NY (New York), NSNB (Nova Scotia & New Brunswick),
LAB (Labrador), and NL (Newfoundland). The dashed line represents the cut-off for the
modified ENM occurrence dataset. Figure modified from Sibley s field guide (Sibley
2003).
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Figure 2.2. The test omission data (top) and ROC analysis (bottom) for the modified
boreal chickadee spatial modelling in MAXENT v3.3.3. The test omission (green line), —
one standard deviation (yellow) closely follows the predicted data (black line, mostly
covered). The ROC is shown by the red line, with the blue representing one standard

deviation.
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Present

Figure 2.3. The predicted distribution of the boreal chickadee using maximum entropy in
MAXENT v3.3.3 for the present (top) and LGM (bottom). The warmer colours (yellow
and green) represent the most probable locations. Standard deviation was low for both
timeframes.
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Figure 2.4. Statistical parsimony network of the concatenated mtDNA sequences. Each square represents an individual, the groups of
squares (A to Z) represent shared haplotypes, and each individual is colour-coded by population. Each connection is one nucleotide

change, and the circles represent inferred haplotypes. Refer to Figure 2.1 for locations.

62



st/(1- st)

0 1000 2000 3000 4000 5000 6000

Distance (km)

Figure 2.5. A Mantel s test showing the relationship between genetic ( st/ (1- st)) and
geographic (km) data. The positive correlation indicates isolation-by-distance (p <

0.001).
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Coordinate 2 (10.0%)

Coordinate 1 (74.0%)

Figure 2.6. Principal coordinates analysis (PCO) based on the population pairwise st
values. Populations are colour-coded as per Figure 2.4. Refer to Figure 2.1 for locations.
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Figure 2.7. The geographic distribution of the three clusters found in BAPS v5.2: eastern
(blue), western (yellow) and primarily western (red) groups. The current distribution of
the boreal chickadee is shown in grey.
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Figure 2.8. Comparison of geographic distance (km) and divergence time (years) from
two putative refugia: AKF (orange, filled) and NL (purple, open). In both cases the
correlation was significant (p < 0.001).
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CHAPTER THREE

Population Structure and Microsatellite Analysis of a Resident Passerine

L.A. Lait' and T.M. Burg"

!Department of Biological Sciences, University of Lethbridge, 4401 University Drive,
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3.1 Introduction

Population genetic structure is a result of both historical and contemporary
processes. Past events such as tectonic movements, volcanic eruptions and the
Pleistocene glaciations have all contributed to the genetic makeup of species (Benzie
1999; Hewitt 2004a; Vandergast et al. 2004; Holland & Cowie 2007; Coykendall et al.
2011). Features such as physical barriers and anthropogenic interference also play a role
in species diversity and gene flow (Janzen 1967; Baur & Baur 1990; Trizio et al. 2005).
Understanding the population genetic structure of a species informs potential decisions
on management and development, and the identification of a distinct population or
subspecies may prove crucial in conservation planning.

The last glacial maximum occurred approximately 21 kya to 18 kya (Pielou 1991).
At this time much of the northern hemisphere was covered by large ice sheets, forcing
native fauna and flora into multiple glacial refugia (Taberlet et al. 1998; Hewitt 2004a).
These impenetrable barriers are known to have prevented gene flow in all but a few
species, and played a major role in shaping today s population genetic structure (Stewart
& Lister 2001).

Existing physical barriers may also prevent or reduce dispersal in both plants and
animals. Large areas such as deserts, mountain ranges, or bodies of water often act as
barriers to gene flow. The Rocky Mountains have previously been shown to effectively
prevent gene flow in both resident (Crease et al. 1997; Rueness et al. 2003; Burg et al.
2005) and migratory (Milot et al. 2000; Lovette et al. 2004; Peters et al. 2005) species.
Large rivers such as the Mississippi can prevent dispersal in terrestrial species (Phillips et

al. 1972; Taulman & Robbins 1996; Gill et al. 1999; Howes et al. 2006; Alexander Pyron
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& Burbrink 2009), while land masses (e.g. the Florida Peninsula) can act as a barrier for
aquatic and coastal species (Avise 1992). Ecological barriers, such as established
populations or prey availability, may also affect the level of gene flow between
populations and movement of individuals into new habitat (Braillet et al. 2002; Musiani
et al. 2007).

The boreal chickadee (Poecile hudsonicus) is a small, boreal songbird found
throughout Canada and the northern United States (Figure 3.1; Ficken et al. 1996). It is a
resident species, with little movement occurring between years. The current distribution
includes a number of potential physical barriers: the Rocky Mountains, a number of
smaller mountain ranges in Alaska, and both the Cabot Strait (between Newfoundland
and Nova Scotia) and the Strait of Belle Isle (between Newfoundland and
Qu bec/Labrador) in the east. The Cabot Strait is approximately 95 km wide at its
narrowest point (Dawson 1915) with very inhospitable conditions (e.g. few intermediate
islands to act as stopping places, high winds and cold temperatures). On the north-
western coast of NL, the Strait of Belle Isle is only 15 km at the narrowest point (Dawson
1915); however, suitable habitat is not immediately available on the Qu bec/Labrador
side (personal observation). The boreal chickadee range also encompasses a number of
historical barriers (e.g. the Cordilleran and Laurentide ice sheets covered more than 80%
of the current distribution).

With the advent of highly variable molecular markers, as well as advances in
laboratory techniques, large multi-locus studies are becoming more feasible.
Microsatellites are highly variable markers which have been shown to be useful for

answering questions about contemporary processes in intraspecific studies (Costello et al.
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2003; Flanders et al. 2009; Chiucchi & Gibbs 2010). These markers are short tandem
repeats found throughout the nuclear genome in animals (Jarne & Lagoda 1996). In
contrast to organellar DNA (mitochondrial and chloroplast DNA), nuclear markers are
biparentally inherited, thus both the male and female movements contribute to patterns of
genetic variation (Avise 2004).

While a number of studies have examined the genetic structure of boreal forest
trees (Walter & Epperson 2001; Gamache et al. 2003; Jaramillo-Correa et al. 2004,
Anderson et al. 2006), few have looked at their avian inhabitants, especially at the
continental scale. This study aims to use hypervariable microsatellite markers to assess
the population genetic structure of the boreal chickadee across its range. Given the
limited structure found in North American chickadee species using mtDNA (Gill et al.
1993), we predict that the population structure will be shallow with a separation of
eastern and western populations. The impact of physical barriers on this population
structure will also be tested. Both mountain ranges and large bodies of water will likely

act to prevent dispersal and gene flow in this small songbird.

3.2 Materials and Methods
3.2.1 Sample collection and DNA extraction

Samples were collected from 11 sampling locations during the 2007-2010 breeding
seasons (Figure 3.1). Sampling sites were restricted to 50 km areas where possible, with
no obvious dispersal barriers. All populations are derived from a single sampling site,
with the exception of NSNB and NL where multiple nearby locations were combined to

increase sample size after confirming genetic similarity. Mist nets and call playbacks
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were used to capture birds. The birds were banded and a small blood sample was
collected from the brachial vein. Samples were stored in 95% ethanol and upon return to
the laboratory at -80 C. Sample sizes were supplemented and three additional
populations were added using tissue samples provided by nine museums (Appendix 1).
Samples were taken from either side of physical barriers (i.e. the Rocky Mountains,
Cabot Strait, and Strait of Belle Isle) so that direct comparisons could be made. A
modified chelex procedure was used to extract DNA from blood, feather and tissue
samples (Walsh et al. 1991). Once extracted, the DNA was stored in 1X low TE buffer at

-20 C.

3.2.2 DNA amplification and genotyping

Four individuals from distant populations (two AKA, two NL) were screened using
20 microsatellite primer pairs developed in a number of other passerines. Eight loci were
successfully amplified and were polymorphic (Table 3.1). All forward primers were
labelled with an M13tag (5 CAC GAC GTT GTA AAA CGA C 3) which allowed
the integration of a fluorescently labelled primer (700 nm or 800 nm) directly into the
PCR product.

A 10 L reaction mixture contained 1X Crimson buffer (New England Biolabs), 1-
2 mM MgCl, (New England Biolabs), 0.2 mM dNTP (Fisher Scientific), 1 M of the
forward and reverse primers (Table 3.1), 0.05 M of the M13 fluorescent primer
(Eurofins MWG Operon) and 0.5 U Crimson Taqg DNA polymerase (New England
Biolabs). The PCR used a two-step annealing process (Table 3.1). The program was: one

cycle of 94 C for 2 min, T, for 45 s, and 72 C for 1 min; seven cycles of 1 min at 94 C,
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30satT;,and45sat 72 C; 31 cyclesof 30sat94 C,30sat T,,and45sat 72 C; and a
final elongation at 72 C for 5 min. In four of the loci (Escu6, Patl14, Ppi2 and Titgata39),
the second step was reduced from 31 cycles to 25 cycles.

The PCR products were mixed with LI-COR stop solution (95% formamide, 20
mM EDTA and bromophenol blue), denatured for 3 min at 94 C, and run on a 6%
polyacrylamide gel using a LI-COR 4300 DNA Analyzer (LI-COR Inc., Lincoln, NE).
Alleles were scored by visual inspection, and genotypes were independently confirmed
by a second person. Where possible, both a 700 nm and 800 nm labelled PCR of the same
locus were run on the same gel to aid in scoring. Four controls of known allele sizes (both
a size standard and pre-screened individuals) were included on each gel to ensure

consistent scoring between gels.

3.2.3 Data analyses

Individuals with two or more missing loci (25%) were excluded from analyses. The
exception to this were the museum samples from NON, NWQC and NY where samples
with up to four (50%) missing loci were included in order to maintain reasonable sample
sizes. This level of missing data may affect results, and has been accounted for where
possible. The SAB population was not genotyped due to small sample size and late
arrival of samples.

MICRO-CHECKER Vv2.2.3 was used to detect input errors, allelic dropout, slippage
stutter or null alleles (VVan Oosterhout et al. 2004). The presence of null alleles has been
shown to strongly influence both Hardy-Weinberg equilibrium and F-statistics (Dakin &

Avise 2004), while having less of an effect on Bayesian clustering analysis (Orsini et al.
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2008). Exact tests were run in GENEPOP v4.0.10 (Raymond & Rousset 1995; Rousset
2008) to check for linkage disequilibrium and deviations from Hardy-Weinberg
equilibrium. Tests were run using modified Markov chain parameters (1,000 batches,
10,000 iterations, and 10,000 dememorisation steps). BOTTLENECK v1.2.02 (Cornuet &
Luikart 1996) was used to test for a recent reduction in effective population size. When a
population undergoes a bottleneck, a heterozygosity excess will occur for a short period
of time at all loci as allelic diversity decreases more quickly than heterozygosity through
the loss of rare alleles (Cornuet & Luikart 1996). The presence of a recent bottleneck was
tested under both the stepwise mutation model (SMM) and the infinite alleles model
(IAM), the two extreme mutation models for microsatellites. The ratio of expected to
observed heterozygosity was tested using both a standard sign test and a Wilcoxon sign-
rank test. If no bottleneck has occurred, there is an equal probability of heterozygote
excess or deficiency. The sign and Wilcoxon sign-rank tests calculate whether there were
significantly more loci with an excess than expected given the data (Cornuet & Luikart
1996; Luikart et al. 1998; Piry et al. 1999). The Wilcoxon sign-rank test is the most
powerful test for a small number of loci ( 20), but requires at least four loci to detect
significance (Piry et al. 1999). All p-values were corrected for multiple tests using the
modified FDR method (Benjamini & Yekutieli 2001).

Genetic diversity was compared using expected heterozygosity and allelic richness.
As the number of alleles detected in the population is related to sample size, a larger
sample size would be expected to have a larger number of alleles (Kalinowski 2005).
Allelic richness was calculated using rarefaction, a statistical method that accounts for

differences in sample size by repeatedly sampling n alleles (where n is the smallest

73



sample size) at random from the population (Hurlbert 1971). Allelic richness (Agr) and
private allelic richness (PAR), a measure of population distinctiveness (Kalinowski 2004),
were calculated in HP-Rare v1.1 (Kalinowski 2005). Observed (Ho) and expected (Hg)
heterozygosities were calculated in Microsatellite Analyser v4.05 (Dieringer &

Schl tterer 2003).

3.2.4 Statistical analyses

Multilocus genotype analysis is often performed using a series of summary
statistics (F-statistics). While these can be useful at measuring population differences,
they rely on a priori population grouping which can decrease their power when detecting
groups (Latch et al. 2006). In this study we combine traditional F-statistics with the more

contemporary Bayesian clustering analyses.

3.2.4.1 Population structure

A number of summary statistics have been developed over the years, mostly
derived from Wright s original fixation index (Fst; Wright 1965). Weir and Cockerham
(1984) modified the original Fst description from biallelic data to include multiallelic
markers (Meirmans & Hedrick 2011). Slatkin s Rst (1995), specifically designed for use
with microsatellites, and Nei s Ggst (1973) are both based on the ratio of within- and
between-population genetic diversity (Hg), while the newer Jost s D (2008) is derived
from expected number of alleles (Meirmans & Hedrick 2011). All of these methods have

limitations: Fst and Ggsr are highly dependent on the within-population variation (Hedrick
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1999), Rst is only accurate when loci strictly follow the stepwise mutation model, and
Jost s D is very slow to reach equilibrium (Meirmans & Hedrick 2011).

For this study both global and population-pairwise Fst and Rst values were run in
Arlequin v3.11, and significance was tested using 100,000 permutations (Excoffier et al.
2005). While Fst is more accurate with small sample sizes (ns  10) and few loci (n; <
20), Rst incorporates the potential mutation model into the calculations (Gaggiotti et al.
1999). Due to the level of missing data in some populations, all comparisons involving
NON and NQC were run using four and five loci respectively (excluding Escu6, Ppi2 and
Pdo5 in both, as well as Escu4 in NON), and all other populations were analysed using
both six (excluding Ppi2 and Pdo5) and eight loci. A modified FDR correction

(Benjamini & Yekutieli 2001) was applied.

3.2.4.2 Bayesian clustering analyses

Clustering analyses were done using the programs sSTRUCTURE v2.3 (Pritchard et al.
2000; Falush et al. 2003) and Baps v5.2 (Corander et al. 2008). While both programs
implement a Bayesian approach, they employ different search strategies, and thus allow
independent confirmation of results. STRUCTURE applies a Markov chain Monte Carlo
(McMC) model to test for likelihood (Pritchard et al. 2000) whereas BAPS uses a
stochastic, greedy optimization algorithm (Corander et al. 2003). Both programs rely on
deviations from Hardy-Weinberg equilibrium and linkage disequilibrium to determine the
number of clusters present in the data, and will struggle when genetic population

differentiation is low (Fst 0.03; Latch et al. 2006).
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STRUCTURE Vv2.3 was used to delineate groupings based on individual genotypes.
While the program can be run both with or without admixture (i.e. each sample can be
assigned either to a single (no-admix) or multiple (admix) clusters), it is strongly
recommended that the admixture model be used; simulations have shown that the
admixture model is much more robust to deviations from assumptions (Fran ois &
Durand 2010). The clustering analysis uses the genotype frequencies to assign individuals
to a predefined number of clusters (K). STRUCTURE was run using uncorrelated allele
frequencies and the admixture model, both with and without sampling locations as priors.
Prior sampling information may be needed in small datasets to detect genetic structure
when Fsr is low, and using this prior information does not find superfluous structure. The
population information is discarded by the program if it does not agree with the genetic
data or is not necessary (Hubisz et al. 2009). The program was run from K = 1 to 13 (10
runs each) for 100,000 burn-in and 300,000 post burn-in McMC steps. The results of the
10 runs were averaged using Structure Harvester v0.6.6 (Earl 2011), and the most likely
value of K was calculated using two methods: the highest penalised log likelihood which
is used to calculate a standard Bayes factor (Pritchard et al. 2000; Hubisz et al. 2009),
and K (Evanno et al. 2005), a method purported to provide a more accurate estimate of
K as it is less reliant on the variance at high K values (Latch et al. 2006). All runs were
repeated for 12 populations excluding NL (see Results) to test for additional substructure.

BAps v5.2 was run first using clustering of individuals and then clustering of
groups of individuals for Kyax = 13. Rather than fixing the number of clusters (K), BAPS
searches all values of K from 1 to Kyax and reports K for the maximum log marginal

likelihood value. The clustering of groups option allows the incorporation of population
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information by defining groups, and assumes that all population members belong to the
same cluster (Corander et al. 2003; Hubisz et al. 2009). The mixture results were then run

using admixture analysis for 50 iterations (Corander & Marttinen 2006).

3.2.4.3 Graphical analyses

In order to summarise the population genetic structure such that the pattern can be
visualised, two graphical statistical methods were used. While both methods perform
similar analyses, they use different underlying statistical algorithms. A factorial
correspondence analysis (FCA), a multivariate analysis used to describe variation in a set
of random data, was run in GENETIX 4.05 (Belkhir et al. 1996-2004). The FCA uses
individual genotypes to assign points based on their contribution to the overall variation
among populations. Each population is represented as a cloud of points which are then
averaged to provide a single population point. A principal coordinates analysis (PCO)
assigns eigenvalues to summary statistics (Fst) as described in Appendix 2. The PCO was
performed in GenAlEx v6.3 (Peakall & Smouse 2006), and significance was tested in
PCA-GEN v1.2.1 (Goudet 1999). Both of these analyses are useful methods of verifying

the Bayesian clustering results (Fran ois & Durand 2010).

3.2.4.4 Dispersal barriers

The presence of geographic structure, specifically evidence of genetic or
geographical barriers, was tested using three methods. To begin with, a Mantel s test was
performed to compare straight-line geographic distances and linearised genetic

differences to test for isolation-by-distance. The geographical distances were calculated
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using the Geographic Distance Matrix Generator v1.2.3 (Ersts 2010) based on the
weighted average GPS coordinates for each location. For the genetic differences,
population pairwise Fst values were tested.

A spatial analysis of molecular variance (SAMOVA,; Dupanloup et al. 2002) uses
Delaunay triangulation and individual genotypes to assign individuals to groups such that
the Fcr (among-group variation) is maximised (see Appendix 2). This clumping
analysis tests all possible groups for a given K, starting with K 1 groups of a single
individual and one group containing the rest. Individuals are then moved between
neighbouring groups, and the group with the highest Fcr is reported (Dupanloup et al.
2002). The SAMOVA was run for K = 1 to 13, for 100 iterations, and Fct values were
calculated in Arlequin v3.11 (100,000 permutations; Excoffier et al. 2005).

Monmonier s algorithm is a splitting analysis which uses VVoronoi tessellation and
Delaunay triangulation (see Appendix 2) to construct a map of sample locations, and then
introduces genetic barriers based on a matrix (or matrices) of genetic distances (Manni &
Guerard 2004). This algorithm, as implemented in BARRIER v2.2 (Manni et al. 2004), was
employed to detect potential barriers using population pairwise Fst values as genetic

distances.

3.3 Results
3.3.1 Data analyses

After excluding individuals due to missing data, 260 individuals from 13
populations were successfully genotyped. Genotyping of Pdo5 and Ppi2 was not possible

for birds from NON, NQC and many from NY, most likely due to the degraded nature of
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these samples. Of the 10 NON samples, only four were genotyped at Escu4 and five at
Escu6; and of the 10 NQC samples, only two were genotyped at Escu6. These four loci
were removed from population-specific analyses where possible (e.g. Fst and Rst
pairwise comparisons involving NON and NQC), and must be treated with caution where
left in. All other populations had little missing data, mostly found in Pdo5. Exact tests
showed departures from Hardy-Weinberg, after correction for multiple tests (Pgit = 0.01),
in two loci: Pdo5 (AKA, AKF, NL; p < 0.01) and Ppi2 (AKA, AKW, CBC, NL, NS; p <
0.01). When testing for linkage, only four of 338 tests were significant (Pt = 0.008;
AKA Ppi2/Pdo5, AKW Pat14/Escu6, NBC Pat43/Pdo5, and SK Pat14/Ppi2; p < 0.001).
As such, we felt that the loci were not in linkage disequilibrium. MICRO-CHECKER v2.2.3
suggested the presence of null alleles in at least one of Pdo5 or Ppi2 for seven of the 10
populations available (excluded NON, NQC and NY). All subsequent analyses excluded
Pdo5 and Ppi2, though in some instances analyses were run with all eight loci for
comparison.

Observed heterozygosity (Ho) was similar to expected heterozygosity (Hg) across
all populations for five of the eight loci (Table 3.2). Patl4, Pdo5 and Ppi2 had
significantly lower heterozygosity than expected (student s t-test; p < 0.01). For Pdo5 and
Ppi2 this may be caused by the presence of null alleles. Observed heterozygosity ranged
from 0.4-1.0 across all loci (where sample size 5; Table 3.2). Allelic richness was
relatively similar across populations (3.01-3.37, average 3.20; Table 3.2), with a slightly
higher value in NSNB. Private allelic diversity was highest in NL (0.50) and NSNB

(0.51) relative to an average 0.34.

79



There was no evidence to support a recent bottleneck in any of the populations after
correcting for multiple tests. Before corrections, all populations except for NON and NY
exhibited significant differences from expected (0.05 > p > 0.016). This may imply either
that a bottleneck occurred in the more distant past, and the populations are now returning
to mutation-drift equilibrium, or that additional polymorphic loci are required to detect
the signal (Piry et al. 1999). Results were similar between the IAM and SMM models,
and between the two statistical tests (p  0.016, P = 0.016). Lower p-values were seen
with the Wilcoxon sign-rank test than with the sign test, as expected given the increased

power over a small number of loci.

3.3.2 Population structure

Population pairwise Fst values showed significant differences between NL and all
other populations (Table 3.3). NBC was significantly different from AKA, AKF and the
eastern populations (NSNB, LAB, and NL). Pairwise values between other populations
were generally not significant (18 of 78 comparisons were significant after modified FDR
correction). The global Fsr, based on six loci, was 0.015 (p < 0.001), low relative to
standard microsatellite Fst values which range from 0 to about 0.1 (Meirmans & Hedrick
2011). The high expected heterozygosity will decrease the maximum possible Fst and
Rst values (Meirmans & Hedrick 2011). The maximum theoretical Fst value was 0.16
(Hedrick 1999). Comparisons of NON and NQC with the other populations, when based
on six loci, showed themselves to be sensitive to missing data (i.e. when Fst was
calculated with six loci, NON and NQC showed significant differences from all other

populations based solely on the loci with missing data). All pairwise comparisons
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involving these two populations had loci with missing data removed. A similar pattern
was seen when all eight loci were analysed (global Fst = 0.013, p < 0.001).

When analysed separately, each locus had a slightly different impact on the overall
population structure. Patl4 separated NON from all but NY and LAB; Pat43, Escu4,
Escu6, Pdo5 and Ppi2 separated NL from most other populations; Pdo5 isolated NBC
from all but CAB and NY; and Ppi2 separated NSNB and SK from the other populations
(data not shown). Titgata02 and Titgata39 had only a few significant values, and did not
show a discernible pattern.

Rst values were similar to Fst (Rst = 0.032, p < 0.001; Table 3.4), but showed less
structure (11 of 78 comparisons were significant after modified FDR correction). This is
not surprising given the moderate sample sizes and number of loci, Rst performs best
with sample sizes > 50 and > 20 loci (Gaggiotti et al. 1999). NL was found to be
significantly different from Alaska (AKA, AKF and AKW), British Columbia (NBC and

CBC), NON, and LAB.

3.3.3 Bayesian clustering analyses

As the global Fst was 0.015, and all but one pairwise comparison was below 0.05,
population information was required as a prior. The initial STRUCTURE analysis, with no
additional priors, detected no structure. When the population information was included,
STRUCTURE identified two clusters supported by both log likelihood penalised tests
(Bayes factor = 1.00, In Pr (X | K) = -7,162) and K (Figure 3.2). Individuals were
assigned to a cluster based on the ancestry coefficient (Q; Fran ois & Durand 2010). The

groups consisted of NL and all other populations (Figure 3.3). All Q values were > 0.50,
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and 95% of individuals were assigned with Q > 0.75. When K was fixed at K = 3, NSNB
formed a third cluster with Q > 0.50 (Figure 3.3). The same pattern was seen when the
clustering analysis was run with eight loci, although the log likelihood penalised test
supported three clusters (NL, and all other populations split into two clusters) while K
suggested two groups (NL and all others). There was no additional substructure seen
when NL was removed from the analysis (data not shown).

BAPS was initially run using clustering of individuals; eight clusters were
identified with little discernible structure (Figure 3.4). When BAPS was run with
clustering of groups of individuals, which assigns all members of a single population to
the same cluster, two clusters were found (NL and the rest of the populations; Figure 3.4).

Similar results were seen when run with six or eight loci (data not shown).

3.3.4 Canonical analyses

Both the FCA and PCO showed similar patterns: little genetic structure among the
populations with the exception of NL. In the FCA (Figure 3.5), NL and NON were
separated along axis 1 (23.6% of the variation), NON along axis 2 (11.0%) and NSNB
separated along axis 3 (9.9%). The separation of NON is likely due to relatively large
amounts of missing data for the six loci analysed. In the PCO (Figure 3.6), the partition
of NL from the rest of the populations was along coordinates 1 (42.5%) and 2 (24.8%),
while coordinate 3 explained 13.0% of the variation. The broken-stick method employed

in PCA-GEN Vv1.2.1 (Goudet 1999) found only coordinate 1 to be significant (p < 0.05).
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3.3.5 Barriers

A weak but significant relationship was present between genetic and geographic
distances (p = 0.002; r* = 0.050), suggesting isolation-by-distance (Figure 3.7). The
SAMOVA detected the presence of two groups (Fcr = 0.032, p = 0.011; Figure 3.8): one
group consisted of NL and the other group contained all other populations. There was a
large difference in among-group variance between the different values of K (K = 3, Fct =
0.021, p = 0.011; K =4, Fcr = 0.017, p = 0.015). The optimum group for each K value
separated NL as its own group.

Monmonier s algorithm detected one barrier separating NL from the continental
populations (Fcr = 0.032, p = 0.011). When forced to add additional barriers, the second
isolated NY (Fct = 0.031, p < 0.001) and the third formed a north-western group (AKA,
AKF, AKW and NBC; Fct = 0.013, p = 0.001; Figure 3.8). Fct values were calculated in

Arlequin v3.11 (100,000 permutations; Excoffier et al. 2005).

3.4 Discussion
3.4.1 Genetic structure

The combination of F-statistics and Bayesian clustering analyses confirmed the
presence of two genetic groups: NL and all other populations (a continental group). The
presence of a distinct NL population is seen in many species: the resident moose Alces
alces (Broders et al. 1999) and rock ptarmigan Lagopus mutus (Holder et al. 1999), as
well as the migratory song sparrow Melospiza melodia (Zink & Dittmann 1993) and
American redstart Setophaga ruticilla (Colbeck et al. 2008). The boreal chickadee is

closely tied to a number of boreal tree species which also show evidence of distinct
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eastern clades, often including the maritime provinces as well as Newfoundland (Walter
& Epperson 2001; Jaramillo-Correa et al. 2004; Boys et al. 2005; Gerardi et al. 2010).
This divergence may result from an early separation event, such as colonisation following
the last glacial maximum, or isolation during the last glacial maximum. The higher
private allelic richness seen in NL and NSNB (Table 3.2) refutes the idea of a postglacial
founder event and multiple colonisations would be unlikely given the genetic isolation of
NL (Table 3.3). The mtDNA results also support isolation in the LGM (see Chapter 2). A
number of studies provide evidence for the presence of a glacial refugium in the
Northeast, potentially in the area of Newfoundland (Pielou 1991; Holder et al. 1999;
Jaramillo-Correa et al. 2004; Gerardi et al. 2010). Additional polymorphic loci may
provide greater resolution in genetic structure, and may elucidate the cause of this

separation of eastern populations.

3.4.2 Physical barriers

The distribution of the boreal chickadee contains a number of physical barriers
which may act to prevent dispersal and gene flow. Genetic evidence reveals the role of
the eastern straits as effective barriers to dispersal in boreal chickadees and other resident
species (Benkman 1989; Holder et al. 1999). The genetic isolation of NL is likely a result
of inhospitable conditions (e.g. large expanses of open water) and a break in suitable
habitat. A similar pattern of variation is seen in the eastern range of the black spruce
(Gerardi et al. 2010) and the rock ptarmigan (Holder et al. 1999). Other seemingly small

barriers (e.g. Isthmus of Panama) also prevent gene flow in birds (Steeves et al. 2005).
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Contrary to the pattern found in many passerines (Milot et al. 2000; Lovette et al.
2004; Burg et al. 2005), the Rocky Mountains are not acting as a barrier to gene flow in
this species. There exists continuous habitat from Alaska to the east coast (Anderson et
al. 2006; Gerardi et al. 2010), and although boreal chickadees do not tend to be found at
extremely high elevations, there are potential dispersal corridors throughout the Rocky
Mountains (e.g. the Crowsnest , Kicking Horse and Yellowhead passes) as well as many
smaller valleys. The genetic pattern seen in the mtDNA also supports gene flow between

CBC and CAB (see Table 2.6).

3.4.3 Levels of diversity

Microsatellite analysis of the boreal chickadee uncovered significant differences in
population genetic structure. As would be expected from such hypervariable markers, the
heterozygosity levels were high in all loci tested. This high level of within-population
diversity has a direct impact on the maximum possible Fsr and Rst values (Hedrick
1999). Compared to the average Fst value of 0.1 often seen in microsatellites (Meirmans
& Hedrick 2011), a global Fst of 0.015 (less than 10% of the maximum theoretical Fst
value of 0.16), while significant (p < 0.001), suggests a low level of structure in this
species. Of course global Fst values rely not only on the level of genetic structure, but
also on the size and distribution of samples as well as the mutation rate and number of

markers used (Meirmans & Hedrick 2011).
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3.4.4 Conclusions

The population genetic structure found in the boreal chickadee suggests isolation of
the eastern populations, specifically NL. While the NL population is distinct from the
mainland, the overall genetic differentiation in this species is low. The separation is likely
a result of separate glacial populations during the most recent Pleistocene glaciations
followed by subsequent gene flow between regions. Gene flow across the eastern straits
is reduced, while the Rocky Mountains do not appear to be obstructing gene flow. The
different impact of the physical barriers highlights the importance of including matrix

quality as well as habitat features when looking at dispersal barriers.
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Table 3.1. Microsatellite primers, PCR conditions, species of origin and source reference. Forward primers (F suffix) had a M13

sequence added to the 5 end (sequence not shown). Pat MP 2-14 and Pat MP 2-43 are referred to as Pat14 and Pat43 in the text.

Primer Name | Sequence (5’ to 3) Focal species MgCl, (mM) | T,(C) | T,(C) | Source
EscudF TTC CCT CACAATTTT CCG AC reed bunting 2.0 45 C 48 C 1
Escu4R TAT GTG CTG AAGTGA ACCATCC Emberiza schoeniclus

Escu6F CAT AGT GAT GCCCTG CTA GG reed bunting 1.0 50 C 52 C 1
Escu6R GCA AGT GCT CCTTAATATTTGG Emberiza schoeniclus

Pat MP 2-14F | GAA CAG ATA AAG CCA AAT TAC black-capped chickadee 2.0 50 C 52 C 2
Pat MP 2-14R | TAGTGAATGCTTGATTTCTTTG Poecile atricapillus

Pat MP 2-43F | ACA GGT AGT CAG AAATGG AAAG black-capped chickadee 2.0 50 C 52 C 2
Pat MP 2-43R | GTATCC AGAGTCTTT GCT GAT G Poecile atricapillus

Pdo5F GAT GTT GCAGTGACCTCTCTTG house sparrow 1.0 45 C 48 C 3
Pdo5R GCT GTG TTAATG CTATGA AAATGG | Passer domesticus

Ppi2F CAC AGACCATTC GAAGCAGA black-billed magpie 15 50 C 52 C 4
Ppi2R GCT CCG ATG GTG AAT GAAGT Pica pica

Titgata39F CAT GTATTT TCC AAA AGT AAATAT | green-backed tit 2.0 50 C 52 C 5
Titgata39R CTGCTATTCTGC AAACTT GTG G Parus monticolus

TitgataO2F ATT GCT TGATATTTG AAAGCATA green-backed tit 2.0 50 C 52 C 5
Titgata02R TTGTCTTTT GGG TTG CCT GA Parus monticolus

1 (Hanotte et al. 1994)
2 (Otter et al. 1998)

3 (Griffith et al. 1999)
4 (Martinez et al. 1999)
5 (Wang et al. 2005)
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Table 3.2. Sample size (n), observed (Ho) and expected (Hg) heterozygosities, total
number of alleles (AN), allelic richness (Agr) and private allelic richness (PAg) for 13
boreal chickadee populations. Both Ar and PAr were estimated using rarefaction for the
first six loci only.

AKA (n=35)
Ho
He
AN
Ar
PAg

AKF (n=34)
Ho
He
AN
Ar
PAg

AKW (n=24)
Ho
He
AN
Ar
PAg

NBC (n=22)
Ho
He
AN
Ar
PAg

CBC (n=16)
Ho
He
AN
Ar
PAg

CAB (n=12)
Ho
He
AN
Ar
PAg

Pat14

0.912
0.932
20
3.62
0.66

0.882
0.926
18
3.58
0.38

0.833
0.912
15
3.51
0.32

0.909
0.926
16
3.58
0.48

0.933
0.933
13
3.62
0.37

0.917
0.946
13
3.68
0.52

Pat43

0.824
0.850
15
3.20
0.43

1.000
0.877
14
3.33
0.39

0.792
0.849
11
3.22
0.30

0.955
0.851
12
3.21
0.25

0.938
0.815

3.07
0.12

0.833
0.877
10
3.34
0.32

Escu4

0.765
0.770

2.83

0.02

0.706

0.752

2.76

0.06

0.708

0.762

2.79

0.01

0.636

0.697

2.57

0.01

0.688

0.732

2.67

0.11

0.417

0.699

2.54
0.01

0.882
0.919
18
3.54
0.51

0.882
0.939
19
3.65
0.44

0.792
0.950
21
3.71
0.67

1.000
0.936
17
3.63
0.55

0.813
0.921
12
3.55
0.50

0.917
0.953
14
3.72
0.55

88

0.765
0.766

2.82
0.21

0.941
0.819
13
3.07
0.44

0.667
0.801
10
2.99
0.26

0.909
0.808

3.03
0.50

0.750
0.821

3.08
0.42

0.750
0.855
10
3.23
0.54

0.912
0.875
12
3.34
0.35

0.853
0.839

3.16
0.07

0.833
0.878
10
3.32
0.11

0.773
0.833
10
3.13
0.29

0.875

0.806

3.06

0.06

0.833

0.862

3.24
0.04

Escu6 Titgata02 Titgata39 Pdo5

0.840
0.953
22

0.640
0.945
20

0.833
0.951
19

0.857
0.883
17

0.769
0.945
15

0.727
0.935
13

0.765
0.938
25

0.824
0.930
28

0.833
0.948
25

0.864
0.904
15

0.714
0.937
16

0.909
0.961
16

Ppi2 Average

0.83
0.88
15.75
3.23
0.36

0.84
0.88
15.88
3.26
0.30

0.79
0.88
14.50
3.26
0.28

0.86
0.85
12.63
3.19
0.35

0.81
0.86
10.75
3.17
0.26

0.79
0.89
10.88
3.29
0.33



SK (n=19)
Ho
He
AN
Ar
PAR

NON (n=10)
Ho
He
AN
Ar
PAg

NQC (n=10)
Ho
He
AN
Ar
PAR

NSNB (n=19)
Ho
He
AN
Ar
PAg

LAB (n=20)
Ho
He
AN
Ar
PAg

NL (n=34)
Ho
He
AN
Ar
PAg

0.895
0.922
17
3.57
0.64

0.778
0.869

3.31
0.67

0.900
0.947
12
3.69
0.57

0.750
0.964

3.79
0.71

0.789
0.902
14
3.47
0.48

0.950
0.940
15
3.65
0.36

0.848
0.913
18
3.51
0.65

0.895
0.906
15
3.49
0.67

0.800
0.895
12
3.44
0.72

0.900
0.905

3.46
0.54

0.800
0.644

2.46
0.10

0.947
0.935
16
3.62
0.79

0.800
0.855
12
3.24
0.45

0.970
0.891
15
3.41
0.95

0.895
0.743

2.73

0.09

0.750

0.750

2.77

0.00

0.900

0.800

2.96

0.03

0.400

0.533

1.92

0.00

0.789

0.780

2.87

0.04

0.650

0.682

2.49

0.00

0.788

0.793

2.94
0.49

0.889
0.948
15
3.69
0.40

1.000
0.733

2.66
0.28

0.000
0.667

2.00
0.20

1.000
0.929

3.57
0.71

0.895
0.929
17
3.60
0.62

0.850
0.947
18
3.70
0.63

0.848
0.858
14
3.24
0.33

89

0.789
0.755

2.81
0.19

1.000
0.837

3.13
0.36

0.700
0.726

2.66
0.02

0.800
0.889

3.37
0.45

0.895
0.841
11
3.19
0.72

0.700

0.735

2.71

0.02

0.788

0.778

2.87
0.24

0.684
0.886
10
3.38
0.22

0.900
0.868

3.28
0.08

0.800
0.868

3.28
0.22

1.000
0.844

3.20
0.03

0.789
0.902
13
3.45
0.40

0.800
0.813

3.03
0.03

0.818
0.855
11
3.24
0.34

0.933
0.956
17

n/a
n/a
n/a

n/a
n/a
n/a

1.000
1.000

0.857
0.947
15

0.900
0.951
18

0.714
0.926
15

0.842
0.964
24

n/a
n/a
n/a

n/a
n/a
n/a

0.333
0.867

0.667
0.954
21

0.950
0.976
29

0.704
0.934
23

0.85
0.89
13.75
3.28
0.37

0.87
0.83
7.33
3.10
0.35

0.70
0.82
6.83
3.01
0.26

0.76
0.83
5.13
3.05
0.34

0.83
0.90
14.00
3.37
0.51

0.83
0.86
13.50
3.14
0.25

0.81
0.87
13.88
3.20
0.50



Table 3.3. Population pairwise Fst comparisons based on 100,172 permutations. Values are based on data from six loci for 11
populations. To account for missing data, all pairwise comparisons involving NQC are based on five loci, and four for NON. Fst
values are given above the diagonal and p-values below. Significant values after modified FDR correction are in bold (Pt = 0.010).

AKA  AKF AKW NBC CBC CAB SK NON NQC NY NSNB LAB NL

AKA * 0.002 -0.002 0.015 0.00/ 0.000 0.017 0.022 -0.005 0.022 0.007 0.009 0.043
AKF 0.196 * -0.001 0.012 -0.001 -0.005 0.003 0.008 -0.001 0.020 0.007 0.005 0.034
AKW | 0.721  0.603 * 0.008 0.005 -0.006 0.007 0.011 -0.011 0.009 0.003 0.002 0.040
NBC 0.003 0.006 0.108 * 0.014 -0.002 0.010 0.021 0.019 0.038 0.016 0.018 0.046
CBC 0.101 0524 0269 0.032 * -0.009 0.011 0.019 0.021 0.015 0.021 0.020 0.046
CAB 0511 0824 0911 0591 0.895 * -0.005 -0.001 -0.006 0.015 0.007 0.006 0.039
SK 0.002 0.202 0.146 0.041 0.064 0.783 * 0.003 0.003 0.087 0.008 0.012 0.030
NON 0.017 0101 0.184 0.024 0.045 0.543 0.403 * 0.007 0.002 0.016 -0.003 0.030
NQC 0.711 0480 0932 0.042 0.044 0.731 0.355 0.303 * 0.042 0.001 0.006 0.023
NY 0.070 0.050 0371 0.018 0.169 0.252 0.019 0.386 0.032 * 0.017 -0.005 0.074
NSNB | 0.079 0.063 0354 0.009 0.003 0.240 0.108 0.057 0477 0.122 * 0.005  0.025
LAB 0.045 0149 0463 0.007 0016 0311 0.042 0592 0.282 0.634 0.237 * 0.049

NL <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.002 0.008 <0.001 <0.001 <0.001 *
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Table 3.4. Population pairwise Rst comparisons based on 100,172 permutations. Values are based on data from six loci for 11
populations. To account for missing data, all pairwise comparisons involving NQC are based on five loci, and four for NON. Rst
values are above the diagonal and p-values below. Significant values after modified FDR correction are in bold (Pt = 0.010).

AKA AKF AKW  NBC CBC CAB SK NON NQC NY NSNB LAB NL

AKA * -0.003 -0.001 -0.004 -0.008 -0.016 0.024 0.093 -0.017 -0.047 0.018 0.020 0.054
AKF 0.530 * -0.010 0.001 0.017 -0.018 0.018 0.102 -0.009 -0.041 0.009 -0.007 0.065
AKW | 0427 0.821 * -0.009 -0.005 -0.015 0.083 0.067 0.001 -0.0/8 0.018 -0.007 0.089
NBC 0.485 0.395 0.668 * 0.000 -0.027 0.018 0.074 0.010 -0.061 0.002 0.012 0.064
CBC 0.624 0.156 0.564  0.386 * 0.005 0.069 0.122 -0.010 -0.043 0.064 0.051 0.115
CAB 0.787 0.868 0.752 0.969  0.368 * -0.013 0.075 -0.022 -0.051 -0.016 -0.005 0.030
SK 0.048 0.106 0.046 0.108 0.006 0.616 * 0.076  -0.024 -0.020 -0.005 0.018 @ 0.009
NON 0.006 0.008 0.057 0.047 0.013 0.049 0.029 * 0.174 -0.015 0.039 0.078 0.145
NQC 0.673 0568 0455 0268 0521 0.712 0.762  0.007 * 0.037 0.031 0.044 0.067
NY 0.889 0865 0991 0925 0.75%6 0.840 0.491 0459 0.135 * -0.011  -0.051 0.038
NSNB | 0.076 0217 0.121 0314 0.013 0.724 0450 0.085 0.096 0.437 * 0.009 0.015
LAB 0.080 0.678 0.617 0191 0.040 0525 0.143 0.023 0.068 0.867  0.223 * 0.083

NL 0.001 0.001 <0.001 0.003 <0.001 0.09 0.201 0.002 0.021 0.163 0.131 0.001 *
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Figure 3.1. The distribution of the boreal chickadee across North America (shaded)
modified from Sibley s field guide (Sibley 2003). Sampling sites are denoted by black
crosses, with location names as in Figure 2.1. Physical barriers are shown in red
(mountains) and blue (bodies of water).
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Figure 3.2. The penalised log likelihood test (left) and K (right) depicting the two clusters found in STRUCTURE v2.3. The penalised

log likelihood test takes the maximum In Pr (X | K) as the correct number of clusters.

difference between the different In Pr (X | K).
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Figure 3.3.Bayesian clustering analysis run in STRUCTURE V2.3 with six microsatellite loci for K = 2 (top) and K = 3 (bottom). Each
vertical line represents an individual, and the y-axis denotes the cluster membership (Q). Colours represent the different clusters.
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Figure 3.4. Bayesian clustering analysis run in BAPS v5.2 on six microsatellite loci. Runs consisted of individuals without (top, K =
13) and with (bottom, K = 2) prior population information. The location prior was needed due to the small Fsr values seen in the
boreal chickadee (Fst < 0.05), and forced individuals from the same population to be assigned to the same cluster.
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Figure 3.5. Factorial correspondence analysis (FG&9ed on six microsatellite loci
across 13 boreal chickadee populations. Axis laetl 23.6% of the variation, axis 2
11.0% and axis 3 9.9%.
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