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Abstract

Seasonally migratory animals breeding at high latitudes escape winter conditions by temporarily
moving to warmer climates. Migration requires substantial time and energy, and its influence pervades
migratory animals’ biology, from their morphology to their annual time budgets. Through adaptation to
long-distance travel, migratory animals have few constraints on movement, even as they experience other
constraints (e.g., time constraints) that nonmigratory animals do not. In light of their high mobility and
constrained annual schedules, I investigated how seasonal migration influences evolutionary processes in
a comparative context. My research focuses on small bird species in North America, with a particular
focus in two chapters on the migratory avifauna of the boreal forest. The boreal avifauna comprises
species with broadly co-distributed breeding ranges that spend the winter in disparate locations, making it
a natural system for assessing consequences of variation in migratory strategy. | focus on how migration
distance affects the evolutionarily consequential processes of geographic range expansion, gene flow, and
life history evolution.

Studies show that high mobility promotes dispersal and range size, yet some have suggested that
migratory behavior restricts dispersal and range expansion because innate, spatially precise migratory
behaviors do not transfer well into new spatial contexts. To test whether migration distance promotes or
constrains range expansion, | conducted multivariate model comparison using songbirds breeding in
North America (306 species). | measured a morphological proxy of mobility (wing shape) on over 1000
museum specimens and quantified range expansion using species distribution models based on climate
information and millions of citizen science records. My results revealed that migration distance does not
promote range size in North American birds. | suggest that these species are all sufficiently mobile that

their geographic ranges are not meaningfully constrained by dispersal ability.
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Next, to analyze the relationship between migration distance and gene flow, | generated a massive
multi-species population genetic dataset (~1780 genome sequences from 34 boreal-breeding species). |
guantified and compared continuous spatial genetic variation across species, finding that many long-
distance migrants display patterns of geographic structure that reflect reduced dispersal. These two
chapters demonstrate that the relationship between mobility and spatial evolution, apparent in many taxa
across the globe, breaks down in the North American avifauna.

Finally, I analyzed migration from a novel perspective as a life history strategy—i.e., a strategy
correlated with the life history continuum of investment in survival vs reproduction. Species that invest
more in survival and less in reproduction have slower rates of molecular evolution than species at the
opposite end of the continuum. In the North American boreal avifauna, my work has shown that
migration is a life history axis whereby long-distance migrants invest more in survival by spending less
time on breeding grounds, and short-distance migrants spend more time breeding at cost to survival.
Using mitochondrial genomes from 39 species, | applied a Bayesian modeling framework to co-estimate
rates of molecular evolution and their correlation with migration distance. | also used population genomic
data from 27 of these species (~950 samples total) to test whether migration distance influenced the
dynamics of mitochondrial selection. My results support the hypothesis that long-distance migrants have
slower mitochondrial molecular evolution. Overall, my dissertation uses comparative methods to
highlight the role played by time and life history constraints, rather than movement constraints, in the

evolution of migratory animals.
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Chapter 1 Introduction

Organisms that breed at high latitudes require adaptations to persist despite seasonal
freezing temperatures and limited resources (Varpe 2017; Auteri 2022). Adaptations to
seasonality can influence the evolutionary trajectory of high latitude populations through effects
on important processes such as gene flow, breeding phenology, and life history strategy. In this
dissertation, I examine how an adaptation to winter—seasonal migration—influences evolution
in North American bird species. Migratory animals move long distances to milder climates after
breeding, which allows them to avoid harsh winter conditions (Winger et al. 2019). | focus on
links between seasonal migration and evolutionary processes associated with movement behavior
and life history strategy. Movement behavior influences gene flow, or the rate of mixing between
populations, which determines whether populations remain homogenous or undergo evolutionary
divergence. Movements also determine where individuals live, thus influencing a species’
geographic range. Chapters 2 and 3 examine geographic range patterns and spatial population
genetics among bird species with varying migratory strategy. | also investigate whether
migration influences evolution through its effect on life history. Species with life history
strategies that prioritize survival over reproduction tend to have slower rates of molecular
evolution. Chapter 4 tests whether the life history strategy of long-distance migrants, which
prioritize survival, influences molecular evolutionary rates in these species.

Each chapter in this dissertation is inspired by a question about how migratory species

balance tradeoffs associated with migration and breeding. Evolutionary patterns emerge from the



transmission of genes through space across generations, so tradeoffs that affect where and when
animals reproduce have evolutionary consequences. At the individual level, a migratory animal’s
decision about where to breed is entwined with its decision about where to cease migration
(Studds et al. 2008; Wynn et al. 2022). Similarly, the beginning and end of a breeding attempt
are linked with the timing of spring and fall migrations (Norris et al. 2004; Heckscher 2018).
Migratory strategy differs broadly across migratory species, potentially leading to differences in
spatial evolution and life history. | compare species with differing migratory strategies and
asking whether these differences are correlated with evolutionary outcomes, while accounting for
relatedness between species (Felsenstein 1985).

Migratory species provide a window into how evolutionary processes play out when
intrinsic limits to movement ability are not relevant. Models of spatial ecological and
evolutionary processes in the natural world generally assume some form of “dispersal
limitation,” or restriction on where and how far organisms tend to move during their lives (e.g.
Wright 1943; MacArthur and Wilson 1967; Hubbell 1997; Hanski 1998; Soberdn and Peterson
2005; Cavender-Bares et al. 2009). This assumption is realistic — even highly mobile organisms
are distributed non-randomly across the earth. Dispersal limitation is universal, yet the reasons
for it are complex and vary across species. Limits to movement arise from tradeoffs influenced
by physical and energetic restrictions, temporal restrictions, behavioral syndromes, and niche
preferences (Bonte et al. 2012). Comparative studies of dispersal often focus on variation in
physical dispersal limitation (e.g. Moore et al. 2008; Weeks and Claramunt 2014; Medina et al.
2018). But what happens in populations that regularly engage in long-distance movement? Long-
distance seasonal migrants travel thousands of kilometers twice each year. In doing so, they cross

major environmental, physical, and oceanic barriers that structure the biogeography and spatial



evolution of nearly all other species of plants and animals occupying those regions. Like all
species, migratory animals face other tradeoffs that constrain their movements and annual cycle,
even in the absence of significant physical limitation. Therefore, comparative studies of
migratory species are especially suited to shed light on what factors other than physical
limitation shape spatial evolution, and, more generally, to highlight evolutionary consequences

of tradeoffs in the annual cycle.

1.1 Seasonal migration in birds: an overview

“Seasonal migration” refers to movement behaviors that animals use to avoid harsh seasonal
conditions, such as the high latitude winter. Migratory animals demonstrate site fidelity, meaning
that they return repeatedly to breed in a particular region during favorable conditions
(Huntington 1951; Pearce 2007; Winger et al. 2019). In contrast to other movement behaviors
such as dispersal (the movement from one site to another with potential for gene flow; Ronce
2007), seasonal migration is a round-trip, cyclical journey. Seasonal migration is therefore
categorically different from other phenomena frequently associated with the word “migration,”
such as genetic migration (the movement of genes through space) and human migration
(typically a large-scale and permanent movement of humans from one place to another).
Migration can be thought of as an adaptation for seasonal persistence that allows
individuals to continue breeding in regions where they would not be able to survive year-round
(Winger et al. 2019). Within the community of land animals that breed at high latitudes during
the summer, species show a variety of seasonal persistence strategies (Auteri 2022). Many
species of birds and other flying animals (bats, insects) use migration to survive during the
winter (Krauel and McCracken 2013; May 2013; Somveille et al. 2013), while other species in

the same region have alternative adaptations including hibernation, behavioral shifts such as



winter food caching, or physical changes such as thicker fur growth (Winger et al. 2019; Auteri
2022). All of these species have evolved to breed successfully during the brief pulse of resource
abundance during the high latitude summer.

Species migrate at different times, to different places, and through different routes
(reviewed in Newton 2007; Jahn and Cueto 2012; McKinnon and Love 2018; Somveille et al.
2019). Migration distance is an axis of migratory strategy variation that captures some of the
most important differences in migratory strategy. Species exhibit a spectrum of migratory
distances, ranging from very short-distance movements within a region to hemisphere-crossing
journeys between the north and south poles. Species migrating different distances vary in how
long they spend on the breeding grounds (Catchpole 1980; Greenberg 1980; Benson and Winker
2001). In comparisons of species with co-distributed breeding habitat, migration distance also
corresponds to differences in the non-breeding environments experienced by each species
(Winger and Pegan 2021). Short-distance migrants that breed at high latitudes stay close to their
breeding grounds and avoid having to shift into a different habitat, but they also must face cold
temperatures and limited resources during the winter. For example, many Dark-eyed Juncos
(Junco hyemalis) depart their Canadian breeding grounds to spend the winter in Michigan, a
region where winters are milder than they are further north, but where these birds still face
significant challenges in surviving cold temperatures and scarce resources. By contrast, the
Swainson’s Thrush (Catharus ustulatus), a long-distance migrant with a similar breeding range
as the junco, trades the boreal forest for the tropical mountain cloud forests of South America in
the winter. Migration distance thus reflects consequential differences between species that

influence many other aspects of their biology and evolution. In this thesis, | explore associations



between seasonal migration distance and spatial evolution (section 1.2, chapters 2 and 3) and

between seasonal migration distance and life history (section 1.3, chapter 4).

1.2 The relationship between seasonal migration and spatial evolution

The biogeography of migratory animals’ breeding ranges has attracted continued interest
(Blackburn and Gaston 1996; Bohning-Gaese et al. 1998; Hawkins and Felizola Diniz-Filho
2006; Winger et al. 2012, 2014; Outomuro and Johansson 2019). Migratory species’ breeding
ranges are uniquely ephemeral, scattering and re-forming every year as migrants depart from and
return to their breeding grounds. Migratory animals frequently cross major physical barriers (e.g.
mountains, oceans) during migration (Williams et al. 2001; Adamik et al. 2016). As a result,
researchers often hypothesize that migratory animals should show larger geographic ranges than
species with lower mobility (reviewed in Table 2-1). Mobility can also promote range size
through its effect on the dynamics of geographic range expansions (Kubisch et al. 2014), leading
to a positive relationship between mobility and range expansion rate (Svenning and Skov 2004;
Normand et al. 2011; White 2016). The hypothesized positive effect of migration on geographic
range size has been supported by several studies at large biogeographic scales (Blackburn and
Gaston 1996; Gaston and Blackburn 1996; Lees and Gilroy 2014; Pigot and Tobias 2015).

By contrast, other studies suggest that seasonal migration can actually inhibit range
expansion and gene flow in certain conditions (Bohning-Gaese et al. 1998; Engler et al. 2014;
Toews 2017; Turbek et al. 2018). These effects may be related to the consequences of spatial
mismatch between the location of an individual and its innate migratory program. Migrants rely
on successful and repeated migratory journeys for their survival and lifetime fitness (Norris et al.
2004; Reudink et al. 2009; Conklin et al. 2017), so deviations from an optimal migratory route

may have severe consequences. The distance and direction of seasonal migration are known to



have a heritable component (Merlin and Liedvogel 2019), which means that individuals may not
be able to adapt their migratory strategy to fit a new location after dispersal. As such, migration
does not universally enhance range size and gene flow, despite its association with high mobility
and ability to cross barriers.

The biogeographic patterns associated with seasonal migration suggest that migration
interacts with dispersal, or the process through which individuals move from one breeding site to
another (Winkler 2005). This hypothesis is plausible for two reasons. First, seasonal migration is
associated with high “dispersal ability” (Bowlin and Wikelski 2008; Weber 2009; Phillips et al.
2018; Sheard et al. 2020), which reduces costs of movement associated with dispersal (Bonte et
al. 2012). This means that migratory species potentially face fewer constraints on the evolution
of adaptive long-distance dispersal than those with high movement costs. Second, the process of
dispersal in migratory animals is spatially and temporally linked to migratory behavior (Norris et
al. 2004; Studds et al. 2008; Wynn et al. 2022). Dispersal is most often studied in sedentary
species, where the onset of dispersal is defined by departure from the breeding site and the end of
dispersal is defined by the establishment of a new breeding location (Bowler and Benton 2005;
Ronce 2007). By contrast, migratory species depart their breeding sites each fall and do not
arrive on their subsequent breeding locations until the spring. The process of dispersal in
migratory species is thus interrupted by the process of migration. Yet, migration behavior itself is
not synonymous with dispersal (Winkler 2005; Winger et al. 2019). Many migratory animals
migrate without undergoing dispersal, instead returning to the same breeding site year after year
(Huntington 1951; Pearce 2007; Cava et al. 2016; Christie et al. 2023). The difficulty of tracking
animals over large spatial and temporal scales has prevented a clear understanding of how

migration interacts with dispersal when dispersal does occur, and the relationship between these



two behaviors remains poorly understood (Winkler 2005; Winger et al. 2019; Weeks et al. 2022;
Vickers et al. 2023).

As in other species, dispersal evolution in migratory birds is likely influenced by
tradeoffs associated with time and risk in addition to costs of movement (Ronce 2007; Bonte et
al. 2012). Seasonal migration influences time-related tradeoffs that may be relevant to dispersal
evolution. Migration distance correlates negatively with time spent on the breeding grounds
(Catchpole 1980; Greenberg 1980; Benson and Winker 2001; Winger and Pegan 2021).
Dispersers benefit from time spent exploring and assessing potential breeding sites (Reed et al.
1999), and limited time for dispersal can result in selection for natal philopatry. Animals
deciding where to breed always have access to the information that their natal area was high
enough in quality to produce themselves, making it a safe bet when there is not enough time to
assess other possibilities (McNamara and Dall 2011). As such, long-distance migrants with
limited time on their breeding grounds may experience strong selection for philopatry even
though they also have high dispersal ability. The evolutionary consequences of tradeoffs between
dispersal and philopatry in migratory organisms are poorly known.

In chapters 2 and 3, | leverage large comparative datasets to test hypotheses about how
seasonal migration distance influences geographic range size and genetic connectivity in birds. |
draw on citizen science data, measurements of museum specimens, geospatial datasets, and a
massive population genetic dataset (comprising ~1780 low coverage whole genomes) that |
generated to test my hypotheses. My study system allows me to move beyond the
migratory/nonmigratory binary and examine effects of variation in seasonal migration distance. |
address my research questions within a common biogeographic context rather than across

latitudes and biomes. Biogeographic patterns such as range size and spatial connectivity vary



strongly across the earth for many reasons (Gaston et al. 1998; Smith et al. 2017). The focused
geographic scope of my analyses enhances my ability to isolate apparent effects of seasonal

migration from other potential factors in a common avian community.

1.3 The relationship between seasonal migration and life history

Across the tree of life, organisms show strong correlations in trait axes associated with
growth, metabolism, reproduction, and longevity (Bromham 2011; White et al. 2022). These trait
axes represent a continuum of fitness strategies, often called the “slow-fast” life history
continuum, that fundamentally reflects the tradeoff between survival and reproduction (Stearns
1983). At the extreme ends of the continuum, “slow” organisms tend to invest their limited
energy in preserving their own lives over the long term and producing few, high-investment
offspring, whereas “fast” organisms prioritize maximizing their reproductive output at the
expense of survival. The slow-fast life history continuum is among the most prevalent and
consistent patterns in biodiversity (Bromham 2011).

A species’ position on the life history continuum can evolve in response to natural
selection. Many studies suggest that life history strategy is influenced by environmental
conditions that affect the balance between investment and risk in reproduction and survival, such
as food availability, predation risk, and the amount of time available for breeding (Martin 2004;
McNamara et al. 2008; Bears et al. 2009). The distribution of mortality risk across age classes
plays an important role in life history evolution (Promislow and Harvey 1990) such that slow life
history is associated with low adult mortality compared with juvenile mortality, whereas fast life
history increases fitness when adult survival is uncertain. Life history strategies tend to vary
along latitudinal and environmental gradients, sometimes in complex ways (Blanck and

Lamouroux 2007; Bears et al. 2009; Londofio et al. 2015; Boyce and Martin 2017; Heldstab



2021). For example, classic life history studies characterize tropical birds as slow and temperate
birds as fast because of differences in the typical clutch size of species across latitudes (Lack
1948).

Seasonal migration has sometimes been associated with the fast end of the slow-fast
continuum because of its association with high latitudes and perceived influence on risk of
mortality (Clark and Martin 2007; Sibly et al. 2012; Londofio et al. 2015; Jahn et al. 2020).
Classic literature on the evolution of seasonal migration framed this behavior as a risky strategy
by species that depart mild tropical regions to take advantage of pulsed resources and reproduce
prolifically in the temperate zone (Cox 1968, 1985; Levey and Stiles 1992). However, my co-
authors and | argued that seasonal migration is better understood as a winter survival strategy
(Winger et al. 2019), in contrast to alternative strategies that involve overwinter persistence at
high latitudes. From this perspective, adult migratory organisms invest a large amount of time
and energy into preserving their survival between breeding seasons. Life history strategies vary
within communities as well as across environments (Varpe 2017), and seasonal migration is not
necessarily a fast life history strategy in the context of the high latitude community.

The association between seasonal migration and fast life history is challenged by the
observation that long-distance seasonal migrants tend to be long-lived organisms (Mgller 2007;
Conklin et al. 2017) that show limited annual fecundity (Bohning-Gaese et al. 2000; Bruderer
and Salewski 2009). Further, long-distance migrants tend to depart their breeding grounds well
in advance of deteriorating climatic conditions, even at the cost of breeding opportunities
(Benson and Winker 2001; Heckscher 2018). In Winger and Pegan (2021), | investigated the
hypothesis that seasonal migration distance correlates with life history strategy using a long-term

dataset of population vital rates in the North American boreal avifauna. We found support for the



hypothesis that long-distance migrants have lower annual fecundity and higher annual survival—
in other words, slower life history—than short distance migrants. Long-distance boreal migrants
spend the winter in habitats that are warmer and greener than short-distance migrants, which may
help enhance their overwinter survival. Additionally, long-distance migrants spend less time on
the breeding grounds than short-distance migrants, which results in restricted breeding
opportunities and lower annual fecundity. We concluded that the life history strategy of long-
distance migrants entails a sacrifice of time on the breeding grounds in favor of spending the
winter in distant environments where survival is favored.

In my fourth chapter, I build on work linking seasonal migration and life history (Winger
and Pegan 2021) to test whether seasonal migration distance covaries with molecular
evolutionary rate. Many studies across vertebrates, invertebrates, plants, and even microbes have
demonstrated a strong correlation between the molecular evolutionary rate of a lineage and its
position on the slow-fast life history continuum (reviewed in Bromham 2020). My fourth chapter
introduces this topic by reviewing theoretical links between life history and molecular evolution,
then leverages a large dataset of mitochondrial coding sequences | isolated from my whole
genome population genetic data to test whether seasonal migration correlates with mitochondrial
molecular evolutionary rate across North American boreal birds in a phylogenetic framework. |
also discuss the role of mitochondria in the metabolic demands faced by migratory boreal birds
and how these demands may interact with life history to shape the evolutionary rate of the
mitochondrial genome. The results of this chapter have implications for how we understand and
model the evolutionary history of organisms in seasonal environments. My work adds to the

growing body of literature demonstrating that correlation between traits and molecular
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evolutionary rates has the potential to bias analyses that link traits with events in evolutionary

history (Shafir et al. 2020; Ritchie et al. 2022).

1.4 Spatial and molecular evolution in glaciated North America

The effects of Pleistocene glacial cycles are evident in the present-day spatial patterns of
high latitude species (Hewitt 2000; Weir and Schluter 2004), including North American
migratory birds. Pleistocene glacial cycles had dynamic effects on climate, environment, and the
geographic ranges and population sizes of species inhabiting northern latitudes (Clark et al.
2009; Hofreiter and Stewart 2009; Stralberg et al. 2017; Miller et al. 2021). The most recent
major shift involved the retreat of glaciers following the Last Glacial Maximum (LGM; ~20,000
years before present), when a large glacier covered much of northern North America, including
the entire landscape currently occupied by the boreal forest (Dyke and Prest 1987; Brandt 2009).
Geographic ranges of some species show evidence of “demographic lag,” which means that they
are still in the process of expanding into suitable habitat following glacial retreat (Svenning and
Skov 2004; White 2016). Similarly, spatial genetic patterns that reflect equilibrium conditions on
the present-day landscape may not have fully developed yet (Slatkin 1993; Hutchison and
Templeton 1999; Castric and Bernatchez 2003; Crispo and Hendry 2005). Ranges of many
species were fragmented into different glacial refugia, allowing population genetic divergence to
occur in allopatry (Hewitt 2000; Weir and Schluter 2004). Changes in population size such as
bottlenecks or recent expansions influence the distribution of genetic diversity through time,
leaving an imprint in present-day genetic patterns (reviewed in Knowles 2009). Each of these
consequences of Pleistocene glaciation influences and complicates present-day spatial patterns

shown by species at high latitudes.
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North American glacial cycles present both challenges and opportunities for
understanding evolutionary history of high latitude species. One challenge is that species in these
regions may not be at geographic or demographic equilibrium. Spatial and population genetic
patterns that result from intrinsic species traits arise slowly over time (Slatkin 1993; Hardy and
Vekemans 1999; Hutchison and Templeton 1999; Crispo and Hendry 2005). As such, recent
dynamic population changes may swamp out or obscure subtler patterns driven by species traits
(Hutchison and Templeton 1999; Castric and Bernatchez 2003; De Lafontaine et al. 2013;
Jangjoo et al. 2020), including traits associated with movement behavior and seasonal migration.
Whereas the presence spatial genetic structure provides information about variation in gene flow,
it is not always possible to identify the processes responsible for lack of spatial structure, which
can be due to either high gene flow or deviation from equilibrium (Slatkin 1993). However, this
challenge is also an opportunity to explicitly test whether species’ traits influence the extent to
which equilibrium has been achieved. In chapter 2, | address this issue by testing whether traits
associated with movement influence “range filling,” or the proportion of suitable habitat
occupied by each species’ geographic range. In chapter 3, | also test whether variation in spatial
genetic structure across species is influenced by effective population size, which is expected to
play a role in the rate at which equilibrium patterns arise (Maruyama 1971; Hardy and Vekemans
1999; Irwin 2002).

Another advantage of North American glacial history is that we can make a reasonable
assumption that all species in a given habitat have been subjected to the same strong
environmental pressures. Co-distributed species in high latitude regions typically show broadly
concordant demographic histories (Lessa et al. 2003; Miller et al. 2021; Ralston et al. 2021,

Kimmitt et al. 2023). Comparison of co-distributed species at high latitudes provides an
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opportunity to test hypotheses about how species’ traits influence variation in their response to a
common environmental shift. In Kimmitt et al. 2023, I used the mitochondrial component of my
large population genomic dataset to demonstrate that North American boreal birds show histories
of expansion dating to deglaciation during the Wisconsonian period (~57,000 years before
present). Thus, the comparisons of spatial genetic patterns | present in chapter 3 are not likely to
be biased by categorical differences in demographic history (i.e. recent bottleneck in some
species vs expansion in others).

One reason why demographic fluctuations affect genetic patterns is that the strength of
genetic drift varies with population size. Variation in effective population size (Ne), a population
genetic parameter that is inversely correlated with strength of genetic drift (Waples 2022), has
consequences for both spatial population genetic patterns (chapter 3) and molecular evolutionary
rates (chapter 4). In populations with large Ne and low drift, neutral alleles persist in populations
for longer amounts of time, while deleterious alleles are more likely to be removed by selection,
even if they have weak effects (Ohta 1992). Conversely, in populations with small Ne and higher
genetic drift, neutral alleles are fixed or lost more rapidly. Deleterious alleles with small effects
on fitness are not subject to efficient natural selection in populations with small Ne, so they may
behave as neutral alleles, persisting in populations instead of being rapidly removed by selection
(Ohta 1992). In spatial population genetics, the influence of Ne on time to coalescence implies
that spatial genetic structure should arise more rapidly in populations with small Ne (Maruyama
1971; Hardy and Vekemans 1999; Irwin 2002). In other words, populations with small Ne are
expected to reach spatial genetic equilibrium faster than populations with large Ne. In analyses of
molecular evolutionary rate, the influence of Ne on strength of selection means that non-neutral

alleles are expected to become substitutions more often in species with small Ne. As such, it is
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important to account for effects of Ne when analyzing traits that potentially influence spatial or
molecular evolution. Correlation between traits and Ne, which are known to exist (Eo et al. 2011;
Waples et al. 2013; Chen et al. 2017; Kutschera et al. 2020), have the potential to introduce bias
by making it appear that a pattern is directly influenced by a trait when it is actually more
strongly influenced by Ne.

In chapters 3 and 4, | combine inferences across and within species to test hypotheses
while accounting for effects of demography on population genetic processes. By analyzing
genetic patterns within species as well as across species, my work explicitly acknowledges the
influence population demographic processes on population genetic patterns and tests for
confounding effects of demographic history vs species traits. My analysis framework is
facilitated by my large population genetic dataset, which comprises population genetic data from
many species co-distributed in the same landscape. My dissertation demonstrates the utility of
multi-species population genomic systems for testing evolutionary hypotheses in a robust

framework.
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Chapter 2 The Influence of Seasonal Migration on Range Size in Temperate North

American Passerines
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2.1 Abstract

Seasonal migration has been alternately proposed to promote geographic range size in
some contexts and to constrain it in others, but it remains unclear if migratory behavior has a
general effect on range size. Because migration involves movement, most hypotheses about the
relationship between migration and range size invoke an influence of migration on the process of
dispersal-mediated range expansion. Intuitively, a positive relationship between migratory
behavior and dispersal ability could bolster range expansion among migratory species, yet some
biogeographic patterns suggest that long-distance migration may instead impede range
expansion, especially in the temperate zone. We conducted a comparative analysis of the
relationship between migratory behavior and range size by testing the effect of migratory status,
migration distance, and morphological dispersal ability on breeding range size among all
temperate North American passerines. Further, we assessed whether these traits affect range
expansion into suitable habitat by analyzing their relationship with range filling (the proportion

of climatically-suitable area occupied, or “filled” by a species). Contrary to previous studies, we

15


https://doi.org/10.1111/ecog.05070
https://creativecommons.org/licenses/by/3.0/

found migration and dispersal ability to be poor predictors of range size and range filling in
North America. Rather, most variation in range size is explained by latitude. Our results suggest
that migratory behavior does not affect range size within the scale of a continent, and
furthermore, that temperate North American passerines’ breeding ranges are not influenced by
their dispersal abilities. To better understand why migratory behavior appears to promote range
size in some contexts and constrain it in others, future studies should investigate how migratory
behavior affects dispersal at the individual level, as well as the relationship between the

evolution of migratory behavior and the breadth of species’ climatic niches.

2.2 Introduction

The geographic range boundaries of species are determined by numerous biotic, abiotic
and historical factors (Angert 2009; Price and Kirkpatrick 2009; Sexton et al. 2009). Among
species occupying seasonal temperate latitudes, specialized adaptations for severe fluctuations in
climate and resources are necessary for the persistence or expansion of geographic range. Some
species have adaptations to survive seasonality in situ (e.g. hibernation), but a wide variety of
animals, including birds, fish, mammals and insects, have independently evolved an alternative
strategy: seasonal migration. This annual round-trip journey facilitates persistence by letting
animals temporarily escape their breeding locations when climate becomes harsh and resources
scarce. Migration therefore carries an important consequence for biogeography: the breeding
ranges of migratory species are seasonally ephemeral, arising annually as the result of the site
fidelity that drives them to return after traveling sometimes thousands of kilometers away

(Winger et al. 2019). Here, we aim to understand how seasonal migration, a common life history
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adaptation among birds breeding at high latitudes, influences the size and extent of birds’
breeding ranges at a continental scale.

Previous studies have shown conflicting evidence as to whether migratory behavior
generally promotes or constrains range size (Table 2-1). Some studies have found migratory
behavior to be associated with increased range size (Blackburn and Gaston 1996; Gaston and
Blackburn 1996; Bohning-Gaese et al. 2006; Laube et al. 2013b; Pigot and Tobias 2015;
Outomuro and Johansson 2019) or increased likelihood of colonizing islands (Lees and Gilroy
2014) or continents (Thorup 2006). These studies have typically interpreted the elevated range
size of migratory species to reflect a positive effect of migratory movements on the dispersal-
mediated process of range expansion. Dispersal, the one-way movement of an individual from a
natal location to a breeding location or from one breeding site to another (in contrast to the round
trip of seasonal migration), may occur at higher rates or over longer distances in species with
high morphological and physical capacities for movement (dispersal ability), potentially
facilitating range expansion in these species (e.g. Cain et al. 2000; Dytham 2009; Kubisch et al.
2014). Indeed, dispersal ability has been shown to be positively associated with range size in a
variety of volant animals including birds, dragonflies, and bats (B6hning-Gaese et al. 2006;
Rundle et al. 2007; Laube et al. 2013b; White 2016; Luo et al. 2019). Owing to their capacity for
long distance flights, migratory birds have inherently high dispersal ability (Bowlin and Wikelski
2008; Phillips et al. 2018). Migratory behavior could also promote range expansion through a
tendency of migratory animals to become “lost” and subsequently breed far from where they
were born (Lees and Gilroy 2014) as a direct consequence of the migratory journey.

However, other studies have revealed biogeographic patterns suggesting that migratory

behavior, particularly long-distance migration, constrains breeding range expansion. These
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studies have focused on temperate bird communities whose constituent species are
predominately migratory. For example, Bohning-Gaese et al (1998) demonstrated that long-
distance migratory birds in the Northern Hemisphere are less likely than short-distance or non-
migratory taxa to have colonized multiple continents to become Holarctic in distribution. At a
smaller geographic scale, Bensch (1999) and Henningsson and Alerstam (2008) found that long-
distance migrants were less likely than short-distance migrants or non-migrants to occupy a large
breeding range in the Eurasian boreal forest and in terrestrial arctic regions, respectively. More
recently, species distribution modeling (SDM) studies of migratory species have interpreted the
presence of apparently suitable habitat outside of the occupied breeding range to reflect a
constraint of migratory behavior on range expansion (Engler et al. 2014, Toews 2017). Authors
of these studies note that migratory taxa may experience strong selection against dispersal into
novel regions if such range expansions are incongruous with their finely tuned migratory routes
or timing (Béhning-Gaese et al. 1998; Bensch 1999; Engler et al. 2014; Toews 2017). Migratory
routes are thought to have a strong genetic component (Berthold and Querner 1981; Helbig 1991,
Delmore and Irwin 2014), such that individuals dispersing to locations outside their normal range
may fail to establish a persistent population if their innate migration route leads to unsuitable
areas when undertaken from the novel region. That is, failure to adapt migratory routes to new
geographic settings could limit range expansion.

As diverse as these hypothesized processes are, all of them suggest migration influences
range size through an effect on range expansion — either by promoting or constraining it. These
hypotheses assume that unoccupied suitable habitat exists outside of many species’ breeding
ranges (i.e., that they show range boundary disequilibrium: Sexton et al. 2009; Peterson et al.

2011). However, the relationship between migratory behavior and the extent to which species
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occupy suitable habitat has not been investigated at a broad taxonomic scale in a phylogenetic
comparative framework.

Here we use the entire passerine fauna of temperate North America to investigate the
relationship between seasonal migration and range size. Further, to understand whether seasonal
migration influences range size through an effect on the process of range expansion, we test
whether migratory behavior is correlated with the amount of climatically suitable habitat each
species occupies (a metric called “range filling”, assessed with Species Distribution Modeling,
e.g. Laube et al. 2013a; Boucher-Lalonde and Currie 2016; Estrada et al. 2018). Previous studies
have not produced a clear general prediction for how migration affects range size (Table 2-1),
but studies focusing on terrestrial temperate species have tended to find evidence that long-
distance migration constrains range expansion, perhaps reflecting the difficulty of adapting the
precise timing and direction of long-distance migratory movements to new locations (Béhning-
Gaese et al. 1998; Bensch 1999; Henningsson and Alerstam 2008; Toews 2017). As such, we
predict that after controlling for latitudinal effects on range size (Stevens 1989; Blackburn and
Gaston 1996; Gaston et al. 1998; Hawkins and Felizola Diniz-Filho 2006; Orme et al. 2006),
migratory species in temperate North America should have smaller ranges than sedentary
species, and migration distance should correlate negatively with range size.

Likewise, we further predict that long-distance migration constrains range filling in
temperate North American species, which would be evidence that migration constrains these
species’ range size specifically through its influence on the process of range expansion (Engler
2014, Toews 2017). Analyzing range filling allows us to assess whether a relationship between
migration and range size is mediated by the tendency of species to occupy all area available to

them within their climatic niche (sensu Hutchinson 1957). If migratory behavior constrains
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range expansion, we predict that migratory species should show more unoccupied suitable
habitat (i.e. lower range filling) than nonmigrants and that migration distance should correlate
negatively with range filling.

Given the positive relationship between migratory behavior and movement capacity, we
also analyze whether dispersal ability (as measured by wing shape) predicts range size and range
filling in temperate North America. However, we predict that morphological dispersal ability is
not an important determinant of passerine breeding range size in a temperate continental context.
Although the high dispersal ability associated with migration may generally promote range
expansion when taxa are compared at a global scale (e.g. Pigot and Tobias 2015), temperate bird
species tend to show high dispersal ability relative to tropical species regardless of whether they
migrate (Moore et al. 2008; Salisbury et al. 2012). That is, we expect that all North American
birds are sufficiently vagile that their dispersal ability should not impose a constraint on range
size.

Clarifying the relationship between migration, dispersal and range size is an important
step for understanding the evolution and biogeography of birds in temperate latitudes where
migration is prevalent. The life history and ecology of migratory species are strongly shaped by
their migrations (Berthold et al. 2003). If the effects of migratory behavior extend to geographic
range size, then migration could also influence range-mediated macroevolutionary and
macroecological processes such as extinction (Lawton 1993; Jablonski 2005), speciation (Mayr
1942; Kisel and Barraclough 2010) and community assembly (Arita and Rodriguez 2002; Graves
and Rahbek 2005). Yet seasonal migration is only one of numerous factors that can influence
range size and it is unclear whether its hypothesized effects should produce a general trend in

range size among migratory birds with diverse biogeographic and life histories. Our study, using
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the entire passerine avifauna of North America, represents the most comprehensive analysis to
date of whether migration shows an emergent effect on range size and range filling in temperate

birds.

2.3 Methods

2.3.1 Species and geographic area covered by analyses

For the purposes of our analyses, we defined the southern edge of temperate North
America as 23° latitude, which coincides with a recognized transition zone between a primarily
sedentary and a primarily migratory avifauna (Cox 1985) and a major biogeographic transition
zone more generally (Morrone 2015; White et al. 2019). We included all passerine species whose
breeding ranges exist entirely or partially above 23° latitude in continental North America,
except 4 species of Eurasian passerines with small portions of breeding range at the margins of
arctic North America (Phylloscopus borealis, Motacilla tschutschensis, Oenanthe oenanthe,
Cyanecula svecica), and two species for which we did not have access to specimens to measure
wing morphology (Melozone aberti, Polioptila nigriceps). Our study includes 306 species, of
which 228 are migratory and 78 are nonmigratory. A list of species used in our analyses can be
found in Appendix Table A.1-1.

Some species in our study have breeding ranges extending south of 23° or to the eastern
hemisphere, but we include only the portion of the range that exists within North America above
23°. Although limiting the geographic scope of our analyses requires us to draw an artificial
boundary to the continent and to species’ ranges, it allows us to test our hypotheses within a
specific, highly seasonal geographic context with a high proportion of migratory species.
Furthermore, bird species in tropical regions show different range size patterns than temperate

species (Hawkins and Felizola Diniz-Filho 2006; Orme et al. 2006), and including tropical
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species or tropical portions of species’ ranges would complicate our ability to interpret results.
To test whether using 23° latitude as a boundary for the study biases our results, we also repeated
our analyses using only species endemic to higher latitudes (i.e., those whose ranges did not have
an artificial boundary at 23° latitude) and report the results of these analyses in Appendix Table

A.6-1.

2.3.2 Calculating response variables: range size and range filling.

We calculated range size using BirdLife International polygons (BirdLife International
2015) with Lambert azimuthal equal area projection using the R package rgeos (Bivand and
Rundel 2019). We calculated range filling using species distribution models (see Supplemental
Material for Chapter 2). Briefly, we calculated species distribution models (SDMs) using Maxent
as implemented in the R package maxnet (Phillips 2017). Presence points came from the citizen
science database eBird (Sullivan et al. 2009). We spatially thinned the presence points to reduce
sampling bias (Kramer-Schadt et al. 2013; Boria et al. 2014). We sampled 100,000 background
points from across North America. Points were sampled randomly but the probability that a
background point existed on a particular raster cell was proportional to the number of eBird
checklists within that cell (this subjects background points to the same effort biases as the
presence points). Our model predictors were all 19 WorldClim bioclimatic variables (Fick and
Hijmans 2017); elevation data; and NDVI data from 2010-2012 and 2014-2015 obtained with the
R package gimms (Pinzon and Tucker 2014; Detsch 2018). After running an SDM, we made a
raster of climatically suitable habitat using the function “threshold” (from the R package dismo;
Hijmans et al. 2017). This function counts a cell as suitable if its predicted suitability value is as
high or higher than the suitability value with the highest sum of sensitivity (proportion of

correctly-predicted presences) and specificity (proportion of correctly-predicted absences) for
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that model. Then, using Lambert azimuthal equal area projection, we calculated the total area
predicted to be suitable and compared it to the suitable area within the BirdLife International

polygon to calculate range filling (Error! Reference source not found.).

2.3.3 Calculating predictors: migratory status and distance, wing shape, mass, and breeding

range latitude

We characterized variation in migratory behavior using two metrics: a binary variable
indicating whether or not a species is migratory (hereafter, “migratory status’), and a continuous
estimate of migration distance. We measured migration distance as the distance between the
centroid of a species’ breeding range and the centroid of its wintering range. Similarly, we
defined migratory status based on whether the distance between the centroid of species’ breeding
and wintering ranges was greater than 10 kilometers (migratory) or not (nonmigratory).
Distances were calculated in a latitude/longitude projection using the function “distGeo,” which
accounts for the curvature of the earth, from the R package geosphere (Hijmans 2019a). Species
range shapefiles, including breeding, resident (year-round), and nonbreeding ranges, were
downloaded from BirdLife International (2015). For partially migratory species (i.e. species in
which some populations migrate and others do not), the resident range where individuals are
present year-round was included as part of both the breeding and wintering range when range
centroids were calculated.

Variation in morphological dispersal ability in birds is best captured by wing shape
(Claramunt and Wright 2017), which is related to flight efficiency (Bowlin and Wikelski 2008).
We measured wing shape using a metric of wingtip pointedness called hand-wing index (HWI;
Claramunt and Wright 2017). High HWI indicates a pointed wingtip suited for long-distance

flight while low HWI indicates a rounded, less-efficient wingtip. We used calipers to measure
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two museum specimens for each species from the University of Michigan Museum of Zoology.
We use mass as a covariate in all models with wing shape. Mass data were obtained from the
CRC Handbook of Avian Body Masses (Dunning 1992). For species not included in the CRC
Handbook, we obtained mass data from Birds of North America Online (Rodewald 2015).

In all of our analyses, we include latitude as a covariate. With increasing latitude,
migratory behavior becomes increasingly prevalent and migration distances increase (Newton
and Dale 1996, Somveille et al. 2015; Appendix Figure A.2-1). Latitudinal gradients in other
factors that affect range — such as climatic tolerance, habitat size, biogeographic history, or
species richness — may lead to a positive relationship between range size and latitude (Stevens
1989; Hawkins and Felizola Diniz-Filho 2006; Orme et al. 2006). In addition to the possible
biotic effects of latitude on range size, the geographically bounded nature of our study results in
a strong hump-shaped relationship between latitude and the maximum possible range size at that
latitude (Appendix Figure A.2-2). We measured the latitudinal midpoint of each species’ North
American breeding range in maps with a latitude/longitude projection. For species whose ranges
extend south of 23° latitude, we used 23° latitude as the southern range limit in these calculations.
We use latitudinal midpoint as a quadratic term in our models of range size because of the
relationship between latitude and maximum range size. The maximum possible range filling for
every species is 1.0, regardless of range size, so this metric is not affected by continental bounds
and we include latitude as a linear predictor in models with range filling as the response variable.

We hereafter refer to this predictor simply as “latitude.”

2.3.4 Hypothesis testing

We used R (version 3.5.2, R Core Team 2018) to explore our data (following

recommendations of Zuur et al. 2010) and to fit generalized linear models assessing the influence
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of migratory status, migration distance, and morphological dispersal ability on range size and
range filling. Range size shows a positive skewed distribution, so we used Gamma regression
with a log link for models with these response variables. Range filling is a proportion, so for
models of range filling we used beta regression (Cribari-Neto and Zeileis 2010b). Our predictors
span several orders of magnitude, so we centered and standardized all predictors such that the
mean was 0 and the standard deviation was 1. We rescaled range size to between 1 and 10 to
improve model fitting.

Species with shared evolutionary history are not independent of each other, so it is
necessary to consider phylogenetic relationships when comparing traits among many species
(Felsenstein 1985). However, unlike methods such as phylogenetic generalized least squares that
incorporate phylogenetic relatedness into regression frameworks directly, few methods are
available to control for phylogenetic relatedness with gamma and beta regression. Therefore, we
tested whether phylogenetic relatedness had an influence on our model results by fitting a full
model (i.e. with all predictors) with a phylogenetic covariance matrix and a full model without
the matrix using the Bayesian R package brms (Burkner 2017) and comparing the results. We
downloaded phylogenetic data for all of our species from birdtree.org (Jetz et al. 2012, “Hackett
all species” dataset) as a sample of 2000 phylogenetic trees. We calculated a consensus tree from
these data using the SumTrees program in the DendroPy python package (Sukumaran and
Holder 2010) and used the R packages ape (Paradis and Schleip 2019) and phytools (Revell
2012) to manipulate phylogenetic data in R.

Our results indicated that the phylogenetic covariance matrix did not influence model

results (Appendix Table A.4-1, Appendix Table A.4-2). Therefore, we carried out the remainder
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of our analyses using functions from R’s default stats package and from betareg (Cribari-Neto
and Zeileis 2010a).

After fitting a full model for each response variable, we used the package MuMIn (Barton
2019) to compare the AlICc of the full model with that of three reduced models (one model using
only migration predictors, one using only wing shape and mass, and one using only breeding
latitude) to test for overfitting of the full model.

Finally, we repeated our analyses on two subset datasets (Appendix Table A.6-1,
Appendix Table A.6-2). First, to test whether cropping ranges at 23° latitude influenced our
results, we fit models using only the 161 species whose entire range is north of 23° latitude.
Second, to test whether wing shape shows a relationship with range size among less-mobile
species, we next repeated our analyses on a dataset including only 78 non-migratory species.

Models including non-migrants did not include migration-related predictors.

2.4 Results

2.4.1 Species distribution models

The average AUC (a measure of model fit) for our species distribution models was 0.91
(range 0.61 to 1), indicating that our models generally performed much better than a random null
model (which would produce AUC = 0.5; Phillips 2010). AUC values are expected to correlate
with species range size (Phillips 2010), which we observed in our data: models with low AUC

tend to come from species with large ranges (Table Al).

2.4.2 Do migration and wing shape influence range size in North American passerines?
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Migration and wing shape are significant predictors of range size in a model with no
other predictors, but in our best-fit model predicting range size, which included latitude as a
quadratic predictor, no predictors were significant other than latitude (latitude p=7.18, SE=0.51,
p < 0.0001; latitude? p=-3.90, SE=0.43, p < 0.0001; migratory status p=0.017; SE=0.070;
p=0.81; migration distance f=0.0068; SE=0.033; p=0.83; wing shape $=0.051; SE=0.03;
p=0.076; mass p=0.046; SE=0.026; p=0.079). When latitude is included in the model, migratory
status, migration distance, and wing shape do not significantly contribute to explaining variation

in range size (Figure 2-2; Appendix Table A.5-1).

2.4.3 Do migration and wing shape influence range filling in North American passerines?

The best-fit model for range filling included only migratory status and migration distance
as predictors, but these predictors were not significant (migratory status =0.12, SE=0.14,
p=0.36; migration distance p=0.059, SE=0.060, p=0.33) and the pseudo-R? of this model was
low (0.013). None of the predictor variables were significant in any of the models of range filling

(Figure 2-2; Appendix Table A.5-2)

2.4.4 Results of analyses on subset datasets

Models fit with species whose ranges are entirely north of 23° latitude and models fit
with only non-migrants produced results that are qualitatively similar to models fit with all
species in our dataset: latitude is the strongest predictor of range size and filling, and the addition
of other predictors (migratory status and distance, wing shape, mass) does not improve model fit

(Appendix Table A.6-1, Appendix Table A.6-2).
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2.5 Discussion

Although the geographic location and interannual reappearance of migratory species’
breeding ranges depend on their migratory behavior, we found no evidence of an emergent effect
of migration or dispersal ability (wing shape) on range size. Our analyses failed to reject the null
hypotheses that range size is unrelated to migratory behavior or wing shape. Other possible
causes of range size variation, such as latitudinal effects, climatic niche breadth, or biotic factors
may have stronger influence on range size in this avifauna. Indeed, we found evidence that
latitude shows a strong relationship with range size (Table 2-2; Appendix Figure A.2-3), and
migratory behavior and wing shape were not significant predictors of range size or range filling
after controlling for latitude. However, our analyses were designed specifically to test the
emergent influence of migration and wing shape on range size, rather than to parse which of
many other biotic or abiotic factors most strongly influences range size, so we refrain from
drawing conclusions about the dynamics that contribute most to range size variation among
North American birds.

We also tested whether migration or wing shape influence range filling. Range filling
represents the extent to which species occupy climatically-suitable area (as determined by their
present distributions), so it allows us to test for an effect of migratory behavior or wing shape on
range expansion even in circumstances where raw range size variation is more strongly
influenced by climatic niche or other factors. Here, too, we did not reject the null hypotheses that
there is neither a relationship between migration nor wing shape and range filling.

Our calculation of range filling comes with two caveats. First, our SDMs assessed only
climatic suitability. Biotic interactions (such as the presence of competitors, important resource

species, or predators and pathogens) also limit species’ capacity to exist in climatically suitable
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areas (Peterson et al. 2011; Laube et al. 2013a; Sanin and Anderson 2018). Second, it is also
possible that unoccupied “climatically suitable” regions are not actually climatically suitable for
the species, but instead represent a mismatch between the predictors we used to build our species
distribution models and the factors that determine our species’ range boundaries. Without
knowledge of the proximate causes of a species’ range boundary, it is difficult to assess whether
a model is capturing information about what determines climatic suitability for that species
(Boucher-Lalonde and Currie 2016; Moore et al. 2018). Nonetheless, the hypothesis that long-
distance seasonal migration generally limits range filling in temperate birds (Engler et al. 2014;
Toews 2017) is not supported by our results.

Our results add to a body of correlative studies that, when considered together, suggest
that the apparent effects of migration and wing shape on biogeographic patterns depend on the
geographic context and taxonomic scale of the analysis. Past work on smaller groups of taxa has
suggested that migration constrains breeding range expansion within the scale of a continent
(Bensch 1999, Engler et al 2014, Toews 2017), but we find that this is not a general pattern when
considering the full set of North American passerines. However, it is worth noting that our data
replicate the pattern described by Toews (2017): among the 17 parulid warbler species
considered in that study, longer-distance migrants tend to have smaller ranges and lower range
filling values (Appendix Table A.1-1). Further, migration may still constrain colonization
between continents (Bohning-Gaese et al 1998), which could require a more abrupt and longer-
distance geographic shift that species with inflexible migratory behavior may be unable to
accommodate. The processes producing these varying patterns remain elusive.

Our results also contrast with those of other authors who found positive relationships

between migration or wing shape and range size even among highly volant taxa (Blackburn and
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Gaston 1996, Gaston and Blackburn 1996, Bohning-Gaese et al 2006, Laube et al 2013a, b,
White 2016, Pigot and Tobias 2015, Luo et al 2019, Outomuro and Johansson 2019). Unlike our
study, most of these other studies include both temperate and tropical fauna. Tropical organisms,
including birds and flying insects, are known to be poorer dispersers than their temperate
counterparts (Moore et al. 2008; Salisbury et al. 2012; Polato et al. 2018). Our results suggest
that temperate passerines are generally mobile enough that dispersal limitation does not affect
their ability to expand their ranges. Even nonmigratory members of this avifauna show no
relationship between wing shape and range size (Appendix Table A.6-2). As such, relationships
between dispersal ability and range size in volant organisms that are apparent at a global scale,
such as those found by Blackburn and Gaston (1996), Gaston and Blackburn (1996), Pigot and
Tobias (2015), and Luo et al (2019), are likely not maintained when poorly-dispersing tropical
species are excluded. Although Laube et al (2013a) found a positive effect of dispersal ability on
range size in temperate European passerines (including migratory species), this analysis did not
control for breeding latitude and thus is difficult to compare with our results.

Migratory behavior could also affect range size if it is correlated with other determinants
of range size that are not directly related to movement (Stevens 1989, Blackburn and Gaston
1996, Gaston and Blackburn 1996). For example, migratory birds may be less ecologically
specialized than sedentary birds (Gomez et al. 2016; but see Martin and Fahrig 2018) and as such
their suitable habitat area may be larger. Migration also allows birds to breed at high latitudes,
where range sizes tend to be larger than they are in the tropics (Blackburn and Gaston 1996;
Hawkins and Felizola Diniz-Filho 2006; Orme et al. 2006), while avoiding the harshest climatic
conditions associated with these latitudes (Winger et al. 2019). The ability to discern the

processes underlying variation in the relationship between migratory behavior and range size
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across studies is limited because traits and biogeographic patterns can be spatially autocorrelated:
an apparent relationship between a trait and a biogeographic pattern does not necessarily imply
that the pattern is caused by the trait, even when there is a putative biological mechanism (Gove
et al. 2009; Warren et al. 2014).

To better understand what factors constrain or promote range size in migratory animals, it
will be useful to investigate how range boundaries are formed in these species. For example, the
processes affecting range size in species whose range boundaries reflect the limits of their
climatic niche are different from those of species showing range boundary disequilibrium
(Sexton et al. 2009; Hargreaves et al. 2014). In cases when range boundaries are proximately
determined by climatic niche (Error! Reference source not found.c,d) and the species has
nowhere to expand without broadening its niche, traits such as migratory behavior may be less
likely to influence range expansion. The relationship between species’ migratory behavior and
the breadth of their climatic niches has been a topic of increasing interest in recent years (e.g.
Gomez et al. 2016; Reif et al. 2016; Martin and Fahrig 2018b; Ponti et al. 2019) and results of
further such studies will contribute to our understanding of the biogeography of migratory taxa.

We will also gain insight into the processes affecting range boundaries in migratory
animals by tracking the fate of individual dispersers, especially near range edges. For example,
recent studies tracking migratory godwits (Limosa limosa) have demonstrated that shifts in
geographic range and migratory routes are driven by dispersal of young individuals, while adults
remain site faithful throughout their lives (Verhoeven et al. 2018; Gill et al. 2019). However,
more generally, the relationship between migratory behavior and dispersal is poorly understood.
The extent to which dispersal patterns in migratory birds are dictated by exploration of and

settlement in novel environments versus site fidelity and natal philopatry— attempting to return
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to a previous territory or a habitat similar to where an individual was born—has implications for
how the breeding ranges of these species have evolved and how they respond to environmental

change (Davis and Stamps 2004; Canestrelli et al. 2016; Jgnsson et al. 2016).
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2.7 Figures and Tables

(a) Bombycilla garrulus (c) Spizella pusilla
Range filling = 0.41 Range filling = 0.94
Suitable area = 7 million km? Suitable area = 3 million km?

(b) Bombycilla cedrorum (d) Passerculus sandwichensis
Range filling = 0.86 Range filling = 0.94
Suitable area = 7 million km? Suitable area = 12 million km?

Figure 2-1 Example maps of range filling demonstrate that range size (dark gray) is affected by both suitable habitat
area (light gray) and range filling (proportion of suitable habitat covered by range). On the left side of the figure are
maps for two species of waxwings which have a similar amount of climatically suitable habitat but different range
filling values. Bombycilla garrulus (a) has lower range filling than Bombycilla cedrorum (b), so it has a smaller
range. The substantial range boundary disequilibrium demonstrated by Bombycilla garrulus suggests that this
species could be constrained from expanding its range by a dispersal limitation or by a biotic factor such as the
presence of a competitor. On the right sight of the figure are maps for two species of sparrows that show little range
boundary disequilibrium: both species occupy almost the entirety of their suitable habitat. However, their ranges are
different in size because Spizella pusilla (c) has less suitable habitat than Passerculus sandwichensis (d). Because
little climatically suitable habitat exists outside of the range of either of these species, the difference in range size
between them is not likely attributable to dispersal or migration-related constraints on range expansion.
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Figure 2-2. Scatter plots of geographic range vs migration distance and wing shape. Range size increases slightly
with migration distance and wing shape (a, b; blue and purple line, respectively), but these effects are not significant
in models that include latitude as a predictor (a, b; red lines). Migration distance and wing shape show no significant
relationship with range filling (c, d). Each point represents one species. Species with wing shape HWI1 values greater
than 50 belong to the family Hirundinidae (swallows). Lines on plots show marginal effects (with confidence
intervals) of migration distance on range size or range filling. Line color indicates which model (Table 2-2) the
plotted migration distance marginal effect estimate comes from: blue lines are from a model with only migratory
status and migration distance predictors; purple lines are from a model with only wing shape and mass predictors;
and red lines are from a full model which includes all predictors, including latitude.

Table 2-1. A summary of 20 studies assessing the effect of migration on a property of geographic range. For each
study, “Migration” column indicates how migration behavior was classified; “Range” column indicates what type of
range variable was analyzed; “Phylogeny” column indicates whether the study tested for or accounted for
phylogenetic relatedness; “Latitude” column indicates whether the study tested for or accounted for an effect of
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latitude on range; and “Effect” column indicates how migration affected range in the study. These studies analyze
breeding range and/or resident range, not wintering range, unless otherwise noted. These studies show no consistent
relationship between migration and geographic range, but they also vary widely in purpose, method of analysis, and
geographic and taxonomic scope. Most of these studies focus on a variety of traits, including migration, to identify
traits related to the geographic range variable in question, but some specifically focus on migration (Béhning-Gaese

et al. 1998; Bensch 1999; Thorup 2006; Henningsson and Alerstam 2008; Toews 2017).

Ref Main Range Migration Geographic | Species Phylo | Lati- | Effect
guestion scale -geny | tude
Gaston and | What affects | Range size Non/short Worldwide 158 Yes Yes +
Blackburn range size? /long Anseriformes
1996 (Aves)
Blackburn What affects | Range size Nonmigratory | Western 3906 birds Yes Yes +
and Gaston | range size? /Migratory hemisphere
1996
Bohning- Does Longitudinal | Non/short North 526 land Yes No
Gaese et al. | migration colonization | /long Americaand | birds, 460 -
1998 affect between Europe nonvolant
colonization | continents mammals
?
Bensch Testing Longitudinal | Nonmigratory | Scandinavia | Land birds: No Yes
1999 hypotheses colonization | /Migratory and Siberia 153 —
of Bohning- | within Scandinavian,
Gaese et al. continent 187 Siberian
1998
Forsyth et What affects | Invasion Nonmigratory | Australia 40 introduced | Yes No
al. 2004 invasion success /Migratory mammals -
success? within
continent
Bohning- What affects | Range size Migration Eastern 26 Sylvia Yes Yes +
Gaese et al. | range size? distance Hemisphere | (Aves:
2006 Sylviidae)
Thorup Testing Number of Non/short South 5662 Non- No No +
2006 hypotheses continents /long America, pelagic birds
of Boéhning- | comprising India, Africa
Gaese et al. wintering
1998, range
Bensch 1999
Henningss | Testing Range size Non/short Arctic 208 birds Yes No
on and hypotheses /long region =
Alerstam of Bohning- :grrestria
2008 Gaese et al. | birds:
1998, ’
Bensch 1999 +in
pelagic
birds
Brommer What affects | Range shift Non/short Finland 116 birds No No No
2008 range shifts? | in recent /long effect
time firruptive
/partial
Zuckerberg | What affects | Range shift Non/short New York 129 birds No No
et al. 2009 range shifts? | inrecent /long whose ranges Tor
time shifted .
elevation
shifts; no
effect on
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latitude

shifts
Brommer Extension of | Range shift Non/short Finland and | 138 birds No No + but
and Mgller | Brommer in recent /long Britain - |
2010 2008 time Jirruptive ﬁfl'g'rzn N
Ipartial shifted
more
than
obligate
migrants
Angert et What affects | Range shift Nonmigratory | North 245 North Yes Yes No
al. 2011 range shifts? | in recent /Migratory Americaand | American effect
time Britain birds, 24
British
odonates
Tingley et What affects | Elevational Non/short Sierra 99 birds No No
al. 2012 range shifts? | range shift /long Nevada -
in recent Mountains Long
time dl_stance
migrants
less
likely to
shift in
elevation
Laube etal. | What affects | Range size Non/short Europe 165 Yes No +
2013a range size? /long passerines
[facultative
/obligate
Lees and What affects | Colonization | Nonmigratory | Worldwide 544 birds Yes Yes +in
Gilroy island of islands /Migratory breeding on
2014 colonization or near 66 temperat
? islands € zone
only
Engler et What affects | Range NA: not Europe Carduelis NA NA No
al. 2014 range limits | filling comparative citronella statistica
in Citril (Aves: |
Finch? Fringillidae) comparis
on;
negative
effect
suggeste
Pigot and What affects | Whether Non/short Worldwide 533 Yes Yes +
Tobias whether sister /long vertebrate
2015 sister species are sister species
species are sympatric pairs (275
sympatric? bird pairs)
Toews Do Range NA: not Boreal forest | 17 Parulidae No No No
2017 migratory filling comparative of North (Aves) statistica
warblers America |
have comparis
unoccupied on;
suitable negative
habitat in the effect
western suggeste
boreal
forest?
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Estrada et What affects | Range Nonmigratory | Europe 335 hirds, Yes Yes No

al. 2018 range filling /Migratory 125 mammals effect
filling?

Outomuro What affects | Range size Nonmigratory | North 81 Yes Yes +

and range size? IMigratory America Libellulidae

Johansson (Odonata)

2019

Table 2-2 Models predicting range size and range filling. Migratory status and migratory distance are not significant
predictors of range size in the best-fit model (see also Appendix Table A.5-1). None of our predictors showed a
significant relationship with range filling (see also Appendix Table A.5-2). Model coefficients were calculated with
centered/standardized predictors with mean=0 and sd=1. Range size is rescaled to be between 1 and 10 and range
filling is a proportion. R? shown for models of range size are trigamma estimates calculated using the R package
MuMIn. For models of range filling, we show pseudo R?calculated by the R package betareg.

Response | Migrat | Migrat- | Wing | Mass | Latitude | Latitude? | logLik | AICc | Delta | Weight | R?
-ory ion shape
status distance
Range 0.017 0.0068 0.051 | 0.046 | 7.18 -3.90 -431.1 8788 |0 0.78 0.58
size
Range - - - - 7.67 -3.97 -436.6 8813 | 258 | 0.22 0.58
size
Range 0.37 0.15 - - - - -530.4 1069.0 | 190.2 | O 0.19
size
Range - - 0.21 0.017 | - - -544.3 1096.7 | 2179 | O 0.11
size
Range 0.12 0.059 - - - - 122.7 -237.3 | 0 0.49 0.013
filling
Range - - - - 0.05 - 121.2 -236.3 [ 0.93 | 0.31 0.002
filling
Range - - 0.042 | 0.031 | - - 1215 -2348 | 249 |0.14 0.004
filling
Range 0.18 0.092 -0.033 | 0.078 | -0.028 - 123.7 -233.1 | 418 | 0.06 0.02
filling
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Chapter 3 Spatial Population Genetics of the North American Boreal Avifauna

3.1 Abstract

The consequences of seasonal migratory behavior for long-term spatial evolution are poorly
understood. Many seasonal migrants undergo extremely long-distance movements, which
potentially promotes gene flow. However, despite their long-distance seasonal movements, adult
migrants often have high breeding site fidelity, which could limit gene flow. The extent of natal
dispersal in migratory birds is poorly understood due to the difficulties of tracking small volant
animals. The influence of seasonal migration on dispersal and gene flow is therefore unclear. To
address this question, we take a comparative phylogeographic approach to describe spatial
genetic variation in 34 species of seasonally migratory birds co-distributed across the North
American boreal forest belt east of the Rocky Mountains. We leverage the lack of major extrinsic
barriers in this region, coupled with a high diversity of migratory strategies among sympatrically
breeding species, to assess the relationship between seasonal migration and continuous spatial
patterns of genetic divergence. To characterize continuous spatial genetic divergence (isolation
by distance) across species, we generated low-coverage whole genome sequences from 1778
individuals (n = 17-80 per species). We find that although migratory species tend to have weaker
structure than nonmigratory species, long-distance seasonal migration does not appear to
promote gene flow. Rather, several long-distance migrants show relatively strong isolation by
distance, likely reflecting the role of philopatry in restricting gene flow in these species. Our

study takes advantage of massive genome-wide datasets and PCA methods to identify subtle,
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continuous spatial patterns that are difficult to detect in summary statistics such as Fst and

pairwise genetic distance, while controlling for variation in effective population size.

3.2 Introduction

Spatial genetic patterns can be described both in terms of continuous and discrete
variation (Wright 1969; Serre and Padbo 2004; Patterson et al. 2006; Guillot et al. 2009;
Bradburd et al. 2018). The observation that discrete population splitting often corresponds to
geographic barriers inspired the field of phylogeography (Avise 1987), which has illuminated
patterns of spatial genetic variation across numerous landscapes and taxa (Knowles 2009; Rissler
2016; Edwards et al. 2022). Early phylogeographic studies examined splits in lineages using
single genes, while more recent advances allow model-based inference of population splitting
based on data from many genes (reviewed in Knowles 2009). However, some species and
geographic regions are less prone to the buildup of discrete phylogeographic splitting than others
(Smith et al. 2017). Genetic differentiation forms as a result of sustained reduction in gene flow
between regions, which is less likely to occur in systems that lack stable geographic barriers
(Johnson et al. 2023) or in species with high dispersal ability (Burney and Brumfield 2009;
Weeks and Claramunt 2014; Singhal et al. 2018). However, populations that lack discrete
phylogeographic structure may show continuous spatial genetic variation, which is expected to
be ubiquitous in natural populations (Meirmans 2012). The same fundamental processes of
nonrandom gene flow that create phylogeographic splits also produce continuous spatial genetic
patterns (Rissler 2016; Gagnaire 2020), but in the absence of major extrinsic barriers to gene
flow, continuous spatial genetic patterns may reflect subtler effects of ecology and intrinsic

species properties (Irwin 2002). Investigating patterns of spatial genetic variation across
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continuous landscapes offers a valuable opportunity to investigate how species’ traits influence
patterns of population genetic differentiation.

The eastern boreal belt of North America is an example of a system where inference
about the spatial evolutionary history of populations has been limited by low phylogeographic
structure. This region extends over 3700 km from the eastern edge of the Rocky Mountains to
the Canadian maritime provinces (Brandt 2009; Figure 3-1). At the edges of the continent,
phylogeographic structure is strongly influenced by the Rocky Mountains (Milot et al. 2000;
Weir and Schluter 2004; Graham and Burg 2012; van Els et al. 2012; Burg et al. 2014; Ruegg et
al. 2014) and a hypothesized glacial refugium in Newfoundland (Colbeck et al. 2008; Hindley et
al. 2018; Wilson et al. 2021), but the vast boreal belt in between lacks significant geographic or
environmental barriers. Smaller-scale landscape features that potentially shape gene flow are
unstable because boreal habitat is prone to natural disturbance (Engelmark 1999) and the region
has experienced a dynamic history of glaciation (Dyke and Prest 1987; Brandt 2009; Clark et al.
2009). Populations of the eastern boreal belt consequently tend not to show discrete population
structure within this region (Ruegg and Smith 2002; Davis et al. 2006; Mila et al. 2007a,b;
Colbeck et al. 2008; Graham and Burg 2012; Ralston and Kirchman 2012; van Els et al. 2014,
Haché et al. 2017; Hindley et al. 2018). Yet, continuous genetic variation may differ among
boreal species, especially if these species differ in movement-related traits that influence
dispersal (Peterson and Denno 1998; Meyer et al. 2009; Singhal et al. 2018).

Spatial genetic patterns arise from non-random gene flow, so species with traits that
promote movement between breeding sites tend to show reduced genetic structure compared to
species with lower dispersal (Burney and Brumfield 2009; Papadopoulou et al. 2009; Weeks and

Claramunt 2014; Medina et al. 2018). Comparative phylogeography—a field comprising
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analyses that consider many species across a common landscape—provides a valuable
framework to test hypotheses about how traits influence spatial evolutionary patterns
(Papadopoulou and Knowles 2016). Here, we apply a comparative phylogeographic framework
to many co-distributed species across the continuous landscape of the eastern boreal belt. This
system allows us to investigate intrinsic drivers of variation in spatial evolution without strong
geographic barriers to dispersal, which can confound the relationship between traits mediating
dispersal and phylogeographic patterns (Winger and Bates 2015; Freeman et al. 2023).
Specifically, we test whether the strength of continuous genetic variation (isolation by distance)
in boreal birds is influenced by seasonal migration, a trait that varies greatly among boreal bird
species and is thought to influence spatial population dynamics and possibly gene flow.
Seasonal migration influences spatial population dynamics in complex ways. Migration
involves the seasonal movement of individuals, and sometimes entire populations, from one
region to another across hundreds to thousands of kilometers. These movements do not influence
gene flow per se because seasonal migration is a round-trip journey that occurs separately from
breeding, but seasonal migration may influence spatial genetic patterns through an effect on
dispersal. In comparative studies involving migratory and non-migratory bird species, seasonal
migration is often associated with traits thought to promote high dispersal (Phillips et al. 2018;
Sheard et al. 2020) and there is evidence that migration promotes dispersal distance (Paradis et
al. 1998; Dawideit et al. 2009; Arguedas and Parker 2012; Hung et al. 2017). At the same time,
other studies have noted surprisingly low rates or distances of dispersal in long-distance
migrants, given their mobility (Hansson et al. 2002; Férschler et al. 2010; Christie et al. 2023).
Migration appears to restrict geographic range expansion in some contexts (Bohning-Gaese et al.

1998; Bensch 1999; Henningsson and Alerstam 2006; Engler et al. 2014; Toews 2017) and to
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promote population divergence and speciation (Irwin 2009; Winker 2010; Arguedas and Parker
2012; Turbek et al. 2018; Uy et al. 2018; Gdmez-Bahamon et al. 2020), reflecting constraints on
dispersal and gene flow imposed by migration. More broadly, seasonal migration is distinguished
from other movement behaviors by the breeding site fidelity that drives birds to return to their
former breeding regions—and often to the same territories—even after moving far away (Winger
et al. 2019). Migratory birds are thus characterized by traits that both promote and suppress
dispersal, and it is unclear how these conflicting effects of migration influence gene flow over
evolutionary time.

Here, we characterize spatial genetic patterns in 34 small-bodied species of sympatrically
breeding North American boreal birds and we test whether variation across species can be
explained by migration distance. The North American boreal avifauna is a promising system for
using comparative phylogeography to develop new understanding of seasonal migration’s impact
on long-term spatial genetic processes. Boreal bird species are broadly co-distributed in their
breeding habitats, but they vary widely in migratory strategy (Winger and Pegan 2021; Figure
3-2). Some species are non-migratory, while others migrate various distances for the winter,
ranging from short-distance movements within the north temperate region to long-distance
movements to tropical South America. Boreal species also share broadly congruent demographic
histories (Kimmitt et al. 2023), which helps to minimize the effects of confounding historical
processes on their spatial genetic patterns.

Spatial genetic patterns are influenced by demographic history in addition to gene flow.
Weak or absent spatial structure can be explained by high gene flow, lack of demographic
equilibrium (i.e. recent disruption of a longer-term pattern by changes in population size or

range), or both (Slatkin 1993; Hutchison and Templeton 1999; Whitlock and McCauley 1999).
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In the boreal ecoregion, there is a particularly strong possibility that species may not have
reached demographic equilibrium following range shifts induced by the last glacial maximum
(LGM), which occurred only ~20 thousand years ago. The comparative nature of our study
allows us to consider the potential effects of both movement behavior and demographic
information on current spatial genetic patterns in an explicit hypothesis-testing framework.
Species with high effective population size (Ne) are expected to take longer to reach
demographic equilibrium because the low genetic drift associated with high Ne maintains neutral
alleles within the population for extended periods (Maruyama 1971; Hardy and Vekemans 1999;
Irwin 2002; Piertney et al. 2023). That is, populations with high Ne should show a greater degree
of incomplete lineage sorting with respect to geography than populations with low Ne, all else
being equal. We characterize genetic diversity in each species as a proxy for Ne and we consider
potential effects of Ne when analyzing spatial genetic structure across species.

To test whether seasonal migration distance or effective population size (as reflected by
genetic diversity) explains variation in the strength of continuous genetic structure across
species, we generated low-coverage whole genome sequences from 17-80 samples for each of
the 34 species in our study (1778 genomes in total), representing the efforts of over a decade of
field work by ourselves and our colleagues. Analyzing large numbers of loci enhances our ability
to infer subtle spatial patterns (Patterson et al. 2006; Novembre et al. 2008), especially when the
number of samples available is limited (Gaughran et al. 2018; lannucci et al. 2021; Lou et al.
2021). We used a genotype likelihood framework to quantify genetic diversity and continuous

spatial genetic variation across species in the region.
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3.3 Methods

3.3.1 Species and sampling regions

Our study system includes 34 co-distributed boreal forest bird species. These species vary
somewhat in microhabitat preference and the extent of their geographic range beyond the boreal
forest ecoregion, but they represent a core subset of the small-bodied species breeding in the
boreal forest habitat of our sampling area (Cumming et al. 2014; Stralberg et al. 2017). Three
species are woodpeckers (Piciformes), and the remaining 31 are from 16 genera and 9 families of
songbirds (Passeriformes) (Table 3-1). We did not include species with nomadic tendencies
(those in Fringillidae, Sittidae, Bombycillidae) in our analyses to focus on migratory species and
non-migratory species. Our study species vary in migration distance (Table 3-1, Figure 3-2) but
otherwise have similar life histories (e.g. mating system, age at first breeding season; Winger and
Pegan 2021) and are distributed widely across forested habitats of the boreal and the temperate-
boreal transition (hemiboreal) region (Weir and Schluter 2004; Omernik and Griffith 2014;
Stralberg et al. 2017). We sampled species broadly and evenly across their boreal breeding
ranges. Our sampling locations can be roughly grouped into 5 major regions (Figure 3-1) along
the longitudinal axis of the boreal forest ecoregion. We refer to these sampling regions for
convenience and we distinguish them by color on PCA plots to aid visualization, but we do not
specifically expect these sampling regions to correspond to discrete genetic populations.

We sequenced DNA from 1778 samples (mean = 52+15 samples per species, range = 17-
80 samples). Excluding regions with 0 samples for a given species (typically species with
breeding ranges that do not cover the entire sampling region), the mean number of samples per
sampling region was 11 (sd 7, range 1-28) and the mean number of regions sampled per species

was 4.4 (sd 0.7, range 3-5). 86.5% of the samples came from ethanol-preserved or flash-frozen
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specimen-vouched tissues deposited in the University of Michigan Museum of Zoology or
obtained from other museum tissue collections, while the remaining 13.5% came from un-
vouchered blood samples collected in the field by our collaborators and stored in ethanol, lysis
buffer, or filter paper. All samples were collected during the breeding season. Fieldwork was
approved by the University of Michigan Institutional Animal Care and Use Committee and all

relevant permitting authorities (see Acknowledgements).

3.3.2 Sequencing

We extracted DNA using DNeasy Blood and Tissue Kits (Qiagen Sciences, Germantown,
MD, USA) or phenol-chloroform extraction. Libraries were prepared using a modified Illumina
Nextera library preparation protocol (Therkildsen and Palumbi 2017; Schweizer et al. 2021) and
then sequenced on either an Illumina HiSeq or Illumina NovaSeq 6000 platform using paired-
end sequencing of 150 bp reads. Libraries used in analyses produced an average of 32 million

reads per sample (sd 9.9 million, range 7.1 million to 155.8 million.

3.3.3 Sequence data processing and alignment

We trimmed remaining adaptors and low-quality bases from demultiplexed data with
AdapterRemoval v2.3.1 using the —trimns and —trimqualities options (Schubert et al. 2016). We
used fastp v0.23.2 (Chen et al. 2018b) with the --cut_right option to remove low-quality read
ends. This filter mitigates batch effects associated with differences between the NovaSeq and
HiSeq platforms (Lou and Therkildsen 2021). After trimming and processing by fastp, the mean

number of bases per individual at a base quality of at least 30 was 4.3 billion (sd 1.3 billion,
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range 0.46 billion to 21.2 billion. The genomes of flighted birds tend to be between 1 and 1.5
billion base pairs in length (Kapusta et al. 2017) and the assembly lengths of our reference
genomes range from 1.03 to 1.20 billion, so these numbers approximately reflect average depth
of sequencing across the genome.

We confirmed species identity and checked for evidence of cross-contamination and
hybridization by examining mitochondrial genes. Mitochondrial genomes were assembled using
NOVOplasty v4.3.1 (Dierckxsens et al. 2016) and analysed as described in Kimmitt et al. 2023.

At least one mitochondrial gene from each successful assembly was run through BLAST

(https://blast.nchi.nlm.nih.gov/Blast.cqi) to check species identity. We also visually inspected
alignments of mitochondrial genes for each species. Based on these assessments, we removed 14
samples that matched an unexpected species on BLAST due to specimen misidentification,
sample mix-up, or in some cases potential hybridization. We also removed 5 samples with
evidence of mitochondrial chimerism, which suggests sample cross-contamination.

We aligned samples to a reference genome from a related species (Appendix Table B.1-1;
Zhang et al. 2014; Laine et al. 2016; Toews et al. 2016; Ruegg et al. 2018; Feng et al. 2020;
Manthey et al. 2021; Friis et al. 2022; Sly et al. 2022) using bwa mem (Li 2013) and then sorted
them using SAMtools (Danecek et al. 2021). We removed overlapping reads using clipOverlap
in bamUtil (Jun et al. 2015), then marked duplicate reads with MarkDuplicates and assigned all
reads to a new read-group with AddOrReplaceReadGroups using picard
(http://broadinstitute.github.io/picard/). All bam alignment files were then indexed using
SAMtools. We discarded 12 samples due to low mapping rates (<50%). The mean raw mapping
rate across all samples used in analyses was 94% (sd 4%, range 72%-99%) and varied

consistently by species (Appendix Table B.1-1). Samples had an average duplication rate of 6%
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(sd 4%, range 0.3% to 33%). Excluding duplicate reads, mean mapping rate was 90% (sd 6%,
range 41% to 98%). Finally, we re-aligned samples around indels using GATK v3.7 (Van der
Auwera et al. 2013). We applied the GATK RealignerTargetCreator tool to the entire dataset
analyzed for each species and applied the GATK IndelRealigner tool to each sample.

After removing samples based on the filters described above, the total number samples

analyzed further was 1748.

3.3.4 Genotype likelihood bioinformatic inference: overview

We used ANGSD v0.9.40 (Korneliussen et al. 2014) to calculate genotype likelihoods
from sequencing data and we analyzed our results in a genotype likelihood framework (reviewed
in Lou et al 2021). Instead of calling genotypes, which would require higher-depth sequencing,
this approach uses a probabilistic framework that considers the likelihood of each possible
genotype for a locus, given the base composition and base quality of reads at that locus. We do
not filter loci or individuals based on missing data, as is common in some bioinformatic pipelines
using called genotypes (e.g. Paris et al. 2017), because missing data do not violate the
assumptions of programs designed for genotype likelihoods.

We conducted analyses on two subsets of the data, which are described in further detail
below. First, we used ANGSD to identify polymorphic loci (SNPs) from across the entire
genome for each species and to calculate genotype likelihoods for each individual at loci
identified as polymorphic. We used this dataset of SNP genotype likelihoods to create genomic
PCA and admixture plots. PCA-based analyses focus on the axes of greatest genomic variation
within each species, which is helpful for identifying patterns such as geographic structure

(Patterson et al. 2006; Novembre et al. 2008; Shirk et al. 2010), but these axes represent only a
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small fraction of genomic variation. Summary statistics such as Fst and genetic distance better
capture the genome-wide characteristics of each sample and population but may fail to identify
subtle patterns of geographic structure.

We estimated 3 genome-wide summary statistics using each species’ site frequency
spectrum (SFS). These are pairwise Fst and pairwise genetic distance (Zhao et al. 2022), which
we use to characterize spatial genetic structure, and 0=, an estimator of population genetic
diversity that reflects the probability that two randomly sampled alleles in the population are
identical (Tajima 1989; Korneliussen et al. 2013). Estimates of genome-wide summary statistics
include invariant sites, which are necessary in low-coverage inference based on SFS because
low-coverage data do not provide strong confidence that any given site is invariant (Lou et al.
2021; see also Huang and Knowles 2016; Korunes and Samuk 2021 for discussion of issues with
bias in analyses that remove missing and invariant loci). Analyses that account for invariant sites
are particularly important in comparisons across species that vary in their underlying levels of
genetic diversity (Meirmans and Hedrick 2011). However, it is not computationally practical to
calculate genomic summary statistics using entire genomes, which would require analysis of
about 1.7 trillion loci in our dataset. Therefore, to capture genome-wide properties of each
species, we created subsampled datasets by randomly selecting loci from across the genome. We
used the subsampled datasets to calculate whole-genome summary statistics using both variant
and invariant sites. Subsampled datasets used to estimate Fstand 6. represent about 2% of the
genome (20 million bases), while subsets used to estimate pairwise genetic distance (which is a
more computationally intensive analyses) comprise about 0.2% of the genome (2 million bases).

We used the SNP and subsampled datasets to quantify spatial genetic structure across the

boreal region in three different ways, as described in greater detail below. Specifically, we used
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the SNP dataset to calculate isolation by distance (IBD) using genomic covariance calculated for
PCA, and we used the subsampled dataset to calculate IBD using pairwise genetic distance

between individuals and pairwise Fst between sampling regions.

3.3.5 SNP dataset: Filtering based on initial PCA

We used ANGSD to calculate genotype likelihoods across the entire genome and for all
sites with a SNP p-value of less than 0.05. We applied ngsParalog v1.3.2 (Linderoth 2018) to
filter out SNPs with a high likelihood of occurring within a mis-mapped or paralogous region.

Next, we used PCANGSD v1.10 (Meisner and Albrechtsen 2018) to create a PCA
separately for each chromosome or scaffold (larger than 1MB). We observed many
chromosomes and scaffolds with evidence of PCA clustering related to potential inversion
polymorphisms (Ishigohoka et al. 2021; Harringmeyer and Hoekstra 2022), so we analyzed each
chromosome and scaffold further using lostruct (Li and Ralph 2019) as implemented using

PCANGSD with scripts available from https://github.com/alxsimon/local_pcangsd.

Inversion polymorphisms and other regions of suppressed recombination can obscure
spatial genetic patterns (Novembre et al. 2008; Privé et al. 2020; Appendix Figure B.2-1), so we
removed all putative inversions from each species’ dataset (Appendix Table B.1-2). We
identified regions as putative inversions when they met two criteria: 1) Lostruct identified the
region as showing distinct local structure (e.g. Figure 3-3b), and 2) PCA with data from the
region showed distinct clustering into two or three groups, indicating polymorphism within the
species. None of the putative inversion polymorphisms we identified showed clear spatial
structure. We removed entire scaffolds and microchromosomes (<35 MB in length; Waters et al.

2021) with putative inversion polymorphisms on them. To remove putative inversion
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polymorphisms from macrochromosomes without discarding the entire chromosome, we used
lostruct plots to identify the affected regions and we removed the region with a buffer of at least
1 MB on either side. When macrochromosomes showed evidence of more than one inversion
and/or if the affected region was not clearly identifiable using lostruct, we discarded the entire
chromosome. Finally, we removed all sex chromosomes and all scaffolds of less than 1 MB in
length from our dataset.

We also used chromosome- and scaffold-level PCA plots to further filter individuals. We
removed individuals if they presented as a strong PCA outlier on multiple macrochromosomes
(47 samples total across all species). In all three of the sparrow species and 4 warbler species
(Leiothlypis peregrina, Leiothlypis ruficapilla, Setophaga castanea, Setophaga magnolia), we
detected sex-based clustering on autosomes as well as sex chromosomes. We filtered females out
of these species because we have many more samples from males than females (60 female

samples removed across 7 species).

3.3.6 SNP dataset: genome-wide PCA and the relationship between genetic covariance and

geographic distance

Using the filtered SNP dataset, we ran PCANGSD v1.10 with the --admix option to
produce genome-wide PCAs and admixture plots. We also used the genetic covariance matrix
produced by PCANGSD to estimate isolation by distance (IBD) as the relationship between
covariance and geographic distance. For each pair of samples, we calculated the geographic
distance using the function “distGeo” from the R package “geosphere” (Hijmans 2022) on

latitude/longitude coordinates. We then created a linear model using geographic distance to
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assess the correlation between genetic covariance and geographic distance between all pairs of

points.

3.3.7 Subsampled dataset: Filtering and estimation of genetic diversity (0r)

We created two subsampled sets of genome loci for each species using scripts modified

from https://github.com/markravinet/genome_sampler. Each species had one larger subset used

to estimate Fst and 6. and one smaller subset used to estimate pairwise genetic distance. The
larger subset was created by sampling random 10kb loci at least 250kb apart, while the smaller
subset comprises random 2kb loci at least 500kb apart. Regions removed by the inversion filters
described above were excluded prior to random locus selection. After locus selection, we
removed bases flagged by ngsParalog as described above. Individuals removed from PCA-based
filters described above were excluded. The subsampled loci were stored in a BED file and
supplied as a site filter to ANGSD in the following analyses. We estimated 0x by creating a
species-wide SAF file in ANGSD and using winsfs to generate and fold a species-wide 1-d SFS.
We then used ANGSD’s saf2theta and thetaStat functions on the SAF and SFS to generate
estimates of 0 (specifically, 8,, of Korneliussen et al. 2013). To calculate genome-wide 0=, we
divided the sum of 0 across all loci by the sum of the number of sites analyzed per locus.

Estimation of genetic distance and Fst are described below.

3.3.8 Subsampled dataset: Isolation by distance based on genetic distance and Ft

We estimated genetic distance for each pair of individuals within a species using

distAngsd (Zhao et al. 2022). We first created genotype likelihood files with subsampled loci
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using ANGSD. ANGSD emits genotype likelihoods as log-likelihoods whereas distAngsd
requires likelihoods, so we exponentiated the ANGSD output before running distAngsd. We then
estimated isolation by distance as the linear slope of pairwise genetic distance vs pairwise
geographic distance.

We estimated Fst between pairs of populations using ANGSD and winsfs. Doing so
required us to assign individuals a priori into discrete populations. We divided our sampling
region into 5 sections along a longitudinal axis (Figure 3-1) and selected 3 individuals from each
species in each of the sections (hereafter referred to as populations) to use for this analysis.
Within a given species, we excluded populations with less than 3 individuals sampled, and we
also entirely excluded species with sufficient sampling from fewer than 4 sampling regions to
avoid estimating slopes based on only 3 points. We selected exactly 3 individuals from each
population because we have observed that estimates of Fst from ANGSD are strongly biased by
sample size imbalances (Appendix Figure B.2-2), and the comparative context of our analysis
makes it critical for pairwise Fst values to be comparable not only within but also across species.
A population size of 3 allows us to maximize geographic extent of usable populations for most
species. It is possible to calculate pairwise Fst at the individual level (e.g. Singhal et al. 2022) but
we chose to group individuals by sampling area because in exploratory analyses we observed
that Fst between individuals calculated by ANGSD on low-coverage data produces results that
are difficult to interpret and potentially unreliable. To estimate Fs, we used ANGSD estimate
allele frequencies using 3 individuals in each population. We then used winsfs to generate and
fold a 2-d SFS file from each pair of populations. We used ANGSD’s “fst index” and “fst stats”
functions with allele frequencies and SFS files to estimate pairwise Fst for each pair of

populations within a species. In species with at least 4 sufficient populations (23 out of 34
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species), we estimated isolation by distance using the method of (Rousset 1997) as the slope of

Fst / (1-Fst) vs log-transformed pairwise geographic distance between populations.

3.3.9 Comparison of IBD coefficients

We quantified spatial genetic structure by relating geographic distance to three different
estimates of spatial genetic variation: genetic covariance (estimated for PCA), genetic distance,
and pairwise Fst. When populations display isolation by distance, the slope of a linear
relationship between pairwise genetic distance or Fst versus geographic distance is expected to be
positive, indicating that pairs of individuals are geographically close to each other are more
genetically similar than distant pairs. Conversely, PCA covariance is expected to show a
negative relationship with geographic distance such that pairs of geographically distant
individuals display negative covariance to a greater degree than pairs of close individuals, which
may display positive covariance. Previous work comparing IBD slopes calculated with different
methods found these values to be only weakly correlated with each other (Singhal et al. 2022), so
we compared IBD slopes calculated with each of the three methods using Pearson correlations.

We then constructed a separate set of models for each of the three sets of IBD slopes.

3.3.10 Hypothesis testing

For each of our three estimates of IBD, we used generalized least squares model
comparisons to test whether seasonal migration distance influences IBD slope across the species
in our dataset. We used the function “phylosig” in the R package “phytools” (Revell 2012) to test

for phylogenetic signal in the residuals of the full model for each estimate of IBD using the
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phylogenetic tree described in (Pegan and Winger 2020; Winger and Pegan 2021). Phylogenetic
signal was not present in any of the full models (Table 3-2), so we proceeded without using a
phylogenetic covariance matrix for our main analyses. We replicate each set of models using
phylogenetic generalized least squares (PGLS) in Appendix Table B.4-1.

We also included migratory status (migratory vs nonmigratory) and 0 as predictors in the
full model for each response variable. We include migratory status because whether or not a
species migrates for the winter could influence dispersal and spatial genetic variation beyond the
influence of variation in migration distance. We include 6z as a proxy for effective population
size (Ne) because Ne can affect the rate at which spatial genetic structure arises (Hardy and
Vekemans 1999). We centered and standardized migration distance and 6 before running
models. We also centered and standardized IBD slope based on genetic distance for modeling
because the raw values are extremely small (Table 3-1).

In addition to the full model, we also fit one model with only the migration predictors,
one model with only 0z, and a null (intercept-only) model. We then used the function
“model.sel” from the R package “MuMIn” (Barton 2019) to compare model AICc values. We
considered the model with the lowest AlICc value to be the best model and we interpret models

with OAICc > 2 as having significantly worse fit than the best model.

3.4 Results

3.4.1 Population genomic characteristics of birds across the boreal belt

The 34 boreal bird species we analyzed varied in genetic diversity (Table 3-1). 6. had an average
value of 0.0088 (sd 0.0031) and ranged from 0.0027 in Picoides arcticus to 0.014 in Leiothlypis

peregrina (Table 3-1). As a result of variation in genetic diversity, different species also showed
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variation in the number of SNPs in their genomes. Appendix Table B.1-1 summarizes the
number of SNPs recovered initially by ANGSD and the number of SNPs removed by filtering
steps. Importantly, the number of SNPs available for each species also depends on how many
genomic regions (chromosomes and scaffolds) we analyzed. Species aligned to scaffold-
assembled genomes show markedly lower numbers of SNPs because we excluded scaffolds less
than 1 MB in length, which comprise a large proportion of these reference genomes.

Most species had at least one genomic region that showed a PCA patterns suggesting the
presence of an inversion polymorphism (Ishigohoka et al. 2021; Harringmeyer and Hoekstra
2022). During PCA filtering, we removed an average of 6 putative inversion polymorphisms
from each species with a chromosome-assembled reference (range 0-16 per species), as well as
many scaffolds from scaffold-assembled genomes (Appendix Table B.1-2). We found that
removal of putative inversion polymorphisms was necessary to reveal geographic patterns on

PCA plots in some cases (e.g. Appendix Figure B.2-1).

3.4.2 PCA and admixture analyses

Species showed various patterns on genome-wide PCA plots (Figure 3-4, Appendix Figure to
B4-34). Seven species showed relatively strong geographic clustering in PCA and admixture
plots (Poecile hudsonicus, Poecile atricapillus, Regulus satrapa, Cardellina canadensis,
Geothlypis philadelphia, Setophaga virens, Setophaga palmarum). These clustering patterns tend
to separate the eastern and western ends of the range, although the breadth of the clusters varies
such that Great Lakes and northern Manitoba samples cluster with either the west or the east

depending on the species. Other species show more continuous patterns suggestive of isolation
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by distance, including Dryobates villosus, Sphyrapicus varius, Vireo solitarius, and Catharus

fuscescens. PCA and admixture plots for many species show no discernable geographic pattern.

3.4.3 Comparison of IBD slopes created with PCA distance, genetic distance, and Fst

Many boreal bird species show weak evidence for isolation by distance, even across the
3500+ km extent of our sampling area. Slopes of geographic distance versus pairwise genetic
distance or Fst are expected to be positive in the presence of isolation by distance, while slopes
calculated with PCA covariance are expected to be negative. Twenty out of the 34 species we
studied had a slope with the opposite sign as expected in at least one of the three metrics of IBD
(i.e. a negative IBD slope based on Fst or genetic distance, or a positive IBD slope based on PCA
covariance). The three metrics of IBD that we calculated are only modestly correlated (Figure
3-5). The Pearson correlation coefficient was 0.49 between genetic distance IBD and Fst IBD;

-0.25 between PCA IBD and Fst IBD; and -0.17 between PCA IBD and genetic distance IBD.

3.4.4 Fs was relatively low between sampling regions

The mean value of pairwise Fst between sampling regions was 0.089 (sd 0.0044), reflecting the
low levels of genetic differentiation in this system (Appendix Table B.5-1) and the fact that
genetic variation tends to be continuous across space as opposed to clustered in discrete
populations. The minimum value of Fst that we detected was 0.072 between Alberta and
northern Manitoba samples from Picoides arcticus, while the maximum value was 0.10 between

Alberta and Atlantic maritime individuals of Setophaga virens.
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3.4.5 Modeling the effect of seasonal migration on IBD

Model comparison supported the hypothesis that seasonal migration influences the
relationship between PCA covariance and geographic distance. The best-fit model, which
included migration status and migration distance as predictors, showed an AlCc value that was
11.88 AICc units lower than that of the null model and 2.74 AICc units lower than that of a
model with the 0. predictor. The best-fit model provides relatively strong support for an effect of
migration status on IBD based on PCA covariance such that migratory species have greater (less
negative) slopes than nonmigratory species (f=0.026, SE=0.0069; Table 3-2). This suggests a
greater degree of continuous genetic structure in nonmigratory species compared to migratory
species. The coefficient for migration distance in this model was negative, suggesting that
longer-distance migrants have stronger continuous structure than shorter-distance migrants, but
support for this relationship was weak (f=-0.0013, SE=0.0023; Table 3-2).

Our models did not provide support for the hypothesis that seasonal migration status or
distance influences IBD slopes based on genetic distance or Fst (Table 3-2). The best model was

the null model for both Fst IBD and genetic distance I1BD.

3.5 Discussion

3.5.1 Comparative spatial population genetics of the North American boreal avifauna

Our results present an unusually complete picture of the phylogeographic structure of a
continent-wide fauna. The 34 co-distributed bird species we examined show idiosyncratic spatial
genetic patterns, even though they share broadly similar demographic histories (Kimmitt et al.

2023), overlapping geographic ranges, and general habitat. As expected, we did not find
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evidence for strong phylogeographic splitting within the boreal region. Yet, by sampling the
region evenly along its longitudinal axis, we were able to reveal patterns of isolation by distance
in many species and to identify the locations of population genetic clusters in others. Many
species show no identifiable geographic structure, even though sampling occurred across
thousands of kilometers. These results underscore that in the absence of strong barriers to gene
flow, phylogeographic patterns in co-distributed species are frequently discordant and species-
specific (Smith et al. 2014; Papadopoulou and Knowles 2016).

Spatial differentiation in boreal species was most clearly identifiable in analyses based on
PCA, whereas Fs between sampling regions and individual pairwise genetic distance was low,
even among species that show distinct clustering on PCA plots. PCA methods place greater
weight on alleles that capture the greatest portion of covariance within a population (Shirk et al.
2010). The presence of patterns on PCA that are less evident in summary statistics suggests that
geographic structure in these species reflects a relatively small number of loci in the genome (as
in Piertney et al. 2023). That boreal bird species show relatively low phylogeographic structure is
unsurprising given that these species tend to be fairly mobile, especially in comparison with
species at lower latitudes (Salisbury et al. 2012; Smith et al. 2017). The recent dynamic history
of glaciation across the study region also likely contributes to low geographic structure in boreal
species. Older spatial patterns, including patterns of isolation by distance or allopatric
differentiation in refugia, may have been disrupted or erased repeatedly in relatively recent
evolutionary time (Castric and Bernatchez 2003; Arenas et al. 2012; De Lafontaine et al. 2013;
Hagen et al. 2015). Yet, it is notable that many of the species we examined have maintained or

re-developed geographic structure that can be detected by PCA, reflecting the power of whole
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genome sequencing to facilitate associations between genetic variation and geographic structure
(Novembre et al. 2008).

We used the comparative framework afforded by our study to test whether variation in
the strength of geographic structure across species could be explained by a movement-related
trait, seasonal migration. We found evidence that migratory species tend to have weaker isolation
by distance than nonmigratory species, but the effects of migration behavior on gene flow within
migratory species are complex. As discussed further in the next section, we suggest that
dispersal and gene flow in boreal migratory birds are shaped by traits other than migration-
related mobility. Our understanding of spatial evolution in boreal migratory birds would benefit
from dedicated field study to characterize aspects of natural history that vary across species and
potentially influence dispersal patterns, such as reliance on particular prey species (Drever et al.
2018), distances traveled during foraging (Weeks et al. 2022) or the post-fledging period
(Mitchell et al. 2010; Brown and Taylor 2015), and strength of site fidelity.

A key question about drivers of idiosyncratic spatial variation is the extent to which
species’ present-day spatial genetic patterns deviate from equilibrium, and why. Spatial genetic
patterns are said to be at equilibrium when they reflect the steady-state outcome of dispersal
patterns and population parameters (Slatkin 1993; Broquet and Petit 2009). Isolation by distance
is an expected equilibrium consequence of limited dispersal (Meirmans 2012; Aguillon et al.
2017), so traits that affect dispersal theoretically have a deterministic influence on isolation by
distance (Furstenau and Cartwright 2016; Smith and Weissman 2023). But deviations from
equilibrium also affect spatial genetic patterns (Slatkin 1993; Lombal et al. 2020; Arranz et al.
2021), and the demographic processes that disrupt equilibrium (e.g. range expansions, population

size changes) are also influenced by dispersal traits (Clark et al. 2001; Stover et al. 2014; NUrk et
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al. 2018) and other aspects of ecology. Hypotheses that consider potential effects of demographic
history alongside effects of traits are more realistic than those that assume equilibrium (Slatkin
1993; Hutchison and Templeton 1999).

In our models, we tested the prediction that isolation by distance is influenced by
effective population size (Ne) based on the hypothesis that equilibrium conditions arise more
quickly (following Pleistocene perturbations) in species with smaller Ne (Maruyama 1971,
Hardy and Vekemans 1999; Irwin 2002). We did not find strong support for this hypothesis, and
previous analysis suggests that boreal species show broadly concordant demographic expansion
(Kimmitt et al. 2023). However, there are other more complex ways that Pleistocene population
histories could influence spatial genetic patterns. For example, stable glacial refugia are
associated with deep phylogeographic breaks (Hewitt 2000), but how do ephemeral glacial
refugia influence continuous spatial patterns? Do species differ in the manner in which they re-
colonized the current boreal landscape—e.g., through patchy vs continuous expansion (Ezard
and Travis 2006; Excoffier et al. 2009; Van Strien et al. 2015)? And can variation in these
demographic processes be explained by traits associated with dispersal or other aspects of
ecology? These hypotheses may be profitably addressed with spatially-explicit forward-time

population genetic simulation methods (Haller and Messer 2019).

3.5.2 Seasonal migration distance and spatial genetic variation

While our models did not strongly support a relationship between seasonal migration
distance and isolation by distance (IBD) among boreal forest birds, our results nonetheless
provide new insight into spatial evolutionary patterns within migratory birds. The weak negative

correlation we found between migration distance and IBD based on PCA covariance suggests
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that the enormous distances traveled by long-distance migrants do not correspond to high
dispersal rates. Some extremely long-distance migrants in our study show evidence of spatial
genetic structure and isolation by distance (e.g. Catharus fuscescens, Cardellina canadensis,
Geothlypis philadelphia, all of which spend the nonbreeding season in South America).
Regardless of how these patterns arose—i.e. whether they reflect equilibrium gene flow
conditions or the signal of a non-equilibrium demographic expansion—they have not been erased
by rampant dispersal. The distances traveled by individuals in these species during migration are
roughly 1.5 to 2 times the breadth of the boreal forest ecoregion, and are also several times
greater than the distance over which the boreal forest ecoregion itself shifted since the Last
Glacial Maximum (Ray and Adams 2001). That these species show geographic structure despite
their tremendous tendency for movement demonstrates the influence of site fidelity on spatial
evolution in these cases. These results underscore the remarkable navigational precision that
extreme long-distance migrants employ to travel around the globe only to return to the exact
same breeding sites year after year (e.g. Schmaljohann et al. 2012; DeLuca et al. 2019).

We found that the 4 nonmigratory species in our study generally showed higher genetic
structure than many of the migratory species. This supports the hypothesis that nonmigratory
birds undergo higher dispersal than migratory birds (Paradis et al. 1998; Dawideit et al. 2009),
although our ability to draw robust conclusions is hampered by the fact that few boreal species
are nonmigratory, and those that are nonmigratory are phylogenetically clustered (comprising
two out of three species of woodpeckers and both species of chickadees in this study). Further, as
discussed above, several long-distance migratory species show as much geographic structure as

any of the nonmigratory species. The relationship between migration behavior and spatial
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genetic processes in the boreal region is complex and driven by factors beyond a simple
assessment of mobility in each species.

Our understanding of spatial evolution in boreal birds would benefit from detailed study
of what drives dispersal versus natal philopatry or adult site fidelity in these species. Migration is
frequently used as an indicator of mobility under the assumption that higher mobility lengthens
dispersal distances (e.g. Laube et al. 2013; Pigot and Tobias 2015), but dispersal tendencies also
vary within migratory species for poorly-characterized reasons. For example, another axis of
dispersal behavior in boreal birds is the extent to which these species rely on spatially erratic
resources—in other words, the extent to which individuals follow resource variation across their
breeding grounds instead of exhibiting strict site fidelity. We purposely excluded species with
nomadic breeding behavior from our study, but resource-driven dispersal may influence spatial
genetics in species that otherwise appear to have regular breeding seasons. Specifically, it is
noteworthy that the three species of warblers in our study whose ecology is closely tied to spruce
budworm outbreaks (Setophaga castanea, Setophaga tigrina, Leiothlypis peregrina; Drever et al.
2018) show no geographic structure in PCA. Similarly, the non-migratory species with the
weakest evidence of geographic structure is Picoides arcticus, a woodpecker species known to
follow outbreaks of bark beetles following forest fires (Pierson et al. 2013). These results suggest
the possibility that the strength of site fidelity and philopatry, rather than any metric of mobility,
structures spatial evolution in boreal birds. Measuring site fidelity is inherently difficult because
most tracking methods cannot easily distinguish between dispersal and mortality. Nonetheless,
detailed studies of directly-measured dispersal and genetic connectivity in boreal birds (e.g.
Christie et al. 2023) are critical not only for understanding their evolutionary past, but also for

understanding how and why their populations are connected and thus how they may respond to
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rapid environmental change (Leech and Crick 2007; Scoble and Lowe 2010). Our results show
that even long-distance migrants may exhibit sufficiently high site fidelity or natal philopatry to
result in spatial segregation of breeding populations across a continuous landscape, a result that
bears relevance for understanding differential rates of contemporary population declines within

species of migratory birds (Kramer et al. 2018; Hallworth et al. 2021).

3.5.3 Whole-genome sequencing presents new opportunities for discovering and

understanding population genetic patterns

Our use of whole-genome sequencing facilitated identification of spatial variation in
species with very weak genetic divergence, including species that show no evident structure in
prior studies of mitochondrial or microsatellite genetic variation across the eastern boreal belt
(Graham and Burg 2012; Hindley et al. 2018). Whole genome data increase the likelihood that
our dataset includes SNPs with geographic signal, even if these SNPs are relatively uncommon
across the genome. Further, our ability to assess patterns at high resolution across regions of the
genome allowed us to identify a large number of putative inversion polymorphisms (Figure 3-3).
The putative inversion polymorphisms we identified are not associated with known phenotypic
variation (unlike, e.g., Thomas et al. 2008; Kupper et al. 2015; Wellenreuther and Bernatchez
2018; Huang et al. 2020) and most have never been previously described. None of the newly
identified polymorphisms showed geographic structure. Instead, these regions often created
strong covariance axes across samples that obscured geographic patterns in PCA (Appendix
Figure B.2-1). Interestingly, the comparative nature of our study revealed apparent phylogenetic
signal in some putative inversion polymorphisms (Figure 3-3). Shared putative inversion

polymorphisms have apparently been retained through either incomplete lineage sorting or
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selection since before these species last shared a common ancestor (Wellenreuther and
Bernatchez 2018). Detailed investigation of these putative inversion polymorphisms is beyond
the scope of the present study but promises to contribute to our understanding of the evolution of
structural variation across the genome in a comparative context. Because our dataset is mostly
specimen-vouchered, the putative inversion polymorphisms we identified may be linked with

morphological phenotypic variation in the future, if any such variation is discovered.
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3.7 Figures and Tables
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Figure 3-1. Map of sampling sites across the boreal ecoregion (shown in pale green) and some peripheral areas.
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Figure 3-2. Migration distance varies in the 34 species in our study (Table 3-1). (A) Species broadly co-occur during
the breeding season in the North American boreal forest but winter in disparate locations. Hypothetical migration
routes are depicted between a single breeding location (Gunflint Trail, MN, USA) and the centroid of the winter
ranges of each of the 34 migratory species, with a color scale corresponding to migration distances depicted in the
histogram. (B—E) Example species representing short-distance (B and D) and long-distance (C and E) migratory
species pairs in each of 2 genera. Species maps from BirdLife International and Naturserve (2014); Setophaga
coronata and Catharus ustulatus maps illustrate subspecies S. c. coronata and C. u. swainsoni, respectively.
Illustrations reproduced by permission of Lynx Edicions. Figure and caption adapted from Winger and Pegan 2021.
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Figure 3-3. Putative inversion polymorphisms across the genomes of species in our dataset. (A) A phylogenetic tree
of the 25 species in our study that were aligned to chromosome-assembled references genomes, alongside a matrix
of autosomes colored based on whether they showed PCA clustering patterns indicative of inversions. Chromosomes
are labeled at the bottom of the matrix based on names used by the reference genome on GenBank (i.e. we have not
assessed the extent to which “Chr1” is syntenic across different reference genomes). Reference genomes contain
different numbers of chromosomes, as indicated by gray cells. Putative inversion polymorphisms, as identified by
clustering patterns in PCA and lostruct analyses, are common and in several cases are shared across related species
mapped to the same reference genome. (B) Examples of putative inversion polymorphisms on two chromosomes
among the 11 species aligned to the reference genome GCA_001746935.2. The y axis represents MDS values
calculated by lostruct for windows across the region. High MDS values indicate local population structure in a given
window that is strongly different from population structure in windows across the rest of the chromosome. Windows
with high MDS values, colored red, likely reflect the location of putative inversion polymorphisms. Seven out of the
11 species shown have a putative inversion on chromosome 2, although the exact location (i.e. the mapped location
on the reference genome) varies. Setophaga castanea, Setophaga fusca, and Setophaga virens appear to share a
plesiomorphic putative inversion polymorphism on chromosome 2. Setophaga magnolia carries a putative inversion
polymorphism that shares a similar border with the above-mentioned species on the 3 end but extends further on the
5’ end. Setophaga pensylvanica and Setophaga coronata share a plesiomorphic putative inversion polymorphism in
a different place, while Leiothlypis ruficapilla shows a putative inversion polymorphism in a unique location. On
chromosome 25, all 11 species share a putative inversion polymorphism that appears in the exact same place.
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Figure 3-4. Species demonstrate a range of patterns on PCA and admixture plots. Individuals are ordered by
longitude in admixture plots. Vireo solitarius (A) individuals from different sampling areas cluster with each other
in a mostly continuous longitudinal axis on PC1. Geothlypis philadelphia (B) shows a similar pattern but with a
clearer break between individuals from Alberta and individuals from further east. Leiothlypis peregrina (C) and
Zonotrichia albicollis (D) are examples of species with no evident geographic patterns on PCA.
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Figure 3-5. The three different methods we used to estimate IBD slope produce results that are not strongly

correlated with each other.

Table 3-1. Species used in this study with migration distance, IBD slopes estimated for each species, mean pairwise
genetic distance and 6, and the number of individuals sampled. Migration distances are from Winger and Pegan

2021.

Species Family Migration | Fst IBD | Genetic PCA Mean (174 Total
distance [slope distance covariance |genetic sample
(km) IBD slope |IBD slope [ distance size

Picoides Picidae 0 -0.00189 | 6.36E-07 [-0.00885 0.0019 |[0.0027 |31

arcticus

Dryobates Picidae 0 NA 5.49E-05 | -0.04396 0.0049 |0.0056 |43

villosus

Sphyrapicus Picidae 2900 0.00130 (-1.02E-05 |-0.02706 0.0043 |0.0057 |62

varius

Empidonax Tyrannidae 7300 -0.00127 | -4.29E-06 |0.00010 0.0097 |0.0096 |49

alnorum

Empidonax Tyrannidae 4100 0.00496 (-4.05E-06 |-0.00019 0.0064 |0.0065 |58

flaviventris

Empidonax Tyrannidae 4000 0.00470 (-4.11E-05 |-0.00510 0.0086 [0.0085 |44

minimus

Vireo olivaceus | Vireonidae 7600 NA -4.66E-05 |-0.00515 0.012 0.012 63

Vireo Vireonidae 4200 NA -1.09E-06 |-0.00334 0.0082 |0.008 17

philadelphicus

Vireo solitarius | Vireonidae 2900 0.00072 |6.43E-06 -0.02361 0.0052 |0.0052 |56

Poecile Paridae 0 0.00638 [-1.69E-05 |-0.02527 0.0061 |0.0064 |59

atricapillus
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Poecile Paridae 0 0.00225 |[1.05E-05 [-0.04470 0.0039 |0.0041 |37
hudsonicus

Corthylio Regulidae 2800 0.00185 (-3.61E-05 |-0.00154 0.0076 |0.0078 |49
calendula

Regulus satrapa | Regulidae 1600 0.01647 (6.02E-05 |-0.01229 0.0079 |0.0079 |63
Certhia Certhiidae 1000 0.00007 (-2.88E-05 |[0.00027 0.0044 |0.0044 |48
americana

Troglodytes Troglodytidae |[1700 NA 8.40E-05 -0.00400 0.0063 |[0.0061 |26
hiemalis

Catharus Turdidae 7400 NA 1.54E-05 |-0.02856 0.013 0.013 47
fuscescens

Catharus Turdidae 2500 0.00098 (-5.89E-06 |-0.00233 0.0079 |0.0087 |65
guttatus

Catharus Turdidae 7100 -0.00054 |-2.97E-07 |[-0.00795 0.012 0.012 66
ustulatus

Junco hyemalis | Passerellidae | 2000 0.00023 (1.04E-07 |-0.00025 0.0064 |0.0064 |59
Melospiza Passerellidae | 3000 0.00036 [1.59E-05 |[-0.00151 0.0098 (0.01 53
lincolnii

Zonotrichia Passerellidae | 2100 0.00147 (3.26E-05 |-0.00055 0.0063 |0.0066 |68
albicollis

Cardellina Parulidae 5500 NA -3.82E-05 | -0.02054 0.011 0.011 31
canadensis

Geothlypis Parulidae 5100 NA -1.45E-05 |-0.02049 0.013 0.013 52
philadelphia

Oporornis agilis | Parulidae 6600 NA 1.25E-07 0.00119 0.012 0.013 30
Leiothlypis Parulidae 5000 0.00107 |[-2.96E-05 |0.00028 0.014 0.014 47
peregrina

Leiothlypis Parulidae 3400 0.00031 (-2.71E-05 |-0.00170 0.0085 |[0.0086 |57
ruficapilla

Setophaga Parulidae 5000 -0.00014 | 7.39E-06 -0.00077 0.013 0.013 45
castanea

Setophaga Parulidae 3100 0.00048 |[1.37E-05 [-0.00087 0.0089 |[0.0089 |70
coronata

Setophaga fusca | Parulidae 5100 NA 2.35E-05 -0.00062 0.012 0.012 52
Setophaga Parulidae 4100 0.00087 (5.17E-05 |-0.00366 0.012 0.012 56
magnolia

Setophaga Parulidae 3300 0.00387 | 3.55E-05 -0.01583 0.0094 |[0.0094 |51
palmarum

Setophaga Parulidae 4000 NA 1.46E-05 |-0.00284 0.013 0.013 46
pensylvanica

Setophaga Parulidae 4700 NA -1.11E-05 |[-0.00001 0.0078 |0.008 44
tigrina

Setophaga Parulidae 3900 0.01427 |[5.57E-05 [-0.01389 0.0052 |0.0054 |63
virens
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Table 3-2. Generalized least squares model selection results for sets of models predicting each version of IBD.
Response variables (the different versions of IBD) are indicated in bold above their respective model sets. The
“type” column describes which set of predictors were included in each model. Model coefficients are listed with
their standard error in parentheses within the column corresponding to each predictor. Estimates of A for full models,
shown with p-values, indicate no support for phylogenetic signal in model residuals of full models. Model
comparison with AlCc indicates that the best-fit model of IBD slope based on PCA covariance includes migration
status and migration distance as predictors. In models of IBD based on genetic distance and F, predictor variables
do not improve model fit compared with a null (intercept-only) model.

Type Migration Migration 0z A (p) logLik AlCc JAICc Weight Sample
Status: Distance size
migratory

PCA covariance IBD

migration 0.026 (0.0069) -0.0013 109.38 -209.4 0.00 0.794 34

(0.0023)
migration + 6,  0.026 (0.007) -0.0016 0.00046 <0.0001 109.39 -206.6 2.74 0.202 34
(0.0033) (0.0029) ()
O 0.0033 102.20 -197.6 11.77  0.002 34
(0.0021)

null 100.94 -197.5 11.88  0.002 34

Genetic distance IBD

null -47.74 99.9 0.00 0.497 34

migration 0.44 (0.67) -0.37 (0.22) -46.07 101.5 1.65 0.218 34

Ox -0.131 -47.44 101.7 1.82 0.201 34

(0.18)
migration + 6.  0.44 (0.067) -0.57 (0.31) 0.24(0.28) <0.0001 -45.6 103.4 3.56 0.084 34
()

Fst IBD

null 92.08 -179.6 0.00 0.691 23

Ox -0.0006 92.23 -177.2 2.36 0.212 23

(0.0010)

migration 0.0029 -0.0015 92.75 -175.3 4.29 0.081 23
(0.0037) (0.0014)

migration + 6, 0.0029 -0.0016 -0.000046 <0.0001 92.75 -172.0 7.60 0.015 23
(0.0038) (0.0019) (0.0016) @)
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Chapter 4 The Pace of Mitochondrial Molecular Evolution Varies with Seasonal Migration

Distance

4.1 Abstract

Species with slow life histories typically show lower rates of synonymous substitution (dS) than
“fast” species, potentially due to slower rates of DNA replication or selection for mutation
avoidance. Previous work has shown that long-distance seasonal migrants have a slower life
history strategy than short-distance migrants, raising the possibility that rates of molecular
evolution may covary with migration distance. Additionally, long-distance migrants may face
strong selection on metabolically-important mitochondrial genes owing to their long-distance
flights. Using 950 mitochondrial genomes, we assessed the relationship between migration
distance and mitochondrial molecular evolution in 39 boreal-breeding migratory bird species.
We show that migration distance correlates negatively with dS, suggesting that the slow life
history associated with long-distance migration is manifest in rates of molecular evolution.
Mitochondrial genes in all of our study species exhibited evidence of purifying selection, but the
strength of selection was greater in short-distance migrants. This result may reflect an influence
of selection for cold tolerance on mitochondrial evolution among species overwintering at high
latitudes. Our study demonstrates that the pervasive correlation between life history and

molecular evolutionary rate exists in the context of differential adaptations to seasonality.
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4.2 Introduction

Species’ traits are the product of their genome and their environment, but in turn, traits and the
environment also shape the molecular evolution of the genome. In particular, traits associated
with the slow-fast continuum of life history (Stearns 1983) are correlated with rates of molecular
evolution (Bromham 2020) such that life history evolution is thought to alter the pace of a
lineage’s molecular clock (Hwang and Green 2004; Moorjani et al. 2016). Environmental
pressures associated with seasonality can cause life history tradeoffs (Varpe 2017), which means
that variation in adaptation to seasonality may entail variation in molecular evolutionary rates.
However, the linkages between molecular evolution and differential adaptations to seasonality
are little explored.

In this study, we investigate how patterns of mitochondrial molecular evolution are
related to variation in seasonal migration, which has been recognized as an important and
underappreciated axis of life history variation in birds (Greenberg 1980; Mgaller 2007; Bruderer
and Salewski 2009; Winger and Pegan 2021). Migratory animals survive harsh seasonal
conditions on their breeding grounds by temporarily departing until conditions improve (Winger
et al. 2019). In the community of passerine birds breeding in the North American boreal forests,
the life history strategy of seasonal migrants is structured by the time they spend breeding and
their overwinter survival rate, both of which are correlated with migration distance (Figure 4-1,
Winger and Pegan 2021). Seasonal migration also entails long-distance travel and high metabolic
performance (Weber 2009), with potential implications for the dynamics of selection on the
metabolically-important mitochondrial genes (Shen et al. 2009; Strohm et al. 2015). Here, we

examine how migration distance correlates with mitochondrial molecular evolution within the
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community of migratory birds breeding in the highly seasonal North American boreal region,

focusing on the roles of life history and metabolic adaptation.

4.2.1 Life history influences molecular evolutionary rate

Associations between life history and molecular evolutionary rate are widespread across the tree
of life. A species’ position on the slow-fast continuum of life history is commonly characterized
by traits that underly or correlate with differing rates of growth, survival, and reproduction; such
“life history traits” include growth, generation time, age at maturity, metabolic rate, and the
number of offspring produced per year (Read and Harvey 1989; White et al. 2022). Within major
lineages of plants, bacteria, vertebrates, and invertebrates, species with “slow” life history (i.e.
with long generation time, low annual fecundity, large size; Stearns 1983) also exhibit slower
molecular substitution rate than “fast” species (with shorter generation time, higher annual
fecundity, and smaller size) (Nabholz et al. 2008a; Smith and Donoghue 2008; Thomas et al.
2010; Weller and Wu 2015). One of the specific molecular evolutionary rates known to correlate
with the slow-fast continuum is synonymous substitution rate, or dS (Nikolaev et al. 2007,
Bromham et al. 2015, Hua et al. 2015; Table 4-1), which is thought to primarily reflect the
underlying mutation rate when synonymous mutations are selectively neutral (Kimura 1983; Nei
et al. 2010; Lanfear et al. 2014). As such, several hypotheses seek to explain the correlation
between dS and life history by suggesting that life history influences mutation rate (reviewed in
Bromham 2020).

The processes linking life history and mutation rate remain poorly understood, although
several hypotheses exist. One hypothesis suggests that life history influences mutation rate
through a “copy error” effect, which assumes that mutation rates covary with germline

replication rates, and that organisms with “fast” life history strategy undergo higher rates of
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germline replication per unit of time (Li et al. 1996; Thomas et al. 2010; Lehtonen and Lanfear
2014). A non-exclusive possibility is that differences in mutation rate represent a life history
tradeoff at the cellular level, wherein species with slow life histories invest more resources in
mutation avoidance (Bromham 2020). The “mutation avoidance” hypothesis suggests that
natural selection on mutation-modulating phenotypes associated with DNA replication and repair
can lead to the evolution of mutation rate variation between species (Britten 1986; Thomas and
Hahn 2014; Bromham 2020). Selection for mutation avoidance may be influenced by the
relationship between somatic mutation and senescence; there is evidence for selection against
mutation in long-lived species in both the mitochondrial genome (Nabholz et al. 2008a; Galtier

et al. 2009) and the nuclear genome (Tian et al. 2019; Zhang et al. 2021; Cagan et al. 2022).

4.2.2 Metabolic demand from locomotion may influence purifying selection in mitochondrial

genes

Because most mutations are deleterious, genes influencing fundamental biological function,
including mitochondrial genes, tend to show conserved molecular evolution (Nei et al. 2010;
Nabholz et al. 2013; Popadin et al. 2013). While synonymous mutations may evolve neutrally,
nonsynonymous mutations can alter protein phenotype and are therefore more likely to be
removed by purifying natural selection (reviewed in Nei 2005), which reduces the rate of
nonsynonymous vs synonymous substitution (the dN/dS ratio; Table 4-1). Prior studies have
shown that purifying selection tends to be stronger in the mitochondria of mobile animals
compared with less-mobile relatives. This pattern has been demonstrated in comparisons
between flighted and flightless birds (Shen et al. 2009) and insects (Mitterboeck et al. 2017,
Chang et al. 2020), between migratory and nonmigratory fishes (Strohm et al. 2015), and

between amphibians (Chong and Mueller 2013) and mollusks (Sun et al. 2017) with different
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locomotory modes. Within flighted birds, species with slow flight and those that rely heavily on
soaring (rather than flapping) have been shown to experience relaxed mitochondrial purifying
selection compared with faster-flying species (Shen et al. 2009; De Panis et al. 2021). A
relationship between locomotion and strength of purifying selection would suggest that
mitochondrial genotype plays an especially important role in fitness for organisms that rely on

high-energy locomaotion.

4.2.3 Long-distance migrants show slow life histories and rely on high-energy locomotion for

survival, with potential implications for mitochondrial molecular evolution

Long-distance migrants breeding at temperate latitudes and wintering in equatorial latitudes
exhibit lower annual fecundity and higher annual adult survival—that is, a “slower” life
history—than sympatric breeding short-distance migrants, which have lower survival and higher
annual fecundity (Winger and Pegan 2021, Figure 4-1). There is also evidence that migration
distance scales positively with longevity (Mgller 2007). Thus, long-distance migrants not only
travel farther in each migratory trip, but may also make more trips per lifetime, which would
allow them to achieve a similar number of lifetime offspring than short-distance migrants with
higher annual fecundity but lower annual survival. Owing to the strenuousness of migration and
the importance of repeated migration success for fitness in long-distance migrants, the migratory
phenotypes of these species are hypothesized to be under strong variation-reducing natural
selection (Conklin et al. 2017). Fitness costs of mitochondrial senescence may be especially
severe in long-distance migrants for the same reason, potentially subjecting these species to
strong selection for mutation avoidance. As such, we hypothesize that long-distance migrants
exhibit lower dS and stronger evidence of purifying selection in their mitochondrial genes than

short-distance migrants.
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To test this hypothesis, we examined the relationship between migration distance and
rates of molecular evolution of the mitochondrial coding genes in a community of small-bodied
migratory songbirds breeding in the boreal forests of North America. The 39 co-distributed
species we studied are ideal for investigating the effects of migration distance on molecular
evolution because they vary greatly in migration distance (e.g., Figure 4-1, Appendix Table
C.2-1), yet they otherwise share similar breeding habitat, population history, and body mass
(Winger and Pegan 2021). This system allows us to test our hypotheses about migration distance
while minimizing variation in other traits that could influence molecular evolution. We generated
a complete mitochondrial coding sequence for each of the 39 species, which allowed us to
conduct phylogenetic comparative analyses on the relationship between migration distance and
molecular substitution rates (dS and dN/dS). We included body mass in our analyses to account
for well-known relationships between mass and substitution rates (Figuet et al. 2014; Nabholz et
al. 2016). We predicted that long-distance migrants, which have slower life history than short-
distance migrants, would show lower dS. We also predicted that migration distance would
correlate positively with strength of purifying selection in the mitochondria (and therefore
correlate negatively with dN/dS), reflecting the metabolic pressures associated with high-energy
locomotion during migration (Shen et al. 2009; Strohm et al. 2015) and the importance of
metabolic performance for fitness in long-distance migrants with slow life history (Conklin et al.
2017).

To further test these hypotheses, we generated population genetic datasets for a subset of
27 species (representing a large sampling effort involving 938 mitochondrial coding sequences).
These data allowed us to estimate two population genetic summary statistics to complement our

analyses. First, we used the population genetic data to estimate a proxy of effective population
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size (Ne; Table 4-1), which is expected to correlate with substitution rates when the sites in
question are under natural selection (Ohta 1992; see Methods). These estimates allowed us to test
the assumption that dS evolves neutrally in our system and to test the prediction that
mitochondrial genes are generally under purifying selection. Second, we calculated population-
level estimates of nonsynonymous vs synonymous polymorphism (nN/xzS ratios; Table 4-1),
which provide additional insight into the dynamics of selection operating within populations
(Kryazhimskiy and Plotkin 2008; Chen et al. 2017). Predictions about the effect of purifying
selection on polymorphisms are more complex than predictions about substitution rates because
within-population variation can be purged by strong directional selective sweeps in addition to
purifying selection (Kryazhimskiy and Plotkin 2008). Nevertheless, we predict a negative
relationship between migration distance and the ©N/zS ratio, which could result from either
stronger purifying or stronger positive selection in long-distance migrants on mitochondrial
function. In either case, such a relationship would broadly support the hypothesis that migration
distance covaries with the dynamics of selection on the mitochondrial genome.

Although we framed our predictions in this study around the relationship between
migration distance, metabolic demand for flight, and life history, it is worth noting that cold
tolerance is also a metabolically-demanding challenge (Dawson and Yacoe 1983) that can
influence the molecular evolution of the mitochondria (Chen et al. 2018a). As an adaptation for
seasonal persistence in the boreal region, migration distance inversely covaries with tolerance of
cold and resource scarcity. Whereas long-distance boreal migrants spend the boreal winter in
tropical regions with warm temperatures and high resource availability, short-distance migrants
overwinter in northern regions closer to their boreal breeding grounds with comparatively colder

temperatures and scarcer resources (Winger and Pegan 2021). Therefore, we can alternatively
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hypothesize that short-distance migrants exhibit strong purifying selection on mitochondrial
genes, but due to the demands of cold tolerance as opposed to long-distance flight performance,
which could lead to similar signatures of selection in the mitochondrial genomes of all species in

the study.

4.3 Methods

4.3.1 Study system

We focused on 39 species of migratory birds breeding in the North American boreal forest,
representing 11 families. These are the same species for which a correlation between migration
distance and the slow-fast continuum was demonstrated using data on fecundity and survivorship
(Winger and Pegan 2021). The species in the dataset exhibit broad variation in migration
distance, with their geographic range centroids shifting between 1048 km and 7600 km between
the breeding and non-breeding periods (Figure 4-2, Appendix Table C.2-1; Winger and Pegan
2021). These centroid shifts represent migratory strategies ranging from short-distance
movements within the temperate region to the movement of an entire population across ocean
and land barriers from North America to South America. The species in our study have breeding
ranges co-distributed in the boreal forest ecoregion (Billerman et al. 2022), which extends from
central Alaska to the maritime provinces of Canada (Omernik 1987). All species are less than
100 g in mass (range of mass for each species is 6-87 grams; Appendix Table C.2-1) and are
broadly similar in habitat use. They are all forest-dwelling, territorial species with socially
monogamous breeding systems. Small songbirds are typically capable of breeding in their
second year, and this is true of all species in our study that have been assessed (Billerman et al.

2022). Additionally, the species share relatively similar demographic histories, with population
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expansions estimated to have occurred during the period of glacial retreat that preceded the Last

Glacial Maximum (~57,000 years before present; Kimmitt et al. 2023).

4.3.2 Life history covariates: Migration distance and mass

Direct measurements of migration distance of individuals are lacking for most of the species in
our system, so we used the distance between the centroid of a species’ breeding range and the
centroid of its nonbreeding range to represent the migration distance of the species. Although the
distance between centroids does not represent individual variation in migration distance within a
species, this metric captures broad differences in migratory strategies between species. Our
method for calculating the distance between range centroids is described in detail in Winger and
Pegan 2021. We include mass as a covariate in our analyses because mass correlates strongly
with life history variation (e.g., Stearns 1983). We obtained mass data from Dunning 1992 and

Billerman et al. 2022.

4.3.3 Sampling and DNA sequencing

Our analysis of the relationship between migration distance and dS requires one mitochondrial
genome for each species in the study, while analyses of Ne and TN/zS require population-level
sampling. For our analysis of dS, we obtained whole mitochondrial genomes from one individual
of each of the 39 species in our study by sequencing DNA from tissue samples associated with a
museum specimen as described below. These specimens were collected during the breeding
season (June) from near the longitudinal center of the boreal forest (Manitoba, Minnesota, or
Michigan). For two species (Contopus cooperi and Euphagus carolinus), we used specimen-
vouchered tissue samples of individuals salvaged during migration in Michigan from collision

mortalities.
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For our population-level analyses, we generated a large dataset of 938 mitochondrial genomes
for 27 of the 39 species. This dataset includes complete coding sequences for 12 to 49
individuals per species (mean 35 individuals per species; Appendix Table C.2-1). These
individuals were sampled during the breeding season across a longitudinal transect of the boreal
forest from Alberta to the northeastern United States. Except for 13 blood samples from New
York state, all sequences we used came from frozen or ethanol-preserved tissue samples
associated with museum specimens from the University of Michigan Museum of Zoology or
loaned from other museum institutions. Fieldwork was approved by the University of Michigan
Institutional Animal Care and Use Committee and all relevant permitting authorities.

We obtained high-depth mitochondrial genomes captured as a byproduct from low-
coverage whole genome sequencing. We extracted DNA from tissue samples using DNeasy
Blood and Tissue Kits (Qiagen Sciences, Germantown, MD, USA). Libraries were prepared
using a modified Illumina Nextera library preparation protocol (Schweizer et al. 2021). We
sequenced libraries on HiSeq or NovaSeq machines using services provided by Novogene and
the University of Michigan Advanced Genomics Core. Data were demultiplexed by the
sequencing core and we removed adapters with AdapterRemoval v2.3.1 (Schubert et al. 2016)
using the options “trimns” and “trimqualities” to remove stretches of low-quality bases. We used
NOVOPIasty v4.3.1 (Dierckxsens et al. 2016) to assemble mitochondrial contigs, specifying a
target genome size of 20-30 kb and using a k-mer of 21. We provided NOVOPIlasty with a
conspecific mitochondrial seed sequence (Appendix Table C.2-1) for each species. We annotated

the contigs built by NOVOPIlasty using Geneious Prime 2020.2.2 (https://www.geneious.com)

with copies of mitochondrial genes from GenBank (Appendix Table C.2-1). All 13
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mitochondrial coding sequences were identified with a similarity threshold of at least 50% and
were further verified through the alignment and data filtering steps described below. Whenever
applicable in the filtering and analysis steps described below, we used options specifying the
vertebrate mitochondrial code.

Our initial population genomic datasets contained 1155 mitochondrial samples. To ensure
data quality, we used BLAST (https://blast.ncbi.nIm.nih.gov/Blast.cgi) to check species identity
and we removed samples with evidence of species misidentification, chimerism, or introgression
from related species (10 samples removed). We aligned and translated sequences with the R
package DECIPHER v2.18.1 (Wright 2016) and we visually inspected each alignment, ensuring
that sequences contained no premature stop codons or other alignment issues. We used
DECIPHER to remove partial stop codons and to remove the untranslated C in the ND3
sequence of species in Picidae (Mindell et al. 1998). As our population analyses require complete
data matrices, we excluded individuals with incomplete datasets (those with assemblies that were
missing genes and/or with ambiguous base calls; 202 samples removed) and we concatenated the

13 genes for each remaining individual.

4.3.4 Accounting for effects of Ne on substitution rates

Many parameters of molecular evolution are fundamentally associated with effective population
size (Ne), so estimating Ne provides important context for our analyses. Variation in Ne can cause
variation in dS because the efficiency of natural selection in purging deleterious mutations is
determined by the balance between strength of selection and strength of drift, which is reflected
by Ne (Ohta 1992). For this reason, populations with small Ne typically show lower strength of
purifying selection (i.e. higher dN/dS, e.g. Popadin et al. 2007, Leroy et al. 2021; and higher

nN/zS, e.g. Chen et al 2017) in molecular analyses. Similarly, nearly neutral theory suggests that
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Ne can influence dS when synonymous sites are not selectively neutral (as in Chamary et al
2006). That is, synonymous sites with weak influence on fitness may be under purifying
selection in populations with large Ne and not in populations with small Ne, resulting in lower dS
for species with high Ne. Several recent studies find correlations between traits associated with
life history and genetic diversity, suggesting that species with “slow” life histories often have
low Ne (Romiguier et al. 2014; Bruniche-Olsen et al. 2021; De Kort et al. 2021).

Effective population size (Ne) based on the mitochondrial genome can be estimated with
the following formula (Watterson 1975, Nabholz et al. 2008b; Table 4-1):

Ne=0/p

where 0 is a metric of genetic diversity and p is mutation rate. Mutation rates are difficult to
estimate directly, so many studies use substitution rates as proxies for mutation rates (Allio et al.
2017; Murray et al. 2017; Miller et al. 2021). In the absence of direct information on mutation
rate variation between species, we assume that most variation in Ne estimates arises from
variation in 0, not variation in p, and we hereafter use 0 as a proxy for Ne.

We used LAMARC v2.1.10 (Kuhner 2006) to estimate 6 for each species. We imported
our data into LAMARC after converting our concatenated fasta files into the phylip format for
each species. We used the program’s likelihood-based method in 10 initial chains (samples =
500, discard = 1000, interval = 20) and 2 final chains (samples = 10,000, discard = 1000, interval
= 20). We used the F84 model of molecular evolution with a transition/transversion ratio of 20
(Edwards and Wilson 1990). We examined the output for each species to check for chain
convergence and we ran two replicate chains for each species to make sure they produced

consistent results. For 5 species (Leiothlypis ruficapilla, Setophaga castanea, Setophaga
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coronata, Setophaga fusca, and Vireo olivaceus), we repeated LAMARC for 25 initial chains

instead of 10 to improve convergence and used the values from these longer runs.

4.3.5 Population Structure

Our population-level analyses (estimation of Ne and ©N/xS) assume that there is no geographic
population genetic structure within the samples used. This assumption is reasonable given that
boreal species tend to show congruent phylogeographic histories (Ralston et al. 2021). To check
this assumption, we calculated mitochondrial genetic distance between all individuals within
each species using “nei.dist()” from the R package poppr v2.9.3 (Kamvar et al. 2014) and created
a neighbor-joining tree with “nj()” from the R package ape v5.6-2 (Paradis and Schleip 2019).
We identified and removed 4 individuals from Regulus satrapa and one individual from
Oporornis agilis, all from Alberta in the far western part of our sampling area, that were clearly
genetically distinct from all other samples in their respective species. Otherwise, there was little
evidence of geographic genetic structure in the mitochondrial genome in these species. This data
filtering resulted in 950 complete mitochondrial coding sequences: 938 individuals across 27
species used in the population genomic datasets plus one sequence for each of the 12 additional

species we used only in the interspecific Coevol analyses.

4.3.6 Estimating dS and dN/dS and their correlations with traits associated with life history

We used Coevol v1.6 (Lartillot and Poujol 2011) to evaluate associations between migration
distance and molecular evolutionary rates using a single representative of each species. Coevol
uses a Bayesian phylogenetic framework to estimate dS and dN/dS and to simultaneously
measure the relationship between these values and covariates of interest (migration distance,

mass, and 0). We included mass in the models to test for the expected relationship between mass
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and molecular rates (Nabholz et al. 2016). Models with mass also provide a useful point of
comparison, allowing us to ask whether migration distance correlates with dS and dN/dS to the
same extent as (or more or less than) this well-studied life history proxy trait. Similarly,
including 6 in the models allows us to assess whether variation in Ne underlies differences in
molecular evolutionary rates.

We provided Coevol with one complete mitochondrial coding sequence from each
species and a phylogenetic tree we built with data from birdtree.org (Jetz et al. 2012) as
described in Pegan and Winger 2020 (Figure 4-2). We created two data subsets for Coevol
models: one subset contained all species in the study and was run with mass and migration
distance as covariates. The other subset included the 27 species for which we had population-
level data available, which we ran with 6 as a covariate in addition to mass and migration
distance. For each data subset, we ran Coevol in 4 chains: two replicate chains with the option
“dnds” (estimating dS; models 1 and 2, Table 4-2) and two with “dsom” (estimating dN/dS;
models 3 and 4, Table 4-2). We let each chain run for approximately 20000 steps and examined
the resulting trace files to ensure convergence and evaluate estimated sample sizes (ESS). All
models converged and all parameters had ESS > 300. We removed the first 500 steps of each
chain and thinned the chain to retain every 10" step to reduce autocorrelation. Replicate chains
produced highly similar estimates, and the values we report here represent the mean value of
estimates made by each replicate chain. Full Coevol model output for each chain is presented in
Error! Reference source not found. and Appendix Table C.3-2.

The method implemented in the Coevol software provides correlation coefficients
between substitution rates and each covariate, as well as partial correlation coefficients (which

hold constant the effects of other covariates in the model). Each correlation or partial correlation
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coefficient is accompanied by a posterior probability. Posterior probabilities near 0 indicate
strong support for a negative relationship, while posterior probabilities near 1 indicate strong

support for a positive relationship (Lartillot and Poujol 2021).

4.3.7 aN/nS

nN/zS is a population genetic summary statistic representing the amount of
nonsynonymous vs synonymous polymorphism within a population. This value is measured by
comparing individuals within a species rather than by comparing between species in a
phylogenetic framework (and thus cannot be estimated by Coevol). We estimated tN/zS from
each species with population-level fasta alignments, using the python package egglib v3.1.0 (De
Mita and Siol 2012) to create a “CodingDiversity” class with attributes describing the number of

codons with synonymous or nonsynonymous polymorphisms.

4.3.8 Linear modeling of aN/%S and 0

It is not possible to assess correlation between traits and population-level summary
statistics with Coevol, so we used linear modeling to test for an effect of migration distance,
mass and 0 on =N/xS (Appendix Table C.3-3, Appendix Table C.3-4). Prior to linear modeling,
we centered and standardized our predictors. We used a similar linear modeling approach to test
whether 6 exhibits a relationship with mass or migration distance to ensure that apparent
relationships between these traits and molecular rates are not confounded by correlation with 6.

For each response variable (6 and ©N/zS; Appendix Table C.3-3, Appendix Table C.3-4),
we first created a model with all covariates of interest. We then used the function “phylosig()”
from the R package phytools v0.7-70 (Revell 2010) to test for phylogenetic signal in the model’s

residuals (Revell 2012). For both response variables, the estimate of lambda (phylogenetic
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signal) was < 0.2 and the p-value for evidence of phylogenetic signal was > 0.8, so we proceeded
with linear modeling rather than using models with phylogenetic covariance matrices. For each
response variable, we created a null (intercept-only) model with no predictors and models with
all possible combinations of our predictors of interest, and we used the function “model.sel()”

from the R package MuMIn v1.43.17 (Barton 2019) to compare the models’ AICc.

4.4 Results

4.4.1 Correlations between migration distance and molecular evolutionary rates (dS and

dN/dS)

Our analyses with Coevol show that migration distance has a negative relationship with
dS across the 39 species we studied, conforming to our initial predictions (Figure 4-2, Appendix
Figure C.1-1). For Coevol models with the full species set, the correlation coefficient between
migration distance and dS was -0.39 with a posterior probability (pp) of 0.018, indicating strong
support for a negative relationship. The partial correlation coefficient between migration distance
and dS when accounting for effects of mass was even stronger at -0.47 (pp = 0.0090).

We did not find strong evidence for a relationship between migration distance and dN/dS
(correlation coefficient = 0.096, pp = 0.63). The partial correlation coefficient between migration
distance and dN/dS (accounting for effects of mass) also showed only weak support for a
positive relationship (partial correlation coefficient = 0.26, pp = 0.82).

Results from the Coevol models of the subset of 27 species for which we had estimates of
0 were consistent with results produced by the full subset (39 species) models, although support
for the correlation between dS and migration distance was weaker. In the model estimating dS,
migration distance had a correlation coefficient of -0.36 (pp = 0.067) and a partial correlation

coefficient of -0.26 (pp = 0.16). In the model estimating dN/dS, migration distance had a partial
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correlation coefficient of -0.17 (pp = 0.31) and a partial correlation coefficient of -0.16 (pp =

0.32).

4.4.2 Correlations between mass and molecular evolutionary rates (dS and dN/dS)

Our Coevol models with the full species set support the expected negative relationship
between mass and dS (correlation coefficient = -0.28, pp =0.065; Figure 4-2). This relationship
weakens when effects of migration distance are accounted for (partial correlation coefficient = -
0.18, pp=0.20). We did not find a strong correlation between mass and dN/dS (correlation
coefficient = -0.25, pp=0.19; partial correlation coefficient = -0.072, pp=0.41). In models of dS
with the subset of 27 species that included 6 as a predictor, mass had a correlation coefficient of -
0.30 (pp = 0.10) and a partial correlation coefficient of -0.40 (pp = 0.039). In models of dN/dS
from this subset, mass had a correlation coefficient of 0.25 (pp = 0.8) and a partial correlation

coefficient of 0.23 (pp = 0.79).

4.4.3 The influence of Ne on molecular rates and their correlation with traits of interest

In models using the subset of 27 species with population-level data, we did not find
strong evidence for a correlation between 0 and dS (correlation coefficient = -0.25, pp = 0.18;
partial correlation coefficient = -0.015, pp = 0.47). This result is consistent with neutral evolution
of synonymous sites among the species we studied. By contrast, we found strong support for the
nearly neutral theory’s predicted negative relationship (Ohta 1992; Popadin et al. 2007; Leroy et
al. 2021) between 6 and dN/dS (correlation coefficient = -0.74, pp = 0.0069; partial correlation
coefficient = -0.69, pp = 0.013; Figure 4-3), indicating stronger purifying selection in species

with higher Ne.
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4.4.4 Linear modeling of effects of migration distance, mass and @ on zN/%S

In comparison of AlCc, the highest-ranked model of TN/zS showed a strongly supported
negative relationship between 6 and =N/xS (Figure 4-4, Appendix Table C.3-3, model weight
0.55), as predicted if purifying selection is stronger in species with higher Ne. Compared to a
model with 0 alone, a model with both 6 and migration distance shows an increase in multiple r?
from 0.22 to 0.35 and a decrease in AICc by more than two units, suggesting the inclusion of
migration distance improves the model. However, contrary to our prediction, migration distance
has a weak positive relationship with =N/zS (Figure 4-4). The estimated effect coefficient
relating 6 and 7N/zS in the best-fit model is -0.032 (std error = 0.01) and the estimated effect of
migration distance from the best-fit model is 0.022 (std error = 0.01). Model comparison did not

support the inclusion of mass as a predictor of tN/xS (Appendix Table C.3-3).

4.4.5 Ne is unlikely a confounding factor in inferred relationships

We used linear modeling to test whether migration distance or mass show a relationship
with 6, our proxy of Ne. We did not find strong evidence that body mass or migration distance
are correlated with 6 among the 27 species we studied. The null model for 6 (an intercept-only
model with no predictors) showed the lowest AlCc, suggesting that the addition of mass and
migration distance as predictors did not substantially improve model fit (Appendix Table C.3-4,
model weight 0.47). However, models with migration distance or mass as predictors were within
2 AlCc units of the null model and showed model weights of 0.25 and 0.19 respectively,
indicating considerable model uncertainty. The estimated effect of migration distance on 6 was
positive, but weakly supported, in the second-best model (estimate = 0.0016, std error = 0.0015;

model multiple r2 = 0.045).
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4.5 Discussion

4.5.1 Seasonal migration distance correlates with mitochondrial dS

Molecular evolutionary rates are known to correlate with life history (reviewed in
Bromham 2020). In this study, we examined the relationship between life history and
mitochondrial molecular evolution in the context of the North American boreal region, where
seasonality necessitates life history tradeoffs associated with a short breeding season and strong
challenges to survival (Varpe 2017; Winger and Pegan 2021). Our results implicate the life
history axis of migration distance as a novel correlate of mitochondrial synonymous substitution
rate (dS). Long-distance migrants in this system have slower life history strategies than short-
distance migrants, showing higher annual adult survival and lower fecundity (Winger and Pegan
2021). We found that the slow life history of long-distance migrants is accompanied by a slower
rate of neutral molecular evolution in the mitochondria of these species compared with that of
shorter-migrating species in the region. Indeed, among the 39 species we studied, the correlation
between migration distance and dS is stronger than the correlation between mass and dS, which
is notable given that the relationship between mass and substitution rate has been documented in

previous work (Nabholz et al. 2016).

4.5.2 What evolutionary processes link migration distance with mitochondrial synonymous

substitution rate?

Substitution rates are fundamentally influenced by mutation rate, which provides new
molecular variants with potential to become substitutions, and by natural selection, which
influences whether variants are fixed as substitutions or lost. The correlation between migration

distance and dS therefore reflects one or both processes. dS is often treated as a proxy for

91



mutation rate alone based on the assumption that natural selection does not operate on
synonymous sites (Nei et al. 2010), but in some cases synonymous sites are known to evolve
non-neutrally (Chamary et al. 2006). If synonymous sites are not evolving neutrally, nearly
neutral theory suggests that the relationship we find between dS and migration distance could
hypothetically be explained by larger Ne in long-distance migrants (Ohta 1992). However, we
found no strong evidence for a correlation between dS and our proxy for Ne (0) (Error!
Reference source not found.), nor for a correlation between 6 and migration distance (Appendix
Table C.3-4). Together, these results suggest that synonymous sites are evolving neutrally in our
system and that variation in dS among species with different migration distances is unlikely to be
driven by natural selection. Rather, we suggest that the negative relationship we found between
migration distance and dS more likely reflects a negative relationship between migration distance

and mutation rate.

4.5.3 Why might long-distance migrants have slower mitochondrial mutation rate?

We predicted that migration distance would correlate with dS because of the relationship
between migration distance and life history (Winger and Pegan 2021), which is hypothesized to
affect mutation rate (Bromham 2020). There are several potential mechanisms to explain the link
between life history and mutation rate, and the relative importance of each is not clear (Bromham
2020). The “copy error effect” hypothesis suggests that the explanation is related to generation
time, assuming that “fast” species with short generation times and young age at first reproduction
experience higher rates of germline replication (and thus replication-induced mutation) than
species with "slow” life histories (Li et al. 1996; Thomas et al. 2010; Lehtonen and Lanfear
2014). However, recent studies comparing cell division rates with directly-measured mutation

rates suggest that replication-induced copy errors may not be the only driver of differences in
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mutation rate between lineages (Wu et al. 2020; Wang et al. 2022). The “mutation avoidance”
hypothesis offers another non-exclusive explanation for lower dS in organisms with slow life
history based on higher costs of mutation in longer-lived species (Bromham 2020). Under this
hypothesis, organisms with slow life history are predicted to have adaptations that reduce the
introduction of mutations from DNA damage or from DNA replication and repair processes
(Galtier et al. 2009; Tian et al. 2019; Zhang et al. 2021; Cagan et al. 2022). Long-distance
migrants may be especially sensitive to costs of mitochondrial mutation, which may cause
mitochondrial senescence (Galtier et al. 2009), because of the high physical performance
demanded by their migratory behavior across their entire lifespans, which are longer than short-
distance migrants breeding at the same latitudes (Mgller 2007; Conklin et al. 2017). Further
research is necessary to understand what processes contribute to the apparent reduction of
mutation rate in species with slow life history, including long-distance migrants.

Another possible link between migration distance and mutation rate is oxidative damage
from metabolism, which is recognized as a potential source of mutation rate variation (Martin
and Palumbi 1993, Gillooly et al. 2005, Berv and Field 2018; but see Lanfear et al. 2007, Galtier
et al. 2009). Thus, a potential explanation for our results—lower mitochondrial dS in long-
distance migrants—is that long-distance migrants incur less metabolically-induced DNA damage
than do short-distance migrants. This explanation is initially surprising in light of studies
showing that migratory birds experience oxidative damage from endurance flight (Jenni-
Eiermann et al. 2014; Skrip and McWilliams 2016). However, we suggest that there are three
plausible and non-exclusive scenarios that could lead to lower metabolically-induced DNA
damage in long-distance compared to short-distance migrants. First, long-distance migrants may

have better adaptations for flight efficiency (Weber 2009), reducing the amount of oxidative
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damage they experience per mile traveled. Second, the mutation avoidance hypothesis predicts
that long-distance migrants may have more efficient DNA repair mechanisms than short-distance
migrants, which could reduce metabolically-induced mutation rate even when long-distance
flight does induce high oxidative stress. Last, short-distance migrants may experience greater
oxidative damage arising from their increased demand for cold tolerance than long-distance
migrants. The mitochondria also play an important role in the metabolic challenge of maintaining
homeostasis during cold weather and resource shortages (Bicudo et al. 2001; Chen et al. 2018a).
Short-distance boreal migrants likely face more of these kinds of challenges than long-distance
migrants during both migration and winter (Winger and Pegan 2021). Despite the view that long-
distance migration is an extreme performance challenge, its alternative—spending the winter
within the temperate zone—is also a metabolic challenge in its own right (Dawson and Yacoe
1983; Winger et al. 2019). Further investigation of the comparative metabolic challenges faced
by short versus long distance boreal migrants is needed to clarify whether and how migration

distance influences metabolically-induced mutation in the mitochondria.

4.5.4 Purifying selection is not stronger in long-distance migrants

Whereas evolutionary rate at synonymous sites (dS) primarily reflects mutation rate,
evolution at nonsynonymous sites is expected to strongly reflect natural selection because
nonsynonymous mutations alter the amino acid sequence of a gene’s protein product. We found
that the ratio of nonsynonymous to synonymous substitutions (dN/dS) among our species is
universally much less than 1 (Figure 4-3), indicating that the mitochondrial genes we studied are
under purifying selection in all species in the system. We similarly found low ratios of
nonsynonymous to synonymous polymorphisms within each population (nN/zS; Figure 4-4),

which is also consistent with purifying selection. Moreover, both dN/dS and the nN/zS ratio are
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strongly correlated with 6, our proxy for Ne (Figure 4-3, Figure 4-4), as expected under nearly
neutral theory (Ohta 1992).

Our results are consistent with the general finding that mitochondrial genes tend to
experience strong purifying selection (Nabholz et al. 2013; Popadin et al. 2013). However, we
did not find evidence supporting our prediction that long-distance migrants would show stronger
purifying selection (i.e. lower dN/dS and nN/xS) than short-distance migrants. Our results are
more consistent with the opposite pattern, wherein long-distance migrants show slightly higher
nN/mS than short-distance migrants (while accounting for the strong influence of Ne on purifying
selection). This finding may reflect the fact that all species in our system face generally strong
mitochondrial purifying selection, such that the endurance flights of long-distance migrants do
not incur much stronger selection than the level that exists among all the species we studied. Yet,
when viewed from another perspective, our results also indicate that short-distance migrants in
the boreal region do not experience relaxed purifying selection on mitochondrial genes compared
to long-distance migrants. As noted above, short-distance boreal migrants contend with
metabolic challenges associated with cold winter temperatures in addition to the metabolic

demands of flight, which may also exert selection on the mitochondria (Chen et al. 2018a).

4.5.5 Migration distance and the costs of mitochondrial mutations

In this study, we based our predictions on several complementary hypotheses about the
costs of mutation in species with slow life history and high demand for physiological
performance, such as long-distance migrants. From the perspective of molecular evolution, the
mutation avoidance hypothesis (Bromham 2020) and studies on the relationship between lifespan
and mutation rate (Nabholz et al. 2008a; Galtier et al. 2009; Tian et al. 2019; Zhang et al. 2021)

predict that phenotype-altering genetic variation is harmful enough to induce selection for

95



mutation avoidance in organisms with slow life history. From the perspective of population
biology, the hypothesis proposed by Conklin et al. (2017) — that long-distance migrants
experience strong selective filter that truncates population-level phenotypic variation — predicts
that slow species with high performance demands experience a strong selective filter on
phenotypic performance in early life, reducing phenotypic variation in these populations. While
Conklin et al. (2017) frame their hypothesis around reduction of phenotypic variation, a similar
prediction about reduction of genetic variation emerges from a series of studies showing that
mitochondrial purifying selection is stronger in species with higher locomotory metabolic
demands (Shen et al. 2009; Chong and Mueller 2013; Strohm et al. 2015; Mitterboeck et al.
2017; Sun et al. 2017; Chang et al. 2020; De Panis et al. 2021). Together, these hypotheses led us
to predict that costs of mitochondrial mutation in long-distance migrants, which have slow life
history, would cause them to exhibit slower mitochondrial mutation rate and stronger
mitochondrial purifying selection than short-distance migrants.

Our predictions about the relationship between migration distance and purifying selection
were only partially supported. The negative relationship we found between migration distance
and dS is consistent with lower mitochondrial mutation rate in long-distance migrants, but we
did not find evidence that these species experience stronger mitochondrial purifying selection
than do short-distance migrants. To reconcile these findings and advance our understanding of
how long-distance migration influences molecular evolutionary dynamics, further research is
needed on the relative metabolic demands of long-distance flight versus cold tolerance and on
the consequences of mitochondrial genetic variation for migratory phenotype. Additionally,

studying molecular rates across the nuclear genome will also help clarify which dynamics we
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report here are related to selection on the mitochondrial genome and which reflect more general

interactions between life history and molecular evolution.

4.5.6 Conclusions: seasonal adaptation provides novel context for studying the links between

life history and molecular evolutionary rate

Adaptation to seasonality entails life history tradeoffs (Varpe 2017). Organisms balance
these tradeoffs in different ways, creating variation in life history strategy within communities that
inhabit seasonal environments (e.g., Winger and Pegan 2021). Our study demonstrates that life
history variation related to seasonality can influence molecular evolutionary rate, which has
potential implications for accurate reconstruction of evolutionary history (Shafir et al. 2020;
Ritchie et al. 2022). More broadly, we suggest that communities adapted to seasonal habitats
provide an interesting context in which to investigate potential drivers of the relationship between
life history and molecular evolution. Co-distributed species show varying adaptations to
seasonality—e.g. cold tolerance, migration, hibernation—and they express these strategies to
different degrees (Auteri 2022). Cold adaptations can influence biological processes hypothesized
to be relevant for germline replication rate or mutation rate (e.g. Wang et al. 2022), even among
species that show little variation in commonly-studied life history proxies such as body mass.
Comparative studies using seasonal communities can therefore allow us to draw new insights into

how life history tradeoffs affect mutation rate, one of the most fundamental processes in evolution.
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4.7 Figures and Tables
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Figure 4-1. An example contrast between a shorter-distance migrant Catharus guttatus and a closely related longer-
distance migrant Catharus ustulatus swainsoni illustrates the relationship between migration distance and life
history in our study system. Both species have broadly overlapping breeding ranges (green), but C. guttatus (dark
blue nonbreeding range) migrates a shorter distance (blue migratory route) than C. u. swainsoni (purple nonbreeding
range, pink migratory route) (panel A). Accordingly, C. guttatus spends more time in its breeding range than C. u.
swainsoni (panel B). With more time in the breeding range, the short-distance migrant has higher fecundity but
lower adult survival—i.e., faster life history—than the long-distance migrant (panel C, showing model residuals
from mass-corrected analysis of fecundity and survival). The short-distance migrant spends the winter in colder,
more resource-depleted regions than the long-distance migrant. Figure and data adapted from Winger and Pegan

2021.
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Figure 4-2. dS vs. traits associated with life history (A, B) and a phylogenetic tree showing dS and migration
distance for each species (C). In panels A and B, posterior mean tip estimates of dS (black dots) from Coevol are
shown compared to migration distance (A), and mass (B) from models using our full species set. Gray vertical bars
indicate 95% credible intervals for each estimate. These analyses reveal that both migration distance and mass have
a negative relationship with dS. Plotted lines use linear models to visualize the relationship between estimated tip dS
and a given covariate within each family of birds (when represented in our dataset by two or more species),
demonstrating a consistently negative relationship between dS and migration distance within and among major
clades in our system. In panel C, the phylogenetic tree is colored based on posterior mean tip and node estimates of

dS from Coevol.
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model including species for which we could estimate 6. Gray vertical bars indicate 95% credible intervals for each
estimate. As in Figure 4-2, plotted lines use linear models to visualize the relationship between mean tip dN/dS and
0 within each family of birds (when represented in our dataset by two or more species), demonstrating a consistently
negative relationship between 6 and dN/dS within and among major clades in our system.
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Figure 4-4. The relationship between =N/zS and migration distance (left) and 0 (right). =N/zS is strongly influenced
by 6, as expected if purifying selection removes more nonsynonymous variation in species with larger Ne. ©N/zS
increases with migration distance, after accounting for effects of 6. Regression lines and 95% confidence intervals
show the marginal effect of each variable as calculated by “ggpredict()” from the R package ggeffects v0.16.0
(Ludecke 2018) using the best-fit model, which included both predictors.

Table 4-1. Definitions of abbreviations for molecular substitution rates and population genetic parameters and
predictions for their relationships with migration distance.

Concept Abbr. | Description and assumptions Predictions (this study)
Synonymous ds Assuming synonymous sites evolve | Negative relationship between
substitution rate neutrally, dS primarily reflects pu migration distance and dS
(Nei et al. 2010; Lanfear et al.
2014)
Nonsynonymous | dN Assuming nonsynonymous sites NA
substitution rate are generally deleterious, dN is

influenced by both p and Ne
(reviewed in Nei 2005)
dN/dS ratio dN/dS | Assuming nonsynonymous Negative relationship between 6 and
mutations are generally deleterious, | dN/dS, reflecting the influence of N.
dN/dS reflects strength of purifying | on dN/dS.

selection on dN while accounting Negative relationship between

for variation in p. Low dN/dS = migration distance and dN/dS,
strong purifying selection. (Nei indicating positive relationship
2005; Kryazhimskiy and Plotkin between migration distance and
2008) purifying selection strength.
Mutation rate V] May be influenced by life history NA, 1 not measurable in our data

(reviewed in Bromham 2020)
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expected to reflect natural
selection, but the relationship is
more complex than in dN/dS

Effective Ne Defined as the ideal population size | NA, see 0
population size experiencing the same level of
genetic drift as observed in the data
(Waples 2022). Estimated in
mitochondrial data as 6 / .
(Watterson 1975; Nabholz et al.
2008a)
Theta 0 Population genetic parameter Negative relation between 6 and
representing genetic variation. dN/dS and between 6 and TN/zS
Assuming low variation in L,
variation in 0 primarily reflects
variation in N
Synonymous nS Population genetic parameter NA
nucleotide representing population-level
diversity nucleotide diversity at synonymous
sites.
Nonsynonymous | TN Population genetic parameter NA
nucleotide representing population-level
diversity nucleotide diversity at synonymous
sites.
N/zS ratio nN/nS | Reduction of 7N compared to «S is | Negative relationship between

migration distance and TN/xS,
indicating positive relationship
between migration distance and
selection. Negative relationship
between 0 and nN/xS, indicating
purifying selection on
nonsynonymous polymorphisms.

Table 4-2. A summary of analyses. Models 1 and 2 use Coevol test our hypothesis that synonymous substitution rate
(dS) is influenced by migration distance, with mass and 6 (model 2 only) as additional covariates. Models 3 and 4
use the same approach with Coevol to estimate correlations between traits of interest and dN/dS. Models including 6
use only 27 species because we did not have population-level data available to estimate 8 for all 39 species. Coevol
does not analyze molecular evolutionary parameters based on population-level data, so we used linear modeling to
test whether traits of interest influence TN/xS (model 5). Finally, we also used linear modeling to test for potential
confounding relationships between 0 and life history-associated traits of interest (mass and migration distance;

model 6).
Data subset Method

1 | dS ~ migration distance + mass full (39 species) Coevol

2 | dS ~ migration distance + mass + 0 theta (27 species) | Coevol

3 | dN/dS ~ migration distance + mass full (39 species) Coevol

4 | dN/dS ~ migration distance + mass + 60 theta (27 species) | Coevol

5 | «N/aS ~ migration distance + mass + 0 theta (27 species) | linear
modeling

6 | 0~ migration distance + mass 27 species linear
modeling
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Chapter 5 Conclusions

5.1 Evolutionary consequences of migration and seasonality in the North American

avifauna

Migratory animals are among the most mobile organisms on Earth. Many species cross
hemispheres on a twice-annual basis. In a global, macroevolutionary context, which is
increasingly being used to understand ecology and evolution at a large scale (Tobias et al. 2022),
high latitude migrants typically represent the upper extreme of mobility and dispersal ability
(Blackburn and Gaston 1996; Gaston and Blackburn 1996; Pigot and Tobias 2015; Sheard et al.
2020). Yet, as | show in this dissertation, long-distance migrants do not necessarily demonstrate
the expected evolutionary consequences of extreme mobility. In many contexts, mobility
correlates with geographic range size and genetic connectivity (Blackburn and Gaston 1996;
Claramunt et al. 2012). However, | show that mobility associated with long-distance migration is
not a good predictor of spatial patterns in high latitude avian communities. In chapter 2, |
demonstrate that neither migratory behavior nor dispersal ability influence range size across 306
species of North American songbirds. In chapter 3, | further show that migration distance fails to
promote genetic connectivity, even though dispersal distance is usually assumed to correlate with
mobility. Indeed, many long-distance migratory species show relatively strong genetic structure,
which is maintained by limited dispersal and gene flow. My results suggest that among
organisms with high movement capacity, costs and constraints of long-distance movement

(Bonte et al. 2012) are not primary determinants of spatial evolutionary processes.
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In my fourth chapter, I highlight the under-appreciated role of time-related tradeoffs in
the annual cycle for evolutionary processes in high-latitude migrants. The breeding season at
high latitudes is short, and high latitude animals must balance the time they spend on
reproductive effort in this region against the survival risks posed by harsh conditions as the
seasons change (Varpe 2017; Winger and Pegan 2021). | demonstrate that life history tradeoffs
associated with time limitation are correlated with differences in molecular evolutionary rates.
Long-distance migratory birds have a slower life history strategy than short-distance migrants—
they prioritize survival at the cost of time spent breeding (Greenberg 1980; Bohning-Gaese et al.
2000; Bruderer and Salewski 2009; Winger and Pegan 2021)—and they show correspondingly
slower rates of molecular evolution. My research adds to the rich literature on the relationship
between life history and molecular evolutionary rates (reviewed in Bromham 2020) by
demonstrating this pattern in a novel life history axis (seasonal migration).

The results of my analyses reveal several evolutionary consequences of seasonal
migration distance and additionally highlight several important knowledge gaps for future
investigation. Population-level seasonal migration distance (the major axis of migration
addressed by this dissertation) can be seen as a proxy for a variety of facets of migratory
strategy, including investment of time and energy into migration, the structure of annual
phenology, and the location and type of wintering habitat. Yet there is much more to learn about
how migration distance interacts with these other aspects of organismal biology. For example,
long-distance migrants have adaptations to mitigate energetic costs of flight (Weber 2009),
which may weaken the relationship between migration distance and energetic investment in
migration. In my fourth chapter, | demonstrate that long-distance migrants do not experience

stronger mitochondrial purifying selection than short-distance migrants, suggesting that the
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relationship between migration distance and metabolic costs is complex. Similarly, detailed
investigation into the annual schedule and pace of migration (e.g. Nilsson et al. 2013) in a
comparative context may reveal complex relationships between these variables and migration
distance across species. Tracking of individual birds’ migratory journeys has produced rich
information about migratory strategy, but these studies usually focus on one species at a time.
Comparative analysis of migratory strategy variation across species promises to lend new
insights into how migratory distance interacts with other aspects of avian biology in an

evolutionary context.

5.2 Dispersal dynamics in migratory birds are influenced by complex factors other than

mobility

Time-related tradeoffs also potentially play a role in dispersal evolution (Reed et al.
1999; McNamara and Dall 2011), but dispersal behavior in migratory species requires further
investigation. My thesis demonstrates that variation in both genetic structure and geographic
range evolution among migratory species is not predicted by increased migration distance,
suggesting that long distance migration does not inherently promote higher dispersal than short-
distance migration. Costs of mobility generally play an important role in dispersal evolution, but
other costs associated with time, opportunity, and risk (Bonte et al. 2012) probably have stronger
consequences in species with generally high mobility. The time budget of migratory birds before
and after the nesting period potentially influences the information available to individuals
making dispersal decisions (Mitchell et al. 2010; Brown and Taylor 2015) such that individuals
with more time to explore potentially derive greater benefits from informed long-distance

dispersal. In chapter 3, | found that long-distance migrants—species that spend the least time on
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the breeding grounds (Winger and Pegan 2021)—show some evidence of having stronger genetic
structure than short-distance migrants. An effect of limited time on informed dispersal

potentially explains this pattern. Investigation of species’ time budgets and exploratory behavior
during their time on their breeding grounds may be a fruitful way to develop our understanding
of how migration behavior, seasonality and life history impact dispersal evolution in these
Species.

To better understand spatial evolution in migratory birds, it would be beneficial to test
hypotheses about how migration and dispersal interact within individual wild organisms.
Migratory birds typically show greater dispersal distances than non-migratory birds (Paradis et
al. 1998; Dawideit et al. 2009). To the extent that seasonal migration promotes dispersal, is this
because high dispersal ability promotes exploration over large spatial areas during assessment of
potential breeding sites (Reed et al. 1999; Delgado et al. 2014), or is this a result of navigation
error in migrants that are otherwise attempting to return to their former breeding locality (Wynn
et al. 2022; Vickers et al. 2023)? When the breeding ranges of migratory birds appear to be
smaller than their expected suitable habitat, is this because philopatry drives them to return to
their former breeding sites (Pearce 2007; Winger et al. 2019), or because individuals that attempt
to disperse further away fail to breed or survive (Bohning-Gaese et al. 1998; Toews 2017)?
Dispersal behavior also varies with age, and several studies suggest that the behavior of young
individuals is particularly important for understanding spatial evolution of migrant species (Gill
et al. 2019; Christie et al. 2023). Dispersal processes may vary across species and they likely
affect the shape of the population dispersal kernel, which influences spatial evolution (Clark et
al. 2001; Furstenau and Cartwright 2016; Smith and Weissman 2023). Parameterizing the

dispersal kernel of migratory species requires long-term tracking studies. While such studies
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remain technologically intractable for small species, especially in a comparative context, the
answer to these questions would significantly inform our ability to make predictions about

spatial evolution in migratory birds.

5.3 Genetic diversity within species informs comparisons across species

In this dissertation, | used data on genetic variation within species to inform comparisons
between species. Evolutionary patterns are influenced both by species’ traits and by the effective
size and demographic history of their populations (Ohta 1992; Slatkin 1993; Hutchison and
Templeton 1999), which are reflected in their genetic diversity. By conducting analyses that
include species’ traits and their genetic diversity (as a proxy for effective population size) as
predictors for evolutionary outcomes, | explicitly test hypotheses about how both of these
processes affect present-day genetic patterns. In chapter 3, | found that effective population size
is not correlated with spatial genetic structure, but more sophisticated modeling of species’
demographic histories is potentially a promising avenue to explain species-level variation in their
spatial patterns (Haller and Messer 2019). In chapter 4, | showed that effective population size
influences efficiency of purifying selection on the mitochondria, as expected based on nearly
neutral theory (Ohta 1992). | also showed that effective population size variation does not
correlate with synonymous substitution rate. This suggests that the influence of migration
distance on molecular evolution is not confounded by variation in genetic drift across species,
but more likely reflects links between migration and life history. My ability to test these nuanced
hypotheses was facilitated by the substantial multi-species population genetic dataset that |

generated during my dissertation.
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Appendix A Supplemental Material for Chapter 2

A.1 Table of species used in chapter 2

Appendix Table A.1-1 Species used in chapter 2. This large table is available at
http://www.ecography.org/appendix/ecog-05070 as Appendix 1. For each species, we report the AUC of the species
distribution model used to calculate range filling, and each of the response and predictor variables used in our main
analyses (see Methods). We also indicate which species are endemic to North America (see Appendix Table A.6-1).
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A.2 Figures showing relationships between range size, migration distance, and latitude
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Appendix Figure A.2-1. Migration distance and wing shape are positively correlated with breeding latitude. Each
point represents one species. Lines shown with 95% confidence intervals were predicted using a generalized linear

model gamma family, log link.
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Appendix Figure A.2-2. Maximum attainable range size within our study area depends on latitude. In our main
analyses, we use the latitudinal midpoint of species’ breeding ranges to capture their latitudinal position and placed
the southern bound of the continent at 23°. The bounded nature of our study (and, to a lesser extent, the longitudinal
width of the continent) produce a pattern wherein maximum range size is strongly related to latitudinal midpoint.
The two horizontal red lines on the map represent examples of latitudinal midpoints of a high latitude species and a
low latitude species. By definition, the latitudinal extent of a range can be no more than twice the distance between
the midpoint and the closest edge of the bounded region, so the species whose midpoint is close to the edge of the
region has a smaller maximum range size (shown in the south in dark pink) than that of the other species, whose
midpoint is closer to the middle of the continent (shown in light pink). The corresponding maximum range size at
each of these example latitudes is highlighted in red in the plot to the right of the map. All measurements take the
curvature of the Earth into account. Map shown in Lambert azimuthal equal area projection.

157



14 16
N

12

Range size (million km?)
8

o~
n
&
i 1 1
30 40 50 60
Breeding latitude

Appendix Figure A.2-3 Range size in our study species shows a hump-shaped relationship with latitude, likely for
reasons described in Error! Reference source not found.. The line with 95% confidence intervals is predicted from
a generalized linear model (gamma family, log link) with latitude as a quadratic predictor. Each point represents one
species.
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A.3 Detailed species distribution modeling methods

Geographic manipulation of points, geographic range polygons, and species distribution
modeling output used the following R packages: rgdal (Bivand et al. 2019), rgeos (Bivand and
Rundel 2019), geosphere (Hijmans 2019a), and raster (Hijmans 2019b). We transformed all of
our geographic data to the Lambert azimuthal equal area projection, which accurately represents
area even at high latitudes.

We calculated species distribution models using Maxent as implemented in the R
package maxnet (Phillips 2017) with some preparatory steps carried out with the package dismo
(Hijmans et al. 2017). We downloaded presence points for all of our species from the citizen
science database eBird (Sullivan et al. 2009) and used the R package auk (Strimas-Mackey et al.
2018) to filter the data. Because we were interested in the size of breeding ranges (and not
migratory or wintering ranges), we only used presence points recorded in the month of June
(from all years in the database). Although some southern non-migratory species may complete
breeding by June, these species are present in the same ranges year-round. We removed vagrant
or erroneous presence points for each species by including only the eBird presence points that
fell within the BirdLife International breeding range polygon for that species. We then spatially
thinned the presence points to reduce sampling bias (Kramer-Schadt et al. 2013; Boria et al.
2014) by creating a 20x20 km grid (with a Lambert azimuthal equal area projection) and retained
only up to one eBird presence point per 20 by 20 km (400 km?) grid cell. All of the species listed
in the Table Al had at least 10 presence points from the month of June north of 23° after we
removed vagrant records and thinned the data. The number of presence points north of 23° for

each species ranged from 10 to 17,892 (mean 2,472, sd 3,418).
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The sampling of background points for Maxent models can affect model output (Elith et
al. 2010; Barve et al. 2011; Acevedo et al. 2012). We explored two different methods for
defining background, each of which reflects a different assumption about the dispersal ability of
North American passerines. First, we created Maxent models using 100,000 background points
sampled from throughout North America north of 23° for each species (hereafter, “full
background”). This method assumes that North American passerines generally have high
dispersal ability and have had the opportunity to sample the majority of the continent, and also
keeps the background consistent between species. Second, we created Maxent models using up
to 100,000 background points sampled from only within each species’ breeding range and a
500km buffer around that range (a technique similar to those used by Acevedo et al. 2012, Sanin
and Anderson 2018; hereafter, “buffered background”). We did not include any portions of
species’ ranges or buffered background lying south of 23°. When the buffered background
contained fewer than 100,000 raster cells, we drew as many background points as there were
cells in the raster (although multiple points can be drawn from within a cell, depending on
sampling effort: see below). This method assumes that North American passerines generally
have not had the opportunity to disperse more than 500km from their range edges and results in
background areas that vary in size depending on the species’ breeding range size. In all cases, we
sampled these points randomly from the predictor rasters, but we adjusted the probability that a
point would be sampled from a given 20 by 20 km cell based on the number of eBird checklists
reported from that cell to give the background points the same spatial biases as the presence
points. We sampled background points only from terrestrial areas (not from the ocean or lakes).
Predicted suitable habitat was projected onto a full raster of North America (north of 23°)

regardless of background type.
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We compared the results of full vs buffered background on the SDMs and on our
downstream analyses of the relationship between migration, wing shape and range filling. The
two different background point selection methods produced consistent results: migration and
wing shape are not significant predictors of range filling in either case. Species with small ranges
were most likely to have large differences between the range filling estimate from a buffered
background compared to the estimate from a full background, which is likely related to
artifactual effects of the small buffered background used for these species. Because our main
analyses focus on comparisons between species, we chose to present results that used the full
background method, where a consistent area was used for background point selection for each
Species.

We used 24 predictor variables for each species: all 19 WorldClim bioclimatic variables
(Fick and Hijmans 2017); elevation data; and NDVI data from 2010-2012 and 2014-2015
obtained with the R package gimms (Pinzon and Tucker 2014; Detsch 2018). We calculated
annual mean, minimum, maximum and range of NDV1 and used these four annual metrics as
predictor variables. All predictors were in raster format with 3600 columns and 1440 rows and
with boundaries at -180° and -30° longitude and 23° and 83° latitude. We converted predictor
rasters to the Lambert azimuthal equal area prior to analyses.

We used k-fold data partitioning to split the presence and background points into five groups:
four training groups and one testing group (Hijmans et al. 2017). We then extracted climatic and
environmental data from our predictor rasters for all background and presence points. After
running a Maxent model, we made a raster of climatically suitable habitat area for each species
indicating which areas are suitable using the function “threshold” (from the R package dismo).

This function counts a cell as suitable if its predicted suitability value is as high or higher than
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the value of the cells which have the highest sum of the sensitivity (proportion of correctly-
predicted presences) and specificity (proportion of correctly-predicted absences) for that model.
For a small number of species, the Maxent model failed to converge after the default 200

iterations; we used 400 iterations for these species and all models converged.

A.4 Full model results from main analyses

The effect of the phylogenetic covariance matrix on model results. We tested whether
phylogenetic relatedness had an influence on our model results by fitting a full model (i.e. with
all predictors) with a phylogenetic covariance matrix and a full model without the matrix using
the Bayesian R package brms (Burkner 2017) and comparing the results. As in the main
analyses, we centered/standardized predictors with mean=0 and sd=1. Range size is rescaled to
be between 1 and 10 and range filling is a proportion. For models of range size, we used the
gamma family with a log link and we set the priors for each parameter as a normal distribution
with a mean of 0 and standard deviation of 10 (except for the intercept parameter, which we set
as a normal distribution with a mean of 0 and a standard deviation of 1). For models of range
filling, we used the beta family with a logit link and a log link for the parameter phi, and we set
the priors for each parameter as a normal distribution with a mean of 0 and standard deviation of
1. We found that the addition of the phylogenetic covariance matrix had little influence on any of

the models’ output. This was true both for models of range size and of range filling.

Appendix Table A.4-1. Model results from brms models of range size, using all predictors, fit with a phylogenetic
covariance matrix (white rows) and without the matrix (gray rows). Model coefficients were calculated with
centered/standardized predictors with mean=0 and sd=1. Range size is rescaled to be between 1 and 10. Rhat=1
indicates that the model converged.

Estimate | Est. Lower Upper Rhat
Error 95% CI 95% ClI
Intercept 0.92 0.06 0.80 1.04 1.00
Intercept 0.92 0.06 0.81 1.04 1.00
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Migratory 0.02 0.07 -0.12 0.16 1.00
status

Migratory 0.02 0.07 -0.13 0.16 1.00
status

Migration 0.01 0.03 -0.05 0.07 1.00
distance

Migration 0.01 0.03 -0.05 0.07 1.00
distance

Wing shape 0.05 0.03 -0.01 0.11 1.00
Wing shape 0.05 0.03 -0.01 0.11 1.00
Mass 0.05 0.03 0 0.10 1.00
Mass 0.05 0.03 0 0.10 1.00
Latitude 7.05 0.54 5.98 8.08 1.00
Latitude 7.07 0.56 6.00 8.15 1.00
Latitude? -3.77 0.44 -4.62 -2.90 1.00
Latitude? -3.79 0.43 -4.63 -2.91 1.00

Appendix Table A.4-2 Model results from brms models of range filling, using all predictors, fit with a phylogenetic
covariance matrix (white rows) and without the matrix (gray rows). Model coefficients were calculated with
centered/standardized predictors with mean=0 and sd=1. Range filling is a proportion. Rhat=1 indicates that the
model converged.

Estimate | Est. Lower Upper Rhat
Error 95% CI 95% ClI

Intercept 0.85 0.12 0.60 1.10 1.00
Intercept 0.84 0.13 0.58 1.11 1.00
Migratory 0.17 0.15 -0.12 0.47 1.00
status

Migratory 0.17 0.16 -0.15 0.47 1.00
status

Migration 0.09 0.08 -0.06 0.24 1.00
distance

Migration 0.09 0.07 -0.06 0.23 1.00
distance

Wing shape -0.03 0.07 -0.15 0.10 1.00
Wing shape -0.03 0.07 -0.15 0.10 1.00
Mass 0.08 0.06 -0.03 0.22 1.00
Mass 0.08 0.06 -0.03 0.21 1.00
Latitude -0.03 0.07 -0.17 0.11 1.00
Latitude -0.03 0.07 -0.16 0.11 1.00
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A.5 Detailed model results from main analyses

Appendix Table A.5-1. Detailed model results from models predicting range size. Model coefficients were calculated
with centered/standardized predictors with mean=0 and sd=1. Range size is rescaled to be between 1 and 10.

Predictor Estimate | Std Error | tvalue Pr(>|t])
Intercept 0.74 0.083 8.93 <0.0001
Migratory status | 0.37 0.099 3.75 0.00021
Migration 0.15 0.043 3.54 0.0005
distance

Intercept 1.03 0.036 29.00 <0.0001
Wing shape 0.21 0.036 5.78 <0.0001
Mass 0.017 0.036 0.46 0.65
Intercept 0.95 0.024 39.70 <0.0001
Latitude 7.67 0.42 18.40 <0.0001
Latitude? -3.97 0.42 -9.52 <0.0001
Intercept 0.93 0.057 16.17 <0.0001
Migratory status | 0.017 0.070 0.24 0.81
Migration 0.0068 0.033 0.21 0.83
distance

Wing shape 0.051 0.030 1.78 0.076
Mass 0.046 0.026 1.76 0.079
Latitude 7.18 0.51 14.01 <0.0001
Latitude? -3.90 0.43 -9.08 <0.0001

Appendix Table A.5-2. Detailed model results from models predicting range filling. Model coefficients were
calculated with centered/standardized predictors with mean=0 and sd=1. Range filling is a proportion.

Predictor Estimate | Std Error | z value Pr(>|z|)
Intercept 0.90 0.11 7.93 <0.0001
Migratory status | 0.12 0.14 0.91 0.36
Migration 0.059 0.060 0.98 0.33
distance

Intercept 0.99 0.054 18.42 <0.0001
Wing shape 0.042 0.052 0.82 041
Mass 0.031 0.053 0.59 0.56
Intercept 0.99 0.054 18.41 <0.0001
Latitude 0.050 0.051 0.98 0.33
Intercept 0.86 0.12 7.16 <0.0001
Migratory status | 0.18 0.15 1.22 0.22
Migration 0.092 0.071 1.30 0.19
distance

Wing shape -0.033 0.062 -0.53 0.60
Mass 0.078 0.058 1.33 0.18
Latitude -0.028 0.063 -0.44 0.66
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A.6 Main analyses repeated with two subsets of the full species list

Appendix Table A.6-1. Comparison of models predicting range size and range filling using only species endemic to
North America (ranges are entirely north of 23° latitude). Model coefficients were calculated with
centered/standardized predictors with mean=0 and sd=1. Range size is rescaled to be between 1 and 10 and range
filling is a proportion. R? shown for models of range size are trigamma estimates calculated using the R package
MuMIn. For models of range filling, we show pseudo R?calculated by the R package betareg.

Response | Migrat | Migrat- | Wing | Mass | Latit | Latit | logLik | AlCc Delta | Weight R?
-ory ion shape ude ude?
status distance
Range - - - - 384 | -224 | -2384 | 485.1 0 0.88 0.40
size
Range 0.025 0.068 -0.016 | 0.08 | 354 | -2.06 | -236.1 489.1 4.0 0.19 0.41
size
Range 0.15 0.14 - - - - -268.8 545.8 60.8 0 0.10
size
Range - - 0.14 0.022 | - - -274.2 556.7 71.6 0 0.045
size
Range - - - - - - 59.3 -112.5 0 0.57 0.0052
filling 0.088
Range 0.012 0.070 - - - - 59.4 -110.5 2.03 0.21 0.0066
filling
Range - - 0.0045 | 0.058 | - - 59.1 -110.0 2.54 0.16 0.0033
filling
Range 0.098 0.16 -0.087 | 0.13 | -0.16 | - 61.3 -108.0 4.58 0.06 0.036
filling

Appendix Table A.6-2. Comparison of models predicting range size and range filling using only non-migrants.
Model coefficients were calculated with centered/standardized predictors with mean=0 and sd=1. Range size is
rescaled to be between 1 and 10 and range filling is a proportion. R2 shown for models of range size are trigamma
estimates calculated using the R package MuMIn. For models of range filling, we show pseudo R? calculated by the
R package betareg.

Response | Wing Mass | Latitude Latitude? logLik | AlCc Delta | Weight | R?
shape

Range size | - - 4.74 -3.58 -55.8 120.1 0 0.74 0.66

Range size | 0.004 0.034 | 4.92 -3.59 -372.1 122.2 2.16 0.25 0.66

Range size | 0.070 0.090 | - - -428.6 202.3 82.22 0 0.10

Range - - 0.27 - 32.7 -59.1 0 0.85 0.065

filling

Range -0.081 | 0.003 | 0.29 - 33.0 -55.2 3.95 0.12 0.0081

filling 2

Range -0.062 | 0.049 | - - 304 -52.2 6.91 0.03 0.071

filling
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Appendix B Supplemental Material for Chapter 3

B.1 Additional bioinformatic metadata

Appendix Table B.1-1. Species used in this study are presented with bioinformatic metadata, including details about
reference genomes, mean mapping rate (i.e. rate of alignment to the reference genome by bwa-mem), and mean
depth of coverage. The final five columns describe the number of loci in each dataset for each species. The total
number of SNPs identified by ANGSD is shown in “Raw SNP number,” and the next two columns indicate the

number of SNPs remaining after filters were applied based on ngsParalog and putative inversion clustering,

respectively. The number of SNPs used in analyses is shown in “SNPs after inversion filter.” The final two columns
give the size of the subsampled datasets used for calculating summary statistics, which include both SNPs and
invariant sites.

Species Reference | Reference | Assembly | Reference Mean | Mean Raw SNP | SNPs SNPs Subsample, | Sub-
genome el level genome map | depth of | number after ngs | after genetic sample,
GenBank | associated species rate | coverage Paralog | inversion | distance Fst and
publication "
assembly filter 0z
Picoides GCA_01483 | Zhang et al | Chromo- [ Picoides 095 (4 12056881 | 10881723 | 9325085 | 2804131 27188828
arcticus 9835.1 2014 some pubescens
Dryobates | GCA_01483 | Zhang et al [ Chromo- | Picoides 095 [3.6 21727984 | 20526591 | 17720295 | 2733354 26239950
villosus 9835.1 2014 some pubescens
Sphyrapicu | GCA_01483 | Zhang et al [ Chromo- [ Picoides 091 |35 22941999 | 20830084 | 15445280 | 2361400 22992060
s varius 9835.1 2014 some pubescens
Empidonax | GCF_00303 | Ruegg et al | Scaffold Empidonax [0.95 |4 32264867 | 31372546 | 13932313 | 1673806 14836614
alnorum 1625.1 2018 trailli
Empidonax | GCF_00303 | Ruegg et al | Scaffold Empidonax [0.95 |4.2 24243976 | 23151566 | 8552886 | 1461399 12924657
flaviventris | 1625.1 2018 trailli
Empidonax | GCF_00303 | Ruegg et al | Scaffold Empidonax [0.93 | 4.5 31182957 | 30107477 | 12927246 | 1659534 14875454
minimus 1625.1 2018 trailli
Vireo GCA_01339 | Feng etal [ Scaffold Vireo 092 |33 36668099 | 36668099 | 10922102 | 1217856 10656866
olivaceus [ 6875.1 2020 altiloquus
Vireo GCA_01339 | Feng etal [ Scaffold Vireo 093 |51 31473620 | 30901578 | 9298677 | 1229383 10748633
philadelphi | 6875.1 2020 altiloquus
cus
Vireo GCA_01339 | Feng etal | Scaffold Vireo 0.9 3.3 20958533 [ 19987935 | 5229041 | 1211061 10675151
solitarius | 6875.1 2020 altiloquus
Poecile GCA_00152 | Laine etal | Chromo- Parus major | 0.91 3.8 20545862 | 19505859 | 17248392 | 2341066 22955650
atricapillu | 2545.3 2016 some
S
Poecile GCA_00152 | Laineetal | Chromo- [ Parus major | 0.9 34 13482980 | 12739724 | 9578889 | 2086503 20256005
hudsonicus | 2545.3 2016 some
Corthylio | GCA_01339 | Fengetal [ Scaffold Regulus 0.9 3.8 21399431 | 21399174 | 3483471 | 518000 4420000
calendula | 6955.1 2020 satrapa
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Regulus GCA_01339 | Feng etal | Scaffold Regulus 092 (4.2 21812486 | 21272531 | 3587975 | 551960 4878740
satrapa 6955.1 2020 satrapa

Certhia GCA_01869 | Manthey et | Chromo- | Certhia 095 (4.1 14722943 | 13937070 | 11338226 | 2814686 26982445
americana | 7195.1 al 2021 some americana

Troglodyte [ GCA_01339 | Feng etal | Scaffold Thryothorus | 0.91 3.7 21239634 | 20823812 [ 4792113 | 797988 6988890
s hiemalis | 7245.1 2020 ludovicianus

Catharus | GCA_00981 [ NA Chromo- | Catharus 096 [4.7 47549705 | 45435269 | 35677180 | 2402625 23280960
fuscescens | 9885.2 some ustulatus

Catharus | GCA_00981 [ NA Chromo- | Catharus 094 (3.7 27609103 | 25820254 | 23301650 | 2746706 26415709
guttatus 9885.2 some ustulatus

Catharus | GCA_00981 [ NA Chromo- | Catharus 0.96 3.8 38764475 | 37007330 | 32394561 | 2670000 25633393
ustulatus 9885.2 some ustulatus

Junco GCA_00382 | Friisetal | Chromo- [ Junco 094 (51 15372806 | 13808922 | 11889443 | 2401187 23144538
hyemalis 9775.2 2022 some hyemalis

Melospiza | GCA_00382 | Friisetal | Chromo- [ Junco 091 (4.1 31139305 | 29362108 | 23709552 | 2226036 21362385
lincolnii 9775.2 2022 some hyemalis

Zonotrichi [ GCA_00382 | Friisetal | Chromo- | Junco 093 [45 17737289 | 16507633 | 11851497 | 1802411 17606683
a albicollis | 9775.2 2022 some hyemalis

Cardellina | GCA_00174 | Toews et | Chromo- | Setophaga |0.81 [4.3 31263642 | 30389157 | 24179480 | 2052000 19932143
canadensis | 6935.2 al 2016 some coronata

Geothlypis | GCA_00976 | Sly et al Chromo- | Geothlypis (0.86 |4 41705964 | 39350849 | 33930269 | 2356114 23009330
philadelphi | 4595.1 2022 some trichas

a

Oporornis | GCA_00976 | Sly et al Chromo- | Geothlypis [0.86 |4.1 43492691 | 41633829 | 35593575 | 2363437 23206827
agilis 4595.1 2022 some trichas

Leiothlypis | GCA_00174 | Toews et | Chromo- | Setophaga | 0.82 3.2 38601252 | 37772294 | 32637118 | 2377809 22784790
peregrina [ 6935.2 al 2016 some coronata

Leiothlypis | GCA_00174 | Toews et | Chromo- | Setophaga | 0.82 3.1 21604171 | 20649668 | 17403822 | 2292913 22119717
ruficapilla | 6935.2 al 2016 some coronata

Setophaga | GCA_00174 | Toews et [ Chromo- | Setophaga |0.81 3.2 35522605 | 34727422 | 28526191 | 2149058 20905308
castanea 6935.2 al 2016 some coronata

Setophaga | GCA_00174 | Toews et [ Chromo- | Setophaga |0.86 3.2 22794604 | 21926073 | 18673928 | 2338926 22551104
coronata 6935.2 al 2016 some coronata

Setophaga | GCA_00174 | Toews et [ Chromo- | Setophaga |0.85 3.1 34851489 | 34112569 | 30620914 | 2389366 23386491
fusca 6935.2 al 2016 some coronata

Setophaga | GCA_00174 | Toews et [ Chromo- | Setophaga |0.82 3.9 34698342 | 33593437 [ 30025527 | 2362767 23209897
magnolia | 6935.2 al 2016 some coronata

Setophaga | GCA_00174 | Toews et [ Chromo- | Setophaga |0.86 3.9 26951076 | 26001331 | 23008752 | 2408310 23274551
palmarum [ 6935.2 al 2016 some coronata

Setophaga | GCA_00174 | Toews et | Chromo- Setophaga 0.8 3.6 35898041 [ 34999133 | 30693752 | 2371560 22830485
pensylvani | 6935.2 al 2016 some coronata

ca

Setophaga | GCA_00174 | Toews et [ Chromo- | Setophaga |0.84 [3.7 22413208 | 22407383 [ 20673474 | 2495993 24239479
tigrina 6935.2 al 2016 some coronata

Setophaga | GCA_00174 | Toews et | Chromo- | Setophaga |0.86 [4.1 14938759 | 13746372 | 12214860 | 2417412 23127715
virens 6935.2 al 2016 some coronata

Appendix Table B.1-2. A list of regions (chromosomes or scaffolds) filtered out of the dataset due to evidence of
putative inversion polymorphisms. Microchromosomes and scaffolds (as indicated by “Region type”) were entirely
discarded. When possible, we removed putative inversion regions from macrochromosomes while leaving the
remaining parts of the chromosome in the dataset. “Filter start” and “Filter end” columns show genome coordinates
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filtered out of macrochromosomes. When the affected region was too large or poorly defined to allow confidence in
the location of the putatively inverted region, we discarded the entire macrochromosome.

Species Region name Region type | Filter Filter end
(GenBank start
accession)

Dryobates villosus | CM026011.1 Micro

Sphyrapicus varius | CM025994.1 Macro 40000000 | 50000000

Sphyrapicus varius | CM025996.1 Macro Affected

region too
large to
filter

Sphyrapicus varius | CM026000.1 Macro 10000000 | 30000000

Sphyrapicus varius | CM026003.1 Macro Affected

region too
large to
filter

Sphyrapicus varius | CM026013.1 Micro

Sphyrapicus varius | CM026025.1 Micro

Empidonax NW_020955207.1 | Scaffold

alnorum

Empidonax NW_020955239.1 | Scaffold

alnorum

Empidonax NW_020955251.1 | Scaffold

alnorum

Empidonax NW_020955278.1 | Scaffold

alnorum

Empidonax NW_020955314.1 | Scaffold

alnorum

Empidonax NW_020955356.1 | Scaffold

alnorum

Empidonax NW_020955369.1 | Scaffold

alnorum

Empidonax NW_020955396.1 | Scaffold

alnorum

Empidonax NW_020955429.1 | Scaffold

alnorum

Empidonax NW_020955664.1 | Scaffold

alnorum

Empidonax NW_020955753.1 | Scaffold

alnorum

Empidonax NW_020955202.1 | Scaffold

flaviventris

Empidonax NW_020955214.1 | Scaffold

flaviventris

Empidonax NW_020955239.1 | Scaffold

flaviventris

Empidonax NW_020955241.1 | Scaffold

flaviventris

Empidonax NW_020955253.1 | Scaffold

flaviventris

Empidonax NW_020955254.1 | Scaffold

flaviventris
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Empidonax NW_020955261.1 | Scaffold
flaviventris
Empidonax NW_020955271.1 | Scaffold
flaviventris
Empidonax NW_020955272.1 | Scaffold
flaviventris
Empidonax NW_020955278.1 | Scaffold
flaviventris
Empidonax NW_020955281.1 | Scaffold
flaviventris
Empidonax NW_020955285.1 | Scaffold
flaviventris
Empidonax NW_020955287.1 | Scaffold
flaviventris
Empidonax NW_020955291.1 | Scaffold
flaviventris
Empidonax NW_020955293.1 | Scaffold
flaviventris
Empidonax NW_020955305.1 | Scaffold
flaviventris
Empidonax NW_020955306.1 | Scaffold
flaviventris
Empidonax NW_020955308.1 | Scaffold
flaviventris
Empidonax NW_020955312.1 | Scaffold
flaviventris
Empidonax NW_020955314.1 | Scaffold
flaviventris
Empidonax NW_020955316.1 | Scaffold
flaviventris
Empidonax NW_020955318.1 | Scaffold
flaviventris
Empidonax NW_020955329.1 | Scaffold
flaviventris
Empidonax NW_020955330.1 | Scaffold
flaviventris
Empidonax NW_020955337.1 | Scaffold
flaviventris
Empidonax NW_020955347.1 | Scaffold
flaviventris
Empidonax NW_020955356.1 | Scaffold
flaviventris
Empidonax NW_020955358.1 | Scaffold
flaviventris
Empidonax NW_020955360.1 | Scaffold
flaviventris
Empidonax NW_020955363.1 | Scaffold
flaviventris
Empidonax NW_020955369.1 | Scaffold
flaviventris
Empidonax NW_020955379.1 | Scaffold
flaviventris
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Empidonax NW_020955380.1 | Scaffold
flaviventris
Empidonax NW_020955382.1 | Scaffold
flaviventris
Empidonax NW_020955389.1 | Scaffold
flaviventris
Empidonax NW_020955391.1 | Scaffold
flaviventris
Empidonax NW_020955396.1 | Scaffold
flaviventris
Empidonax NW_020955398.1 | Scaffold
flaviventris
Empidonax NW_020955408.1 | Scaffold
flaviventris
Empidonax NW_020955409.1 | Scaffold
flaviventris
Empidonax NW_020955418.1 | Scaffold
flaviventris
Empidonax NW_020955424.1 | Scaffold
flaviventris
Empidonax NW_020955425.1 | Scaffold
flaviventris
Empidonax NW_020955429.1 | Scaffold
flaviventris
Empidonax NW_020955431.1 | Scaffold
flaviventris
Empidonax NW_020955433.1 | Scaffold
flaviventris
Empidonax NW_020955437.1 | Scaffold
flaviventris
Empidonax NW_020955440.1 | Scaffold
flaviventris
Empidonax NW_020955442.1 | Scaffold
flaviventris
Empidonax NW_020955457.1 | Scaffold
flaviventris
Empidonax NW_020955458.1 | Scaffold
flaviventris
Empidonax NW_020955461.1 | Scaffold
flaviventris
Empidonax NW_020955474.1 | Scaffold
flaviventris
Empidonax NW_020955503.1 | Scaffold
flaviventris
Empidonax NW_020955505.1 | Scaffold
flaviventris
Empidonax NW_020955506.1 | Scaffold
flaviventris
Empidonax NW_020955507.1 | Scaffold
flaviventris
Empidonax NW_020955524.1 | Scaffold
flaviventris
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Empidonax NW_020955566.1 | Scaffold
flaviventris
Empidonax NW_020955579.1 | Scaffold
flaviventris
Empidonax NW_020955589.1 | Scaffold
flaviventris
Empidonax NW_020955604.1 | Scaffold
flaviventris
Empidonax NW_020955616.1 | Scaffold
flaviventris
Empidonax NW_020955664.1 | Scaffold
flaviventris
Empidonax NW_020955697.1 | Scaffold
flaviventris
Empidonax NW_020955753.1 | Scaffold
flaviventris
Empidonax NW_020955202.1 | Scaffold
minimus
Empidonax NW_020955203.1 | Scaffold
minimus
Empidonax NW_020955207.1 | Scaffold
minimus
Empidonax NW_020955210.1 | Scaffold
minimus
Empidonax NW_020955212.1 | Scaffold
minimus
Empidonax NW_020955214.1 | Scaffold
minimus
Empidonax NW_020955223.1 | Scaffold
minimus
Empidonax NW_020955228.1 | Scaffold
minimus
Empidonax NW_020955234.1 | Scaffold
minimus
Empidonax NW_020955239.1 | Scaffold
minimus
Empidonax NW_020955257.1 | Scaffold
minimus
Empidonax NW_020955261.1 | Scaffold
minimus
Empidonax NW_020955271.1 | Scaffold
minimus
Empidonax NW_020955272.1 | Scaffold
minimus
Empidonax NW_020955274.1 | Scaffold
minimus
Empidonax NW_020955278.1 | Scaffold
minimus
Empidonax NW_020955281.1 | Scaffold
minimus
Empidonax NW_020955289.1 | Scaffold
minimus
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Empidonax NW_020955290.1 | Scaffold
minimus
Empidonax NW_020955308.1 | Scaffold
minimus
Empidonax NW_020955313.1 | Scaffold
minimus
Empidonax NW_020955314.1 | Scaffold
minimus
Empidonax NW_020955316.1 | Scaffold
minimus
Empidonax NW_020955321.1 | Scaffold
minimus
Empidonax NW_020955324.1 | Scaffold
minimus
Empidonax NW_020955327.1 | Scaffold
minimus
Empidonax NW_020955356.1 | Scaffold
minimus
Empidonax NW_020955369.1 | Scaffold
minimus
Empidonax NW_020955396.1 | Scaffold
minimus
Empidonax NW_020955410.1 | Scaffold
minimus
Empidonax NW_020955416.1 | Scaffold
minimus
Empidonax NW_020955425.1 | Scaffold
minimus
Empidonax NW_020955429.1 | Scaffold
minimus
Empidonax NW_020955440.1 | Scaffold
minimus
Empidonax NW_020955458.1 | Scaffold
minimus
Empidonax NW_020955477.1 | Scaffold
minimus
Empidonax NW_020955550.1 | Scaffold
minimus
Empidonax NW_020955566.1 | Scaffold
minimus
Empidonax NW_020955577.1 | Scaffold
minimus
Empidonax NW_020955616.1 | Scaffold
minimus
Empidonax NW_020955664.1 | Scaffold
minimus
Empidonax NW_020955720.1 | Scaffold
minimus
Empidonax NW_020955753.1 | Scaffold
minimus
Empidonax NW_020955927.1 | Scaffold
minimus
Vireo olivaceus VZRF01012750.1 | Scaffold
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Poecile atricapillus | CM003714.1 Macro 55000000 | 71365269
(chromosome
end)

Poecile atricapillus | CM003715.1 Macro 1 20000000

Poecile atricapillus | CM003717.2 Macro 1 10000000

Poecile atricapillus | CM003722.1 Micro

Poecile hudsonicus | CM003709.1 Macro 80000000 | 101000000

Poecile hudsonicus | CM003711.1 Macro 1 60000000

Poecile hudsonicus | CM003714.1 Macro 50000000 | 71365269
(chromosome
end)

Poecile hudsonicus | CM003715.1 Macro 1 20000000

Poecile hudsonicus | CM003718.2 Micro

Corthylio VWZN01001582.1 | Scaffold

calendula

Corthylio VWZN01002012.1 | Scaffold

calendula

Corthylio VWZN01003768.1 | Scaffold

calendula

Corthylio VWZN01003785.1 | Scaffold

calendula

Corthylio VWZN01014447.1 | Scaffold

calendula

Corthylio VWZN01016700.1 | Scaffold

calendula

Corthylio VWZN01017393.1 | Scaffold

calendula

Corthylio VWZN01018494.1 | Scaffold

calendula

Corthylio VWZN01021048.1 | Scaffold

calendula

Regulus satrapa VWZN01013934.1 | Scaffold

Regulus satrapa VWZN01015879.1 | Scaffold

Regulus satrapa VWZN01022086.1 | Scaffold

Troglodytes VZTB01003382.1 | Scaffold

hiemalis

Troglodytes VZTB01004761.1 | Scaffold

hiemalis

Troglodytes VZTB01010552.1 | Scaffold

hiemalis

Troglodytes VZTB01013914.1 | Scaffold

hiemalis

Catharus CMO020338.1 Macro 1 2000000

fuscescens

Catharus CMO020341.1 Macro 1 2000000

fuscescens

Catharus CM020345.1 Micro

fuscescens

Catharus CM020348.1 Micro

fuscescens
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Catharus CM020349.1 Micro
fuscescens
Catharus CM020351.1 Micro
fuscescens
Catharus CM020353.1 Micro
fuscescens
Catharus CM020358.1 Micro
fuscescens
Catharus CM020360.1 Micro
fuscescens
Catharus CM020361.1 Micro
fuscescens
Catharus CM020365.1 Micro
fuscescens
Catharus CM020367.1 Micro
fuscescens
Catharus CM020368.1 Micro
fuscescens
Catharus CM020369.1 Micro
fuscescens
Catharus CM020371.1 Micro
fuscescens
Catharus CM020372.1 Micro
fuscescens
Catharus guttatus | CM020339.1 Macro 70000000 | 77026709
(chromosome
end)
Catharus guttatus | CM020365.1 Micro
Catharus guttatus | CM020367.1 Micro
Catharus guttatus | CM020368.1 Micro
Catharus guttatus | CM020369.1 Micro
Catharus guttatus | CM020371.1 Micro
Catharus guttatus | CM020372.1 Micro
Catharus guttatus | CM020374.1 Micro
Catharus ustulatus | CM020344.1 Micro
Catharus ustulatus | CM020358.1 Micro
Catharus ustulatus | CM020365.1 Micro
Catharus ustulatus | CM020367.1 Micro
Catharus ustulatus | CM020368.1 Micro
Catharus ustulatus | CM020371.1 Micro
Catharus ustulatus | CM020372.1 Micro
Junco hyemalis CMO042576.1 Macro 10000000 | 40000000
Junco hyemalis CM042579.1 Macro 1 30000000
Junco hyemalis CMO042598.1 Micro
Melospiza lincolnii | CM042577.1 Macro 20000000 | 40000000
Melospiza lincolnii | CM042579.1 Macro Affected
region too
large to
filter

174




Melospiza lincolnii | CM042581.1 Macro Affected
region too
large to
filter

Melospiza lincolnii | CM042598.1 Micro

Zonotrichia CM042573.1 Macro Affected

albicollis region too
large to
filter

Zonotrichia CM042576.1 Macro Affected

albicollis region too
large to
filter

Zonotrichia CM042585.1 Micro

albicollis

Zonotrichia CM042590.1 Micro

albicollis

Zonotrichia CM042595.1 Micro

albicollis

Zonotrichia CM042598.1 Micro

albicollis

Zonotrichia CM042600.1 Micro

albicollis

Cardellina CM027510.1 Macro Affected

canadensis region too
large to
filter

Cardellina CM027511.1 Macro Affected

canadensis region too
large to
filter

Cardellina CM027517.1 Micro

canadensis

Cardellina CM027521.1 Micro

canadensis

Cardellina CM027530.1 Micro

canadensis

Cardellina CM027532.1 Micro

canadensis

Cardellina CM027534.1 Micro

canadensis

Geothlypis CM019902.1 Macro 95000000 | 116842828

philadelphia (chromosome

end)

Geothlypis CM019903.1 Macro 15000000 | 50000000

philadelphia

Geothlypis CMO019906.1 Macro 1 28000000

philadelphia

Geothlypis CMO019911.1 Micro

philadelphia

Geothlypis CM019926.1 Micro

philadelphia

Geothlypis CM019929.1 Micro

philadelphia

Geothlypis CMO019931.1 Micro

philadelphia
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Geothlypis CM019932.1 Micro

philadelphia

Leiothlypis CM027511.1 Macro Affected

peregrina region too

large to
filter

Leiothlypis CM027512.1 Macro 1 5000000

peregrina

Leiothlypis CM027528.1 Micro

peregrina

Leiothlypis CM027530.1 Micro

peregrina

Leiothlypis CM027532.1 Micro

peregrina

Leiothlypis CM027534.1 Micro

peregrina

Leiothlypis CM027508.1 Macro 50000000 | 60000000

ruficapilla

Leiothlypis CM027510.1 Macro 60000000 | 70957965

ruficapilla (chromosome
end)

Leiothlypis CM027512.1 Macro 1 5000000

ruficapilla

Leiothlypis CM027513.1 Macro 30000000 | 38264695

ruficapilla (chromosome
end)

Leiothlypis CM027514.1 Micro

ruficapilla

Leiothlypis CM027518.1 Micro

ruficapilla

Leiothlypis CM027528.1 Micro

ruficapilla

Leiothlypis CM027530.1 Micro

ruficapilla

Leiothlypis CM027531.1 Micro

ruficapilla

Leiothlypis CM027532.1 Micro

ruficapilla

Leiothlypis CM027534.1 Micro

ruficapilla

Oporornis agilis CM019902.1 Macro 100000000 | 116842828
(chromosome
end)

Oporornis agilis CM019906.1 Macro 40000000 | 63300891
(chromosome
end)

Oporornis agilis CM019912.1 Micro

Oporornis agilis CM019921.1 Micro

Oporornis agilis CM019929.1 Micro

Setophaga CM027508.1 Macro 40000000 | 60000000

castanea

Setophaga CM027510.1 Macro 60000000 | 70957965

castanea (chromosome
end)
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Setophaga CM027511.1 Macro Affected
castanea region too

large to

filter
Setophaga CMO027512.1 Macro 1 10000000
castanea
Setophaga CMO027513.1 Macro 30000000 | 38264695
castanea (chromosome

end)
Setophaga CM027518.1 Micro
castanea
Setophaga CM027530.1 Micro
castanea
Setophaga CM027532.1 Micro
castanea
Setophaga CM027534.1 Micro
castanea
Setophaga CMO027507.1 Macro 65000000 | 100000000
coronata
Setophaga CMO027508.1 Macro 40000000 | 60000000
coronata
Setophaga CMO027510.1 Macro 1 15000000
coronata
Setophaga CM027530.1 Micro
coronata
Setophaga CM027532.1 Micro
coronata
Setophaga fusca CMO027508.1 Macro 40000000 | 60000000
Setophaga fusca CM027510.1 Macro 1 15000000
Setophaga fusca CM027530.1 Micro
Setophaga fusca CM027532.1 Micro
Setophaga fusca CMO027534.1 Micro
Setophaga CMO027508.1 Macro 30000000 | 70000000
magnolia
Setophaga CM027530.1 Micro
magnolia
Setophaga CM027532.1 Micro
magnolia
Setophaga CM027534.1 Micro
magnolia
Setophaga CMO027510.1 Macro 1 40000000
palmarum
Setophaga CM027530.1 Micro
palmarum
Setophaga CM027532.1 Micro
palmarum
Setophaga CM027507.1 Macro 100000000 | 114062283
pensylvanica (chromosome
end)

Setophaga CMO027508.1 Macro 40000000 | 60000000

pensylvanica
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Setophaga CM027513.1 Macro 33000000 | 38264695

pensylvanica (chromosome
end)

Setophaga CM027530.1 Micro

pensylvanica

Setophaga CM027532.1 Micro

pensylvanica

Setophaga CM027534.1 Micro

pensylvanica

Setophaga CMO027536.1 Macro 45000000 | 60000000

pensylvanica

Setophaga tigrina | CM027530.1 Micro

Setophaga tigrina | CM027532.1 Micro

Setophaga tigrina | CM027534.1 Micro

Setophaga virens CM027508.1 Macro 40000000 | 60000000

Setophaga virens CM027530.1 Micro

Setophaga virens CM027532.1 Micro

Setophaga virens CM027534.1 Micro

Setophaga virens CM027537.1 Micro

B.2 Supplemental figures for chapter 3
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Appendix Figure B.2-1. PCA and admixture plots demonstrate the influence of chromosomes with putative inversion
polymorphisms in an example species, Cardellina canadensis. In this species, chromosomes 4 and 5 demonstrate
clustering patterns potentially caused by inversion polymorphisms. When chromosomes 4 and 5 are filtered as
described in the methods section to remove a putative inversion polymorphism (A), a relatively strong geographic
pattern is evident on PC1 and on the admixture plot, where samples are ordered by longitude. When chromosomes 4
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and 5 are present in their entirety (B), PC1 and PC2 each capture structure from the putative inversion
polymorphisms on each of these chromosomes, clustering points into a 3-by-3 grid (B, left PCA). The grid appears
to reflect inversion genotypes—homozygous major, heterozygous, homozygous minor—in all possible
combinations for chromosomes 4 and 5 on PC1 and PC2, except that we have no individuals with one of the
genotype combinations (empty upper right corner of the grid). Geographic structure is evident on PC3 in this case
(B, right PCA plot), albeit more subtly than shown in (A). The admixture plot made using the unfiltered dataset also
reflects putative inversion genotype rather than geography.
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Appendix Figure B.2-2. Fst calculations made by ANGSD using all possible samples from each sampling area. (A)
demonstrates strong bias based on the number of samples analyzed to estimate pairwise Fst using ANGSD’s default
Fst estimator from Reynolds et al. 1983. Comparisons based on more samples receive lower estimates of Fst. The
points in (A) represents pairwise Fst values from all species plotted together, which further underscores the strength
of this bias. ANGSD provides the option to calculate Fst using the estimator of Bhatia et al. 2013, which is designed
to reduce bias from sample size. (B) The estimator successfully reduces bias, as there appears to be no relationship
between samples analyzed and pairwise Fst across species. However, this estimator presents a new challenge for
interpretation, which is that 54% of pairwise Fst values across all species are assigned negative values of Fst. Lines
at Fst=0 are shown on all plots. Typically, negative values of Fst are treated as equivalent to Fst ~ 0. Negative Fst
values produced by the Bhatia 2013 estimator are not distributed evenly across species. There are 6 species for
which all possible Bhatia Fst values are negative, and a further 7 species for which only 1 or 2 pairwise comparisons
have positive values. The two Fst estimators are not evidently correlated with each other (C), although this may be
related to the strength of the bias shown in (A). We chose to mitigate the effect of sample size bias by using the
Reynolds 1983 estimator on exactly the same number of samples across all species and populations, rather than by

using the Bhatia 2013 estimator on unbalanced sample sizes, because we felt that doing so produced results that
were easier to interpret.
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B.3 Spatial genetic patterns in each species
Appendix Figure B3-1 to B3-34. Spatial genetic patterns for each species as shown with PCA (A) and admixture

plots (B) generated by PCANGSD; and the relationship between geographic distance and PCA covariance (C),
genetic distance (D), and Fs (E). Samples are ordered by longitude in admixture plots. Genetic distance and F
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estimates in D and E come from the subsampled datasets whereas PCA-based analyses use the SNP dataset. We did
not calculate IBD slope based on F in species.

181



A  Dryobates villosus

1,001
[ ]
0751
£
<
o
>
Q
Q
2
5050
@
=
2
<
<
0251
S
o [
® ®
0.001 00
® o e P o
® ® o
03 02 01 00 01

PC1 - 8.69% variance explained

Locality @ Alberta Northern Manitoba @ Western Great Lakes Northeast Highlands Atlantic Maritime

B ' —
- i
0.50 1
0.25
0.00 —

L BN BN BN BN BN BN BN BN BN [ BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN )
C e D o
0.4 0\
o o 0.005
8
s 8
g o
c =]
8 2 0002{@
< 2
(@] 0]
a Q)]
0.003
& °
0 1000 2000 3000 0 1000 2000 3000
Geographic distance (km) Geographic distance (km)

Appendix Figure B.3-1. Spatial genetic patterns for Dryobates villosus.
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A Sphyrapicus varius
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Appendix Figure B.3-2.Spatial genetic patterns for Sphyrapicus varius.

183



A Picoides arcticus
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Appendix Figure B.3-3. Spatial genetic patterns for Picoides arcticus.

184



A

PC2 - 2.16% variance explained

PCA covariance

-0.25 1

-0.50 1

-0.75 1

-1.00 1

Empidonax alnorum

0.00 (W‘Q.ﬁ. ® o [

0.0 02 04 06 08
PC1 - 3.03% variance explained

Locality ® Alberta Northern Manitoba @ Western Great Lakes Northeast Highlands Atlantic Maritime

[

~J
w

o

w

0.00
XXX ©0000000000000000000000
D 001051 E 01051
@ ® [ ]
° ® s
[ ) @
0,05 ® o %ge
! 0,0102-: @ ‘ 0.104{g
@ ™8 Y o ®
o s 2 e o _
@ < ® »
® 3 L
® 5 000991 = 01021
0.001 £ =
2 e e}
)
7 oo |
® 0.0096 0.100- @
©
0051 &
S
o ° 0.0093 1 et
r T T T ‘ T T T T 0.098 r T T T T T
0 1000 2000 3000 0 1000 2000 3000 1000 1500 2000 2500 3000 3500
Geographic distance (km) Geographic distance (km) Geographic distance (km)

Appendix Figure B.3-4. Spatial genetic patterns for Empidonax alnorum.
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A Empidonax flaviventris
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Appendix Figure B.3-5. Spatial genetic patterns for Empidonax flaviventris.
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Appendix Figure B.3-6. Spatial genetic patterns for Empidonax minimus.
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Appendix Figure B.3-7. Spatial genetic patterns for Vireo olivaceus.
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A Vireo philadelphicus
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Appendix Figure B.3-8. Spatial genetic patterns for Vireo philadelphicus.
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A Vireo solitarius
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Appendix Figure B.3-9. Spatial genetic patterns for Vireo solitarius.
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A Poecile atricapillus
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Appendix Figure B.3-10. Spatial genetic patterns for Poecile atricapillus.
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Appendix Figure B.3-11. Spatial genetic patterns for Poecile hudsonicus.
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Appendix Figure B.3-12. Spatial genetic patterns for Corthylio calendula.
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A Regulus satrapa

0.251
..
® 9
o ]
g »
c i @
S 0.00 o® © ® s.
5 ¢ ve ©
N o9
= ™
©
T 0251
32
[Te]
©
3
a -0.501
-0.75 . . y .
0.3 02 01 0.0
PC1 - 4.1% variance explained
[_ocality © Alberta Northern Manitoba @ Western Greal Lakes Northeast Highlands Atlantic Maritime
B 1.00 H = @ s mms s e s T T e e T -
0.75
0.50
0.25
0.00 -
T YYYYYIXTY) 00000000000000000000000
C ° D 0.0090 ° E
[ ]
® L) ® . 0.121
010@ %
0.0085 [ ]
[o] DL
O Q
§ 5 7" °
= @ w
S 0051 ” S <
(o] Q =
> B 0.0080 - B
<C ac’ : [
@] D 0.10 4
o 0]
0.004
0.0075 1 0.09{®
o
-0.054 - . - . - - - - s - . : : - -
0 1000 2000 3000 400 0 1000 2000 3000 400( 1000 1500 2000 2500 3000 3500
Geographic distance (km) Geographic distance (km) Geographic distance (km)

Appendix Figure B.3-13. Spatial genetic patterns for Regulus satrapa.
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A Certhia americana
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Appendix Figure B.3-14. Spatial genetic patterns for Certhia americana.
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A Troglodytes hiemalis
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Appendix Figure B.3-15. Spatial genetic patterns for Troglodytes hiemalis.
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A Catharus fuscescens
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Appendix Figure B.3-16. Spatial genetic patterns for Catharus fuscescens.
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A Catharus guttatus
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Appendix Figure B.3-17. Spatial genetic patterns for Catharus guttatus.
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A Catharus ustulatus
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Appendix Figure B.3-18. Spatial genetic patterns for Catharus ustulatus.
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A Junco hyemalis
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Appendix Figure B.3-19. Spatial genetic patterns for Junco hyemalis.
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A Melospiza lincolnii
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Appendix Figure B.3-20. Spatial genetic patterns for Melospiza lincolnii.
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A Zonotrichia albicollis
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Appendix Figure B.3-21. Spatial genetic patterns for Zonotrichia albicollis.
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A Cardellina canadensis
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Appendix Figure B.3-22. Spatial genetic patterns for Cardellina canadensis.
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A Geothlypis philadelphia
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Appendix Figure B.3-23. Spatial genetic patterns for Geothlypis philadelphia.
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A Leiothlypis peregrina
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Appendix Figure B.3-24. Spatial genetic patterns for Leiothlypis peregrina.
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Appendix Figure B.3-25. Spatial genetic patterns for Leiothlypis ruficapilla.
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A Oporornis agilis
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Appendix Figure B.3-26. Spatial genetic patterns for Oporornis agilis.
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Appendix Figure B.3-27. Spatial genetic patterns for Setophaga castanea.
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Appendix Figure B.3-28. Spatial genetic patterns for Setophaga coronata.
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A  Setophaga fusca
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Appendix Figure B.3-29. Spatial genetic patterns for Setophaga fusca.
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A Setophaga magnolia
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Appendix Figure B.3-30. Spatial genetic patterns for Setophaga magnolia.
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Appendix Figure B.3-31. Spatial genetic patterns for Setophaga palmarum.
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A Setophaga pensylvanica
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Appendix Figure B.3-32. Spatial genetic patterns for Setophaga pensylvanica.
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Appendix Figure B.3-33. Spatial genetic patterns for Setophaga tigrina.
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A  Setophaga virens
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Appendix Figure B.3-34. Spatial genetic patterns for Setophaga virens.
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B.4 Results of modeling with PGLS

Appendix Table B.4-1. Phylogenetic generalized least squares model selection results for sets of models predicting
each version of IBD. These PGLS models used a phylogenetic covariance matrix based on a Brownian motion
model. Response variables (the different versions of IBD) are indicated in bold above their respective model sets.
The “type” column describes which set of predictors were included in each model. Model coefficients are listed with
their standard error in parentheses within the column corresponding to each predictor. Model comparison with AlCc
indicates that the 8 predictor improves model fit over the null model in the model predicting Fs IBD.

Type Migration  Migration 0x logLik AICc  JAICc Weight Sample
Status: Distance size
migratory

PCA covariance IBD

null 98.19 -192.0 0.00 0.686 34

O -0.00052 98.21 -189.6 2.36 0.211 34

(0.0024)
migration 0.011 (0.013) -0.00062 98.56 -187.7 4.25 0.082 34
(0.0027)
migration + 6 0.011 (0.014) -0.000088 -0.00074 98.59 -185.0 6.95 0.021 34

(0.0036)  (0.0032)
Genetic distance IBD

null -50.86 106.1 000 0662 34
0 0018 (0.019)  -50.67 1081 2.04 0238 34
migration -0.13 (0.11)  0.00089 5049 1103 425 0079 34
(0.022)
migration + 0 -0.12(0.11) -0.025 0.036(0.025)  -50.44 1130 6.93 0021 34
(0.028)
Fst IBD
0 -0.0023 (0.0011) 85.74 -164.2 000 0636 23
null 8362 -1626 158 0288 23
migration + O 0.0035 0.00062  -0.0028 (0.0016) 86.10 -158.7 556  0.040 23
(0.0060) (0.0020)
migration 0.0041 -0.0018 8435 -1585 575 0036 23

(0.0063) (0.0016)
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B.5 Fst between sampling regions

Appendix Table B.5-1. Pairwise Fs values between sampling regions are presented for each species. Fs values are
the “weighted” output from ANGSD using the Reynolds 1983 estimator. Each sampling region (shown in Regl and
Reg2 columns) is represented by 3 samples.

Sampling region abbreviations:

AB=Alberta

NMB=Northern Manitoba

WGL=Western Great Lakes

NEH=Northeastern Highlands

AM=Atlantic Maritime

Species Regl | Reg2 | Latl Lat2 Lonl Lon2 Geo Fst
distance
Km

Picoides arcticus AB | NEH |55.2724|44.2239(-114.7801 |-74.4641 3100 0.075
Picoides arcticus AB | NMB |55.2724]55.4859 | -114.7801 |-101.9826 810 0.074
Picoides arcticus AB |WGL | 55.2724|45.8222|-114.7801 |-84.729 2350 0.098
Picoides arcticus NEH |NMB | 44.2239 | 55.4859 | -74.4641 -101.9826 2318 0.083
Picoides arcticus NEH |WGL | 44.2239 | 45.8222 [ -74.4641 -84.729 828 0.088
Picoides arcticus NMB | WGL | 55.4859 | 45.8222 [ -101.9826 |-84.729 1618 0.101
Dryobates villosus |AB |NEH |55.2724144.2239|-114.7801 |-74.4641 3100 0.095
Dryobates villosus |AB |WGL [55.2724 (45.8222(-114.7801 |-84.729 2350 0.089
Dryobates villosus | NEH | WGL | 44.2239|45.8222 | -74.4641 -84.729 828 0.086
Sphyrapicus varius |AB [NEH (55.2724|44.2239 (-114.7801 |-74.4641 3100 0.090
Sphyrapicus varius |AB [NMB [55.2724 | 55.4859 | -114.7801 |-101.9826 810 0.089
Sphyrapicus varius |AB | WGL |55.2724|45.8222|-114.7801 [-84.729 2350 0.084
Sphyrapicus varius | NEH | NMB | 44.2239 | 55.4859 | -74.4641 -101.9826 2318 0.092
Sphyrapicus varius | NEH [WGL |44.2239 | 45.8222 | -74.4641 -84.729 828 0.090
Sphyrapicus varius | NMB | WGL | 55.4859 | 45.8222 [ -101.9826 |-84.729 1618 0.089
Empidonax alnorum [AB [AM |[55.2724|48.9131|-114.7801 |-64.5836 3433 0.092
Empidonax alnorum [ AB | NEH |55.2724|44.2239|-114.7801 |-74.4641 3100 0.094
Empidonax alnorum [ AB | WGL | 55.2724|45.8222|-114.7801 |-84.729 2350 0.093
Empidonax alnorum [ AM [NEH |48.9131 | 44.2239 | -64.5836 -74.4641 918 0.096
Empidonax alnorum [ AM [WGL |48.9131 | 45.8222 | -64.5836 -84.729 1555 0.098
Empidonax alnorum | NEH [WGL | 44.2239 | 45.8222 | -74.4641 -84.729 828 0.096
Empidonax AB |AM |55.2724|48.9131(-114.7801 |-64.5836 3433 0.088
flaviventris

Empidonax AB | NEH |55.2724|44.2239(-114.7801 |-74.4641 3100 0.091
flaviventris

Empidonax AB [WGL [55.2724 | 45.8222 | -114.7801 |-84.729 2350 0.091
flaviventris
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Empidonax AM | NEH |48.9131|44.2239 | -64.5836 -74.4641 918 0.092
flaviventris

Empidonax AM [WGL |48.9131 | 45.8222 | -64.5836 -84.729 1555 0.091
flaviventris

Empidonax NEH [WGL |44.2239|45.8222 | -74.4641 -84.729 828 0.086
flaviventris

Empidonax minimus [ AB | NEH |55.2724|44.2239|-114.7801 |-74.4641 3100 0.096
Empidonax minimus [ AB [ NMB |55.2724 | 55.4859 | -114.7801 |-101.9826 810 0.095
Empidonax minimus [ AB  [WGL |55.2724 | 45.8222 | -114.7801 |-84.729 2350 0.095
Empidonax minimus | NEH [ NMB | 44.2239 | 55.4859 | -74.4641 -101.9826 2318 0.102
Empidonax minimus [ NEH | WGL | 44.2239 | 45.8222 | -74.4641 -84.729 828 0.096
Empidonax minimus [ NMB | WGL | 55.4859 | 45.8222 | -101.9826 |-84.729 1618 0.105
Vireo olivaceus AB | NEH |55.2724|44.2239(-114.7801 |-74.4641 3100 0.085
Vireo olivaceus AB |WGL |55.2724|45.8222|-114.7801 |-84.729 2350 0.097
Vireo olivaceus NEH [WGL |44.2239|45.8222 | -74.4641 -84.729 828 0.096
Vireo AB |AM |55.2724(48.9131|-114.7801 |-64.5836 3433 0.091
philadelphicus

Vireo AB | NMB |55.2724|55.4859 | -114.7801 |-101.9826 810 0.088
philadelphicus

Vireo AM | NMB | 48.9131 | 55.4859 | -64.5836 -101.9826 2624 0.089
philadelphicus

Vireo solitarius AB [NEH [55.2724|44.2239 | -114.7801 |-74.4641 3100 0.092
Vireo solitarius AB |NMB |55.2724|55.4859|-114.7801 |-101.9826 810 0.092
Vireo solitarius AB |WGL | 55.2724|45.8222|-114.7801 |-84.729 2350 0.087
Vireo solitarius NEH [NMB |44.2239|55.4859 | -74.4641 -101.9826 2318 0.091
Vireo solitarius NEH [WGL |44.2239|45.8222 | -74.4641 -84.729 828 0.091
Vireo solitarius NMB [WGL | 55.4859 | 45.8222 | -101.9826 | -84.729 1618 0.081
Poecile atricapillus [ AB [NEH |55.2724|44.2239|-114.7801 |-74.4641 3100 0.099
Poecile atricapillus [ AB [NMB [55.2724 | 55.4859 | -114.7801 |-101.9826 810 0.089
Poecile atricapillus [AB [WGL |55.2724 | 45.8222 | -114.7801 |-84.729 2350 0.097
Poecile atricapillus [NEH [ NMB | 44.2239 | 55.4859 | -74.4641 -101.9826 2318 0.097
Poecile atricapillus [ NEH [ WGL | 44.2239 | 45.8222 | -74.4641 -84.729 828 0.094
Poecile atricapillus | NMB | WGL | 55.4859 | 45.8222|-101.9826 |-84.729 1618 0.091
Poecile hudsonicus |AB |AM |55.2724(48.9131|-114.7801 |-64.5836 3433 0.089
Poecile hudsonicus [AB |NEH |55.2724|44.2239|-114.7801 |-74.4641 3100 0.097
Poecile hudsonicus |AB [NMB [55.2724 [ 55.4859 | -114.7801 |-101.9826 810 0.081
Poecile hudsonicus |AB |WGL |55.2724 | 45.8222 | -114.7801 |-84.729 2350 0.087
Poecile hudsonicus [AM | NEH |48.9131 (44.2239|-64.5836 -74.4641 918 0.087
Poecile hudsonicus [AM | NMB |48.9131 | 55.4859 | -64.5836 -101.9826 2624 0.083
Poecile hudsonicus |AM | WGL | 48.9131 | 45.8222 | -64.5836 -84.729 1555 0.093
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Poecile hudsonicus [NEH [ NMB | 44.2239 | 55.4859 | -74.4641 -101.9826 2318 0.094
Poecile hudsonicus [ NEH [ WGL | 44.2239 | 45.8222 | -74.4641 -84.729 828 0.099
Poecile hudsonicus | NMB | WGL | 55.4859 | 45.8222 | -101.9826 |-84.729 1618 0.089
Corthylio calendula [AB |AM |55.2724|48.9131|-114.7801 |-64.5836 3433 0.083
Corthylio calendula [AB |NEH |55.2724|44.2239|-114.7801 |-74.4641 3100 0.086
Corthylio calendula | AB [NMB [55.2724 | 55.4859 | -114.7801 |-101.9826 810 0.078
Corthylio calendula |AB [WGL [55.2724 | 45.8222 | -114.7801 |-84.729 2350 0.079
Corthylio calendula | AM [NEH |48.9131|44.2239 | -64.5836 -74.4641 918 0.082
Corthylio calendula |AM | NMB [48.9131 | 55.4859 | -64.5836 -101.9826 2624 0.083
Corthylio calendula | AM [WGL |48.9131 | 45.8222 | -64.5836 -84.729 1555 0.083
Corthylio calendula [NEH | NMB | 44.2239 | 55.4859 | -74.4641 -101.9826 2318 0.081
Corthylio calendula | NEH [WGL |44.2239|45.8222 | -74.4641 -84.729 828 0.086
Corthylio calendula | NMB [ WGL |55.4859 | 45.8222|-101.9826 |-84.729 1618 0.085
Regulus satrapa AB |AM |55.2724(48.9131(-114.7801 |-64.5836 3433 0.101
Regulus satrapa AB [NEH [55.2724|44.2239 | -114.7801 |-74.4641 3100 0.095
Regulus satrapa AB |WGL | 55.2724|45.8222|-114.7801 |-84.729 2350 0.103
Regulus satrapa AM | NEH |48.9131|44.2239 | -64.5836 -74.4641 918 0.092
Regulus satrapa AM |WGL | 48.9131 | 45.8222 | -64.5836 -84.729 1555 0.090
Regulus satrapa NEH [WGL |44.2239|45.8222 | -74.4641 -84.729 828 0.084
Certhia americana |AB |AM |[55.2724|48.9131|-114.7801 |-64.5836 3433 0.088
Certhia americana |AB | NEH [55.2724|44.2239|-114.7801 |-74.4641 3100 0.088
Certhia americana |AB |WGL [55.2724|45.8222|-114.7801 |-84.729 2350 0.088
Certhia americana |AM | NEH [48.9131|44.2239 | -64.5836 -74.4641 918 0.090
Certhia americana |AM | WGL [48.9131|45.8222 | -64.5836 -84.729 1555 0.089
Certhia americana | NEH [WGL |44.2239 | 45.8222 | -74.4641 -84.729 828 0.092
Troglodytes AB | NEH |55.2724|44.2239(-114.7801 |-74.4641 3100 0.088
hiemalis

Troglodytes AB |WGL [55.2724|45.8222|-114.7801 |-84.729 2350 0.088
hiemalis

Troglodytes NEH [WGL |44.2239|45.8222 | -74.4641 -84.729 828 0.091
hiemalis

Catharus fuscescens | NEH | WGL | 44.2239 | 45.8222 | -74.4641 -84.729 828 0.091
Catharus guttatus AB [AM [55.2724|48.9131|-114.7801 |-64.5836 3433 0.087
Catharus guttatus AB [NEH [55.2724|44.2239|-114.7801 |-74.4641 3100 0.092
Catharus guttatus |AB | NMB |55.2724|55.4859 | -114.7801 |-101.9826 810 0.084
Catharus guttatus AB |WGL | 55.2724|45.8222|-114.7801 |-84.729 2350 0.087
Catharus guttatus |AM | NEH [48.9131|44.2239 | -64.5836 -74.4641 918 0.086
Catharus guttatus AM | NMB | 48.9131 | 55.4859 | -64.5836 -101.9826 2624 0.087
Catharus guttatus AM |WGL | 48.9131 | 45.8222 | -64.5836 -84.729 1555 0.087
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Catharus guttatus | NEH | NMB [ 44.2239 | 55.4859 | -74.4641 -101.9826 2318 0.089
Catharus guttatus NEH [WGL |44.2239|45.8222 | -74.4641 -84.729 828 0.087
Catharus guttatus NMB [WGL | 55.4859 | 45.8222 | -101.9826 | -84.729 1618 0.083
Catharus ustulatus |AB |AM |55.2724]48.9131|-114.7801 |-64.5836 3433 0.085
Catharus ustulatus |AB |NEH |55.2724|44.2239|-114.7801 |-74.4641 3100 0.082
Catharus ustulatus |AB | NMB [55.2724|55.4859 | -114.7801 |-101.9826 810 0.080
Catharus ustulatus |AB | WGL [55.2724|45.8222 [ -114.7801 |-84.729 2350 0.085
Catharus ustulatus [AM | NEH |48.9131|44.2239 | -64.5836 -74.4641 918 0.084
Catharus ustulatus |AM | NMB [48.9131 | 55.4859 | -64.5836 -101.9826 2624 0.081
Catharus ustulatus | AM [WGL |48.9131 | 45.8222 | -64.5836 -84.729 1555 0.088
Catharus ustulatus | NEH | NMB | 44.2239 | 55.4859 | -74.4641 -101.9826 2318 0.083
Catharus ustulatus |NEH |WGL [44.2239 | 45.8222 | -74.4641 -84.729 828 0.083
Catharus ustulatus | NMB | WGL | 55.4859 | 45.8222 [ -101.9826 |-84.729 1618 0.082
Junco hyemalis AB |[AM |[55.272448.9131|-114.7801 |-64.5836 3433 0.092
Junco hyemalis AB | NEH |55.2724(44.2239(-114.7801 |-74.4641 3100 0.091
Junco hyemalis AB |NMB |55.2724|55.4859 | -114.7801 |-101.9826 810 0.090
Junco hyemalis AB |WGL |55.2724|45.8222|-114.7801 |-84.729 2350 0.090
Junco hyemalis AM | NEH |48.9131 | 44.2239 | -64.5836 -74.4641 918 0.093
Junco hyemalis AM | NMB | 48.9131 | 55.4859 | -64.5836 -101.9826 2624 0.088
Junco hyemalis AM | WGL |48.9131|45.8222 | -64.5836 -84.729 1555 0.090
Junco hyemalis NEH |NMB | 44.2239 | 55.4859 | -74.4641 -101.9826 2318 0.092
Junco hyemalis NEH |WGL | 44.2239 | 45.8222 | -74.4641 -84.729 828 0.089
Junco hyemalis NMB [WGL | 55.4859 | 45.8222 | -101.9826 [-84.729 1618 0.087
Melospiza lincolnii [AB |NEH |55.2724|44.2239|-114.7801 |-74.4641 3100 0.085
Melospiza lincolnii [AB | NMB |55.2724|55.4859 | -114.7801 |-101.9826 810 0.086
Melospiza lincolnii [AB | WGL | 55.2724|45.8222|-114.7801 |-84.729 2350 0.085
Melospiza lincolnii | NEH [ NMB | 44.2239 | 55.4859 | -74.4641 -101.9826 2318 0.089
Melospiza lincolnii | NEH [WGL | 44.2239 | 45.8222 | -74.4641 -84.729 828 0.085
Melospiza lincolnii | NMB | WGL | 55.4859 | 45.8222 | -101.9826 |-84.729 1618 0.084
Zonotrichia AB |AM |55.2724|48.9131(-114.7801 |-64.5836 3433 0.094
albicollis

Zonotrichia AB | NEH |55.2724|44.2239(-114.7801 |-74.4641 3100 0.088
albicollis

Zonotrichia AB [NMB [55.2724|55.4859 | -114.7801 |-101.9826 810 0.087
albicollis

Zonotrichia AB |WGL | 55.2724|45.8222|-114.7801 |-84.729 2350 0.089
albicollis

Zonotrichia AM | NEH |48.9131 | 44.2239 | -64.5836 -74.4641 918 0.088
albicollis
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Zonotrichia AM | NMB |48.9131|55.4859 | -64.5836 -101.9826 2624 0.089
albicollis

Zonotrichia AM |WGL | 48.9131|45.8222 | -64.5836 -84.729 1555 0.089
albicollis

Zonotrichia NEH | NMB | 44.2239 | 55.4859 [ -74.4641 -101.9826 2318 0.084
albicollis

Zonotrichia NEH |WGL (44.2239 [ 45.8222 | -74.4641 -84.729 828 0.084
albicollis

Zonotrichia NMB | WGL | 55.4859 [ 45.8222  -101.9826 |-84.729 1618 0.089
albicollis

Cardellina AB |NEH |55.2724|44.2239|-114.7801 |-74.4641 3100 0.084
canadensis

Cardellina AB |WGL |55.2724|45.8222|-114.7801 |[-84.729 2350 0.089
canadensis

Cardellina NEH |WGL (44.2239 [ 45.8222 | -74.4641 -84.729 828 0.083
canadensis

Geothlypis AB |NEH |55.2724|44.2239|-114.7801 |(-74.4641 3100 0.090
philadelphia

Geothlypis AB |WGL |55.2724|45.8222|-114.7801 |[-84.729 2350 0.088
philadelphia

Geothlypis NEH | WGL | 44.2239 | 45.8222 [ -74.4641 -84.729 828 0.089
philadelphia

Leiothlypis AB |AM |55.2724)|48.9131|-114.7801 |-64.5836 3433 0.088
peregrina

Leiothlypis AB |NMB |55.2724|55.4859|-114.7801 |-101.9826 810 0.088
peregrina

Leiothlypis AB |WGL |55.2724|45.8222|-114.7801 |[-84.729 2350 0.088
peregrina

Leiothlypis AM |NMB | 48.913155.4859 | -64.5836 -101.9826 2624 0.089
peregrina

Leiothlypis AM | WGL |48.9131|45.8222 | -64.5836 -84.729 1555 0.087
peregrina

Leiothlypis NMB | WGL | 55.4859 [ 45.8222 -101.9826 |-84.729 1618 0.092
peregrina

Leiothlypis AB |AM |55.2724)48.9131|-114.7801 |-64.5836 3433 0.091
ruficapilla

Leiothlypis AB |NEH |55.2724|44.2239|-114.7801 |-74.4641 3100 0.092
ruficapilla

Leiothlypis AB |WGL |55.2724|45.8222|-114.7801 |[-84.729 2350 0.089
ruficapilla

Leiothlypis AM | NEH |48.9131|44.2239|-64.5836 -74.4641 918 0.092
ruficapilla

Leiothlypis AM |WGL | 48.9131|45.8222 | -64.5836 -84.729 1555 0.093
ruficapilla

Leiothlypis NEH |WGL (44.2239 ( 45.8222 | -74.4641 -84.729 828 0.091
ruficapilla
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Oporornis agilis AB | NEH |55.2724|44.2239(-114.7801 |-74.4641 3100 0.085
Oporornis agilis AB |WGL |55.2724|45.8222|-114.7801 |-84.729 2350 0.088
Oporornis agilis NEH [WGL |44.2239|45.8222 | -74.4641 -84.729 828 0.091
Setophaga castanea (AB |AM |55.2724]48.9131|-114.7801 |-64.5836 3433 0.088
Setophaga castanea |AB |NEH |55.2724|44.2239|-114.7801 |-74.4641 3100 0.088
Setophaga castanea |AB [NMB [55.2724 | 55.4859 | -114.7801 |-101.9826 810 0.085
Setophaga castanea |AM | NEH [48.9131|44.2239 | -64.5836 -74.4641 918 0.088
Setophaga castanea |AM | NMB [48.9131 | 55.4859 | -64.5836 -101.9826 2624 0.088
Setophaga castanea | NEH | NMB [44.2239 | 55.4859 | -74.4641 -101.9826 2318 0.088
Setophaga coronata |AB [AM [55.2724|48.9131-114.7801 |-64.5836 3433 0.088
Setophaga coronata ([AB | NEH |55.2724|44.2239|-114.7801 |-74.4641 3100 0.088
Setophaga coronata [AB | NMB |55.2724 | 55.4859 | -114.7801 |[-101.9826 810 0.089
Setophaga coronata |AB | WGL | 55.2724|45.8222|-114.7801 [-84.729 2350 0.093
Setophaga coronata | AM [NEH |48.9131 | 44.2239 | -64.5836 -74.4641 918 0.087
Setophaga coronata | AM [NMB |48.9131 | 55.4859 | -64.5836 -101.9826 2624 0.087
Setophaga coronata |AM | WGL [ 48.9131 | 45.8222 | -64.5836 -84.729 1555 0.090
Setophaga coronata | NEH [ NMB |44.2239 | 55.4859 | -74.4641 -101.9826 2318 0.087
Setophaga coronata | NEH [WGL |44.2239 | 45.8222 | -74.4641 -84.729 828 0.093
Setophaga coronata | NMB | WGL | 55.4859 | 45.8222 | -101.9826 [-84.729 1618 0.090
Setophaga fusca AB [NEH [55.2724|44.2239|-114.7801 |-74.4641 3100 0.087
Setophaga fusca AB [WGL |55.2724 | 45.8222 | -114.7801 |-84.729 2350 0.090
Setophaga fusca NEH |WGL | 44.2239 | 45.8222 | -74.4641 -84.729 828 0.085
Setophaga magnolia |AB |AM [55.272448.9131 (-114.7801 |-64.5836 3433 0.091
Setophaga magnolia | AB [ NEH (55.2724 | 44.2239 | -114.7801 |-74.4641 3100 0.095
Setophaga magnolia | AB [ NMB [ 55.2724 | 55.4859 | -114.7801 |-101.9826 810 0.090
Setophaga magnolia | AB  [WGL |55.2724 | 45.8222 | -114.7801 |-84.729 2350 0.090
Setophaga magnolia [AM | NEH |48.9131 | 44.2239 | -64.5836 -74.4641 918 0.090
Setophaga magnolia [AM | NMB | 48.9131 | 55.4859 | -64.5836 -101.9826 2624 0.089
Setophaga magnolia | AM [ WGL | 48.9131 | 45.8222 | -64.5836 -84.729 1555 0.089
Setophaga magnolia | NEH [ NMB | 44.2239 | 55.4859 | -74.4641 -101.9826 2318 0.091
Setophaga magnolia | NEH [WGL |44.2239 | 45.8222 | -74.4641 -84.729 828 0.088
Setophaga magnolia | NMB | WGL | 55.4859 | 45.8222 | -101.9826 |-84.729 1618 0.088
Setophaga AB | NEH |55.2724|44.2239(-114.7801 |-74.4641 3100 0.104
palmarum

Setophaga AB [NMB [55.2724|55.4859 | -114.7801 |-101.9826 810 0.089
palmarum

Setophaga AB |WGL |55.2724|45.8222|-114.7801 |-84.729 2350 0.089
palmarum
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Setophaga NEH | NMB | 44.2239 | 55.4859 [ -74.4641 -101.9826 2318 0.100
palmarum

Setophaga NEH |WGL | 44.2239 | 45.8222 [ -74.4641 -84.729 828 0.101
palmarum

Setophaga NMB | WGL | 55.4859 | 45.8222 [ -101.9826 |-84.729 1618 0.091
palmarum

Setophaga AB |NEH |55.2724|44.2239|-114.7801 |-74.4641 3100 0.088
pensylvanica

Setophaga AB |WGL |55.2724|45.8222|-114.7801 |-84.729 2350 0.090
pensylvanica

Setophaga NEH | WGL | 44.2239 | 45.8222 [ -74.4641 -84.729 828 0.087
pensylvanica

Setophaga tigrina  |AB | NMB [55.2724|55.4859 | -114.7801 |-101.9826 810 0.080
Setophaga tigrina |AB | WGL |55.2724|45.8222|-114.7801 ([-84.729 2350 0.083
Setophaga tigrina | NMB | WGL | 55.4859 | 45.8222 | -101.9826 [-84.729 1618 0.081
Setophaga virens AB [AM [55.272448.9131|-114.7801 |-64.5836 3433 0.108
Setophaga virens AB |NEH |55.2724|44.2239|-114.7801 |-74.4641 3100 0.099
Setophaga virens AB |WGL |55.2724|45.8222|-114.7801 |-84.729 2350 0.105
Setophaga virens AM | NEH |48.9131|44.2239 | -64.5836 -74.4641 918 0.087
Setophaga virens AM | WGL |48.9131|45.8222 | -64.5836 -84.729 1555 0.094
Setophaga virens NEH | WGL | 44.2239 | 45.8222 [ -74.4641 -84.729 828 0.086
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Appendix C Supplemental Material for Chapter 4

C.1 Supplemental figure for chapter 4

Parulidae Passerellidae Regulidae
1.50 4 95
1.251 159
1.0 1
l®
1.00'.. o o, [® 1.2
- .. 08- M
0.751 B {B ~—9
° 0.6 - 0.94
% 0.50 1
_c L) Ll T T 0.4 T T Ll L] L) Ll L]
o 82 84 86 88 7677787980 74 76 738
©
E Turdidae Tyrannidae Vireonidae
L(ﬁ 1.251 204
1.6 1
1.00 1 lo 154*
' 124 ®
0.75 - I i 1B
081 e ’
°
0.50 - ' ?
0.5
T T T T 04- T T T T T T T
7.8 81 84 87 84 86 838 8.008.258.508.75

Log migration distance

Appendix Figure C.1-1. The relationship between dS and migration distance within each family represented in our
study by more than one species. Posterior mean tip estimates of dS (black dots) from Coevol are shown compared to
migration distance (left), and mass (right) from models using our full species set. Gray vertical bars indicate 95%
credible intervals for each estimate. Plotted lines use linear models to visualize the relationship between estimated
tip dS and a given covariate within each family, demonstrating a consistently negative relationship between dS and
migration distance within and among major clades in our system.
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C.2 Table of species used in chapter 4

Appendix Table C.2-1. Species used in this study with information about previously-published GenBank sequences
used during sample processing for each species (seed sequence provided to NOVOPIlasty and mitochondrial coding
sequences used for annotation with Geneious); data used in this study (mass and migration distance from sources
described in the methods, 0 as calculated in this study); the number of samples used to calculate population genetic
summary statistics; posterior mean estimates of dS and dN/dS with upper and lower 95% credible intervals; and
nN/nS estimates. Estimates of dS and dN/dS (and credible intervals) each come from one replicate of a Coevol
model using the entire 39-species dataset and serve as representative estimates.
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Species

Cardellina canadensis
Catharus fuscescens
Catharus guttatus
Catharus ustulatus
Empidonax alnorum
Empidonax flaviventris
Empidonax minimus
Geothlypis philadelphia
Junco hyemalis
Leiothlypis peregrina
Leiothlypis ruficapilla
Melospiza lincolnii
Oporornis agilis
Corthylio calendula
Regulus satrapa
Setophaga castanea
Setophaga coronata
Setophaga fusca
Setophaga magnolia
Setophaga palmarum
Setophaga pensylvanica
Setophaga tigrina
Setophaga virens
Sphyrapicus varius
Vireo olivaceus

Vireo solitarius
Zonotrichia albicollis

NOVOPlasty Seed

Sequence
Parulidae  GU932128.1
Turdidae KY995091.1
Turdidae KY994761.1
Turdidae MG182754.1
Tyrannidae MG722574.1
Tyrannidae MG722570.1
Tyrannidae MG722577.1
Parulidae  GU932107.1
Passerellidac AF407044.1
Parulidae  GU932133.1
Parulidae  MG686779.1
Passerellidae DQ459535.1
Parulidae  GU932105.1
Regulidae  AY329435.1
Regulidae  AY136591.1
Parulidae  GU932076.1

GU932078.1
Parulidae  GU932086.1
Parulidae  GU932089.1
Parulidae  JN568655.1
Parulidae  GU932093.1
Parulidae  JN568673.1
Parulidae = GU932102.1
Picidae JF909891.1
Vireonidae KM115367.1
Vireonidae KM115394.1

Passerellidae KJ455699.1

Geneious
Annotation Dataset Mass
NC_051027.1
MN356183.1
MN356183.1
MN356183.1
NC_051025.1
NC_051025.1
NC_051025.1
NC_051027.1
NC_053110.1
NC_051027.1
NC_051027.1
NC_053110.1
NC_051027.1
NC_024866.1
NC_024866.1
NC_051027.1
NC_051027.1
NC_051027.1
NC_051027.1
NC_051027.1
NC_051027.1
NC_051027.1
NC_051027.1
KT119343.1
NC_024869.1
NC_024869.1
NC_053110.1

10.42
31.2
31
30.8
12.79
11.6
10.3
12.61
19.89
10.02
8.73
17.4
15.2
6.68
6.23
12.59
12,51
9.7
8.72
10.3
9.64
11
8.8
50.3
16.7
16.6
25.9

Migration
distance
5480
7429
2511
7082
7338
4148
3990
5094
2028
4961
3423
3047
6559
2823
1629
5032
3127
5097
4088
3323
3997
4688
3909
2893
7600
2896
2069

2]

0.009827
0.010966
0.006751
0.018641
0.010982
0.015973
0.015729
0.018803
0.004623
0.019542
0.027332
0.009129
0.004542
0.003458
0.019596
0.008056
0.015953
0.016563
0.018339
0.009104
0.022577
0.011655
0.011991
0.009355
0.038373
0.016101
0.019106

Population
dataset size dS
27
32
49
42
22
25
23
31
44
31
29
43
12
31
34
26
46
39
42
43
36
32
39
32
46
34
48

0.838826
0.68279
0.899237
0.546945
1.14291
0.76852
1.26976
0.710057
0.889067
0.830234
0.843644
0.655533
0.76465
0.958002
1.25354
0.80621
1.10434
0.9719
0.754591
0.968871
0.922695
0.99595
1.00145
0.672255
0.546764
1.57508
0.700496

dS uci

0.599611
0.457971
0.621058
0.351318
0.786774
0.501808
0.873056
0.497549
0.617124
0.599365
0.601744
0.439407
0.549688
0.662535
0.884229
0.580767
0.805801

0.71744
0.541051
0.703293
0.669312
0.738093
0.738681

0.39035
0.370849

1.19741
0.467802

ds |

1.12846
0.958956
1.24995
0.782981
1.59264
1.08921
1.76434
0.967853
1.23796
1.1152
1.14293
0.920908
1.02677
1.30668
1.69857
1.07929
1.48785
1.28968
1.00986
1.30027
1.23686
1.31621
1.32506
0.973128
0.759125
2.05021
0.986183

dN/ds

0.0203241
0.0242271
0.0284658
0.0149716
0.0474294
0.0145421
0.0406846
0.0135311
0.0305062
0.019793
0.0177523
0.0370244
0.0240992
0.0435983
0.0321083
0.0170637
0.0243574
0.0240719
0.0203356
0.0213028
0.0157531
0.0249487
0.0279462
0.0221766
0.01526
0.0883793
0.0214357

dN/dS uci
0.00837705
0.00820784
0.010279
0.00401427
0.0216193
0.00396384
0.0178575
0.00477487
0.0125049
0.00814448
0.00782966
0.0115798
0.0101664
0.0177666
0.0109379
0.00669956
0.0108242
0.0112687
0.00752289
0.00900333
0.00655591
0.011603
0.013107
0.00171547
0.00418827
0.0601106
0.00676031

dN/dS Ici

0.0365099
0.0461707
0.0516291
0.030701
0.0788241
0.0299008
0.0694158
0.0259945
0.0538149
0.0352215
0.0328033
0.0686476
0.0420661
0.0726624
0.0579177
0.0320218
0.0431281
0.0414567
0.0373887
0.0383997
0.028837
0.0428572
0.04764
0.0556067
0.0310671
0.121365
0.0417646

piN/pi
0.20921844
0.14530011
0.14435146
0.12266583
0.23075273
0.15525913
0.14712985
0.12439347
0.09974895
0.1637438
0.08360634
0.12078491
0.25299145
0.27098214
0.06537048
0.05966523
0.04449572
0.10701754
0.11847543
0.08351444
0.08358069
0.04954187
0.10294564
0.13854167
0.06066081
0.116431
0.10504545
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C.3 Full model results

Appendix Table C.3-1 Full output from Coevol models with dS and dN as independent variables. Four models are
summarized: two replicate models with the full dataset of 39 species, and two replicate models with the subset of 27
species with available estimates of 6. Each row contains a flattened pairwise matrix for each pair of variables (dS,
dN, mass, migration distance, and 0), showing covariance, correlation coefficients, posterior probabilities of
correlation coefficients, precisions, partial correlation coefficients, and posterior probabilities of partial correlation
coefficients. Posterior probabilities near 0 indicate strong support for a negative relationship while posterior

probabilities near 1 indicate strong support for a positive relationship. Values obtained from replicate models are
highly similar.
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Independent

Dataset variables

Full 39
spp
Full 39
spp

Full 39
spp
Full 39
spp

Full 39
spp

Full 39
spp
Full 39
spp
Full 39
Spp

Full 39
spp
Full 39
spp

Full 39
spp

Full 39
Spp

Subset
27 spp
Subset
27 spp

Subset
27 spp
Subset
27 spp

Subset
27 spp

Subset
27 spp
Subset
27 spp
Subset
27 spp

Subset
27 spp
Subset
27 spp

Subset

27 spp

Subset
27 spp

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

dS and dN

Rep

-

o

[

[

o

o

N

N

N

N

-

[

o

[

o

o

N

N

N

N

Parameter

Covariance
Correlation
Coefficient
Cor. Coeff.
Posterior
Prob

Precision
Partial
Correlation
Coefficient
Part. Cor.
Coeff.
Posterior
Prob

Covariance
Correlation
Coefficient
Cor. Coeff.
Posterior
Prob

Precision
Partial
Correlation
Coefficient
Part. Cor.
Coeff.
Posterior
Prob

Covariance
Correlation
Coefficient
Cor. Coeff.
Posterior
Prob

Precision
Partial
Correlation
Coefficient
Part. Cor.
Coeff.
Posterior
Prob

Covariance
Correlation
Coefficient
Cor. Coeff.
Posterior
Prob

Precision
Partial
Correlation
Coefficient
Part. Cor.
Coeff.
Posterior
Prob

0.24

NA

9.41

NA

9.42

NA

0.13

NA

23.6

NA

0.13

NA

22.9

NA

dN

0.32

0.41

0.96

-1.4

0.46

0.97

0.32

0.41

0.97

-1.4

0.46

0.97

0.21

0.4

0.89

-2.8

0.31

0.82

0.21

0.39

0.88

-2.7

0.3

0.81

Mass

-0.11

-0.28

0.065

0.845

-0.18

0.19

-0.11

-0.28

0.065

-0.18

0.2

-0.06

-0.3

0.1

4.79

0.039

-0.06

0.1

4.67

0.039

MigDist

-0.143

-0.392

0.017

2.6

-0.474

0.0089

-0.141

-0.387

0.019

2.6

-0.472

0.0091

-0.0968

-0.359

0.065

2.44

-0.264

0.16

-0.0965

-0.356

0.068

2.4

-0.262

0.16

ds-
Theta

NA

NA

NA

-0.122

-0.25

0.17

-0.028

-0.015

0.47

-0.119

-0.243

0.18

-0.044

-0.015

0.47

dN

2.49

NA

0.824

-1

NA

2.49

NA

0.823

-1

NA

1.87

NA

3.21

-1

NA

1.86

NA

3.26

-1

NA

dN-  dN-
Mass MigDist
-0.38 0.0915
-0.29 0.0679
0.15 0.61
0.239 -0.452
-0.17  0.264
0.28 0.82
-0.38  0.0969
-0.29 0.073
0.15 0.62
0.234 -0.459
-0.17  0.268
0.28 0.82
0.099 -0.264
0.121 -0.246
0.66 0.22
-0.66  0.745
0.137 -0.197
0.68 0.28
0.1 -0.264
0.124 -0.248
0.67 0.22
-0.63  0.786
0.133 -0.203
0.68 0.27

dN- Mass- Mass-
Theta Mass MigDist Theta

NA 0.66

NA

NA NA

1

NA 221

NA

NA NA

-1

NA 0.65

NA

NA NA

NA 221

NA

NA NA

-1.3 035

-0.7

0.007 NA

1.88 5.15

-0.66

0.013 NA

-1

-1.31 035

-0.71

0.006 NA

1

1.92 513

-0.66

0.013 NA

-1

0.0138

0.0252

0.56

0.132

-0.049

0.39

0.0121

0.023

0.56

0.131

-0.049

0.39

0.0417

0.0947

0.68

0.115

-0.02

0.46

0.0412

0.0934

0.68

0.108

-0.018

0.47

Mass-

NA

NA

NA

NA

NA

NA

-0.16

-0.19

0.2

0.318

-0.11

0.3

-0.16

-0.19

0.2

0.315

-0.11

0.31

MigDist-
MigDist

0.559

NA

2.99

NA

0.557

NA

NA

0.567

NA

3.33

NA

0.571

NA

3.34

NA

Migdist- Theta-

Theta

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

0.0694

0.0646

0.61

0.522

-0.176

0.23

0.0729

0.0674

0.61

0.538

-0.179

0.22

Theta

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

1.82

1
NA

2.12

-1
NA

1.83

1
NA

2.15

-1
NA
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Appendix Table C.3-2. Full output from Coevol models with dS and dN/dS as independent variables. Four models
are summarized: two replicate models with the full dataset of 39 species, and two replicate models with the subset of
27 species with available estimates of 0. Each row contains a flattened pairwise matrix for each pair of variables (dS,
dN/dS, mass, migration distance, and 0), showing covariance, correlation coefficients, posterior probabilities of
correlation coefficients, precisions, partial correlation coefficients, and posterior probabilities of partial correlation
coefficients. Posterior probabilities near 0 indicate strong support for a negative relationship while posterior

probabilities near 1 indicate strong support for a positive relationship. Values obtained from replicate models are
highly similar.
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Dataset
Full 39
spp

Full 39
spp

Full 39
spp
Full 39
spp

Full 39
spp

Full 39
spp
Full 39
spp
Full 39
spp

Full 39
spp
Full 39
sSpp

Full 39
spp

Full 39
spp

Subset
27 spp

Subset
27 spp

Subset
27 spp
Subset
27 spp

Subset
27 spp

Subset
27 spp
Subset
27 spp
Subset
27 spp

Subset
27 spp
Subset
27 spp

Subset
27 spp

Subset
27 spp

Independent
variables

ds and
dN/dS

ds and
dN/dS

ds and
dN/dS
ds and
dN/dS

ds and
dN/dS

dS and
dN/dS
dS and
dN/dS

ds and
dN/dS

ds and
dN/dS
ds and
dN/dS

ds and
dN/dS

ds and
dN/dS
ds and
dN/dS

dS and
dN/dS

dS and
dN/dS
ds and
dN/dS

ds and
dN/dS

dS and
dN/dS
dsS and
dN/dS
ds and
dN/dS

ds and
dN/dS
ds and
dN/dS

ds and
dN/dS

dS and
dN/dS

Rep

o

[

=

=

[

N

N

N

N

N

N

o

[

-

-

=

[

N

N

N

N

N

Parameter

Covariance
Correlation
Coefficient

Cor. Coeff.
Posterior
Prob

Precision
Partial
Correlation
Coefficient

Part. Cor.
Coeff.
Posterior
Prob

Covariance

Correlation
Coefficient
Cor. Coeff.
Posterior
Prob

Precision
Partial
Correlation
Coefficient

Part. Cor.
Coeff.
Posterior
Prob

Covariance

Correlation
Coefficient
Cor. Coeff.
Posterior
Prob

Precision
Partial
Correlation
Coefficient
Part. Cor.
Coeff.
Posterior
Prob

Covariance
Correlation
Coefficient
Cor. Coeff.
Posterior
Prob

Precision

Partial
Correlation
Coefficient
Part. Cor.
Coeff.
Posterior
Prob

ds-
ds

0.27

NA

8.18

-1

NA

0.27

NA

8.25

-1

NA

0.15

NA

19.1

-1

NA

0.15

-1

NA

ds-

ds-

ds-

dN/dS Mass MigDist

0.328

0.435

0.95

-1.35

0.434

0.326

0.437

0.95

-1.37

0.437

0.96

0.142

0.282

0.81

-1.15

0.119

0.64

0.132

0.262

-0.972

0.108

-0.2

-0.4

0.03

1.46

0.03

1.47

0.13

4.29

0.12

4.19

0.05

-0.112

-0.304

0.07

2.02

-0.395

0.016

-0.11

-0.302

0.071

2.04

-0.394

0.017

-0.101

-0.352

0.069

2.59

-0.309

0.11

-0.101

-0.353

0.067

2.58

-0.315

ds-
Theta

NA

NA

NA

NA

-0.16

-0.3

0.13

1.07

-0.17

0.27

-0.15

-0.28

0.14

1.06

-0.17

0.27

dN/ds-
dN/ds

2.02

[

NA

1.03

NA

o

NA

1.05

NA

157

[

NA

5.18

NA

1.59

[

5.12

-1

NA

dN/dS-
Mass

-0.305

-0.254

0.19

0.105

-0.074

0.4

-0.299

-0.252

0.19

0.099

-0.07

0.41

0.195

0.255

0.8

-1.46

0.234

0.79

0.197

0.254

0.8

-1.38

0.227

0.78

dN/ds-
MigDist

0.106

0.0964

0.63

-0.487

0.26

0.105

0.0954

0.63

-0.491

0.258

0.82

-0.173

-0.177

0.3

0.768

-0.168

0.31

-0.163

-0.165

0.723

-0.161

dN/dS- Mass-
Theta Mass

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

0.637

1

NA

2.42

-1

NA

0.629

1

NA

2.45

-1

NA

-1.3 0.354

-0.742

1

0.007 NA

3.05 5.52

-0.686

-1

0.013 NA

-1.3 0.358

-0.737

1

0.007 NA

3.01 5.45

-0.685

-1

0.012 NA

Mass-
MigDist

0.0183

0.0339

0.58

0.195

-0.0686

0.34

0.0158

0.0307

0.58

0.204

-0.0707

0.34

0.0379

0.0883

0.67

0.00057

0.00251

0.51

0.0403

0.0919

0.67

0.00606

0.00131

0.5

Mass- MigDist- Migdist- Theta
Theta MigDist Theta

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

-0.19

-0.22

0.18

-0.06

-0.04

0.42

-0.19

-0.22

0.18

-0.03

-0.04

0.508

NA

3.02

NA

0.501

NA

3.06

NA

0.565

NA

3.33

NA

0.567

0.41 NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

0.0841

0.0764

0.62

0.526

-0.161

0.26

0.077

0.0696

0.61

0.497

-0.153

0.27

Theta

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

1.93

NA

2.87

NA

1.93

NA
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Appendix Table C.3-3. Full model selection results for models predicting ©N/zS.

Model formula logLik | AICc | deltaAlCc | weight

nN/nS ~ 0 + migration distance 44.40 |-79.0 0 0.55

nN/nS ~ 6 4190 |-76.7 2.23 0.18

nN/mS ~ 0 + mass + migration distance 4471 | -76.6 |2.40 0.17

nN/nS ~ 0 + mass 4197 |-741 |4.86 0.049

nN/znS ~ 1 (null) 38.53 | -72.6 6.42 0.022

nN/ntS ~ migration distance 39.43 | -71.8 7.15 0.016

nN/nS ~ mass 38,53 |-70.0 |8.96 0.006

nN/ntS ~ mass + migration distance 39.44 |-69.1 9.91 0.004
Appendix Table C.3-4. Full model selection results for models predicting 6.

Model formula logLik | AICc | deltaAlCc | weight

0 ~ 1 (null model) 9395 |-1834 |0 0.47

0 ~ migration distance 9458 |-182.1 |1.29 0.25

0 ~ mass 9426 |-1815 | 1.93 0.18

0 ~ mass + migration distance 95.03 |-180.2 | 3.17 0.10
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