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A few more whacks of the ice ax, a few very weary steps and we were on the summit of Everest.
—Edmund Hillary, High Adventure
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ABSTRACT
Evolutionary biology seeks to understand the forces that have generated and shaped
patterns of diversity. In this dissertation, I investigated phylogenetic relationships and the
evolution of three traits—migration, nest-type, and geographic distribution—in the swallow
family (Hirundinidae), a globally distributed group of about 85 species of aerial insectivorous
birds. I first applied a dataset of several thousand ultraconserved element (UCE) loci to
reconstructing the phylogeny of the New World genus Tachycineta. Three methods of
phylogenetic inference produced topologically discordant trees, but post-inference analyses
provided evidence that the tree produced by maximum likelihood analysis of a concatenated data
matrix is the most plausible phylogenetic hypothesis. The topological conflicts were driven by a
tiny proportion of sites, which influenced the other, coalescent-based, phylogenetic inferences.
I then used UCE data to reconstruct the entire phylogeny of Hirundinidae. This resolved
deep divergences left unresolved by previous studies. The improved tree enabled estimations of
character states of geographic range, nest type, and migration in swallow ancestors, suggesting
that originally swallows were African burrow-excavators, and that they diversified mainly during
the mid to late Miocene. Nest type in swallows is highly conserved, and innovations in nest
architecture were important in swallow diversification, with transitions from burrow excavation
to mud-nest construction and secondary-cavity adoption associated with the family’s two major
radiations. Seasonal migratory behavior, however, is not conserved. The evolution of migration
is scattered across the tree, and reconstructions of most nodes indicated a high probability of
ancestors being partially migratory.
Finally, I used differential gene expression to investigate the molecular basis of avian
migration by sequencing brain and liver transcriptomes of Tree Swallows (Tachycineta bicolor)
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congregating at a stopover in Louisiana before flying across the Gulf of Mexico on their southern
migration. Several hundred transcripts were differentially expressed in brain and liver tissues
among individuals displaying variable migratory readiness (based on accumulated fat).
Metabolic and mitochondrial Gene Ontology terms were enriched in transcripts upregulated in
birds with the lowest fat scores, suggesting that Tree Swallows undergo a period of intense
metabolic activity likely related to weight gain immediately after arriving at the stopover.
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CHAPTER 1. INTRODUCTION
Fundamentally, evolutionary biology seeks to illuminate the processes that have
generated the “endless forms most beautiful and most wonderful” (Darwin 1859) that compose
the present and past diversity of the natural world. That diversity is both phenotypic and genetic;
genetic variation, through mutation, produces the phenotypic variation that is the substrate of
natural selection, and, by rendering it heritable, allows selection to proceed into evolutionary
change (Fisher 1930; Dobzhansky 1937; Ford 1964). This generation of phenotypic diversity via
descent with modification means that an organism’s morphological, ecological, and behavioral
traits must be considered in the context of evolutionary relationships. Thus, studies of adaptation
and trait evolution fundamentally require an understanding of those relationships, that is,
phylogeny.
The application of molecular data to phylogenetics (e.g., by Fitch and Margoliash 1967)
was a major advance in the study of evolution. However, reconstructing the phylogenetic tree of
a group of organisms from molecular data presents specific challenges depending both on the age
of the divergences in the tree, and on how close to each other in time those divergences occurred
(Lanyon 1988; Moore 1995). The branching patterns of ancient relationships may be obscured by
genetic saturation, in which the time elapsed since lineage divergence allows multiple
substitutions to occur at a site, erasing the phylogenetic signal (Felsenstein 1978). Recent
divergence and rapid radiation, on the other hand, may be plagued by incomplete lineage sorting,
in which alleles have insufficient time after a divergence or between successive divergences to
completely coalesce. Problems with coalescence, both deep and shallow, can lead to discordance
between gene trees and the underlying species tree (Maddison 1997). Gene tree-species tree
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disagreement can be further exacerbated by gene flow between recently diverged lineages
(Leaché et al. 2013).
In Chapter 2, I focus on the problem of tree estimation by applying a dataset of several
thousand ultraconserved element (UCE) loci to resolving relationships within Tachycineta, a
genus of nine New World swallow species. There is a strong interest in the Tachycineta
phylogeny because it is an important group for the study of avian life history (Jones 2003), but
its reconstruction has proven extremely difficult, with four prior published attempts failing to
recover a consistent solution (Whittingham et al. 2002; Sheldon et al. 2005; Cerasale et al. 2012;
Dor et al. 2012). The relatively young age of the genus suggests that its branching pattern is
complicated by incomplete lineage sorting and probably introgression. Here, I used three
methods of phylogenetic inference, and recovered three well-supported discordant topologies. I
approached this conflict by applying two methods designed to tease apart difficult branching
problems among distantly related lineages, gene genealogy interrogation (Arcila et al. 2017) and
analysis of per-site likelihood differences (Shen et al. 2017). These methods compare species
trees and gene trees constrained to represent a set of topological hypotheses, and they were
effective in deciphering relationships among the closely related Tachycineta species.
A well resolved phylogenetic tree can be used as the basis for studies of the evolution of
traits of interest in a group of interest by serving as a template on which to estimate ancestral
character states. Such ancestral character reconstruction allows the examination of hypotheses
regarding the processes that have led to observed patterns of phenotypic diversity. In Chapter 3, I
broadened my taxonomic focus to encompass the entire phylogeny of the Hirundinidae
(swallows and martins), a passerine family comprising approximately 85 species of obligate
aerial insectivores (Turner 2018). Swallows, are, as a consequence of their aerial lifestyle,
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extremely vagile (Winkler 2006), occur across the globe, and exhibit a broad spectrum of
migratory behavior. Unusually for passerines, members of the family construct several
profoundly different nest types (Winkler and Sheldon 1993). To better understand how migratory
behavior and nest architecture have influenced the diversification and global radiation of
swallows, I first inferred a resolved, strongly supported phylogenetic tree from UCE sequence
data, and then estimated ancestral states for migration, nest type, and geographic range.
Not all phenotypic variation is encoded in the genome, as epigenetic regulation and
variation in gene expression may also play a significant role (King and Wilson 1975). Even in
the absence of sequence variation, differential gene expression observed between organisms that
differ in a trait of interest has the potential to shed light on the genomic basis of that trait.
Advances in nucleic acid sequencing technology over the last decade have made wholetranscriptome sequencing in virtually all organisms possible, allowing the use of comparative
transcriptomics to answer evolutionary and ecological questions in non-model systems (Todd et
al. 2016; Jax et al. 2018). This approach may be especially appropriate for traits that appear to
have the potential for rapid evolutionary change and in which significant variation exists among
closely related lineages.
One such trait is avian migration. Despite its apparent complexity, migratory behavior in
birds appears to be evolutionarily plastic. Migratory lineages have been observed to substantially
alter their routes, timing, and even breeding and wintering areas over only decades (e.g.,
Berthold et al. 1992; Jonzen et al. 2006; Winkler et al. 2017). In Chapter 4 I took a differential
gene expression approach to understanding the molecular basis of avian migration by sequencing
whole brain and liver transcriptomes in numerous individuals of one swallow species,
Tachycineta bicolor (Tree Swallow) as they passed through a migratory stopover site in southern
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Louisiana. Taking furcular fat as a proxy for stopover arrival and departure timing, I captured
swallows with varying levels of furcular fat, and identified genes and functional categories that
are up- and down-regulated in liver and brain in relation to differences in inferred migratory
schedule. Such differential expression analyses allow the discovery of differences in genome
function related to phenotypic variation, even if no associated sequence variation exists.
In sum, I explored diversification, trait evolution, and the molecular basis of a complex
trait in one avian family, Hirundinidae, at three taxonomic levels. First, I used a dataset of
thousands of UCEs and post-inference analyses of topological discordance based on constraint
trees to approach a difficult phylogenetic problem in a swallow genus. I then used a similarly
derived phylogenomic dataset to resolve phylogenetic relationships among all swallows, and
conducted ancestral character estimation of migration, nest architecture, and geographic range
with the resulting tree. Finally, I examined differential gene expression analysis in one swallow
species to investigate genes and functional categories related to migratory behavior.

REFERENCES
Arcila D, Ortí G, Vari R, Armbruster JW, Stiassny MLJ, Ko KD, Sabaj MH, Lundberg J, Revell
LJ, Betancur-R R. 2017. Genome-wide interrogation advances resolution of recalcitrant
groups in the tree of life. Nature Ecology & Evolution, 1:0020.
Berthold P, Helbig AJ, Mohr G, Querner U. 1992. Rapid microevolution of migratory behaviour
in a wild bird species. Nature, 360:668-670.
Cerasale DJ, Dor R, Winkler DW, Lovette IJ. 2012. Phylogeny of the Tachycineta genus of New
World swallows: Insights from complete mitochondrial genomes. Molecular
Phylogenetics and Evolution, 63:64-71.
Darwin CR. 1859. On the Origin of Species. London, John Murray.
Dobzhansky T. 1937. Genetics and the Origin of Species. New York, Columbia University Press.

4

Dor R, Carling MD, Lovette IJ, Sheldon FH, Winkler DW. 2012. Species trees for the tree
swallows (Genus Tachycineta): An alternative phylogenetic hypothesis to the
mitochondrial gene tree. Molecular Phylogenetics and Evolution, 65:317-322.
Felsenstein J. 1978. Cases in which parsimony or compatibility methods will be positively
misleading. Systematic Zoology, 27:401-410.
Fisher RA. 1930. The Genetical Theory of Natural Selection. Oxford, Clarendon Press.
Fitch WM, Margoliash E. 1967. Construction of Phylogenetic Trees. Science, 155:279.
Ford EB. 1964. Ecological Genetics. London, Methuen.
Jax E, Wink M, Kraus RHS. 2018. Avian transcriptomics: opportunities and challenges. J.
Ornithol., 159:599-629.
Jones J. 2003. Tree Swallows (Tachycineta bicolor): A new model organism? The Auk, 120:591599.
Jonzen N, Linden A, Ergon T, Knudsen E, Vik JO, Rubolini D, Piacentini D, Brinch C, Spina F,
Karlsson L, et al. 2006. Rapid advance of spring arrival dates in long-distance migratory
birds. Science, 312:1959-1961.
King M, Wilson A. 1975. Evolution at two levels in humans and chimpanzees. Science, 188:107116.
Lanyon SM. 1988. The Stochastic Mode of Molecular Evolution: What Consequences for
Systematic Investigations? The Auk: Ornithological Advances, 105:565-573.
Leaché AD, Harris RB, Rannala B, Yang Z. 2013. The Influence of Gene Flow on Species Tree
Estimation: A Simulation Study. Syst. Biol., 63:17-30.
Maddison WP. 1997. Gene Trees in Species Trees. Syst. Biol., 46:523-536.
Moore WS. 1995. Inferring Phylogenies from mtDNA Variation: Mitochondrial-Gene Trees
Versus Nuclear-Gene Trees. Evolution, 49:718-726.
Sheldon FH, Whittingham LA, Moyle RG, Slikas B, Winkler DW. 2005. Phylogeny of swallows
(Aves : Hirundinidae) estimated from nuclear and mitochondrial DNA sequences.
Molecular Phylogenetics and Evolution, 35:254-270.
Shen X-X, Hittinger CT, Rokas A. 2017. Contentious relationships in phylogenomic studies can
be driven by a handful of genes. Nature Ecology & Evolution, 1:0126.
Todd EV, Black MA, Gemmell NJ. 2016. The power and promise of RNA-seq in ecology
and evolution. Molecular Ecology, 25:1224-1241.
Turner A. 2018. Swallows and Martins (Hirundinidae). In: del Hoyo J, Elliott A, Christie DA, de
Juana E editors. Handbook of the Birds of the World Alive. Barcelona, Lynx Edicions.
5

Whittingham LA, Slikas B, Winkler DW, Sheldon FH. 2002. Phylogeny of the Tree Swallow
Genus, Tachycineta (Aves: Hirundinidae), by Bayesian Analysis of Mitochondrial DNA
Sequences. Molecular Phylogenetics and Evolution, 22:430-441.
Winkler DW. 2006. Roosts and migrations of swallows. Hornero, 21:85-97.
Winkler DW, Gandoy FA, Areta JI, Iliff MJ, Rakhimberdiev E, Kardynal KJ, Hobson KA. 2017.
Long-Distance Range Expansion and Rapid Adjustment of Migration in a Newly
Established Population of Barn Swallows Breeding in Argentina. Current Biology,
27:1080-1084.
Winkler DW, Sheldon FH. 1993. Evolution of nest construction in swallows (Hirundinidae): a
molecular phylogenetic perspective. Proceedings of the National Academy of Sciences,
90:5705.

6

CHAPTER 2. CONSTRAINT-TREE METHODS RESOLVE
PROBLEMATIC BRANCHES IN A RECENTLY DIVERGED GENUS OF
NEW WORLD SWALLOWS
INTRODUCTION
Tachycineta, the genus comprising the nine species of tree swallows, is a model group for
studies of avian ecology, physiology, and behavior (Jones 2003). Its phylogeny is thus of great
interest to ornithologists, as the substantial life history data available for the group cannot be
fully interpreted absent an historical context. However, despite four published attempts
(Whittingham et al. 2002; Sheldon et al. 2005; Cerasale et al. 2012; Dor et al. 2012), the
phylogeny remains elusive. Like many problems in molecular phylogenetics, the Tachycineta
tree presents challenges that derive from factors such as group age and pattern of branching. In
Tachycineta, these difficulties most likely stem from its recent origin, as evidenced by short
mtDNA distances among the species of 3 to 13 percent (Cerasale et al. 2012), which imply rapid
radiation, consequent incomplete lineage sorting (Maddison 1997), and possible introgression
among lineages (Machado and Hey 2003). These processes probably have hindered phylogenetic
reconstruction, especially for the relatively small mtDNA and nuclear datasets applied to the
Tachycineta problem so far (Sheldon et al. 2005). While technological and computational
advances over the last decade have dramatically enhanced the production and analysis of
genome-scale DNA sequence data, thus promising improved phylogenetic resolution,
phylogenomic data can often cause more confusion than clarity (e.g., as summarized for birds by
Reddy et al. 2017). This is, in fact, the case in this study. I approached the Tachycineta
phylogeny with targeted enrichment of thousands of orthologous nuclear DNA segments
(ultraconserved elements; Faircloth et al. 2012; McCormack et al. 2012) in multiple individuals
from each Tachycineta lineage. Rather than providing a clear resolution, however, this dataset
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produced three well-supported, discordant topologies depending upon the tree-reconstruction
method applied, each reminiscent of trees found in the earlier Tachycineta studies. Fortunately, I
have been able to solve this problem by deploying two separate site-likelihood-based analytical
techniques to demonstrate which of those three trees best represents the Tachycineta phylogeny.
The genus Tachycineta comprises nine species of New World swallows with a combined
breeding distribution that extends throughout most of North and South America and the
Caribbean, from northern Alaska to Tierra del Fuego (Fig. 2.1). Like all swallows, the members

T. bicolor
T. thalassina lepida
T. thalassina brachyptera

T. albiventer

T. thalassina thalassina

T. stolzmanni

T. cyaneoviridis

T. leucorrhoa

T. euchrysea

T. leucopyga

T. albilinea

Figure 2.1. Breeding distributions of Tachycineta species, obtained from BirdLife International
(http://www.birdlife.org). Symbols represent sampling localities of the specimens sequenced for
this study (Table 2.1).
of the genus are aerial insectivores that spend most of their waking hours in flight, and they are
morphologically adapted for that lifestyle, with aerodynamic bodies, long, pointed wings, and
short, broad bills. In addition to their shared body shape, all Tachycineta have similar plumage,
tending to be dark blue or green above with white underparts (Fig. 2.2). They also share many
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aspects of life history, being territorial secondary cavity-nesters that nest either as single pairs or
in small groups. There is substantial variation within the genus, however, in important
characteristics such as migratory behavior, range size, habitat, clutch size, and in sexual traits
such as degree of extra-pair paternity and tail fork depth (Turner 2018). Because nest sites are a
limiting factor for secondary cavity nesters (Holroyd 1975; Newton 1994), most Tachycineta
species take readily to artificial nest boxes, rendering them amenable to detailed studies of
behavior and biology during the breeding period. Tachycineta bicolor in particular has been the
subject of an enormous body of research on a diversity of topics (Jones 2003). Their tractability,
intrageneric trait variability, and the volume of existing knowledge on a member of the genus,
make Tachycineta a promising subject for comparative studies. The genus was, in fact, the
subject of a multi-year international collaboration (Golondrinas de las Americas,
http://golondrinas.cornell.edu) built around a network of nest-box sites, focused on studying life
history variation across the full latitudinal breadth of its range. A well resolved phylogenetic tree
would provide the necessary evolutionary context for analyses of such comparative data (Brooks
and McLennan 1991; Harvey and Pagel 1991; Freckleton et al. 2002) and is thus essential in
order to take full advantage of existing and future ecological and behavioral datasets, as well as
for biogeographic analyses.
Each of the prior four attempts to infer phylogenetic relationships within Tachycineta
from DNA sequence data included all nine recognized Tachycineta species, but varied in choice
of genetic loci, number of individuals per species, and methods of phylogenetic inference
(Whittingham et al. 2002; Sheldon et al. 2005; Cerasale et al. 2012; Dor et al. 2012). Some
relationships within the genus were recovered consistently, while other relationships conflict
both within and between studies and remain unresolved. In almost all cases, the four studies

9

support the division of the genus into two clades, one containing the “northern” species (T.
bicolor, T. thalassina, T. euchrysea, and T. cyaneoviridis), and the other containing the
“southern” species (T. albilinea, T. albiventer, T. leucorrhoa, T. leucopyga, and T. stolzmanni).
With the exception of T. stolzmanni, relationships within the southern clade are consistent across
studies, with T. albiventer sister to T. albilinea and T. leucorrhoa sister to T. leucopyga. While T.
stolzmanni is reliably grouped within the southern clade, its precise position varies among
datasets and methods of tree estimation. Relationships within the northern clade are less well
resolved than those in the southern clade. While three of the studies placed T. bicolor within the
northern clade (Whittingham et al. 2002; Sheldon et al. 2005; Cerasale et al. 2012), Dor et al.
(2012) recovered this species as either sister to the five southern species or as sister to all other
Tachycineta, depending on the method of inference, in both cases with low support. The
relationships among the remaining three northern species vary across studies and are often not
well supported.
Here, I aim to resolve the Tachycineta tree by sequencing thousands of ultraconserved
element (UCE) loci in multiple individuals of each Tachycineta species, including, for the first
time, multiple individuals of all three subspecies of T. thalassina. At the outset of this project, I
applied three distinct methods of phylogenetic inference to the UCE dataset: (1) maximum
likelihood analysis of concatenated sequence data, (2) analysis of site pattern frequencies under
the multispecies coalescent, and (3) coalescent-based gene tree summarization. As noted, these
methods produced three strongly supported yet discordant trees. In order to determine which of
the topologies most accurately represents the phylogeny, I applied comparisons of internode and
tree certainty measures (Salichos and Rokas 2013a; Salichos et al. 2014; Kobert et al. 2016), as
well as two constraint-tree based methods: examination of per-site and per-locus log likelihood
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differences among topologies (Shen et al. 2017), and gene-genealogy interrogation analysis
(Arcila et al. 2017). The constraint-tree approaches identify the most effective inference method
(concatenation versus coalescent methods), while also providing a highly plausible solution to
the problem of Tachycineta phylogeny.

MATERIALS AND METHODS
Sample selection
Of the nine species of Tachycineta, seven are monotypic and two, T. thalassina and T.
euchrysea, are divided into two subspecies each (Dickinson and Christidis 2014). One of those
subspecies, T. euchrysea sclateri, which used to occur on Jamaica, is believed to be extinct
(Graves 2014; Proctor et al. 2017). A third subspecies of T. thalassina, T. thalassina lepida, is
often recognized (Brown et al. 2011), and I follow that classification here. Frozen or ethanol
preserved tissue samples were obtained from between two to seven individuals per taxon, as well
as from five Progne subis individuals as the outgroup (Table 1). I attempted to draw samples
from across the breeding distribution of each species (Fig. 2.1) and, in the case of migratory
species, selected individuals collected during the breeding season.

DNA extraction, target enrichment, and sequencing
I extracted genomic DNA from tissue samples using a QIAGEN DNeasy Blood and
Tissue kit following the kit protocol. DNA extracts were quantified with a Qubit 2.0 fluorometer
(Life Technologies, Inc.) and mechanically sheared with an Episonic Multi-Functional
Bioprocessor to an approximate average length of 500bp, as assessed by gel electrophoresis. I
used a KAPA HyperPrep Kit (Roche Sequencing Systems) to prepare a barcoded library for
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Illumina sequencing from each sample by ligating dual indexed iTru adapters (Glenn et al. 2016)
to the fragmented DNA. I followed the kit protocol, but used half reagent volumes for the endrepair and A-tailing, adapter ligation, and post-ligation cleanup steps. Libraries were amplified
with nine cycles of PCR not including the initial denaturation, final extension, and holding
cycles, and quantified with a Qubit 2.0 both before and after amplification. I combined groups
of eight libraries into eight equimolar pools, one of which contained four Tachycineta samples
and four Calyptomena samples from another project.
I used hybrid capture to enrich each pool for 5,060 UCE loci. This process entailed
denaturing the libraries and hybridizing a set of 5,472 biotinylated RNA probes (TetrapodsUCE-5Kv1 sold by MYcroarray; Faircloth et al. 2012) to their target sequences on the singlestranded DNA. These probe-target hybrids were then captured on streptavidin coated magnetic
beads, allowing the unhybridized, non-target DNA to be washed away. The target DNA was then
released and amplified. I followed the protocol in the MYbaits manual v3.0.1 through bait-target
hybridization, hybrid binding, and bead washing steps. After washing the beads to remove nontarget DNA, I resuspended the enriched libraries along with the beads in 10mM Tris-Cl with
0.05% TWEEN and performed 15 cycles of limited-cycle PCR on the suspension with KAPA
HiFi HotStart polymerase. I purified the PCR product with a 1.2X AMPure bead cleanup and
verified the absence of adapter dimers by determining the size distribution of the enriched,
amplified libraries with an Agilent Bioanalyzer.
I combined the eight pools of enriched, amplified libraries with six pools of libraries
prepared from passerine DNA for other projects. These libraries were sequenced together on one
paired-end 150bp lane of Illumina HiSeq 3000 at the Oklahoma Medical Research Foundation
Clinical Genomics Center (OMRF).
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Table 2.1. Sampling information for taxa compared in this study.
Scientific Namea

Common Name

Institutionb

Tissue No.

Progne subis

Purple Martin

LSUMNS

30441

USA, Louisiana

P. subis

Purple Martin

LSUMNS

41548

USA, New Mexico.

P. subis

Purple Martin

LSUMNS

41549

USA, New Mexico

LSUMNS

c

Brazil, Amazonas

c

Brazil, Amazonas

P. subis

Purple Martin

P. subis

Purple Martin

Tachycineta albilinea

25508

Locality

LSUMNS

25509

Mangrove Swallow

CUMV

50162

Belize

T. albilinea

Mangrove Swallow

LSUMNS

27270

Costa Rica

T. albilinea

Mangrove Swallow

LSUMNS

27292

Costa Rica

T. albilinea

Mangrove Swallow

LSUMNS

28416

Panama

T. albilinea

Mangrove Swallow

LSUMNS

28417

Panama

T. albiventer

White-winged Swallow

AMNH

DOT 14553
c

Brazil, Amazonas

T. albiventer

White-winged Swallow

LSUMNS

28089

Peru, Loreto

T. albiventer

White-winged Swallow

LSUMNS

12680

Bolivia, Santa Cruz

T. albiventer

White-winged Swallow

UMMZ

227529

Paraguay

T. albiventer

White-winged Swallow

USNM

626103

Guyana

T. bicolor

Tree Swallow

AMNH

DOT 18749

USA, New York

T. bicolor

Tree Swallow

MVZ

182221

USA, California

T. bicolor

Tree Swallow

UAM

7613

T. bicolor

Tree Swallow

UMMZ

243190

USA, Michigan

T. bicolor

Tree Swallow

USNM

649831

USA, North Dakota

T. bicolor

Tree Swallow

UWBM

73027

USA, Washington

T. bicolor

Tree Swallow

UWBM

99320

USA, Utah

T. cyaneoviridis

Bahama Swallow

LSUMNS

48916

Bahamas

T. cyaneoviridis

Bahama Swallow

LSUMNS

59081

Bahamas

T. cyaneoviridis

Bahama Swallow

LSUMNS

59082

Bahamas

T. cyaneoviridis

Bahama Swallow

LSUMNS

59203

Bahamas

T. cyaneoviridis

Bahama Swallow

LSUMNS

83038

Bahamas

T. cyaneoviridis

Bahama Swallow

LSUMNS

83542

Bahamas

T. euchrysea

Golden Swallow

LSUMNS

22018

Dominican Republic

T. euchrysea

Golden Swallow

LSUMNS

22021

Dominican Republic

T. leucorrhoa

White-rumped Swallow

LSUMNS

25995

Paraguay

USA, Alaska

c

T. leucorrhoa

White-rumped Swallow

LSUMNS

15314

T. leucorrhoa

White-rumped Swallow

LSUMNS

38194

Bolivia, Santa Cruz

T. leucorrhoa

White-rumped Swallow

USNM

635954

Uruguay

T. leucorrhoa

White-rumped Swallow

USNM

614706

Argentina, Buenos Aires

(table cont’d.)
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Bolivia, Santa Cruz

Scientific Namea

Common Name

T. leucorrhoa

White-rumped Swallow

Institutionb

Tissue No.

UWBM

70250

Locality
Argentina, Corrientes
c

T. leucopyga

Chilean Swallow

AMNH

DOT 13475

Argentina, Rio Negro

T. leucopyga

Chilean Swallow

AMNH

DOT 12228

Chile, Metropolitana

T. leucopyga

Chilean Swallow

KUNHM

11801

Argentina, Rio Negro

T. leucopyga

Chilean Swallow

KUNHM

13478

Argentina, Chubut

T. leucopyga

Chilean Swallow

LSUMNS

14014

Chile, Magallanes

T. stolzmanni

Tumbes Swallow

LSUMNS

25372

Ecuador

T. stolzmanni

Tumbes Swallow

LSUMNS

25373

Ecuador

T. stolzmanni

Tumbes Swallow

LSUMNS

25374

Ecuador

T. stolzmanni

Tumbes Swallow

LSUMNS

25375

Ecuador

T. thalassina brachyptera

Violet-green Swallow

CUMV

55066

Mexico, Sonora

T. thalassina brachyptera

Violet-green Swallow

CUMV

55067

Mexico, Sonora

T. thalassina brachyptera

Violet-green Swallow

CUMV

55070

Mexico, Sonora

T. thalassina brachyptera

Violet-green Swallow

BMNH

47895

Mexico, Baja California Norte

T. thalassina brachyptera

Violet-green Swallow

BMNH

47894

Mexico, Baja California Sur
c

T. thalassina lepida

Violet-green Swallow

AMNH

DOT 22350

Mexico, Baja California Norte

T. thalassina lepida

Violet-green Swallow

MVZ

182222

USA, California

T. thalassina lepida

Violet-green Swallow

UAM

11805

USA, Alaska

T. thalassina lepida

Violet-green Swallow

UWBM

84132

USA, Washington

T. thalassina lepida

Violet-green Swallow

UWBM

104721

USA, New

T. thalassina thalassina

Violet-green Swallow

CUMV

55079

Mexico, Michoacán

T. thalassina thalassina

Violet-green Swallow

CUMV

55080

Mexico, Michoacán

T. thalassina thalassina

Violet-green Swallow

CUMV

55071

Mexico, Veracruz

T. thalassina thalassina

Violet-green Swallow

CUMV

55072

Mexico, Veracruz

T. thalassina thalassina

Violet-green Swallow

CUMV

55073

Mexico, Veracruz

a

Classification according to Dickinson and Christidis (2014), except for T. thalassina subspecies, which follow
Brown et al. (2011)
b

AMNH = American Museum of Natural History, CUMV = Cornell University Museum of Vertebrates, KUMNH =
University of Kansas Natural History Museum, LSUMNS = Louisiana State University Museum of Natural Science,
BMNH = Bell Museum of Natural History, MVZ = Museum of Vertebrate Zoology, UAM = University of Alaska
Museum, USNM = United States National Museum, UWBM = University of Washington Burke Museum
c

Samples excluded from phylogenetic analyses
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Processing of sequence data and generation of datasets for phylogenetic inference
The raw reads generated by the sequencing run were demultiplexed and converted from
BCL files to FASTQ format with bcl2fastq (Illumina Inc.) at the OMRF. I evaluated the quality
of the libraries with FastQC v0.11.7
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and removed adapter sequences
and low-quality bases with Illumiprocessor v2.0.7 (Faircloth 2013). Illumiprocessor is a wrapper
program for Trimmomatic v0.32 (Bolger et al. 2014), and I ran it with default settings, as
follows. I trimmed leading bases with Phred33 scores below 5 and 15, respectively, and scanned
reads with a four-base sliding window, cutting the remainder of a read when the average Phred33
score within the window fell below 15. Following trimming, I dropped reads less than 40 bases
long.
All subsequent processing of the cleaned read-data was conducted within the PHYLUCE
v1.5.0 software package (Faircloth 2016). I assembled the read-data for each sample into contigs
with SPAdes v3.11.1 (Bankevich et al. 2012) in single-cell mode with the default k-mer sizes of
21, 33, and 55. I checked the assemblies for contamination with the
phyluce_assembly_match_contigs_to_barcodes script, which queries the Barcode of Life
Database (http://www.boldsystems.org; Sujeevan and Hebert 2007) for matches to the contigs in
each assembly that align to a provided barcode sequence. For this step, I provided a 694 bp
Tachycineta leucopyga COI sequence downloaded from BOLD (KBARG261-07), and ran the
program with default settings, which queries “all BOLD records for COI > 500 bp”. The
presence of contigs within an assembly that return BOLD matches to sequences from organisms
other than the expected species is evidence of contamination, and I discarded such samples from
further analysis (Table 2.1). I extracted the contigs from the remaining assemblies that matched
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the UCE loci in the Tetrapods-UCE-5Kv1 probe set (available at http://ultraconserved.org/) and
used these contigs to generate 100% and 75% complete UCE datasets. The 100% dataset
comprises only those loci that are present in all samples, while in the 75% dataset each locus is
present in at least 75% of the samples. I aligned the loci across samples in each dataset without
trimming with Mafft v7.130 (Katoh et al. 2002; Katoh and Standley 2013), as implemented by
phyluce_align_seqcap_align, and then trimmed the alignments with Gblocks v0.91b (Castresana
2000), implemented by phyluce_align_get_gblocks_trimmed_alignments_from_untrimmed. I
used default settings with the exception of the minimum number of sequences required for a
flank position, which I relaxed to 65%.

Phylogenetic analyses
I applied three different approaches to phylogenetic inference from the UCE sequence
data, namely a maximum likelihood (ML) analysis of concatenated alignments (ExaML),
coalescent-based inference of a species tree from site pattern frequencies in concatenated
alignments (SVDquartets), and coalescent-based estimations of species trees from gene tree
summaries (ASTRID and ASTRAL). I conducted all of the following phylogenetic analyses on
both the 75% and 100% complete datasets.
I used ExaML v3.0.20 (Kozlov et al. 2015) to reconstruct the Tachycineta tree in an ML
framework by performing 20 independent tree searches on the concatenated UCE alignments and
selecting the best scoring tree. I assumed a general time reversible (GTR) substitution model
with gamma distributed rates. I assessed support for the topology with 100 bootstrap replicates,
using RAxML v8.2.11 (Stamatakis 2014) to generate bootstrapped alignments from the full
alignments and ExaML to estimate the bootstrapped trees from those alignments. I then used the
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bootstrapped trees to calculate both the support values for nodes of the ML tree, and to build a
50% majority rule consensus tree in SumTrees v3.3.1 (DendroPy v3.12.0; Sukumaran and
Holder 2010).
I used SVDquartets (Chifman and Kubatko 2014) implemented in PAUP* v4.0a161
(Swofford 2003) to estimate a species tree for Tachycineta under the multi-species coalescent
without first estimating gene trees. Rather than summarizing gene trees, this method draws
directly on the sequence data by sampling quartets of lineages and inferring relationships within
quartets in a coalescent framework using singular value decomposition of the matrix of sitepattern frequencies in the concatenated alignment. These quartets are then assembled into a full
tree of all lineages. I designated Progne subis as the outgroup and ran SVDquartets in PAUP*
with exhaustive quartet sampling of 100 bootstrap replicates to produce a 50% majority-rule
consensus species tree.
I also inferred Tachycineta trees with ASTRID v1.4 (Vachaspati and Warnow 2015) and
ASTRAL v5.6.1 (Mirarab et al. 2014b; Zhang et al. 2017). These programs take a set of gene
trees as input and estimate a species tree from those gene trees under the multispecies coalescent
model. Notably, these gene trees are assumed to have been estimated without error. I used
PHYLUCE in concert with RAxML to generate a set of 500 multi-locus bootstrapped alignments
from the UCE sequence data, in which first the loci themselves and then the sites within those
loci are sampled with replacement (Seo 2008), and estimated gene trees from those bootstrapped
alignments in RAxML. I then followed the same procedure for species tree inference from gene
trees in both ASTRID and ASTRAL, first inferring a species tree from each of the 500 sets of
multi-locus bootstrap replicate gene trees and then constructing a 50% majority-rule consensus
tree from the resulting 500 species trees with SumTrees. I also used RAxML to estimate gene
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trees for each individual UCE locus, inferred species trees from those gene trees, and used
SumTrees to annotate the output species tree with bootstrap support summarized from the 500
bootstrap replicate species trees.

Analyses of topological discordance
Because of conflicts among trees recovered from the three approaches to phylogenetic
inference, I performed a series of analyses to determine which topology is the most plausible.
The conflicts centered on the positions of T. bicolor and T. stolzmanni (Fig. 2.2). For each
conflicting branch, I examined a set of three topological hypotheses. In the case of T. bicolor, I
considered the following topologies: (1) T. bicolor as sister to all other Tachycineta species
(hypothesis B1, recovered in the ExaML, ASTRID, and ASTRAL analyses); (2) T. bicolor as
sister to the five southern clade species (hypothesis B2, recovered in the SVDquartets analysis);
and (3) T. bicolor as sister to the three northern clade species (hypothesis B3). Although I did not
recover B3 in my UCE data, it reflects the position of T. bicolor in three of the previous four
published Tachycineta trees (Whittingham et al. 2002; Sheldon et al. 2005; Cerasale et al. 2012).
For T. stolzmanni, I considered the following topologies: (1) T. stolzmanni as sister to T.
albilinea and T. albiventer (hypothesis S1, recovered in the ExaML analysis); (2) T. stolzmanni
as sister to T. leucorrhoa and T. leucopyga (hypothesis S2, recovered in the SVDquartets
analysis), and (3) T. stolzmanni as sister to the other four species in the southern clade
(hypothesis S3, recovered in the ASTRAL and ASTRID analyses).
In the first analysis, I calculated internode certainty and tree certainty measures (Salichos
and Rokas 2013; Salichos et al. 2014; Kobert et al. 2016) for the trees recovered from the series
of phylogenetic analyses. These statistics seek to quantify the degree of certainty for a given
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internode in a tree by jointly considering the frequency of that bipartition and the frequency of
conflicting bipartitions in a corresponding set of trees (e.g., the underlying gene trees). Given a
tree of interest, internode certainty can be calculated both by considering the most prevalent
conflicting bipartition at an internode (IC), or by considering all conflicting bipartitions with a
frequency of at least 5 percent (ICA). Tree certainty (TC) and TCA are the sum of IC and ICA
values over all nodes in a phylogenetic hypothesis, respectively. Using RAxML v8.2.11 option -f
i (Stamatakis 2014), I calculated internode and tree certainties of the two sets of four trees
inferred from the 100% and 75% complete datasets. I used gene trees inferred from the loci in
those respective datasets as the underlying tree sets. RAxML requires the input trees to have
branch lengths, although branch lengths are not used in the calculations of IC and ICA. Trees
estimated by SVDquartets, ASTRID, and ASTRAL do not have branch lengths, so I used the
APE v5.1 package (Paradis et al. 2004) in R v3.5.0 (R Core Team 2018) to give all edges of the
input trees lengths equal to 1.0.
Second, I compared per-site log likelihood scores among topological hypotheses,
following the methods of Shen et al. (2017), see also Shavit Grievink et al. (2013). While
internode certainty values are based on sets of gene trees estimated from sequence alignments,
site-likelihood scores are calculated directly from sequence alignments. In brief, ML trees
constrained to match the topological hypotheses being tested are produced from the concatenated
sequence alignment. Log-likelihood scores for each site (SLS) in the alignment are then
calculated for each tree and compared site-by-site to determine which topological hypothesis
each site supports. SLS can be summed across all sites in a locus to generate a gene log
likelihood score (GLS), which can also be compared locus-by-locus among trees. The
differences among site and gene log likelihoods (ΔSLS and ΔGLS, respectively) for a set of

19

topological hypotheses are characterized by Shen et al. (2017) as the strength of the phylogenetic
signal at that site or locus, with the magnitude of the difference corresponding to the relative
strength of support for the tree with the greatest SLS or GLS value.
I conducted analyses of ΔSLS and ΔGLS separately for the T. bicolor and T. stolzmanni
branches. I used the unconstrained tree inferred with ExaML (see above) as topological
hypotheses B1 and S1. To generate trees for hypotheses B2, B3, S2, and S3 I first built a
multifurcating constraint tree for each hypothesis containing a single bipartition in the APE v5.1
package (Paradis et al. 2004) in R v3.5.0 (R Core Team 2018). I then inferred trees under those
constraints from the concatenated 100% complete UCE dataset with ExaML v3.0.21 option -g
(Kozlov et al. 2015) by selecting the best scoring tree from twenty independent ML tree searches
under a GTR+G substitution model. With the same substitution model, I calculated SLS on the
100% complete data matrix with RAxML v8.2.11 option -f G (Stamatakis 2014) for each of the
three trees representing the three alternative topological hypotheses. I parsed the site-likelihood
output files and calculated GLS with Perl scripts modified from those provided by Shen et al.
(https://doi.org/10.6084/m9.figshare.3792189.v3; last accessed September 15, 2018), and
calculated ΔSLS and ΔGLS values for each conflicting branch in R v3.5.0. To evaluate the
influence of sites and loci with the greatest ΔSLS and ΔGLS values on phylogenetic inference, I
removed small subsets of sites and loci and re-estimated the Tachycineta tree. I removed ‘outlier’
loci, defined as those loci with ΔGLS values greater than Q3 + 1.5IQR, where Q3 is the third
quartile and IQR is the inter-quartile range, from the concatenated data matrix, and re-estimated
the tree with ExaML v3.0.21 and with SVDquartets (Chifman and Kubatko 2014) implemented
in PAUP* v4.0a163 (Swofford 2003). I used custom Perl scripts to remove one percent of sites
with the greatest ΔSLS values from each locus, generated gene trees from the reduced loci, and

20

re-estimated a species tree with ASTRID v1.4 (Vachaspati and Warnow 2015). I did not reestimate the ASTRAL tree, as ASTRID and ASTRAL produced consistent results in the original
analysis. I also re-estimated trees after removing an equal number of random non-outlier genes
and an equal number of sites in the bottom 99 percent of ΔSLS values. In all cases, I followed
the same tree estimation protocol outlined above for the original set of trees.
Finally, I conducted gene-genealogy interrogation (GGI) (Arcila et al. 2017). In GGI,
gene trees constrained to a set of topological hypotheses are compared with the approximately
unbiased (AU) test (Shimodaira 2002) to determine which alternative hypotheses can be rejected
for each locus. The AU test uses multi-scale bootstrapping of per-site likelihoods to compare
trees and estimates a P-value for each topology. Thus, the loci that support each hypothesis can
be ordered and visualized according to their P-values, allowing the relative support in the dataset
for each topological hypothesis to be assessed. I conducted separate GGI analyses for the T.
bicolor and T. stolzmanni branches, using the UCE loci in the 75% complete dataset. First, I
generated single-bipartition constraint trees to represent each of the three topological hypotheses.
These constraint trees contain all 54 taxa present in the dataset. Because not all taxa are present
for all loci in the 75% complete dataset, I generated locus-specific constraint trees for each
hypothesis by pruning the 54-taxon constraint trees in R to match the taxa present in each of the
non-bootstrapped gene trees estimated previously. I then used RAxML v8.2.11 option -g
(Stamatakis 2014) to infer constrained gene trees for each locus, and, also in RAxML, calculated
per-site likelihoods for the resulting trees (option -f G). The output of this procedure is one file
per locus, containing per-site likelihood values for each of the three topological hypotheses.
Then, for each locus, I compared the topological hypotheses with the AU test, implemented in
CONSEL v0.20 (Shimodaira and Hasegawa 2001), and ordered and visualized the loci
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supporting each hypothesis by their respective P-values in R. Analyses in R v3.5.0 (R Core Team
2018), which relied on the APE v5.1 package (Paradis et al. 2004), used scripts based on those
provided by Arcila et al. (http://doi.org/10.5281/zenodo.51603; last accessed September 29,
2018).

RESULTS
Data processing and phylogenetic inference
I targeted a set of 5,041 UCE loci in 55 individuals representing all eleven extant taxa of
Tachycineta, as well as in five individuals of Progne subis. After trimming adapter
contamination and low-quality bases from the raw reads, I obtained 4.75–6.63 (mean=4.75,
SD=1.13) million reads per sample, with a mean length across samples of 141 bp. These reads
assembled into 18,049–223,554 (mean=57,091, SD=53,386) contigs per sample. The off-target
reads present in UCE data often include mitochondrial DNA (e.g., Giarla and Esselstyn 2015),
which allows contamination in samples to be detected by querying barcode databases for
assembled contigs that align to loci such as cytochrome oxidase I. A match for an organism other
than the sequenced taxon suggests that the sample in question may have been contaminated. I
used a T. leucopyga COI sequence to fish putative assembled COI sequence from the SPAdes
assembly of each sample. Queries of those sequences against the Barcode of Life Database
revealed possible contamination in two P. subis and four Tachycineta individuals. I removed
these individuals from the dataset, so that that all downstream analyses were performed on the
remaining three P. subis and 51 Tachycineta individuals (Table 2.1).
I extracted contigs from each assembled sample that aligned to the target set of UCE loci.
The number of UCE loci successfully enriched and sequenced in each sample ranged from 4,694
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to 4,837 (mean=4,770, SD=27), corresponding to a total capture of 4,934 UCE loci across all
samples. The average locus length within samples ranged from 787 to 1260bp (mean=1,092bp,
SD=92bp). Sequence capture information, including NCBI BioSample accessions, i5 and i7
primer sequences, and read and UCE contig statistics, are in Table A.1. I aligned the UCE loci
extracted from the assembled contigs across samples. The aligned loci are between 101 and
2085bp in length (mean=1005bp, SD=232bp), and contain between 0 and 363 variable sites
(mean=77, SD=40) and from 0 to 301 parsimony informative sites (mean=38, SD=22), with
about 4% missing characters and GC-content of 39%. I generated two datasets from these
alignments, one comprising the 3,611 UCE loci present in all individuals (complete dataset), and
other comprising the 4,739 UCE loci that are present in at least 75% of the samples, that is, in at
least 40 of the 54 total individuals (incomplete dataset). These complete and incomplete data
matrices had alignment lengths of slightly under 3.8 million bases and slightly over 4.8 million
bases, respectively.
The three methods of phylogenetic reconstruction (ExaML, SVDquartets,
ASTRID/ASTRAL) produced trees that are well resolved, with strongly supported bifurcating
relationships to the species level (Fig. 2.2, Figs. A.1-A.8). All nine species form clades with
bootstrap support of 100 in all trees. ASTRID and ASTRAL produced trees with identical
species-level relationships (Fig 2a). Within each method, the species-level relationships inferred
from the complete and incomplete datasets are identical, and the majority of relationships are
consistent among all three methods. In all trees, Tachycineta is split into two clades. In the first,
T. thalassina is sister to the two Caribbean species, T. euchrysea and T. cyaneoviridis. In the
second, which comprises the five Central and South American species, T. albilinea and T.
albiventer, and T. leucorrhoa and T. leucopyga, consistently group into two sister pairs. Notable
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topological differences are present, however, between trees generated with different methods,
specifically in the placements of T. bicolor and T. stolzmanni. The topologies inferred with
ExaML (Fig. 2.2c), ASTRID, and ASTRAL place T. bicolor as sister to a clade containing the
other eight Tachycineta species. The SVDquartets analyses (Fig. 2.2b), on the other hand, place
T. bicolor as sister to the clade comprising the Central and South American species. Both of
these placements are supported in all cases by bootstrap values of at least 94. The results of all
three methods disagree on the placement of T. stolzmanni. In the ExaML topology, T. stolzmanni
is sister to T. albiventer and T. albilinea, while in the topology inferred with SVDquartets T.
stolzmanni is sister to T. leucorrhoa and T. leucopyga. In the ASTRID and ASTRAL topologies,
T. stolzmanni is sister to a clade comprising all the other four Central and South American
species. This last relationship, however, has the lowest bootstrap support of any node in the eight
trees generated with the gene tree summary methods, ranging from 76 in the ASTRAL trees of
the complete dataset to 96 in the ASTRID trees of the incomplete dataset.
Within T. thalassina, evidence of intraspecific structure is limited. ExaML analysis
groups all five T. t. brachyptera individuals together with bootstrap support of 77 and 82 in the
trees inferred from the complete and incomplete datasets, respectively. These trees show no
strong evidence of intraspecific structure beyond that. Likewise, in trees estimated by
SVDquartets from both complete and incomplete datasets, T. t. brachyptera forms a clade with
bootstrap support of 100. The tree inferred from the complete dataset contains no further sign of
intraspecific structure. The tree inferred from the incomplete dataset, however, contains two
additional clades within T. thalassina, one composed of the three T. t. lepida individuals from
Washington, California, and Alaska (bootstrap support of 82), and the other comprising all four
T. t. thalassina individuals, from Michoacán and Veracruz (bootstrap support of 81) (Fig. 2.3).
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b)

a)
Tachycineta thalassina

Tachycineta thalassina

Tachycineta cyaneoviridis

Tachycineta cyaneoviridis

Tachycineta euchrysea

Tachycineta euchrysea

Tachycineta stolzmanni

Tachycineta bicolor

Tachycineta albilinea

Tachycineta albilinea

Tachycineta albiventer

Tachycineta albiventer

Tachycineta leucorrhoa

Tachycineta leucorrhoa

Tachycineta leucopyga

Tachycineta leucopyga

Tachycineta bicolor

Tachycineta stolzmanni

c)
82
100

100

100

100
100
100
100

100
100

100
100

100

Tachycineta thalassina thalassina Michoacan
Tachycineta thalassina thalassina Michoacan
Tachycineta thalassina thalassina Veracruz
Tachycineta thalassina thalassina Veracruz
Tachycineta thalassina brachyptera Baja California Norte
Tachycineta thalassina brachyptera Sonora
Tachycineta thalassina brachyptera Sonora
Tachycineta thalassina brachyptera Sonora
Tachycineta thalassina brachyptera Baja California Sur
Tachycineta thalassina thalassina Veracruz
Tachycineta thalassina lepida Alaska
Tachycineta thalassina lepida California
Tachycineta thalassina lepida New Mexico
Tachycineta thalassina lepida Washington
Tachycineta cyaneoviridis Bahamas
Tachycineta cyaneoviridis Bahamas
Tachycineta cyaneoviridis Bahamas
Tachycineta
cyaneoviridis Bahamas
100
Tachycineta cyaneoviridis Bahamas
Tachycineta cyaneoviridis Bahamas
Tachycineta euchrysea Dominican Republic
100
Tachycineta euchrysea Dominican Republic
Tachycineta albilinea Panama
Tachycineta albilinea Panama
100
Tachycineta albilinea Belize
Tachycineta albilinea Costa Rica
Tachycineta albilinea Costa Rica
Tachycineta albiventer Guyana
Tachycineta albiventer Paraguay
Tachycineta albiventer Brazil
Tachycineta albiventer Bolivia
Tachycineta stolzmanni Ecuador
Tachycineta stolzmanni Ecuador
100
Tachycineta stolzmanni Ecuador
Tachycineta stolzmanni
Ecuador
Tachycineta leucorrhoa Argentina
Tachycineta leucorrhoa Uruguay
Tachycineta leucorrhoa Paraguay
Tachycineta leucorrhoa Bolivia
Tachycineta leucorrhoa Argentina
Tachycineta leucopyga Argentina
Tachycineta leucopyga Chile
100
Tachycineta leucopyga Chile
Tachycineta leucopyga Argentina
Tachycineta bicolor California
Tachycineta bicolor Alaska
Tachycineta bicolor Michigan
Tachycineta bicolor Washington
Tachycineta bicolor New York
Tachycineta bicolor Utah
Tachycineta bicolor North Dakota

Progne subis New Mexico
Progne subis Louisiana
Progne subis New Mexico
0.002

Figure 2.2. Estimates of Tachycineta phylogeny produced by (a) ASTRID and ASTRAL, (b)
SVDquartets, and (c) ExaML. All three methods recovered identical species-level topologies
from both 100% complete (3,611 ultraconserved element loci) and 75% complete (4,739 loci)
data matrices. The ExaML tree shown (c) is a 50% majority-rule consensus tree of 100
bootstrapped replicates of the 75% complete dataset; numbers indicate bootstrap support values
at the species level and of subspecies T. thalassina brachyptera. The branch to Progne is
truncated. Tachycineta species are illustrated to the right, with background colors corresponding
to branch colors in the trees. Bird illustrations by Subir B. Shakya.
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The position of the T. t. lepida individual from New Mexico is unresolved. In the T. thalassina
trees inferred by ASTRID and ASTRAL, there is less evidence of intraspecific structure. The
three T. t. brachyptera individuals from Sonora tend to group together with the T. t. brachyptera
individual from southern Baja, but not in all trees and with fairly low support values. In all
ASTRID and ASTRAL trees, the T. t. brachyptera individual from northern Baja is separate
from the other populations of T. t. brachyptera.

Analyses of topological discordance
Internode and tree certainty measures on the inferred trees are consistent between the
100% and 75% complete datasets and are extremely low (Fig. 2.4). Possible IC and ICA scores
range from -1 (total support for the conflicting bipartition) to 0 (equal support for the most
prevalent and the conflicting bipartition) to +1 (total support for the most prevalent bipartition).
In this analysis, the T. bicolor placement with the greatest IC scores corresponded to the ExaML
(Fig. 2.4a) and ASTRID/ASTRAL (Fig. 2.4c) trees (hypothesis B1; 0.040 and 0.029 for the trees
inferred from the 100% and 75% complete datasets, respectively), and the T. stolzmanni
placement with the greatest IC score corresponded to the ExaML tree (hypothesis S1; 0.001 and
0.002). The most prevalent conflicting bipartitions are splits that correspond to hypotheses B2
and B3, and hypothesis S3, respectively. IC and ICA scores for the bipartitions corresponding to
hypotheses B2 and S2 in the SVDquartets tree (Fig. 2.4b) are negative. TC and TCA scores,
which are simply the sum of IC and ICA, have a maximum possible value equal to the number of
branches in the tree, in this case 51. The ExaML tree has the greatest TC scores (3.74 and 3.69
for the trees inferred from the 100% and 75% complete datasets, respectively). These extremely
low IC and TC scores suggest that there is substantial conflict among gene trees, and do not
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T. thalassina thalassina Michoacan
T. thalassina thalassina Veracruz
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100
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82

T. thalassina lepida Washington
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T. thalassina brachyptera Sonora
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T. thalassina brachyptera Sonora
T. thalassina brachyptera Baja California Sur
T. thalassina brachyptera Baja California Norte

100

T. euchrysea
T. cyaneoviridis

Figure 2.3. Relationships among Tachycineta thalassina subspecies estimated in SVDquartets
from a 75% percent complete data matrix of 4,739 ultraconserved element loci. This is a subtree
extracted from the full SVDquartets tree. Numbers at nodes are bootstrap support values. Nodes
with support values less than 50 are collapsed.
provide convincing support for any one topological hypothesis for either conflicting branch. The
source of this gene tree conflict may stem at least in part from the inclusion in the dataset of
multiple individuals per species, thus increasing the size of the tree space and decreasing the
chance that gene trees will contain any particular bipartition.
For both conflicting branches, per-site log likelihoods for trees constrained to match
alternative topological hypotheses revealed striking differences in the proportions of sites versus
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the proportions of loci that supported each topology. In the case of the T. bicolor branch,
hypotheses B1, B2, and B3 were supported by 94.09%, 3.18%, and 2.73% of the sites in the
100% complete dataset, respectively, and by 39.07%, 31.82%, and 29.11% of the loci (Fig.
2.5b). Thus, while the vast majority of sites support hypothesis B1, support for hypotheses B1,
B2, and is split much more evenly among loci. To evaluate the strength of support for each
hypothesis across sites and loci, I calculated ΔSLS and ΔGLS values. The even division of
support for the topological hypotheses among loci is echoed by the ‘strong’ sites, defined as
those sites for which ΔSLS > 0.5. There are 12,934 such sites in the alignment (0.34% of all
sites), with loci tending to contain only a few (mean=3.58, SD=3.60). Of these sites, 37.37%,
29.18%, and 33.45% support each of the three hypotheses (Fig. 2.5b). Most sites only weakly
support any one hypothesis; the median ΔSLS value for sites supporting hypothesis B1 is
0.00014, while the median ΔSLS value for the fewer number of sites that support hypotheses B2
and B3 are 0.00343, and 0.00104, respectively. Similarly, while the majority of loci supporting
each of the three hypotheses have low ΔGLS values, a small proportion of the loci supporting
each hypothesis have strong phylogenetic signal, with high ΔGLS values (Fig. 2.5a). To assess
the influence of the small number of sites and loci with exceptionally high phylogenetic signal
relative to the influence of the great majority of sites in the data matrix, I removed subsets of
sites and loci and re-estimated the Tachycineta tree. Removing all 179 outlier loci (4.96%) for
the T. bicolor branch from the concatenated alignment did not affect the topology inferred with
ExaML (hypothesis B1) (Fig. A.9a), but caused a switch in topology in the SVDquartets tree
from B2 to B1 (Fig. A.9c), with bootstrap support for that relationship of 90. Removal of 179
random non-outlier loci did not influence the SVDquartets topology (Fig. A.9d). Removal of the
strongest one percent of sites from every locus did not alter the placement of T. bicolor in the
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Figure 2.4. Internode certainty (IC) and IC All (ICA) scores of bipartitions corresponding to
hypotheses of the placement of Tachycineta bicolor and T. stolzmanni in Tachycineta trees
estimated in (a) ExaML, (b) SVDquartets, and (c) ASTRID and ASTRAL from a 100% complete
data matrix of 3,611 ultraconserved element loci. Trees are depicted as species-level summaries.
IC and ICA scores were calculated on trees containing all 54 Progne and Tachycineta
individuals. Bipartitions are represented by dashed lines labeled with the corresponding
topological hypotheses: B1, T. bicolor sister to all Tachycineta; B2, T. bicolor sister to the
southern clade; S1, T. stolzmanni sister to T. albilinea/albiventer; S2, T. stolzmanni sister to T.
leucorrhoa/leucopyga; S3, T. stolzmanni sister to other southern clade species. Numbers at each
bipartition are the proportion of the 3,611 gene trees inferred from the 100% complete dataset
that contain that bipartition, and the IC and ICA scores calculated for that bipartition from that
set of gene trees. Tree certainty (TC) and TC All (TCA) scores for each tree are also shown.
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Figure 2.5. The distribution of per-locus and per-site log likelihoods calculated for trees
constrained to represent three topological hypotheses regarding the position of Tachycineta
bicolor. Constrained trees were estimated in ExaML from a concatenated 100% complete data
matrix of 3,611 ultraconserved element loci. (a) Loci that support each hypothesis ranked in
order of their ΔGLS values. ΔGLS is the mean of the pairwise absolute differences in per-locus
log likelihood scores for each of the three topological hypotheses B1, B2, and B3, which are
depicted within the graph. A greater ΔGLS value indicates stronger support for the topology
favored by a locus. Numbers on the x-axis are the number of loci that support each topology. (b)
Percentages of sites and loci in the 100% complete data matrix that support each of the three
topological hypotheses, as determined by per-site (SLS) and per-locus (GLS) log likelihood
scores. Percentages are shown for (1) all sites in the matrix, (2) ‘weak’ sites (ΔSLS ≤ 0.5; ΔSLS
is analogous to ΔGLS but calculated for sites rather than for loci), (3) ‘strong’ sites, for which
ΔSLS > 0.5, (4) sites after removal of loci with outlier ΔGLS values (ΔGLS greater than 1.5
times the inter-quartile range plus the third quartile), (5) all loci in the matrix, and (6) loci after
removal of the one percent of sites with the top 1% of ΔSLS values in each locus.
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topology inferred with ASTRID (B1) (Fig. A.10a), although bootstrap support for that
relationship decreased from 94 to 69. Exclusion of those sites did, however, change the position
inferred by ASTRID for T. stolzmanni, from hypothesis S3 to hypothesis S1, with bootstrap
support of 100. The proportions of loci supporting each hypothesis changed only slightly, to
42.07%, 33.62%, and 24.31% in support of hypotheses B1, B2, and B3, respectively (Fig. 2.5b).
Removal of a random one percent of sites from every locus did not influence the topology
inferred by ASTRID (Fig. A.10c). These results suggest that the discordance in the placement of
T. bicolor observed between the ExaML and SVDquartets trees is driven by a tiny subset of the
data matrix. With those data excluded, these inference methods agree in placing T. bicolor as
sister to all other Tachycineta, that is, the topology originally recovered by ExaML and
ASTRID/ASTRAL.
Examination of site and gene log likelihoods for the T. stolzmanni branch reveals a
similar pattern. An overwhelming majority of sites in the 100% complete dataset supported
hypothesis S1 (90.90%, versus 2.93% and 6.17% for hypotheses S2 and S3, respectively), while
hypotheses S1, S2, and S3 were supported by relatively equal proportions of loci (36.64%,
32.73%, and 30.63%, for S1, S2, and S3, respectively) (Fig. 2.6b). Of 12,973 ‘strong’ sites
(0.34% of all sites), 29.67%, 36.91%, and 33.42% support each of the three hypotheses. As with
T. bicolor, loci tend to contain only a few strong sites (mean=3.60, SD=3.87), and most loci that
support each hypothesis have low ΔGLS values, with a small number exhibiting strong
phylogenetic signal (Fig. 2.6a). The support of most sites for the topological hypothesis they
favor is weak; median ΔSLS values for sites supporting hypotheses S1, S2, and S3 are 0.00012,
0.0020, and 0.00015, respectively. Removal of 154 outlier loci (4.26%) from the concatenated
alignment did not alter the topology recovered with either ExaML (hypothesis S1) (Fig. A.9b)
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Figure 2.6. The distribution of per-locus and per-site log likelihoods calculated for trees
constrained to represent three topological hypotheses (S1, S2, and S3, depicted within the graph)
regarding the position of Tachycineta stolzmanni. Constrained trees were estimated in ExaML
from a concatenated 100% complete data matrix of 3,611 ultraconserved element loci. (a) Loci
that support each hypothesis ranked in order of their ΔGLS values. Numbers on the x-axis are the
number of loci that support each topology. (b) Percentages of sites and loci in the 100%
complete data matrix that support each of the three topological hypotheses, as determined by persite (SLS) and per-locus (GLS) log likelihood scores. Percentages are shown for (1) all sites in
the matrix, (2) ‘weak’ sites, for which ΔSLS ≤ 0.5, (3) ‘strong’ sites, for which ΔSLS > 0.5, (4)
sites after removal of loci with outlier ΔGLS values, (5) all loci in the matrix, and (6) loci after
removal of the one percent of sites with the top 1% of ΔSLS values in each locus.
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or with SVDquartets (hypothesis S2) (Fig. A.9e). As was the case with the removal of the
strongest one percent of sites for the T. bicolor branch, exclusion of the strongest one percent of
sites for the T. stolzmanni branch from every locus caused a switch in the topology recovered by
ASTRID from hypothesis S3 to S1, with bootstrap support for the position of T. stolzmanni of 71
(Fig. A.10b). A high proportion of these strongest sites are shared between the two branches,
with 57% of sites in the strongest one percent of sites from every locus for the T. bicolor branch
also in the strongest one percent of sites from every locus for the T. stolzmanni branch. In
contrast with the T. bicolor branch, removal of the strongest one percent of sites for the T.
stolzmanni branch markedly altered the proportion of loci supporting each hypothesis, to
62.31%, 14.68%, and 23.01% in support of hypotheses S1, S2, and S3, respectively (Fig. 2.6b).
As noted above, removal of a random one percent of sites from every locus did not influence the
ASTRID topology. As with the T. bicolor branch, these results suggest that conflict between the
ExaML and ASTRID/ASTRAL trees regarding the placement of T. stolzmanni is driven by a
very low proportion of sites in the alignment. With those sites excluded, ASTRID places T.
stolzmanni as sister to T. albilinea and T. albiventer, that is, the topology originally recovered by
ExaML. The source of discordance between the SVDquartets analysis and the others regarding
the placement of T. stolzmanni is less clear.
The results of GGI suggest that topological hypotheses B1, regarding the position of T.
bicolor (Fig. 2.7a), and S1, regarding the position of T. stolzmanni (Fig. 2.7b), have the most
widespread support across genes in the Tachycineta tree. Approximately unbiased (AU) tests
(Shimodaira 2002) favored gene trees corresponding to topological hypotheses B1, B2, and B3
for 75.3%, 19.7%, and 26.1% of loci in the 75% complete dataset, respectively, and topological
hypotheses S1, S2, and S3 for 50.8%, 16.4%, and 32.9% of loci.
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DISCUSSION
Phylogenetic issues
All three of my tree-reconstruction approaches—inference from a concatenated data
matrix with (1) maximum likelihood (ExaML) and (2) coalescent-based analysis of site-pattern
frequencies (SVDquartets), and (3) coalescent-based summarization of gene trees
(ASTRID/ASTRAL)—produced trees that agreed on relationships within the “northern” clade
among Tachycineta cyaneoviridis, T. euchrysea, and T. thalassina, and on the sister pairings of
T. albilinea and T. albiventer, and T. leucorrhoa and T. leucopyga within the “southern” clade.
The positions of T. bicolor and T. stolzmanni, however, varied among trees in a way that
recapitulated conflicts within and among trees produced in the four prior studies of Tachycineta
phylogeny (Whittingham et al. 2002; Sheldon et al. 2005; Cerasale et al. 2012; Dor et al. 2012). I
addressed this problem by applying IC metrics (Salichos and Rokas 2013; Salichos et al. 2014;
Kobert et al. 2016), and with two methods that compare trees constrained to match a set of
topological hypotheses on the basis of per-site likelihoods. The two constraint-tree methods
differed in that the first, which involves the calculation of ΔSLS and ΔGLS values (Shen et al.
2017), compares constrained species trees estimated from the concatenated data matrix, while the
second, gene genealogy interrogation (Arcila et al. 2017), uses the AU test (Shimodaira 2002) to
statistically compare constrained gene trees estimated for each locus. IC and TC metrics did not
provide support for any one topology over the others. The results of both of the constraint-tree
analyses, however, provided convincing evidence in favor of the topology produced by ML
analysis (ExaML) of the concatenated alignments, which places T. bicolor as sister to all other
Tachycineta species and T. stolzmanni as sister to T. albilinea and T. albiventer (Fig. 2.2c).
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Figure 2.7. Results of gene genealogy interrogation used to test alternative hypotheses regarding
the positions of (a) Tachycineta bicolor and (b) T. stolzmanni. For each conflicting branch, gene
trees constrained to represent three topological hypotheses (B1: T. bicolor sister to all
Tachycineta; B2: T. bicolor sister to the southern clade; B3: T. bicolor sister to the northern
clade; S1: T. stolzmanni sister to T. albilinea/albiventer; S2: T. stolzmanni sister to T.
leucorrhoa/leucopyga; S3: T. stolzmanni sister to other southern clade species) were estimated in
RAxML for each of 4,739 ultraconserved element loci in a 75% complete dataset. The line for
each hypothesis represents the cumulative number of gene trees for which that hypothesis has the
maximum likelihood (ML). These ML gene trees are ordered by their P-values (y-axis). The
dashed line is the P-value at which a constrained gene tree is significantly better than its two
alternatives, (P < 0.05). This analysis suggests that hypotheses B1 and S1 (shown to the right of
the graph) are the best estimate of the Tachycineta topology.
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Incomplete lineage sorting (ILS) could account for the conflict in the branch leading to T.
bicolor. For this branch, concatenated ML and coalescent-based gene tree summarization
produced trees that agreed with each other and not with the SVDquartets tree. All trees had
strong support for their placement of T. bicolor, with bootstrap values of at least 94. Removal of
a small subset of loci (about five percent) with outlier ΔGLS values brought the SVDquartets
tree into agreement with the other two analyses, with bootstrap support of 90 for the placement
of T. bicolor. While SVDquartets is coalescent-based, Chou et al. (2015) used simulations to
show that, at least as implemented in PAUP*, it is prone to decreased accuracy with increased
ILS, and that in large simulated datasets with high ILS SVDquartets is less accurate than both
concatenated ML and gene tree summary methods. If, in fact, the correct placement of T. bicolor
is confounded by ILS, it is possible that the large size of the dataset allowed ExaML and
ASTRID/ASTRAL to overcome the signal of incompletely sorted loci, while SVDquartets could
not. The position of T. bicolor as sister to other Tachycineta species, combined with deep
coalescence, would also account for the prevalence of loci that apparently support hypotheses B2
and B3 (Fig. 2.5b).
Introgression among lineages, likely in combination with ILS, may account for conflicts
surrounding the T. stolzmanni branch. All three methods produced different topologies, with
bootstrap support values for the placement of T. stolzmanni ranging from as low as 76 in the
ASTRAL analysis of the 100% complete dataset to 100 in all ExaML and SVDquartets analyses.
Removal of a small subset of sites or loci brought ASTRID, but not SVDquartets, into agreement
with ExaML. After exclusion of the top one percent of strongest sites for both the T. bicolor and
the T. stolzmanni branch, ASTRID recovered T. stolzmanni as sister to T. albiventer and T.
albilinea, with bootstrap support of 100 and 71, respectively. Exclusion of outlier loci for the T.
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stolzmanni branch affected neither the position nor the bootstrap support for that taxon in the
topology inferred by SVDquartets. Divergences within the southern clade are shallower than
within the northern clade: mitochondrial distances range from 3 to 8 percent and from 9 to 11
percent, respectively (Cerasale et al. 2012). For species in the early stages of divergence,
introgression can be widespread (Toews et al. 2016), potentially leading to influential
introgressed alleles spreading across many loci. Importantly, coalescent-based gene tree
summary methods such as ASTRID, ASTRAL, and SVDquartets assume that there is no gene
flow among taxa, and that incongruence between gene trees and the species tree is due solely to
ILS. Introgression violates that assumption and can lead to an inaccurate species tree (SolísLemus et al. 2016; Long and Kubatko 2018). For the T. stolzmanni branch, unlike the T. bicolor
branch, the proportion of loci supporting the ML hypothesis increased dramatically, from 36.6%
to 62.3%, after removing the one percent of sites with greatest ΔSLS values from each locus
(Fig. 2.6b). This increased support for the ML hypothesis would result if introgressed sites
within a locus are likely to be among that top one percent, and their removal would enable gene
tree summarization to recover the correct topology even in the presence of ILS. As discussed
above, SVDquartets might be more vulnerable to error than ASTRID due to ILS, preventing it
from recovering the true tree even with outlier loci (possibly including introgressed loci)
removed. There is increasing recognition that methods of phylogenetic inference should look
beyond bifurcating trees to incorporate reticulation in addition to ILS (Huson and Bryant 2006;
Bapteste et al. 2013). Recently developed programs to detect introgression (e.g. Blischak et al.
2018) and to construct phylogenetic networks (e.g. Solís-Lemus and Ané 2016) show promise
for application to datasets with very large numbers of loci and many species. Notably, T.
stolzmanni has only recently been considered to be a full species. While this taxon was originally
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described in the early twentieth century as Hirundo stolzmanni (Philippi, 1902), it was
subsequently subsumed into T. albilinea by Hellmayr (1935). It remained a subspecies of T.
albilinea until the collection of additional specimens and behavioral observations in the 1990s
led to the resurrection of its species status (Robbins et al. 1997).
Bayesian hierarchical coalescent methods proved impractical for the Tachycineta dataset.
Rather than relying on separately estimated gene trees or concatenated sequences, methods such
as *BEAST (Bouckaert et al. 2014) are able to estimate species trees and evolutionary
parameters accurately by co-estimation of gene trees and species trees under the multi-species
coalescent (Heled and Drummond 2010; Szöllősi et al. 2015). Their computational demands,
however, render them intractable for large numbers of loci, forcing the need to reduce the size of
the dataset by analyzing only subsets of loci (e.g. Giarla and Esselstyn 2015; Newman and
Austin 2016). This both defeats the purpose of producing large amounts of data, and has the
potential to introduce bias via the subsetting scheme. An exploratory StarBeast2 (Ogilvie et al.
2017) analysis with a subset of the 100 longest loci from my 100% complete dataset, failed to
converge over three replicate one-billion generation chains owing to poor mixing of the species
tree topologies. I did not continue with a full analysis.

Evolutionary issues
The resolved topology implies that Tachycineta derives from a migratory ancestor with a
North or Central American distribution. This makes intuitive sense. Swallows (Hirundinidae)
likely have an Old World origin (Sheldon et al. 2005), and while the biogeographic source of
core New World swallows is unclear, a Palearctic origin followed by southward colonization is
plausible. Dispersal between the Palearctic and the Nearctic has occurred in at least some

38

swallow lineages, e.g. Bank Swallows Riparia riparia (Pavlova et al. 2008) and Barn Swallows
Hirundo rustica (Zink et al. 2006; Dor et al. 2010). Migratory northern hemisphere swallow
species have also shown themselves to be capable of seeding southern hemisphere populations
through successful breeding attempts in their wintering ranges, notably with the establishment of
a breeding population of H. rustica in Argentina (Martínez 1983; Garcia-Perez et al. 2013;
Winkler et al. 2017), and multiple successful nesting attempts of House Martins Delichon
urbicum (Randall 2013) and Cliff Swallows Petrochelidon pyrrhonota (Petracci and Delhey
2004; Salvador et al. 2016) in South Africa and Argentina, respectively. This pattern of southern
colonization is also consistent with phylogenetic comparative analyses of emberizoid passerines
(the largest radiation of New World birds, comprising, among others, sparrows, warblers,
blackbirds, and tanagers) that posits both a northern origin for seasonal migration in Neotropical
migrants and that tropical sedentary lineages descended from northern migrant ancestors through
a process of southward movement of breeding ranges and loss of migration (Winger et al. 2012;
Winger et al. 2014). Taken together, these lines of evidence support the hypothesis that both the
southern and northern Tachycineta clades could have descended from a northern migratory
ancestor; tropical descendent lineages subsequently ceased seasonal movement, while those
lineages that reached temperate South America reacquired it, becoming austral migrants.
I also found some evidence of genetic divergence among T. thalassina subspecies, which
merits further investigation. Phasing UCE alleles (Andermann et al. 2018) might provide further
insight into these lower level issues. Population genetic comparisons of T. bicolor and T.
thalassina would be particularly interesting, as these two species overlap over a substantial part
of the latter’s distribution (Fig. 2.1), share very similar ecologies, and yet differ in that T. bicolor
appears to be largely genetically homogeneous across its range (Stenzler et al. 2009). These
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patterns likely reflect divergent responses to Pleistocene glaciation, during which avian ranges
contracted and expanded in response to glacial and interglacial periods (Hewitt 2004;
Nadachowska-Brzyska et al. 2015). Slight differences in habitat tolerances and the greater
southern extent of T. thalassina’s range may have resulted in correspondingly different patterns
of persistence in glacial refugia, and ultimately different patterns of intraspecific genetic
variation. My results support the division of T. thalassina into only two subspecies as defined in
Dickinson and Christidis (2014), namely T. thalassina thalassina, comprising birds from Alaska
south through Canada and the United States to New Mexico and northern Baja, as well as the
Mexican plateau region, and T. thalassina brachyptera, containing birds in central to southern
Baja and adjacent Sonora.
Conclusions
As the number of phylogenomic studies has steadily increased, so have cases in which
different datasets applied to the same phylogenetic problems yielded conflicting results, e.g.
eutherian mammals (reviewed by Esselstyn et al. 2017), early avian relationships (Jarvis et al.
2014; Prum et al. 2015), turtles (Brown and Thomson 2017), Otophysan fishes (Arcila et al.
2017), Hymenoptera (Johnson et al. 2013; Faircloth et al. 2014; Branstetter et al. 2017), and
Arachnida (Sharma et al. 2014). There is consequently substantial debate on what data types are
most appropriate, whether computational and monetary resources should be devoted to
sequencing more loci or to more comprehensive taxon sampling, and on how data sets should be
processed and analyzed (Jeffroy et al. 2006; Salichos and Rokas 2013; Mirarab et al. 2014a;
Edwards et al. 2016; Springer and Gatesy 2016; Streicher et al. 2016; Reddy et al. 2017).
The equally pernicious problem encountered in this study, and in others (Arcila et al.
2017; Esselstyn et al. 2017; Shen et al. 2017), is when conflicting trees are produced from the

40

same data by different methods of inference. I was able to resolve the discordant branches in the
Tachycineta tree with two recently developed constraint-tree methods. Both of these methods
were developed for use on ancient divergences and have to this point been applied only to higher
level phylogenetic problems (e.g. Esselstyn et al. 2017; Zhong and Betancur-R 2017; Hughes et
al. 2018; Mongiardino Koch and Gauthier 2018; Parks et al. 2018). Here, I demonstrate that
constraint-tree methods are also able to resolve conflicting branches in a much more recently
diverged group, using a dataset that included multiple individuals per species. Although these
methods allow selection of a most plausible topology, they do not reveal the source of
discordance. As discussed by Arcila et al. (2017), discordance might arise either from violation
of model assumptions by biological processes such as deep coalescence or introgression, or from
accumulation and interaction of minor errors in model specification in large datasets. As the
incidence of ILS and introgression is expected to increase with decreased time since divergence,
gene tree conflict observed in younger groups such as Tachycineta can be plausibly assumed to
result in large part from those processes. In this situation, examining the effect of removal of
sites and loci with the strongest signal may provide insight into which parts of the genome are
subject to ILS and introgression. This may not be the case in deeper divergences, for which
analytical issues may be a more important source of conflict.
In the Tachycineta tree, as in several of the conflicting branches examined by Shen et al.
(2017), a very small proportion of the data set was able to decisively sway SVDquartets and
ASTRAL/ASTRID to alternative topologies. This vulnerability to a small number of sites with
conflicting signal is worrying and emphasizes the importance of sampling widely across the
genome. As phylogenomic studies continue to produce conflicting trees from within and among
datasets, the use of these types of post-inference analyses will become increasingly useful;

41

determining the underlying causes of conflict will be essential to a deeper understanding of the
evolutionary relationships among lineages.
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CHAPTER 3. PHYLOGENY OF THE SWALLOW FAMILY
(HIRUNDINIDAE) FROM ULTRACONSERVED ELEMENT DATA AND
ITS USE TO INVESTIGATE ANCESTRAL CHARACTER STATES
INTRODUCTION
Swallows (Hirundinidae) are a globally distributed passerine family that contains about
85 species depending on classification. Swallows are without exception aerial insectivores, and
as such all species share a common morphology, with aerodynamic bodies, long, pointed wings,
and short, broad bills. Beyond that basic morphology, however, swallows are highly variable in
traits such as plumage, sociality and territoriality, migratory strategy, and nesting behavior. This
variability, against the background of conserved morphology and basic lifestyle, makes the
family a promising target for comparative analyses of trait evolution. However, the effectiveness
of such studies depends upon a well-resolved phylogenetic tree, and no such resource is available
for swallows despite a substantial body of phylogenetic inquiry.
In the broadest-scale phylogenetic study of Hirundinidae to date, Sheldon et al. (2005)
inferred relationships among 75 swallow taxa using sequences of three genetic loci. While the
resulting tree provided significant insight into Hirundinidae phylogeny, it left several deeper
relationships unresolved. In addition to this family level study, multiple phylogenetic and
phylogeographic studies have examined more recent divergences within various subgroups of
swallows, including: Cave Swallows (Petrochelidon fulva; Kirchman et al. 2000); tree swallows
(Tachycineta; Whittingham et al. 2002, Cerasale et al. 2012, Dor et al. 2012); New World
martins (Progne; Moyle et al. 2008); sand martins (Riparia riparia and Riparia diluta; Pavlova
et al. 2008); the Barn Swallow subspecies complex (Hirundo rustica) and Hirundo sensu stricto
(Zink et al. 2006, Dor et al. 2010); saw-wings (Psalidoprocne; Barrow et al. 2016); roughwinged swallows (Stelgidopteryx; Babin 2005); and Forest Swallows (Petrochelidon fuliginosa;
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de Silva et al. 2018). These studies clarified inter- and intraspecific relationships but did not
address deeper timescales.
The objectives of this study were thus to produce a well-supported phylogenetic
hypothesis for Hirundinidae, and then to use that hypothesis as the basis for ancestral character
state estimation. To address the first objective I analyzed a phylogenomic dataset of thousands of
ultraconserved element loci sequenced in at least one individual of most swallow species,
deploying both maximum likelihood inference from a concatenated data matrix as well as
coalescent based gene tree summary methods. I used the resulting tree to estimate ancestral states
for geographic range, nest type, and migratory behavior in swallows.

Ancestral character analysis
I undertook ancestral character reconstruction to determine the evolutionary history of
three important aspects of swallow natural history: geographic range, nest type, and migration. In
respect to geography, Hirundinidae is globally distributed, but the majority of its taxa have
breeding distributions that overlap with the Afrotropics or Neotropics (32 and 19 species,
respectively). In stark contrast, few swallows breed in Australia (four species, three of which are
endemic) or Oceania (two species, neither of which is endemic). The Nearctic, Panamanian,
Oriental, and Palearctic realms (between 10 and 13 species each) occupy a middle ground
between the diverse former and depauperate latter realms. Only one species, Hirundo rustica,
occupies a breeding distribution that includes more than three geographic realms (Palearctic,
Nearctic, and Neotropical), and only two species, Hirundo rustica and Riparia riparia, occur in
both the Old and New World. Understanding how swallows came to this distribution would
illuminate not only their center of origin, but also the drivers of their diversification. In respect to
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nesting, swallows can be grouped, broadly, into three categories: species that excavate burrows
(e.g. Riparia), species that adopt burrows, holes, or tree cavities (e.g. Progne), and species that
build mud nests. The latter category can be subdivided further, into an open mud cup, as in
Hirundo, an enclosed mud cup, as in Delichon, and a retort-shaped mud nest, which is an
enclosed cup with an entrance tunnel, as in Petrochelidon. Mud-nesting and cavity adoption
generally correspond to geography, as most African swallows are mud nesters and most
Neotropical swallows are cavity adopters. As with geography, understanding the evolution of
nesting behavior should provide substantial insight into the forces responsible for swallow
diversification. In respect to migration, swallows present an a particularly rich opportunity for
evolutionary investigation. Because of their worldwide distribution and wide range of migratory
strategies, swallows allow numerous opportunities for comparative study.
I modeled geographic range and nest type on the swallow tree as continuous-time
discrete-state Markov processes. This approach assumes that discrete traits change states
instantaneously and completely, and that the probability of a state change depends only on the
current state and the length of the branch along which that change would occur. As a
consequence, the probability of a state change is independent of both how long a lineage has
been in a given state and of the history of prior state changes in that lineage. While this model of
trait evolution is commonly applied to analysis of discrete traits, such as nest type, it may not be
appropriate for traits such as migration. Although migration is generally described as a discrete
trait, it is likely that the observed, discrete, migratory phenotype is the product of a complex
genetic background, and that a lineage’s shift in migratory strategy is likely the result of many
gradual and interacting shifts in a suite of contributing traits.
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Consequently, the ancestral analysis of migration required a different approach than did
geography and nesting. Felsenstein (2005, 2012) proposed that the evolution of complex discrete
traits such as migration can be described using the threshold model from quantitative genetics.
Thus, to estimate ancestral migratory states for the swallow tree, I modeled migration as a
threshold character. In this model, an unobserved continuous trait, the liability, underlies the
observed discrete trait. When the continuous trait reaches a fixed value, termed the liability
threshold, the state of the observed discrete trait shifts. In the application of this model to the
evolution of complex phenotypes, the liability can be conceptualized as the cumulative effect of
multiple unknown factors contributing to a single discrete morphological or behavioral trait of
interest. Change in the value of the liability in a lineage over evolutionary time thus represents
the accumulation of changes in those unknown factors. This model also incorporates history, in
that the longer a lineage is in a given state following a shift over a liability threshold, the further
away from that threshold the liability of a lineage will move and the less likely that the shift in
the discrete trait will be reversed
In assigning migration characteristics, I defined seasonal migration as the process by
which individuals make regular, round trips between a breeding distribution and a non-breeding
distribution. I defined a fully migratory species as one in which all individuals in all populations
move between geographically distinct breeding and non-breeding areas, and a resident species as
the opposite, in which all individuals remain in the same geographic area throughout the year. In
partially migratory taxa, individuals and populations vary in their degree of seasonal movement,
so that within one species, some populations may undertake short or long-distance migrations
between distinct breeding and non-breeding areas, whereas other populations are largely
sedentary. These classification decisions are tricky, as swallows have a remarkably mobile, aerial
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lifestyle. Although there are species that are clearly resident and species that are clearly fully
migratory, a substantial gray area exists in which sedentary behavior shades into significant
movement outside the breeding season, and in turn into short-distance or partial migration.

MATERIALS AND METHODS
Sample selection
I obtained samples from 82 of the 84 swallow species recognized by Dickinson and
Christidis (2014), including all 20 genera. I was unable to sample Petrochelidon perdita, which
is known from only one specimen (Fry and Smith 1985), or Cecropis badia. In most cases I
sampled only one individual per species, but I included multiple individuals per species in cases
when prior work (e.g. Sheldon et al. 2005, Moyle et al. 2008, Pavlova et al. 2008, Dor et al.
2010, Barrow et al. 2016) suggested significant intraspecific divergence or taxonomic confusion,
or when authorities disagree on classification, e.g., the Cecropis daurica complex. UCE data for
Tachycineta and Progne subis produced previously by Brown et al. (Submitted) were included in
the current study. I obtained DNA from frozen or ethanol preserved tissue samples when
possible. For taxa for which preserved tissues were not available, I sampled from museum skins.
Swallows, however, are small birds with small feet, so to avoid excessive damage to specimens I
took small pieces of skin in most cases from the apteria of the breast rather than sampling toe
pads. Such samples have been shown to produce usable DNA for UCE sequencing (Tsai et al.
Submitted). In all, I acquired samples from 122 individuals representing 113 distinct subspecies
or populations, of which 99 were tissue specimens and 23 were skin samples (Table 3.1). I
included Locustella lanceolata and Erythrocercus mccallii as outgroups. These taxa were
sequenced by Moyle et al. (2016), who provided me with cleaned Illumina reads.
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Table 3.1. Taxa compared in this study
Scientific Namea

Common Namea

Institutionb

Pseudochelidon eurystomina

African River Martin

FMNH

Specimen
No.
213526

Pseudochelidon sirintarae

White-eyed River Martin

AMNH

Pseudhirundo griseopyga

Grey-rumped Swallow

Cheramoeca leucosterna

Locality

Sample Type: Year

Congo

skin: 1952

708673

Thailand

skin: 1968

LSUMNS

34230

South Africa

tissue

White-backed Swallow

LSUMNS

14165

Australia

tissue

Psalidoprocne nitens

Square-tailed Saw-wing

LSUMNS

90510

Equatorial Guinea

tissue

Psalidoprocne fuliginosa

Mountain Saw-wing

LSUMNS

90650

Equatorial Guinea

tissue

Psalidoprocne albiceps

White-headed Saw-wing

FMNH

467949

Malawi

tissue

Psalidoprocne pristoptera petiti

Black Saw-wing

LSUMNS

27157

Cameroon

tissue

Psalidoprocne pristoptera ruwenzori

Black Saw-wing

FMNH

355284

Uganda

tissue

Psalidoprocne pristoptera orientalis

Black Saw-wing

FMNH

474933

Malawi

tissue

Psalidoprocne pristoptera massaica

Black Saw-wing

FMNH

384852

Uganda

tissue

Psalidoprocne pristoptera holomelas

Black Saw-wing

LSUMNS

25349

South Africa

tissue

Psalidoprocne obscura

Fanti Saw-wing

FMNH

279082

Ivory Coast

skin: 1966

Delichon urbicum urbicum

Northern House Martin

LSUMNS

14053

South Africa

tissue

Delichon urbicum lagopodum

Northern House Martin

UWBM

46911

Russia

tissue

Delichon dasypus

Asian House Martin

UWBM

51835

Russia

tissue

Delichon nipalense

Nepal House Martin

FMNH

276821

Nepal

skin: 1965

Petrochelidon rufigula*

Red-throated Swallow

AMNH

707945

Angola

skin: 1957

Petrochelidon preussi

Preuss’s Swallow

LSUMNS

27151

Cameroon

tissue

Petrochelidon spilodera

South African Swallow

LSUMNS

14082

South Africa

tissue

Petrochelidon fuliginosa

Forest Swallow

KUNHM

131409

Cameroon

tissue

Petrochelidon fluvicola

Streak-throated Swallow

FMNH

233414

India

skin: 1948

Petrochelidon ariel

Fairy Martin

LSUMNS

25379

Australia

tissue

Petrochelidon nigricans

Tree Martin

LSUMNS

14177

Australia

tissue

(table cont’d.)
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Scientific Namea

Common Namea

Institutionb

Petrochelidon pyrrhonota

Cliff Swallow

LSUMNS

Specimen
No.
63941

Petrochelidon fulva Caribbean clade

Cave Swallow

LSUMNS

Petrochelidon fulva Mexican clade

Cave Swallow

Petrochelidon rufocollaris

Locality

Sample Type: Year

USA

tissue

27022

Jamaica

tissue

LSUMNS

52507

USA

tissue

Chestnut-collared Swallow

LSUMNS

66599

Peru

tissue

Cecropis abyssinica maxima

Lesser Striped Swallow

LSUMNS

27156

Cameroon

tissue

Cecropis abyssinica unitatis

Lesser Striped Swallow

LSUMNS

34246

South Africa

tissue

Cecropis semirufa gordoni

Rufous-chested Swallow

LSUMNS

39441

Ghana

tissue

Cecropis semirufa semirufa

Rufous-chested Swallow

LSUMNS

25338

South Africa

tissue

Cecropis senegalensis

Mosque Swallow

AMNH

10683

Central Africa Republic

tissue

Cecropis cucullata

Greater Striped Swallow

LSUMNS

14063

South Africa

tissue

Cecropis daurica

Red-rumped Swallow

LACM

71522

Uganda

skin: 1969

Cecropis daurica

Red-rumped Swallow

KUNHM

99748

China

tissue

Cecropis daurica

Red-rumped Swallow

YPM

142643

Greece

tissue

Cecropis daurica

Red-rumped Swallow

LSUMNS

87323

Kuwait

tissue

Cecropis daurica

Red-rumped Swallow

FMNH

347828

Pakistan

tissue

Cecropis daurica

Red-rumped Swallow

UWBM

75471

Russia

tissue

Cecropis daurica

Red-rumped Swallow

UWBM

83563

Singapore

tissue

Cecropis striolata

Striated Swallow

KUNHM

119813

Philippines

tissue

Cecropis striolata

Striated Swallow

KUNHM

119705

Vietnam

tissue

Hirundo nigrorufa*

Black-and-rufous Swallow

AMNH

707943

Angola

skin: 1957

Hirundo atrocaerulea

Blue Swallow

FMNH

467951

Malawi

tissue

Hirundo tahitica

Pacific Swallow

LSUMNS

79513

Malaysia

tissue

Hirundo neoxena

Welcome Swallow

LSUMNS

14185

Australia

tissue

Hirundo albigularis

White-throated Swallow

LSUMNS

14067

South Africa

tissue

Hirundo smithii

Wire-tailed Swallow

LSUMNS

39509

Ghana

tissue

Hirundo nigrita

White-bibbed Swallow

LSUMNS

90439

Equatorial Guinea

tissue

(table cont’d.)
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Scientific Namea

Common Namea

Institutionb

Hirundo rustica rustica complex

Barn Swallow

UWBM

Specimen
No.
49276

Hirundo rustica tytleri

Barn Swallow

UWBM

Hirundo rustica gutturalis

Barn Swallow

Hirundo rustica erythrogaster

Locality

Sample Type: Year

Russia

tissue

51725

Russia

tissue

UWBM

47365

Russia

tissue

Barn Swallow

LSUMNS

20587

USA

tissue

Hirundo angolensis

Angolan Swallow

LSUMNS

25384

Uganda

tissue

Hirundo lucida

Red-chested Swallow

FMNH

320046

Gambia

skin: 1984

Hirundo aethiopica

Ethiopian Swallow

LSUMNS

90410

Equatorial Guinea

tissue

Hirundo leucosoma*

Pied-winged Swallow

FMNH

285703

Ivory Coast

skin: 1969

Hirundo megaensis*

White-tailed Swallow

AMNH

348889

Ethiopia

skin: 1942

Hirundo dimidiata

Pearl-breasted Swallow

LSUMNS

14129

South Africa

tissue

Ptyonoprogne rupestris

Eurasian Crag Martin

LSUMNS

25377

Greece

tissue

Ptyonoprogne obsoleta*

Pale Crag Martin

UMMZ

224076

Egypt

skin: 1985

Ptyonoprogne fuligula Cameroon

Rock Martin

LSUMNS

27169

Cameroon

tissue

Ptyonoprogne fuligula South Africa

Rock Martin

LSUMNS

14114

South Africa

tissue

Ptyonoprogne concolor

Dusky Craig Martin

FMNH

233366

India

skin: 1948

Neophedina cincta

Banded Martin

LSUMNS

27166

Cameroon

tissue

Phedina borbonica

Mascarene Martin

LSUMNS

25388

Madagascar

tissue

Phedinopsis brazzae

Brazza’s Martin

AMNH

764767

Angola

skin: 1954

Riparia paludicola paludicola

Plain Martin

LSUMNS

14141

South Africa

tissue

Riparia paludicola cowani

Plain Martin

FMNH

384801

Madagascar

tissue

Riparia congica*

Congo Martin

FMNH

213543

Congo

skin: 1952

Riparia riparia eastern Palearctic

Sand Martin

UWBM

46946

Russia

tissue

Riparia riparia North America

Sand Martin

LSUMNS

33324

USA

tissue

Riparia riparia western Palearctic

Sand Martin

UWBM

82230

Russia

tissue

Riparia diluta

Pale Martin

UWBM

59971

Mongolia

tissue

Riparia diluta

Pale Martin

UWBM

67556

Russia

tissue

(table cont’d.)
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Scientific Namea

Common Namea

Institutionb

Tachycineta bicolor

Tree Swallow

AMNH

Specimen
No.
18749

Tachycineta thalassina brachyptera

Violet-green Swallow

CUMV

Tachycineta thalassina thalassina

Violet-green Swallow

Tachycineta euchrysea

Locality

Sample Type: Year

USA

tissue

55070

Mexico

tissue

MVZ

182222

USA

tissue

Golden Swallow

LSUMNS

22021

Dominican Republic

tissue

Tachycineta cyaneoviridis

Bahama Swallow

LSUMNS

83038

Bahamas

tissue

Tachycineta stolzmanni

Tumbes Swallow

LSUMNS

25374

Ecuador

tissue

Tachycineta albilinea

Mangrove Swallow

CUMV

50162

Belize

tissue

Tachycineta albiventer

White-winged Swallow

UMMZ

227529

Paraguay

tissue

Tachycineta leucorrhoa

White-rumped Swallow

LSUMNS

25995

Paraguay

tissue

Tachycineta leucopyga

Chilean Swallow

AMNH

12228

Chile

tissue

Progne tapera tapera

Brown-chested Martin

LSUMNS

75925

Peru

tissue

Progne tapera fusca

Brown-chested Martin

LSUMNS

37913

Bolivia

tissue

Progne murphyi

Peruvian Martin

LSUMZ

114185

Peru

skin: 1983

Progne murphyi

Peruvian Martin

LSUMZ

114186

Peru

skin: 1983

Progne modesta*

Galapagos Martin

MVZ

130128

Ecuador

skin: 1952

Progne modesta*

Galapagos Martin

MVZ

130129

Ecuador

skin: 1952

Progne subis subis

Purple Martin

LSUMNS

30441

USA

tissue

Progne subis arboricola

Purple Martin

LSUMNS

41548

USA

tissue

Progne dominicensis

Caribbean Martin

LSUMNS

22019

Dominican Republic

tissue

Progne dominicensis

Caribbean Martin

LSUMNS

22020

Dominican Republic

tissue

Progne cryptoleuca*

Cuban Martin

LSUMZ

142940

Cuba

skin: 1960

Progne cryptoleuca*

Cuban Martin

LSUMZ

142944

Cuba

skin: 1960

Progne sinaloae**

Sinaloa Martin

KUNHM

40044

Mexico

skin: 1962

Progne sinaloae*

Sinaloa Martin

KUNHM

40045

Mexico

skin: 1962

Progne chalybea Central America

Gray-breasted Martin

LSUMNS

27272

Costa Rica

tissue

Progne chalybea Central America

Gray-breasted Martin

LSUMNS

28811

Panama

tissue

(table cont’d.)
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Scientific Namea

Common Namea

Institutionb

Progne chalybea Tumbes

Gray-breasted Martin

LSUMNS

Specimen
No.
66042

Progne chalybea Amazon

Gray-breasted Martin

LSUMNS

Progne chalybea Amazon

Gray-breasted Martin

Progne elegans
Progne elegans

Locality

Sample Type: Year

Peru

tissue

86649

Brazil

tissue

LSUMNS

79812

Bolivia

tissue

Southern Martin

LSUMNS

25506

Brazil

tissue

KUNHM

124008

Argentina

tissue

LSUMNS

57224

USA

tissue

LSUMNS

27255

Costa Rica

tissue

LSUMNS

27213

Mexico

tissue

LSUMNS

27214

Mexico

tissue

LSUMNS

27259

Costa Rica

tissue

LSUMNS

74771

Peru

tissue

Pygochelidon cyanoleuca

Southern Martin
Northern Rough-winged
Swallow
Northern Rough-winged
Swallow
Northern Rough-winged
Swallow
Northern Rough-winged
Swallow
Southern Rough-winged
Swallow
Southern Rough-winged
Swallow
Blue-and-white Swallow

LSUMNS

43665

Peru

tissue

Pygochelidon melanoleuca

Black-collared Swallow

LSUMNS

81129

Brazil

tissue

Alopochelidon fucata

Tawny-headed Swallow

CUMV

50652

Uruguay

tissue

Atticora fasciata

White-banded Swallow

LSUMNS

75904

Peru

tissue

Atticora pileata

Black-capped Swallow

LSUMNS

21242

Mexico

tissue

Atticora tibialis

White-thighed Swallow

LSUMNS

88954

Peru

tissue

Orochelidon murina

Brown-bellied Swallow

LSUMNS

32352

Peru

tissue

Orochelidon flavipes

Pale-footed Swallow

LSUMNS

87009

Bolivia

tissue

Orochelidon andecola

Andean Swallow

LSUMNS

49661

Peru

tissue

Stelgidopteryx serripennis northern clade
Stelgidopteryx serripennis southern clade
Stelgidopteryx serripennis ridgwayi
Stelgidopteryx serripennis ridgwayi
Stelgidopteryx ruficollis decolor
Stelgidopteryx ruficollis

(table cont’d.)
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Scientific Namea

Common Namea

Institutionb

Specimen
No.

Locality

Sample Type: Year

Outgroupsc
Erythrocercus mccallii
Locustella lanceolata

Chestnut-capped Flycatcher
Warbler
Lanceolated Warbler

KUNHM

8688

Equatorial Guinea

tissue

KUNHM

4248

China

tissue

a

Classification according to Dickinson and Christidis (2014). *Indicates individuals omitted from phylogenetic analysis because skin samples yielded poor
DNA. **Progne sinaloae sample included in RAxML but not coalescent gene tree summaries.
b

AMNH = American Museum of Natural History, CUMV = Cornell University Museum of Vertebrates, FMNH = Field Museum of Natural History, KUMNH =
University of Kansas Natural History Museum, LACM = Natural History Museum of Los Angeles County, LSUMNS = Louisiana State University Museum of
Natural Science, LSUMZ = LSU Museum of Zoology, MVZ = Museum of Vertebrate Zoology, UMMZ = University of Michigan Museum of Zoology, UWBM
= University of Washington Burke Museum, YPM = Yale Peabody Museum.
c

Outgroup data are from Moyle et al. (2016).
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DNA extraction, target enrichment, and sequencing
I extracted genomic DNA from frozen and ethanol preserved tissue samples using a
QIAGEN DNeasy Blood and Tissue kit following the kit protocol, and from skin samples with a
phenol-chloroform purification and ethanol precipitation protocol optimized for historic DNA
extraction (Tsai et al. Submitted). Prior to purification, I washed skin samples in 100% ethanol
and 1X STE buffer, and digested them in a solution of buffer ATL, IM DTT, and proteinase K.
DNA extracts were quantified with a Qubit 2.0 fluorometer (Life Technologies, Inc.). Tissue
samples were mechanically sheared with an Episonic Multi-Functional Bioprocessor to an
approximate average length of 500 bp, as assessed by gel electrophoresis. Historic DNA has
usually suffered at least some degree of degradation and is often already fragmented enough to
not require further shearing. This was the case here in all but the two Progne murphyi samples,
which were mechanically sheared. I used a KAPA HyperPrep Kit (Roche Sequencing Systems)
to prepare a barcoded library for Illumina sequencing from each sample by ligating dual indexed
iTru adapters (Glenn et al. 2016) to the fragmented DNA. I followed the kit protocol, but used
half reagent volumes for the end-repair and A-tailing, adapter ligation, and post-ligation cleanup
steps. Tissue libraries were amplified with nine cycles of PCR not including the initial
denaturation, final extension, and holding cycles, while historic DNA libraries were amplified
with twelve cycles. Libraries were quantified with a Qubit 2.0 both before and after
amplification. I combined the amplified, barcoded libraries into a total of fourteen equimolar
pools of between seven and nine libraries each, comprising eleven tissue pools and three historic
DNA pools.
I used hybrid capture to enrich each pool for 5,060 UCE loci. I first denatured the
libraries and hybridized a set of 5,472 biotinylated RNA probes (Tetrapods-UCE-5Kv1 sold by
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MYcroarray; Faircloth et al. 2012) to their target sequences on the single-stranded DNA, and
captured the resulting probe-target hybrids on streptavidin coated magnetic beads. This allowed
the unhybridized, non-target DNA to be washed away. I then released and amplified the target
DNA. This process followed the protocol in the MYbaits manual v3.0.1 through bait-target
hybridization, hybrid binding, and bead washing steps. Tissue libraries were hybridized at 65oC,
and historic DNA libraries at 55oC. After washing the beads to remove non-target DNA, I
resuspended the enriched libraries along with the beads in 10mM Tris-Cl with 0.05% TWEEN
and performed 15 cycles of limited-cycle PCR on the suspension with KAPA HiFi HotStart
polymerase. I purified the PCR product with a 1.2X or 3.0X AMPure bead cleanup for tissue
libraries and historic DNA libraries, respectively, and visualized the size distribution of the
enriched, amplified libraries with an Agilent Bioanalyzer to verify the absence of adapter dimers.
I quantified the libraries with qPCR using a KAPA Library Quantification Kit, following the kit
protocol.
The fourteen pools of enriched, amplified libraries were combined with 48 pooled
libraries of avian DNA from unrelated projects. These libraries were sequenced together on one
paired-end 150 bp lane of Illumina NovaSeq 6000 at the University of Kansas Medical Center
Genomic Sequencing Facility (KUMC).

Processing of sequence data and generation of datasets for phylogenetic inference
After demultiplexing, I evaluated the quality of the libraries with FastQC v0.11.7
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and removed adapter sequences
and low quality bases from the raw reads with Illumiprocessor v2.0.9 (Faircloth 2013). I ran
Illumiprocessor, which is a wrapper program for Trimmomatic v0.36 (Bolger et al. 2014), with
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default settings. This entailed trimmed leading and trailing bases with Phred33 scores below 5
and 15, respectively, and scanning reads with a four-base sliding window, cutting the remainder
of a read when the average Phred33 score within the window fell below 15. Following trimming,
I dropped reads less than 40 bases long.
I generated UCE datasets for phylogenetic inference from the cleaned read data with the
PHYLUCE v1.6.3 software package (Faircloth 2016). I first assembled the read data for each
sample into contigs with SPAdes v3.12.0 (Bankevich et al. 2012), implemented with
phyluce_assembly_assemblo_spades. I ran SPAdes in single-cell mode with the default k-mer
sizes of 21, 33, and 55 and a coverage cutoff threshold of 5.0. Before assembly, I used the
insilico_read_normalization.pl script from Trinity v2.6.6 (Grabherr et al. 2011) to normalize
reads of four historic DNA samples which had more than 10 million raw read pairs. I then
extracted the contigs from the assemblies that matched the UCE loci in the Tetrapods-UCE5Kv1 probe set (available at http://ultraconserved.org/). These matching contigs are the UCE
sequences for each sample. From these contigs, I produced two sets of UCE sequence
alignments, one containing only tissue samples and one containing all samples. In each case, I
aligned UCE loci across samples without trimming, using Mafft v7.130 (Katoh et al. 2002,
Katoh and Standley 2013), as implemented with phyluce_align_seqcap_align, and then trimmed
the resulting alignments with Gblocks v0.91b (Castresana 2000), implemented with
phyluce_align_get_gblocks_trimmed_alignments_from_untrimmed. I ran this program with
default settings, with the exception of the minimum number of sequences required for a flank
position, which I relaxed to 65%. I then generated datasets for phylogenetic analysis by
excluding loci that were not recovered in a sufficient number of samples. An initial phylogenetic
analysis of a 75% complete dataset (meaning that each locus is present in at least 75% of
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samples) from the alignment of all samples revealed low sequence quality and possible
contamination in historic samples with low initial DNA concentrations (see details in Results
section). As a result, I removed all samples with initial DNA concentrations below 20 ng/µl,
except the two Pseudochelidon individuals (Table 3.1), the likely sister group of all other
swallows. I aligned and trimmed this reduced dataset, and generated two 95% percent complete
UCE datasets, one from the sequence alignments of all samples, and one from the alignments of
only tissue samples.

Phylogenetic analyses
I applied two different approaches to phylogenetic inference from the UCE sequence
data. These were a maximum likelihood (ML) analysis of concatenated alignments, in RAxMLNG, and coalescent-based estimates of species trees from gene tree summaries, in ASTRID and
ASTRAL. All phylogenetic analyses were conducted on both the 95% percent complete dataset
of all samples, and on the 95% complete dataset of only tissue samples.
I reconstructed the Hirundinidae tree in an ML framework by performing 40 independent
tree searches in RAxML-NG v0.7.0 (Kozlov et al. 2018) on concatenated UCE alignments, and
selecting the best scoring tree. I analyzed the alignment as a single partition, under a general time
reversible substitution model with gamma distributed rates. I assessed the stability of the
topology with 100 bootstrap replicate trees, also generated in RAxML-NG, and verified
bootstrap convergence with the autoMRE criterion, with a cutoff of 0.3. These bootstrapped trees
were used both to calculate support values for the nodes of the best scoring tree from the 40 tree
searches, and to build a 50% majority rule consensus tree in SumTrees v4.4.0 (DendroPy v4.4.0;
Sukumaran and Holder 2010).
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In the tree inferred from both tissue and skin samples, the terminal branch lengths of skin
samples are, in general, much longer than the branch lengths of tissue samples. This effect is
more likely a consequence of lower quality sequences and possibly contamination than a
reflection of biological reality. In order to bring these branches closer to a plausible length for
use in downstream analyses, I assigned a terminal branch length to each skin sample equal to the
mean terminal branch length of congeneric tissue samples. I took the mean of the Phedina
borbonica and Neophedina cincta terminal branches to determine a terminal branch length for
Phedinopsis brazzae, and as DNA from both Pseudochelidon species is from are skin samples, I
assigned branch lengths to those individuals equal to the mean terminal branch lengths of all
ingroup tissue samples in the tree. I took a similar approach to shortening the internal branches
subtending Pseudochelidon and Progne murphyi, first calculating the mean height above the root
of, for P. murphyi, all other Progne tips, and, for Pseudochelidon, all other ingroup tips, and then
adjusting the length of the internal branches subtending Pseudochelidon and P. murphyi so that
the height above the root of those tips matched their respective mean tip heights.
I inferred Hirundinidae trees in a coalescent framework with ASTRID v1.4 (Vachaspati
and Warnow 2015) and ASTRAL v5.6.1 (Mirarab et al. 2014, Zhang et al. 2017). These
programs estimate a species tree from a set of gene trees under the multispecies coalescent
model. I used PHYLUCE together with RAxML v8.2.11 (Stamatakis 2014) on the UCE
sequence alignments to conduct multi-locus bootstrapping, in which first the loci themselves and
then the sites within loci are sampled with replacement (Seo 2008). I generated 500 multi-locus
bootstrapped alignments from each UCE locus and estimated bootstrapped gene trees from those
alignments. I then inferred species trees from each of these 500 sets of bootstrapped gene trees in
both ASTRID and ASTRAL and constructed a 50% majority-rule consensus tree from the
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resulting 500 species trees with SumTrees. In an initial ASTRID analysis of the dataset
comprising both skin and tissue samples, the Progne sinaloae sample grouped with
Pseudochelidon in a clade sister to the clade containing the Phedina group, Riparia, and the
Neotropical endemics. Of the non-excluded skin samples, the P. sinaloae appears to be by far of
the lowest quality; only 2,038 UCE loci were recovered, with a maximum and median length of
778 bp and 241 bp, respectively, compared to a mean of 4,506 loci from the other non-excluded
skin samples with mean maximum and median lengths of 1,944 bp and 715 bp. Due to this
apparent low sequence quality and resulting implausible placement of P. sinaloae, I removed this
sample from the alignments analyzed with ASTRID and ASTRAL.

Analyses of trait and geographic range evolution
Tree transformation
I used the phylogeny inferred by RAxML-NG from the dataset comprising tissues and
retained skin samples as the basis for analyses of the evolution of nest type, migration, and
geographic range in Hirundinidae. These types of analyses generally require a chronogram, in
which branch lengths are proportional to time, and I duly transformed the phylogram inferred by
RAxML-NG, in which branch lengths represent genetic change in substitutions per site, into a
time tree with the chronos function (Paradis 2013) in the APE v5.2 package (Paradis et al. 2004)
in R v3.5.0 (R Core Team 2018). Chronos implements Sanderson’s (2002) penalized likelihood
framework by fitting relaxed and correlated models of rate variation, as well as a maximum
likelihood-based discrete-rates model. The fit of these models to a given tree can be compared
with an information criterion, ΦIC, which modifies the Akaike information criterion by including
the contribution of the penalized likelihood penalty term (Φ). In order to determine an
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appropriate model of rate variation for transformation of the swallow tree, I compared ΦIC
scores of chronograms generated from the RAxML-NG tree under the correlated and relaxed
models with lambdas ranging from 0 to 10,000, and under the discrete rates model with from one
to ten rate categories. Because I felt that branch lengths in the tree inferred from tissue samples
only were more reliable, I conducted this model testing on the tissues-only tree, and then used
the best-fitting model to transform the RAxML-NG tree inferred from all samples, with modified
branch lengths for skin samples, into a time tree. I fixed the age of the root equal to 15 million
years, based on the timing of divergences within the Passerides inferred by Moyle et al. (2016).
Finally, I pruned the resulting chronogram to a set of 81 representative tips. In most cases, these
tips correspond to species designations, although in a few cases I either group clades into one tip
(e.g., non-African Cecropis daurica/striolata), or split species into subspecies or regions (e.g.,
Riparia paludicola). Importantly, most of the following analyses of trait evolution require that
the input trees be bifurcating, and for this reason I generated this chronogram from the best
scoring maximum likelihood tree rather than from the bootstrap consensus tree. Although the
placement of Hirundo atrocaerulea in this tree is poorly supported, it agrees with the
relationship recovered by Dor et al. (2010), and all other relationships in the pruned tree are
reasonably well resolved, meaning that all bifurcations in this tree are plausible.

Ancestral character estimation of nest type
I conducted a maximum likelihood ancestral character estimation of nest type in
Hirundinidae in order determine the most likely ancestral nest type and the sequence of mud-nest
evolution, and to relate shifts in nest type with swallow diversification and geographic range
evolution. I reviewed species accounts in Turner (2018), and categorized species as either
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burrow excavating, cavity or burrow adopting, or as constructing one of the three types of mud
nest. I also categorized species according to their breeding sociality, as either solitary breeders,
solitary or breeding in small groups, or colonial, again based on species accounts in Turner
(2018).
Ancestral character estimation can become unreliable as the number of possible
transitions among character states increases, because this increases the number of transition rates
that must be estimated from a dataset containing limited information. There are 20 possible
asymmetrical transition rates among the five nest types, so I first collapsed the character data to
three states by combining all mud-nesting states into one. I then fit a series of continuous-time
Markov models with different numbers of rate parameters to the swallow nest-type data and the
pruned swallow time tree with the fitDiscrete function in the R package GEIGER v2.0.6
(Harmon et al. 2008). I compared Akaike information criterion scores adjusted for sample size
(AICc) and Akaike weights to determine which transitions among those three states can be
removed from the transition matrix without negatively impacting model fit. In addition to equal
rates (ER), symmetrical rates (SYM), and all rates different (ARD) models, with one, three, and
six rate parameters, respectively, I fit a model that reduced the ARD model by making the
transition away from burrow excavation irreversible (Model 4), and fifth model that also did not
allow transitions from cavity adoption to mud-nesting (Model 5).
With the estimated parameters reduced to a tractable number, I explored the question of
which mode of mud nest construction arose first by extending Model 5, which was selected by
AIC as the best fit to the data, to include all five character states. I used fitDiscrete to compare
AICc scores and Akaike weights of three models of character evolution which varied only in the
mud nest type that was first to arise. These models have five character states and four rate
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parameters, which are the rates of (1) transitions from burrow excavation to cavity adoption, (2)
transitions from burrow excavation to one mode of mud nest construction, (3) transitions from all
mud nest types to cavity adoption, and (4) transitions among mud nest types. I also fit an
unconstrained model, which made no a priori assumption about which mud nest arose first. As
this model allows a different transition rate from burrow excavation to each mud-nest type, it has
six rate parameters. I also evaluated the impact of Petrochelidon fuliginosa’s nest type by fitting
the same four models with that taxon classified as constructing a retort-type nest. Finally, I
estimated marginal ancestral states on the Hirundinidae tree under Markov models of discrete
character evolution (Mk-n) constrained to match the best fitting of the three models of mud nest
evolution and the unconstrained model, with the R package Diversitree (FitzJohn 2012).

Ancestral character estimation of migration under the threshold model
I modeled the evolution of migration as a threshold character on the Hirundinidae tree
with the ancThresh function (Revell 2014) in the R package Phytools (Revell 2012). This
implementation of the threshold model estimates ancestral states with Bayesian MCMC
sampling of liabilities and liability thresholds from their joint posterior probability distribution.
The estimated value of the liability for an internal node relative to the estimated values of the
liability thresholds is used to predict the discrete trait value for that node, and the proportion of
the chain in which the estimated liability for a node falls within the range of liability values for a
given state is interpreted as the posterior probability for that ancestral state at that node. These
posterior probabilities can be visualized by plotting onto the nodes of the tree.
I used the species accounts in Turner (2018) to categorize swallow taxa as full migrants,
partial or short distance migrants, or residents. As migration and latitudinal distribution are
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expected to be linked for aerial insectivores, I also categorized swallow taxa as occupying either
a tropical or a temperate breeding distribution. I defined a tropical species as one with greater
than 50 percent of the combined breeding and resident range contained within the tropics, i.e.,
between the Tropics of Cancer and Capricorn (23°26′12.5″ N and S, respectively), and a
temperate species as the opposite. I used digitized distribution maps obtained from BirdLife
International (Birdlife International and Handbook of the Birds of the World 2016) to determine
the range overlap of each taxon with the tropics.
I ran ancThresh on the migration data and the pruned swallow time tree under a model of
Brownian motion with a sequence of trait evolution of resident <—> partial/short-distance
migrant <—> full migrant. I ran four replicate MCMC chains, each for 50 million generations,
sampling every 5000 generations. I discarded the first 10 million generations of each replicate as
burn-in, and evaluated chain stationarity by inspecting effective sample size (ESS) values and
trace plots in the program Tracer v.1.17 (Rambaut et al. 2018). As the four replicates converged
on similar parameter estimates, I concatenated their post-burnin portions and plotted the
posterior probabilities of the migratory character states from this concatenated chain on the tree.

Ancestral range estimation
I reconstructed the evolution of geographic breeding range in Hirundinidae, whose
species breed on every continent other than Antarctica. I included eight biogeographic realms in
this analysis, modified from the eleven realms proposed by Holt et al. (2013). These eight realms
are: (A) Afrotropical (including Madagascar); (B) Palearctic, which combines Holt et al.’s
Palearctic, Sino-Arabian, and Saharo-Arabian realms, while excluding northern North America
and Greenland; (C) Oriental; (D) Australian, including New Zealand; (E) Oceanian, including
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New Guinea; (F) Nearctic, which includes northern North America and Greenland; (G)
Panamanian, including the Caribbean; and (H) Neotropical. I downloaded a digitized map of the
Holt et al. (2013) realms (available from the Center for Macroecology, Evolution and Climate;
Natural History Museum of Denmark; University of Copenhagen;
https://macroecology.ku.dk/resources/wallace), and modified it where necessary as described
above. I constructed a presence/absence matrix describing the overlap of the breeding range of
each swallow taxon with the biogeographic realms, using digitized distribution maps obtained
from BirdLife International (Birdlife International and Handbook of the Birds of the World
2016). I validated the presence absence matrix by hand. The above steps and all map
manipulations were conducted in R, using the packages sp v1.3-1 (Pebesma and Bivand 2005,
Bivand et al. 2013), rgdal v1.3.6 (Bivand et al. 2018), rgeos v0.4-2 (Bivand and Rundel 2018),
maptools v0.9-4 (Bivand and Lewin-Koh 2018), raster v2.8-4 (Hijmans 2018), rworldmap v1.3-6
(South 2011), and rnaturalearth v0.1.0 (South 2017).
To infer Hirundinidae’s biogeographic history, I fit a series of models of geographic
range evolution on the pruned swallow time tree and geographic range data with the R package
BioGeoBEARS (Matzke 2018). This program fits a set of biogeographic models on a given
phylogeny and dataset in a likelihood framework. These models can then be statistically
compared, allowing selection of the model which is most appropriate for the system in question.
For a global-scale system such as the Hirundinidae, i.e., one in which the defined geographic
areas are large, the assumptions made by the DEC model (dispersal, local extinction, and
cladogenesis; Ree and Smith 2008) are likely the most realistic. The DEC model allows two
anagenetic processes, dispersal and extinction, and two types of cladogenetic processes,
sympatry and vicariance. In both of these cladogenetic processes, one daughter lineage is always
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assumed to have a range of only one area, meaning that in vicariant cladogenesis the ancestral
range cannot be split evenly between the daughter lineages. The DIVA model (dispersalvicariance analysis; Ronquist 1997, Yu et al. 2010) is broadly similar to the DEC model, but
differs in that equal division of the ancestral range is allowed in vicariant cladogenesis, and that
in sympatric cladogenesis daughter lineages must occupy completely overlapping ranges. The
BAYAREA model (Landis et al. 2013) allows the same anagenetic processes of dispersal and
extinction as do DIVA and DEC, but does not allow range evolution to occur during
cladogenesis, meaning that each daughter lineage must inherit a range identical to the ancestor’s.
These differing assumptions render the DIVA and BAYAREA models less plausible than DEC
for a system, such as Hirundinidae, in which geographic areas are large enough for divergence to
occur within a single area. Both DIVA and BAYAREA are implemented in BioGeoBEARS as
likelihood interpretations of these models (DIVALIKE and BAYAREALIKE). BioGeoBEARS
also expands each of these three models to allow founder event speciation, a cladogenetic
process in which range expansion into a new geographic area accompanies cladogenesis (Matzke
2014). This process is incorporated by adding a parameter (j) that allows one daughter lineage to
inherit the ancestral range, while the other daughter lineage disperses to occupy a new area
outside of the ancestral range.
I compared the fit of each of the three models to the swallow tree and range data, with
and without founder event speciation. No taxon in this dataset has a breeding range that includes
more than four areas, so I set this as the maximum range size. I used dispersal multipliers to
constrain dispersal among regions; I assume that swallows do not disperse directly across vast
ocean distances, meaning dispersal is not allowed between the Afrotropical and either the
Australian or Oceanian realms, or, importantly, between the Old World and the New World other
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than between the Nearctic and Palearctic. I used AIC to select the model that best fits the data,
and thus produces the best reconstruction of geographic range evolution in Hirundinidae.

RESULTS
Sequence capture, data processing, and phylogenetic inference
I targeted 5,041 UCE loci in 121 individuals representing 81 of the 84 Hirundinidae
species recognized in the Howard and Moore checklist (Dickinson and Christidis 2014). Of
these, 109 were newly sequenced for this project and 12 were sequenced for Brown et al.
(Submitted). An additional two outgroup samples were sequenced by Moyle et al. (2016) (Table
3.1). I was unable to obtain samples of Petrochelidon perdita or Cecropis badia, or to extract
usable DNA from a museum-skin sample of Hirundo leucosoma. Sequencing and sequence
capture results differed between ingroup tissue and museum-skin samples (Table B.1). After
trimming adapter contamination and low-quality bases from raw reads, I obtained 2.71—43.82
(mean=11.86, SD=11.18) million reads per skin sample and 2.0—19.57 (mean=8.53, SD=3.33)
million reads per tissue sample, with a mean cleaned read length across skin samples of 115 bp
and across tissue samples of 146 bp. The elevated read count in skin samples is due to an
extremely high number of reads in four samples. The proportion of reads removed during
cleaning tended to be higher and more variable among skin sample libraries, ranging from 0.26%
to 28.09%, than in tissue sample libraries, which saw at most 0.16% reads removed. These
cleaned reads assembled into 1,352—512,718 (mean=86,392, SD=136,204) contigs per skin
sample, and 8,323—223,554 (mean=26,579, SD=35,283) contigs per tissue sample.
I extracted the contigs from each assembled sample that aligned to the target set of UCE
loci, with a total capture across all samples of 5,032 loci. The number of UCE loci successfully
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enriched in the 101 tissue samples, including the outgroup, ranged from 4,503 to 4,830
(mean=4,767, SD=44) with an average locus length within samples from 705 to 1,521bp
(mean=1072bp, SD=132bp). I recovered between 529 and 4,877 (mean=3,738, SD=1,485) UCE
loci from the 21 skin samples, excluding one Progne modesta individual from which I recovered
only 197 loci and removed from the dataset. Excluding this individual, the average locus length
within skin samples ranged from 246 to 1,255bp (mean=539bp, SD=326bp). An initial
phylogenetic analysis revealed poor quality sequence in several skin samples, as evidenced by
extremely long terminal branch lengths and unrealistic placements within the tree. The quality of
DNA from skin samples is closely related to initial DNA extract concentration, with an abrupt
improvement in the number of UCE loci recovered, median UCE length, and terminal branch
length above 20 ng/µl; DNA concentration does not appear to be related to specimen age (Fig.
B.1). McCormack et al. (2016) observed a similar relationship between DNA extract
concentration and sample quality. I retained the twelve skin samples with initial DNA
concentrations above the 20 ng/µl threshold, and the two Pseudochelidon individuals. In these
retained samples, relative to all skin samples, the mean cleaned read length across samples
(125bp) was longer, more UCE loci were recovered (mean=4,411, SD=869), and the average
lengths of those loci within samples were longer (mean=639bp, SD=305bp).
I produced two sequence alignments from the UCE loci extracted from sample
assemblies. The first alignment comprised the 99 ingroup tissue samples,12 retained skin
samples, and two outgroup samples. The 5,011 aligned loci were between 103 and 1,978 bp in
length (mean=937bp), and contained between 0 and 449 informative sites (mean=104), with
about 8% missing characters and GC-content of 36%. The second alignment omitted the historic
DNA samples; the 4,980 aligned loci ranged from 180 to 1,990 bp in length (mean=971bp), and
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contained from 0 to 461 informative sites (mean=103), with about 5% missing characters and
GC-content of 37%. I generated a 95% complete dataset from each of these alignments, meaning
that every locus is present in at least 95% of individuals. The 95% complete dataset of both
tissues and skin samples contains 4,453 UCE loci, with a total aligned length of about 4.3 million
bases, while the dataset of only tissues contains 4,565 loci and has a total aligned length of about
4.5 million bases.
Maximum likelihood phylogenetic reconstruction with RAxML-NG on the concatenated
data matrices produced trees that are well resolved, with strong support for most relationships to
the species level. Trees inferred from the dataset comprising both tissue samples and retained
skin samples (Fig. 3.1) and from the dataset with skin samples omitted (Fig. B.2 have almost
identical topologies, excepting disagreements regarding relationships within Hirundo. Best
scoring maximum likelihood trees do not differ notably from bootstrap consensus trees, and I
present the best scoring trees annotated with bootstrap support here. Trees estimated by
coalescent-based gene tree summary methods with ASTRAL (Fig. 3.2, Fig. B.3) and ASTRID
(Figs. B.4, B.5) are concordant with the RAxML-NG tree at the genus level, with the major
caveat that deeper relationships remain unresolved. The degree of uncertainty varies between the
two methods, with stronger bootstrap support for deep relationships in trees estimated by
ASTRAL than in trees estimated by ASTRID. The two gene tree summary methods also
recovered questionable relationships for skin samples, most notably in the the placement of
Pseudochelidon within the Hirundininae. Other skin samples (e.g. Psalidoprocne obscura,
Delichon nipalense, Phedinopsis brazzae, and Progne murphyi) occupy positions closer to the
root than they do in the RAxML-NG tree, albeit to a lesser extent in the ASTRAL (Fig. B.3) tree
than in the ASTRID tree (Fig. B.5).
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Figure 3.1. Maximum likelihood estimate of Hirundinidae phylogeny from a concatenated, 95%
complete data matrix of 4,453 ultraconserved elements. Numbers indicate bootstrap support;
only splits with support values less than 100 are labeled. Outgroup taxa are not shown. Terminal
branches of samples taken from museum skins are truncated.
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Figure 3.2. Fifty percent majority-rule consensus tree estimate of Hirundinidae phylogeny
produced by ASTRAL from 500 multi-locus bootstrapped gene tree replicates of a 95%
complete data matrix of 4,565 ultraconserved elements; matrix contains only tissue samples.
Numbers indicate bootstrap support; only splits with support values less than 100 are labeled.
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Estimation of ancestral traits and geographic range
I transformed the maximum likelihood estimate of the swallow tree into an ultrametric
tree to use as the basis for analyses of trait and geographic range evolution. The discrete rates
model of rate variation with one rate category was the best fit to the tree inferred by RAxML-NG
from the dataset of tissues only, as compared to correlated and relaxed models fit across a range
of numbers of rate categories (discrete rates model, best ΦIC score was 200.97) or across a range
of lambdas (correlated and relaxed models, best ΦIC scores for both models was 590.96). I used
this rate model, which is equivalent to a strict molecular clock, to transform the phylogram
inferred by RAxML-NG from the dataset of both tissues and retained skin samples into a
chronogram. I pruned the transformed tree to 81 representative tips and used the pruned tree as
the basis for analyses of trait and geographic range evolution.
I explored the evolution of nest type, migratory behavior, and geographic range in
swallows by testing models of trait evolution and reconstructing trait histories on the swallow
tree. I analyzed the evolution of nest type as a discrete character in a maximum likelihood
framework, first categorizing the nesting behavior of each of the 81 taxa in the pruned swallow
tree as either burrow excavation (14 taxa), burrow or cavity adoption (32 taxa), or mud-nest
construction (34 taxa). Pseudochelidon sirintarae’s nest has never been described, so I removed
it from this analysis. Phedina borbonica and Psalidoprocne fuliginosa both place a nest made of
plant material on a ledge, in a crevice, or in a similar situation, and I classified both of these
species as cavity adopters. I divided mud-nesting swallows into those that build an open cup (16
taxa), those that build an enclosed cup (5 taxa), and those that build a retort-shaped nest (13
taxa). Petrochelidon fuliginosa presented a particular problem to categorization. Very little is
known about this species, which is generally described as constructing a mud retort. A closer
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reading of the literature, however, suggests that its nest is better described as an enclosed cup
(Chapin 1948, Serle 1954, Voisin 1958), and I designated it as such. I also classified swallows
according to their breeding sociality; 16 taxa are usually solitary, 41 taxa exhibit a range of
sociality from solitary breeding to breeding in small groups, and 17 taxa are colonial. There is
insufficient data for the remaining six taxa, and I classified them as having an equal probability
of being either solitary or breeding in small groups.
In order to model the evolution of nest type on the swallow tree, I performed a two-step
model testing procedure. I first determined that, in a three-state model with all mud nest types
combined into one category, the model that best fits the data does not allow transitions from
either of the other two states to burrow excavation, or from cavity adoption to mud-nest
construction (Table 3.2). I then extended the model to five states by dividing mud-nest
construction into its three types, and compared models that varied in which mud-nest type arose
first. Based on AICc scores and Akaike weights, the model that best fits the data is the one in
which an open cup evolved first (Table 3.3a). This result was sensitive to the classification of
Petrochelidon fuliginosa. With that species designated as constructing a retort-style nest, an open
mud cup and a mud-retort are about equally likely to have been the first to evolve (Table 3.3b). I
estimated marginal ancestral states for nest type under both this best fitting model and under a
model with no constraints on which mud nest arose first (Fig. 3.3). These two models produced
virtually identical results, with extremely similar marginal ancestral state probabilities at the
nodes of the tree. The ancestral character estimation of nest type in swallows recovers burrow
excavation as the root state, with a single transition from burrowing to mud-nest construction and
a single transition from burrowing to cavity adoption. As expected, the common ancestor of
mud-nesting swallows is recovered as having constructed an open-cup mud nest. The nest type
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Table 3.2. Support for models of nest-type evolution fitted to the phylogeny of Hirundinidae,
with nest-type as a three-state character (burrow excavation, secondary cavity adoption, and
mud-nest construction). The number of estimated transition rate parameters, log-likelihood (lnL),
second order Akaike information criterion score (AICc), increase in AICc score relative to the
best-fitting model (ΔAICc), and Akaike weight are given for each model.
Hypothesis

No. parameters

lnL

AICc

ΔAICc

Akaike weight

Model 5

No transitions to burrow excavation;
no transitions from cavity adoption
to mud-nest construction

3

-21.381

49.077

0

0.685

Model 4
Model 1
Model 3
Model 2

No transitions to burrow excavation
Equal rates
All rates different
Symmetrical rates

4
1
6
3

-21.381
-26.143
-21.381
-25.102

51.295
54.337
55.912
56.520

2.218
5.260
6.835
7.443

0.226
0.049
0.022
0.017

of the common ancestor of the retort and enclosed mud nest clades is much less certain, with
probabilities of 45%, 26%, and 29% for that ancestor having been an open cup, enclosed cup, or
retort building taxon, respectively. Thus, this character state estimation provides strong evidence
for an open cup having been the first type of mud nest to arise but provides little insight into the
subsequent sequence of mud nest evolution.
I modeled the evolution of migratory behavior in swallows in a Bayesian framework,
treating migration as a threshold character. I categorized swallow taxa as either resident (28
taxa), partially migratory (38 taxa), or fully migratory (14 taxa), and as occupying either a
primarily tropical (52 taxa) or primarily temperate (29 taxa) breeding distribution.
Pseudochelidon sirintarae is usually assumed to be a migrant, but its migratory strategy is not
actually known (Tobias 2000). I assigned this species an equal probability of being either a
partial migrant or a resident, and classified it as tropical. There is a strong link between
distribution and migratory strategy, with all but two of 15 fully migratory species occupying a
primarily temperate breeding distribution, and all but four of 28 fully resident species occupying
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Table 3.3. Support for models of nest-type evolution fitted to the phylogeny of Hirundinidae with
nest-type as a five-state character (burrow excavation, secondary cavity adoption, construction of
an open mud cup, construction of an enclosed mud cup, and construction of a mud retort-style
nest), and with Petrochelidon fuliginosa classified as constructing either (a) an enclosed mud cup
or (b) a mud retort-style nest. These models vary in which type of mud nest arose first, i.e.,
which transition from burrow excavation to each of the three types of mud nest construction is
allowed. The number of estimated transition rate parameters, log-likelihood (lnL), second order
Akaike information criterion score (AICc), increase in AICc score relative to the best-fitting
model (ΔAICc), and Akaike weight are given for each model.
Hypothesis

No. parameters

lnL

AICc

ΔAICc

Akaike weight

a)

Model 6
Model 8
Model 7

Open mud cup arose first
Mud retort arose first
Enclosed mud cup arose first

4
4
4

-35.076
-36.208
-36.308

78.686
80.950
81.149

0
2.264
2.463

0.620
0.200
0.181

b)

Model 6
Model 8
Model 7

Open mud cup arose first
Mud retort arose first
Enclosed mud cup arose first

4
4
4

-35.749
-35.949
-38.110

80.032
80.431
84.753

0
0.399
4.721

0.523
0.428
0.049

a primarily tropical breeding distribution. Partially migratory taxa are more catholic, with 25 of
38 partial migrants classed as tropical and 13 as temperate (Fig. 3.4).
To estimate ancestral migratory states, I ran four independent MCMC analyses. Each of
these independent chains reached stationarity, and I concatenated their post-burnin portions for a
total chain length of 160 million generations. With swallows categorized as either resident,
partially migratory, or fully migratory, this ancestral character estimation of migration includes
two symmetrical transitions between states, corresponding to two liability thresholds.
Importantly, the liabilities are scaleless, so the estimated values of the thresholds are only
meaningful relative to each other and to the liabilities estimated for the nodes and tips of the tree.
The threshold between residency and partial migration is fixed at zero, meaning taxa with
negative liability values are resident, with the shift from year-round residency to partial
migration occurring as a lineage’s liability value increases above zero. The threshold between

81

●
●
●●
●
●

●

●

●
●

●

●
●

●

●

NEST TYPE

●
●
●
●
●

excavates burrow
adopts burrow or cavity
mud nest: open cup
mud nest: enclosed cup
mud nest: retort

BREEDING SOCIALITY

● solitary
● solitary and small groups
● colonial

●
●

●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●
●
●●
●●
●●
●●
●●
●●
●●
●
●●
●●
●●
●
●●
●●
●●
●●
●
●
●●
●●
●●
●●
●●
●●
●
●●

Pseudochelidon eurystomina
Psalidoprocne nitens
Psalidoprocne obscura
Psalidoprocne fuliginosa
Psalidoprocne pristoptera southern
Psalidoprocne albiceps
Psalidoprocne pristoptera northern
Ptyonoprogne rupestris
Ptyonoprogne concolor
Ptyonoprogne fuligula northern populations
Ptyonoprogne fuligula southern populations
Hirundo tahitica
Hirundo neoxena
Hirundo smithii
Hirundo nigrita
Hirundo albigularis
Hirundo aethiopica
Hirundo lucida
Hirundo angolensis
Hirundo rustica
Hirundo dimidiata
Hirundo atrocaerulea
Delichon urbicum urbicum
Delichon urbicum lagopodum
Delichon dasypus
Delichon nipalense
Petrochelidon fuliginosa
Cecropis semirufa gordoni
Cecropis semirufa semirufa
Cecropis senegalensis
Cecropis daurica Africa
Cecropis daurica Eurasia Southeast Asia
Cecropis cucullata
Cecropis abyssinica
Petrochelidon spilodera
Petrochelidon preussi
Petrochelidon rufocollaris
Petrochelidon fulva
Petrochelidon pyrrhonota
Petrochelidon nigricans
Petrochelidon ariel
Petrochelidon fluvicola
Pseudhirundo griseopyga
Cheramoeca leucosterna
Neophedina cincta
Phedinopsis brazzae
Phedina borbonica
Riparia paludicola paludicola
Riparia paludicola cowani
Riparia diluta
Riparia riparia
Tachycineta albilinea
Tachycineta albiventer
Tachycineta stolzmanni
Tachycineta leucopyga
Tachycineta leucorrhoa
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Figure 3.3. Marginal ancestral state reconstruction of nest type in Hirundinidae under an Mkn
model constrained to match the best-fitting model of nest-type evolution, on the maximum
likelihood tree with transformed branch lengths. Circles plotted at the tips represent the observed
nest types and breeding sociality of extant taxa. Relative likelihoods of ancestral nest type are
plotted as pie charts at the nodes. The red arrow indicates the transition to mud nest construction.
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partial and full migration is estimated, along with a liability score for each node and each tip.
The mean liability threshold between partial and full migration estimated by the concatenated
chain was 3.04 (SD = 0.41), so the transition from partial migration to full migration occurs as a
lineage’s liability increases above the estimated threshold value of 3.04. The transition onward
from full migration does not exist and is set at infinity. Transitions from full migration to partial
migration and from partial migration to year-round residency (i.e., losses of migration) are
simply the inverse, and occur as a lineage’s liability falls below 3.04 and zero, respectively.
Each node’s character state is determined at each step of the chain, based on the liability
score estimated for that node at that step. The proportion of the chain that a node spends in each
character state is then interpreted as the posterior probability of the character states for that node.
I plotted these posterior probabilities onto the swallow tree (Fig. 3.4). Overall, this analysis
suggests that swallows have spent much of their history as partial migrants; of 80 internal nodes,
65 have a posterior probability greater than 0.50 of having been partially migratory.
I reconstructed the biogeographic history of Hirundinidae under a dispersal, local
extinction, and cladogenesis model with founder event speciation (DEC + J). I compiled
presence absence data for swallow taxa in each of eight biogeographic realms modified from the
scheme proposed by Holt et al. (2013). While the DEC model is an appropriate choice for
analysis of range evolution in swallows, due to the global scale of the system and the large area
sizes involved, I also compared its performance, with and without founder event speciation, to
maximum likelihood implementations of two other models, DIVA and BAYAREA. On the basis
of their Akaike weights, the DEC + J and DIVA-LIKE + J have about an equal probability of
being the best fit to the data among the six models tested, while the BAYAREA-LIKE + j model
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Figure 3.4. Ancestral character state reconstruction of seasonal migration in Hirundinidae
modeled as a threshold character on the maximum likelihood tree with transformed branch
lengths. Circles plotted at the tips represent the observed migratory strategies and tropical vs.
temperate breeding distributions of extant taxa. Posterior probabilities of ancestral migratory
strategy are plotted as pie charts at the nodes.
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Table 3.4. Support for models of geographic range evolution fitted to the phylogeny of
Hirundinidae ,with each taxon classified as being present or absent in each of eight
biogeographic realms. Three basic model types are compared: dispersal, local extinction, and
cladogenesis (DEC), and likelihood interpretations of dispersal-vicariance analysis
(DIVALIKE), and the BAYAREA model (BAYAREALIKE). Each model was fitted to the data
with and without a founder event speciation parameter, j. The number of free parameters,
estimates of those parameters (rates of range expansion, d, and range contraction, e, and jump
dispersal weight, j), Akaike information criterion score (AIC), and Akaike weights are given for
each model.
No.
parameters

LnL

d

e

j

AIC

Akaike weight

DIVALIKE + J

3

-166.3

0.029

0.006

0.084

338.5

0.52

DEC + J

3

-166.4

0.026

0.006

0.095

338.8

0.45

BAYAREALIKE + J
DIVALIKE

3
2

-168.9
-185.3

0.023
0.049

0.006
0.009

0.11
0

343.9
374.5

0.035
7.90E-09

DEC
BAYAREALIKE

2
2

-188.6
-217.8

0.041
0.042

0.014
0.14

0
0

381.2
439.7

2.70E-10
5.60E-23

occupying a distant third place (Table 3.3). The founder-event speciation parameter significantly
increases the likelihood of the data under all three models.
Finally, I estimated ancestral ranges across the swallow tree under the DEC + J model
(Fig. 3.5). This analysis suggests that Hirundinidae originated in Africa and reached the
Palearctic through multiple independent colonization events. Most New World swallow diversity
is derived from one major colonization event at about 9 Ma, with additional independent, later
colonizations from the Palearctic in Petrochelidon, Hirundo, and Riparia.

DISCUSSION
Phylogenetic issues
The concatenated, single-partition sequence of several thousand ultraconserved element
loci, analyzed via maximum likelihood (RAxML), produced a fully resolved estimate of
Hirundinidae phylogeny (Figs. 3.1, B.2). Application of coalescent-based gene tree summary
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Figure 3.5. Hirundinidae ancestral ranges estimated under a DEC + J model, with dispersal
constrained to not occur between the Afrotropical and either the Australian or Oceanian realms,
or between the Old World and the New World other than between the Nearctic and Palearctic.
Observed ranges of extant species are plotted at the tips, and estimated ancestral ranges at the
nodes. The red and blue arrows indicate the appearance of mud nest construction and the
colonization of the New World, respectively. The analysis included eight biogeographic realms,
which are indicated on the map (A, Afrotropical; B, Palearctic; C, Oriental; D, Australian; E,
Oceanian; F, Nearctic; G, Panamanian; H, Neotropical).
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methods (ASTRID and ASTRAL) produced trees that are broadly congruent with the maximum
likelihood estimate, but which either failed to resolve or provide weak support for deep
relationships. Trees estimated with ASTRAL (Figs. 3.2, B.3) had generally higher support values
than trees estimated with ASTRID (Figs. B.4, B.5). This situation, in which nodes with poor
support in coalescent gene tree summaries are strongly supported in concatenated sequence
analysis, has been observed in other systems (e.g., Giarla and Esselstyn 2015, Blom et al. 2016,
Bryson et al. 2016, Moyle et al. 2016). The relative performance of the two types of analyses is
an area of active inquiry, including to what degree concatenation may produce trees with inflated
support values or misleading relationships (Kubatko and Degnan 2007, Knowles 2009, Giarla
and Esselstyn 2015), as well as how issues such as missing data, gene tree estimation error, and
loci with low information content affect gene tree summaries (Xi et al. 2015, Blom et al. 2016,
Meiklejohn et al. 2016, Xi et al. 2016, Blair et al. 2018).
Swallow trees inferred via gene tree summarization versus concatenation also differed in
the branch positions of taxa whose samples derived from museum skins. After removing skin
samples with initial DNA concentrations below 20 ng/µl from the dataset, the placements of the
remaining skin-sample taxa in the RAxML tree were plausible and reasonably congruent with
previous phylogenetic studies based on smaller sequence datasets (Sheldon et al. 2005, Moyle et
al. 2008, Dor et al. 2010, Barrow et al. 2016). In contrast, in ASTRID (Fig. B.3) and ASTRAL
(Fig. B.4) trees, Pseudochelidon occupied an obviously spurious position as sister to the mudnesting clade, and other retained skin-sample taxa appeared closer to the root than they are in the
RAxML tree (Fig. 3.1). Moyle et al. (2016) observed a similar phenomenon, and demonstrated
that it was an effect of shorter sequence length; while taxon positions recovered by gene tree
summary methods were sensitive to shorter UCE sequences, taxon positions inferred by RAxML
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appeared to be unaffected. In this study, UCE sequences from samples of museum skins were on
average shorter (mean = 639 bp) than sequences from tissue samples (mean = 1072 bp), and it
seems plausible that this difference is affecting phylogenetic inference.
I analyzed both the concatenated data matrix and individual locus alignments for gene
tree estimation as single partitions, under a GTR+G model of rate variation. While this is a
common approach to phylogenetic analyses of UCE data (e.g., Faircloth et al. 2015, Bryson et al.
2016, Moyle et al. 2016, Zarza et al. 2016, Esselstyn et al. 2017) lack of appropriate partitioning
introduces a potential source of error in phylogenetic inference (Kainer and Lanfear 2015).
Implementing a more realistic partitioning scheme, such as that proposed for UCE data by
Tagliacollo and Lanfear (2018), may improve tree estimation. With that caveat in mind, and
while acknowledging that the lack of support for deep relationships in the coalescent-based gene
tree summaries is worrying and may merit further investigation, I proceeded with the estimate of
Hirundinidae phylogeny produced by analysis of the concatenated data matrix.
I recovered the two Pseudochelidon species, which together constitute the subfamily
Pseudochelidoninae, as sister to all other swallows, the Hirundininae, which are in turn divided
into three major clades. These three clades formed a polytomy in the swallow tree inferred by
Sheldon et al. (2005) from three molecular markers; analysis of the UCE dataset provides a
marked improvement on that phylogenetic hypothesis by resolving these relationships with
strong support. The saw-wings (Psalidoprocne), which excavate burrows for nesting and are
confined to Africa, are sister to the rest of Hirundininae. The remaining taxa group into a largely
Old World clade of species that construct mud nests, and a clade in which the remaining
burrowing taxa, most of which are confined to the Old World, are sister to the secondary-cavity
adopting Neotropical endemic species. In the ASTRAL and ASTRID trees estimated from only
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tissue samples, the sister relationship of Cheramoeca and Pseudhirundo to the nonPsalidoprocne burrowers and Neotropical endemics is only weakly supported (bootstrap of 59
and 57, respectively). The ASTRAL tree strongly supports the same deep relationships among
the three major clades as does the RAxML tree, while ASTRID recovered these clades as a
polytomy. Within the three major clades, all genera are strongly supported as monophyletic by
all three inference methods, with the exception of the placement of Petrochelidon fuliginosa as
sister to Delichon rather than with other Petrochelidon. The generic assignment of this taxon has
been in doubt for some time, and the recent acquisition of modern specimens and subsequent
molecular comparisons by de Silva et al. (2018) led to the designation of a new genus,
Atronanus, for P. fuliginosa. At the intrageneric level, as observed by Barrow et al. (2016),
genetic groupings in Psalidoprocne disagree with established classifications. Similarly, in
Cecropis, my results do not support the division by Dickinson and Christidis (2014) of Cecropis
daurica into C. daurica and C. striolata, as C. daurica is paraphyletic with C. striolata in all
three trees. On the other hand, all three inference methods tentatively support the divisions in
HBW and BirdLife International (2017) of Delichon urbicum into D. urbicum and D.
lagopodum, Ptyonoprogne fuligula into P. fuligula and P. rufigula, and Stelgidopteryx
serripennis into S. serripennis and S. ridgwayi.

Evolutionary issues
Nest type
I conducted ancestral state estimations of swallow nest type, migratory behavior, and
geographic range. A simple visual inspection of nest type plotted on the swallow phylogenetic
tree suggests, first, that nest type is highly conserved, with almost no variation in nest type
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within clades, and second, that the ancestral swallow nest type is burrow excavation, despite the
relative scarcity of this state in extant swallows (it is exhibited by only 14 of the 80 taxa included
in this analysis). These observations are supported by a maximum likelihood ancestral character
estimation (Fig 3.3), which shows two major transitions from burrow excavation, one to mudnest construction, and the other to secondary cavity adoption. These transitions occur in different
clades, and both are followed by radiations, the former in the Old World and the latter in the
New World. Comparison of models of nest type evolution further suggest that the common
ancestor of mud-nest constructing swallows built an open cup (Table 3.3), although this
conclusion is sensitive to the classification of a key taxon, Petrochelidon fuliginosa. The order of
subsequent transitions to an enclosed cup or a retort-style nest is equivocal, although Winkler
and Sheldon (1993) proposed that the evolution of mud nesting in swallows should recapitulate
the developmental stages of mud-nest construction, that is, a process that begins with an open
cup, continues to an enclosed cup by building up of the walls, and finishes as a retort-shaped nest
with the addition of an entrance tunnel.
Nest type appears to be linked to breeding sociality, (Fig. 3.3). With the exception of
Tachycineta euchrysea, a cavity adopter and the sole Neotropical endemic with a colonial
breeding ecology, and Petrochelidon fulva, which builds either an open or an enclosed mud cup,
all colonial swallows either excavate burrows or build closed mud nests, either retort-shaped
with an entrance tunnel, as in Petrochelidon, or simply enclosed without an entrance tunnel, as in
Delichon. However, the inverse is not true. Multiple taxa that excavate burrows (e.g.,
Psalidoprocne, Cheramoeca, and Pseudhirundo) or that build enclosed mud nests (Cecropis and
Petrochelidon fuliginosa) exhibit a non-colonial breeding ecology. This implies that while a shift
to colonial breeding can only occur in lineages that excavate burrows or construct closed mud
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nests, or concurrently with a shift to one of those nest types, a shift in breeding sociality to a less
social state does not require a change in nest type.
While nest placement in adopted cavities or burrows is reasonably common in passerines,
which typically build a cup nest, both burrow excavation and mud-nest construction are unusual.
Paridae is the only other lineage in the parvorder Sylviida, as defined by Cracraft (2014), with
members that excavate a nest hole. Pseudopodoces humilis excavates ground burrows both for
nesting and for roosting in winter (Ke and Lu 2009), while other members of the family excavate
cavities in dead wood (Remsen Jr 2018). No other taxa in the Sylviida build mud nests. Outside
of the Sylviida, burrow excavation occurs in the basal Furnariid subfamily Sclerurinae, which
comprises the miners (Geositta) and leaftossers (Sclerurus). Other passerines incorporate mud
into their nests to varying degrees, ranging from reinforcement of a cup nest (e.g. Turdus
thrushes) to a mud cup (e.g. the Australian mudnesters, Struthideidae), to impressive mud
structures (e.g., famously, Furnarius). Pure mud pellet nests of the type constructed by swallows
are, however, unique (Winkler and Sheldon 1993); other mud-nest building taxa mix the mud
with plant matter to form an adobe. A comparison with Furnariidae of swallow nest type and its
relationship to diversification and the evolution of other traits might be illuminating, as the
Furnariidae also contains a diversity of nest types, including burrowing, cavity adoption, and
mud-nest construction, similar to that in swallows, and Irestedt (2006) suggested that shifts in
nest architecture away from cavity nesting in this family may have facilitated diversification in
habitat and morphology.
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Migration
In swallows, all of which are obligate aerial insectivores, the relationship between
seasonal migratory behavior and occurrence at higher latitudes is intuitive. Swallows that occur
at these latitudes must, theoretically, be breeding visitors that follow resource availability to
lower latitudes outside of the breeding season. The corollary is that taxa that do not migrate will
be confined to the tropics. The distribution and migration data bear this out (Fig. 3.4). In the 81
taxa included in comparative analyses, 25 of the 29 taxa that breed in the temperate zone are at
least partially migratory, and 24 of the 28 fully resident taxa have tropical breeding distributions.
Migratory taxa do occupy tropical breeding distributions, although the majority of these (25 out
of 27 taxa) are partial or short distance migrants; most full migrants (13 of 15 taxa) breed in the
temperate zone. Thus, as expected, migration and latitudinal distribution are tightly linked.
The ancestral character estimation of migration in swallows indicates most ancestral
nodes (65 of 80) have greater than a 50% posterior probability of partial migratory behavior (Fig.
3.4). However, it is likely not strictly appropriate to interpret this result literally as meaning that
swallows have been partial migrants for most of their history. A more productive perspective
might be to consider the nature of both migration in swallows and of partial migration itself,
which can be viewed here as representing an inherently flexible base state from which swallow
lineages can rapidly lose flexibility to develop either a fully migratory or fully resident life
history.
Swallows are diurnal migrants, and, as aerial insectivores, forage in flight. Winkler
(2006) proposed a model of swallow migration in which, for a large part of the migratory
journey, swallows can simply add directionality to their normal foraging flight. That is, while
swallows do cross formidable barriers such as the Sahara Desert and Gulf of Mexico, which
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requires extreme fat deposition and non-stop, rapid, and even nocturnal flight, much of migration
is simply an extension of their “pelagic” lifestyle, lacking the extreme behavioral and
physiological aspects observed in other migratory birds (Newton and Brockie 2008). This ease of
movement is reflected in the prevalence of post-breeding dispersal, short-distance seasonal
movements, and partial migration across the swallow tree (Turner 2018), and suggests that
migration in swallows is best viewed as a continuum rather than as a series of discrete states. In
this view, the prevalence of partially migratory nodes in the reconstruction of migratory behavior
on the tree reflects the presence of that continuum.
Partial migration, which occupies the central portion of that continuum, fundamentally
implies variation in migratory strategy within a species (Chapman et al. 2011). Transitions from
partial migration to either residency or to full migration thus represent a loss of that variation. A
lineage’s transition from partial migration to residency can be viewed as either the cessation of
regular seasonal movement in migratory populations and individuals, or as the disappearance of
those populations altogether. Likewise, a transition from partial migration to full migration
represents either the gain of seasonal movement by formerly resident populations, or the
extinction of non-migratory populations and individuals. In both cases, the transition away from
partial migration is accompanied by a loss of phenotypic flexibility, as a lineage commits to
either a fully resident or a fully migratory life history. The obvious question that follows is to
what degree that loss of phenotypic flexibility occurs at the genomic level, that is, to what extent
commitment to migration or residency is result of changes in the genetic loci underpinning
migratory behavior versus a manifestation of phenotypic plasticity acting on a stable genetic
architecture.
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Biogeography
An important caveat in the following is that biogeographic analyses were conducted on a
tree dated only by applying a root age of 15 Ma and a strict molecular clock. While strict clocks
often produce reasonable approximations of branch lengths (Paradis 2013), apparent
relationships to geologic and climatic events should be interpreted with caution.
Ancestral range estimation (Fig. 3.5) suggests that the Hirundinidae originated in Africa.
Three factors, however, raise the possibility this may not have been the case. First, Moyle et al.
(2016) inferred an Asian distribution for the most recent common ancestor of swallows and their
sister clade. Second, Pseudochelidon sirintarae, which together with the African P. eurystomina
is sister to all other swallows, is an Asian species. Finally, Cheramoeca leucosterna and
Pseudhirundo griseopyga, which form a sister pair that is in turn sister to other nonPsalidoprocne burrowing species and the Neotropical endemics and whose most recent common
ancestor with that clade is deep in the tree, are Australian and Afrotropical, respectively. As
hypothesized by Sheldon et al. (2005) regarding the ancestor of Cheramoeca and Pseudhirundo,
it seems possible that the earliest swallows occupied a broad range, comprising southern Asia as
well as Africa and possibly Australia, and that Pseudochelidon sirintarae and Cheramoeca
leucosterna are relicts of the Asian and Australian populations.
Africa remains the major center of swallow diversity, with 32 of the 81 taxa included in
the biogeographic analysis breeding in the Afrotropics. By comparison, only about half that
number breed in the Neotropics, which with 19 taxa is the realm with the second greatest number
of breeding swallows. The majority of swallow lineages are tropical, with only 11 and 12 taxa
breeding in the Palearctic and Nearctic realms, respectively. The burrow excavating saw-wing
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clade (Psalidoprocne), which is sister to all other Hirundininae, remains confined to the
Afrotropics.
The mud-nesting clade arose in the Afrotropics, during the mid-Miocene. Appropriate
nesting sites for burrow excavating swallows are inherently limited (Silver and Griffin 2009),
and the evolutionary innovation of mud-nest construction may have allowed swallows to escape
those limitations and expand into areas and habitats where appropriate burrow sites were scarce.
Successful mud-nesting is itself, however, limited by climate. The availability of mud, which is
often collected from puddles, depends on sufficient rainfall during the nest building period, but
excessively wet and humid conditions make nest construction more difficult, and may even cause
completed nests to crumble (Emlen 1954). The mid to late Miocene saw a decrease in rainfall in
much of Africa (Feakins and Demenocal 2010), and it is tempting to relate the appearance of
mud-nest building and the radiation of the mud-nesting clade to that drying trend. This period
was also characterized by a worldwide expansion of open, C4-dominated habitats such as
grasslands (Cerling et al. 1997). Swallows tend to be associated with open habitats, and so may
have benefited from this shift in land cover.
During the late Miocene and Pliocene, several mud-nesting lineages dispersed
independently to Eurasia and then south into South and Southeast Asia. Few of these lineages
reached Australia, where Cheramoeca, two Petrochelidon species and one Hirundo species
occur currently, and fewer still colonized Oceania; at present, only two taxa, Hirundo neoxena
and Petrochelidon nigricans. Two mud-nesting lineages, Hirundo rustica and Petrochelidon,
dispersed east from the Palearctic to the Nearctic and then on to the Neotropics and Panamanian
region. Interestingly, the solitary mud-retort constructing swallows, in the genus Cecropis,
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remain almost entirely African, while the colonial, mud-retort constructing genus Petrochelidon
has established throughout both the Old and New Worlds.
I constrained dispersal between the New and Old World to occur only between the
Palearctic and Nearctic. While trans-oceanic bird dispersal is possible, as observed famously in
Cattle Egrets (Gilbert 1972), it is rare. In contrast, a land connection or near-connection between
North America and Siberia across the Bering Strait was present for much of the Miocene
(Hopkins 1959), and the colonization of the Nearctic by multiple Palearctic bird families has
been long recognized (Mayr 1946). With this constraint in place, the major dispersal event to the
New World, from the Palearctic to the Nearctic, occurred in the third major swallow clade by the
common ancestor of Tachycineta, Progne, and the other Neotropical endemics. This colonization
of the Nearctic, which occurs at the same node as the inferred transition of nest type from burrow
excavation to secondary cavity adoption, took place during the latter half of the Miocene. As
with mud-nesting in the Afrotropics, the transition from burrow excavation to cavity adoption
presumably facilitated the radiation of swallows in the Nearctic and Neotropics. Winkler and
Sheldon (1993) suggested that secondary cavity adopters were able to exploit the region’s
widespread forests and the cavities of their rich primary cavity-excavating avifauna, and that the
formation of major mountain ranges and resulting disjunct areas during the Miocene provided
conditions conducive to diversification.
Colonization of the Neotropics within the cavity adopting clade appears to have been by
Nearctic rather than Panamanian ancestors, and occurred twice, once in the common ancestor of
Progne and the Neotropical endemics, and once within Tachycineta. This direct colonization of
the Neotropics by Nearctic species is plausible, based both on the seasonal migration of
numerous Nearctic-breeding taxa to Neotropical non-breeding areas, and on the recent
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establishment of a breeding population of Hirundo rustica in Argentina (Martínez 1983, Winkler
et al. 2017). The two cases in which an apparently Nearctic ancestor dispersed into the
Panamanian region are the independent colonizations of Caribbean islands by Tachycineta and
Progne.
The beginning of the Pliocene, at 5.3 Ma, is roughly coincident with the gradual uplift of
the Isthmus of Panama, which completed the land connection between North and South America
by about 3 Ma (Smith and Klicka 2010, O’Dea et al. 2016). This timing approximately matches
the inferred dispersal to the Panamanian region by cavity-adopting lineages that, subsequent to
colonization from the Nearctic, diversified in the Neotropics during the late Miocene. In at least
two cases, Stelgidopteryx and Progne, these lineages dispersed further north to reach the
Nearctic. Interestingly, Progne subis appears to be derived from a Neotropical rather than
Panamanian ancestor; this species is a long distance seasonal migrant, moving between an
entirely Nearctic breeding area and an entirely Neotropical non-breeding area. The colonization
of the Nearctic by Riparia riparia, which breeds throughout the Nearctic and Palearctic and
whose burrow-excavating genus is the sister group to the New World cavity adopters, occurred
independently, and apparently much later.

Conclusions
In this study I deployed a phylogenomic dataset of several thousand ultraconserved
element loci to resolve phylogenetic relationships in Hirundinidae, and used the resulting tree to
explore patterns of evolution in nest type, migratory behavior, and geographic range evolution.
This uncovered possible intriguing links between paleoclimate, nest-type innovation, and
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swallow diversification. These connections merit further, formal investigation, with, for
example, climate envelope modeling and paleodistribution prediction.
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CHAPTER 4. A TRANSCRIPTOMIC ANALYSIS OF AVIAN
MIGRATION: DIFFERENTIAL GENE EXPRESSION IN TREE
SWALLOWS (TACHYCINETA BICOLOR) STAGING FOR MIGRATION
INTRODUCTION
Avian migration is one of the world’s great natural phenomena, with billions of
individual birds in thousands of species embarking on an annual journey every year (Berthold
1993). Migration, defined as a seasonal, round trip movement between breeding and nonbreeding areas, has been the subject of scientific inquiry for centuries (Rappole 2013), and these
studies have produced a rich body of knowledge about migratory birds and the mechanics of
migration itself. One particularly intriguing and poorly understood aspect of migration is the
contrast between the complexity of migratory behavior and physiology and the apparent ease
with which birds alter their migratory strategies on ecological (e.g., Berthold et al. 1992; Jonzen
et al. 2006; Winkler et al. 2017) and evolutionary (e.g., Winger et al. 2012) timescales. An
understanding of the molecular basis of migratory behavior, that is, how genes and gene
expression relate to variation in the migratory phenotype, would open a line of attack into
addressing this contrast.
Although the molecular basis of migration is not clear, it is well established that the
migratory cycle and migratory behavior are at least partially under endogenous rather than
environmental control (e.g., Holberton and Able 1992), and that at least some migratory
phenotypes have a genetic basis, being heritable (Berthold and Querner 1981; Berthold and
Pulido 1994) and subject to selection (Pulido and Berthold 2010). The multifarious nature of
migration, which involves the coordination of a suite of physiological, behavioral, and
phenological factors, suggests that its genomic underpinnings are correspondingly complex.
While investigators have made advances in a range of approaches, including candidate genes
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(Mueller et al. 2011), genomic comparisons across hybrid zones (Delmore, Kira E. et al. 2015;
Delmore, Kira E et al. 2016), and transcriptomic comparisons both of conspecifics sampled at
different phases of the annual cycle (Jones et al. 2008; Johnston et al. 2016) and of conspecifics
with differing migratory behaviors (Franchini et al. 2017), the molecular mechanisms that drive
migratory behavior remain largely mysterious (Liedvogel et al. 2011; Merlin and Liedvogel
2019).
The present study attempts to address this knowledge gap with a transcriptomic analysis
of Tree Swallows (Tachycineta bicolor) at a migratory stopover site aimed at uncovering genes
and molecular functions involved in avian migration. Tree Swallows are long distance migrants
that breed across North America and winter along the Gulf Coast, in Florida, Central America,
and the Caribbean (Fig. 4.1). In late fall, enormous roosts of Tree Swallows form in agricultural
fields in Louisiana. These roosts act as migratory stopover sites; Tree Swallows from across the
breeding range gather at these sites, stay at the roost for a few weeks, and then continue to their
wintering grounds (Laughlin et al. 2013; Knight et al. 2018). A significant proportion of these
birds make an energetically demanding trans-Gulf crossing from Louisiana to sites on the
Yucatán Peninsula (Laughlin et al. 2013; Bradley et al. 2015).
The specific aim of this project is to deploy whole-transcriptome sequencing to identify
genes and functional categories that are up- and down-regulated in the brains and livers of Tree
Swallows at a roost site in Louisiana as they approach their autumn departure date. Tree
Swallows captured in these roosts exhibit substantial variation in physical condition (i.e.,
furcular fat), suggesting a corresponding variation in timing of arrival at and departure from the
roost. Leaner birds are expected to have arrived more recently and to have more time remaining
before departure than fatter birds (Cherry 1982). Thus, captured birds can be sorted on the basis
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Figure 4.1. Tree Swallow (Tachycineta bicolor) distribution, with breeding range indicated in
light red and non-breeding range in light blue. The location of the roost site where individuals
analyzed in this study were collected is marked with a red diamond.
of furcular fat into categories of readiness to continue migration, and these categories can be
compared. This study compares gene expression at three “time points” during the fall stopover,
corresponding to three fat classes. All compared individuals were captured together, at the same
time and place, controlling for gene-expression variation due to environmental effects.
Differentially expressed transcripts recovered in the analysis are thus expected to be involved in
migratory behavior in the species.
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METHODS
Sample collection, RNA extraction, and sequencing
I captured Tree Swallows in mist-nets at a stopover roost site near Vacherie, Louisiana
(29.975°N, 90.806°W), on one evening in November 2012, as they descended into a sugarcane
field at dusk. Birds were extracted from the nets, weighed, and given a furcular fat score on a
standardized zero to five scale (described in the Golondrinas handbook, Golondrinas de las
Americas, http://golondrinas.cornell.edu). Following measurement, birds were hung in cloth bags
in the dark for a minimum of four hours to allow them to attain a resting state. After this resting
phase, each bird was removed from its bag and immediately euthanized by decapitation.
Swallows were collected under LDWF Scientific Collecting Permit #LNHP-12-055 and Federal
Scientific Collecting Permit #MB679782-0 and handled in accordance with LSU IACUC
protocol 12-087. I collected a liver sample and the whole brain from each individual within a few
minutes of death, flash froze those tissues in liquid nitrogen, and sexed and aged birds based on
the appearance of their gonads and bursa. Tissue samples were stored in a -70°C freezer until
RNA extraction.
I homogenized frozen whole brains and liver tissue in 20 µl of Buffer RLT Plus per
milligram of tissue with a BioSpec Tissue-Tearor, and then extracted total RNA from the
homogenate using a QIAGEN RNeasy Plus Mini kit following the kit protocol. I quantified the
RNA with a Qubit Fluorometer, evaluated RNA integrity with an Agilent Bioanalyzer, and
combined samples into tissue and fat-class specific equimolar pools, each containing at
minimum two individuals. A strand-specific library was prepared from each pool, and these were
then pooled in equimolar concentration and sequenced on six lanes of a single-read 100 bp
Illumina HiSeq2500. Library preparation, sequencing, and demultiplexing were conducted by the
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University of Illinois Roy J. Carver Biotechnology Center. After demultiplexing, I evaluated the
quality of the libraries with FastQC v0.11.3
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and removed adapter sequences
with cutadapt v1.8.1 (Martin 2011).

De novo transcriptome assembly
I de novo assembled a transcriptome from the combined reads of all libraries using
Trinity v2.6.6 (Grabherr et al. 2011; Haas et al. 2013), with in silico read normalization. I
evaluated the quality of the assembly in several ways, using a combination of scripts packaged
with Trinity and outside programs. I calculated basic contig statistics, estimated transcript
abundance with Salmon v0.9.1 (Patro et al. 2017) in order to calculate the ExN50 statistic,
aligned each library to the assembly with bowtie2 v2.3.4.1 (Langmead and Salzberg 2012) to
quantify how well reads were incorporated into the assembly, and used DIAMOND v0.9.22 to
query the Swiss-Prot database (The UniProt Consortium 2018) for all assembled transcripts to
evaluate the proportion of full-length coding transcripts.

Transcriptome filtering and functional annotation
For all following analyses, I analyzed brain and liver data completely separately, except
where noted. I estimated expression of Trinity “genes” by mapping the cleaned RNA-seq reads
to the transcriptome assembly with RSEM v1.3.0 (Li and Dewey 2011), and then used tximport
v1.10.1 (Soneson et al. 2016) to summarize the output of estimated reads per gene into a genelevel count matrix. I then used two filtering steps to generate a set of assembled transcripts for
functional annotation and expression analyses. First, I removed genes from the matrix that had a
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total of fewer than ten aligned reads across all liver or brain libraries, with the tissues considered
separately. I then ran a differential expression analysis with fat score as the explanatory variable
using the likelihood ratio test in the DESeq function of the package DESeq2 v1.22.2 (Love et al.
2014) in R v3.5.0 (R Core Team 2018), and extracted the results with a false discovery rate
cutoff (alpha) of 0.05. DESeq2 corrects for multiple comparisons by running the Benjamini–
Hochberg false discovery rate procedure and outputs adjusted p-values. Before running this
procedure, the program performs independent filtering, in effect removing genes that are too
weakly expressed to allow differential expression to be distinguished from noise. I removed
genes that did not pass independent filtering (i.e., that were assigned no adjusted p-value) from
the dataset.
I generated a protein-coding transcriptome annotated with Gene Ontology terms from the
resulting set of filtered contigs. I selected the longest isoform for every gene from the full
assembly, and extracted the genes that passed independent filtering for either brain or liver from
those longest isoforms. I then predicted coding regions with TransDecoder v5.5.0
(https://github.com/TransDecoder/TransDecoder) incorporating a homology search with
DIAMOND v0.9.24. I scanned the resulting predicted proteins against the InterPro protein
signature databases (Mitchell, Alex L. et al. 2018) with InterProScan v5.33-72.0 (Mitchell, Alex
et al. 2014), and extracted the sequences that were assigned database match e-values less than
0.001, for which there are associated Gene Ontology terms .

Differential expression and functional analysis
I used the protein-coding GO-annotated transcriptome generated in the previous step as
the basis for differential gene expression analyses in brain and in liver tissue. I identified genes
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that showed differing expression levels across fat scores with the likelihood ratio test in DESeq2,
and clustered significantly differentially expressed genes (adjusted p-value < 0.05, false
discovery rate cutoff of 0.05) into groups with similar expression patterns across fat scores using
the degPatterns function of the R-package DEGreport v1.18.1 (Pantano 2019).
For each expression clusters containing more than 100 genes, I found enriched GO terms
by conducting an over-representation analysis with the hypergeometric test, using the
ontologyIndex (Richardson et al. 2016) and clusterProfiler (Yu et al. 2012) R packages. For each
cluster containing fewer than 100 genes, I queried the Swiss-Prot database and the Ficedula
albicollis (Collared Flycatcher) reference proteome (Proteome ID: UP000016665; Ellegren et al.
2012; Ekblom et al. 2014) with all genes in that cluster.
Finally, I built a list of 233 candidate genes for association with migration and circadian
clocks in birds by combining lists of genes that were found to be differentially expressed relative
to migratory state in Johnston et al. (2016) and Jones et. al (2008), or that were proposed as
candidate genes by those authors or by Ruegg et al. (2014). I queried my GO-annotated
transcriptome with the list of candidates, and looked for matches (i.e., candidate genes that were
included in my differential expression analysis) in the clusters of differentially expressed genes
with similar expression patterns.

RESULTS
Sample collection and RNA sequencing
I sampled whole brains and liver tissue from 30 Tree Swallows captured at a stopover
roost site in southern Louisiana during fall migration. These birds, which were presumably
preparing to continue on southward migration to non-breeding areas, were all assigned furcular
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fat scores of either 2 (four individuals), 3 (fifteen individuals), or 4 (nine individuals). I extracted
high integrity RNA from all samples (brain RIN values: 7.40-9.30, liver RIN values: 7.70-8.90),
which I combined into eight pools each for the two tissues (brain and liver), comprising two
“low-fat” pools, three “medium-fat” pools, and three “high-fat” pools. These pools were then
prepared as libraries for Illumina sequencing (Table C.1). In subsequent analyses, I interpret
these fat categories as a proxy for stopover arrival and departure timing, with lower-fat birds
assumed to have arrived more recently than higher-fat birds, and to have more time remaining at
the stopover site before continuing migration.

Transcriptome assembly, filtering, and functional annotation
Illumina sequencing returned a total of about 1.4 billion single reads, with a mean of 88.4
million reads (SD=5.7 million) across brain libraries and 88.7 million reads (SD=4.0 million)
across liver libraries. After cleaning, these reads assembled into 668,170 total transcripts,
corresponding to 463,760 Trinity “genes”, with a median length including all isoforms of 411bp
and a contig N50 of 1,657bp. Assembly GC content was 46%. The ExN50 statistic for the
assembly peaked at 95%, with a length of 2,034 bp (Fig. C.1), which is the contig N50
considering only the transcripts that account for 95% of total gene expression. The difference
between this statistic and the N50 for all isoforms suggests that a small minority of reads map to
a set of shorter, more fragmented contigs than those to which the vast majority of reads align.
These short contigs are likely to be spurious. Overall, reads were well incorporated, with 90.83%
of all reads from brain libraries and 89.03% of all reads from liver libraries mapping to the
assembly.
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Querying the Swiss-Prot database for all 668,170 isoforms in the assembly with an evalue cutoff of 1e-20 of returned 89,253 matches. Of these matching proteins, 6,653 are covered
by more than 90% of their sequence length, 8,420 are covered by more than 80%, and 10,061 are
covered by more than 70%.
I mapped reads to the raw assembly and extracted gene-level counts for all 463,760
Trinity “genes” for all libraries. Of these genes, 94,717 passed a minimum read count threshold
and independent filtering in either the brain libraries or the liver libraries. TransDecoder
predicted proteins for 62,418 of the genes, and of those, 12,656 returned significant (e-value <
0.001) matches to InterPro protein signatures that were associated with Gene Ontology terms.
These 12,656 GO-annotated genes make up the filtered and functionally annotated proteincoding transcriptome that I used as the basis for the differential gene expression and functional
analyses that follow. This number of protein coding genes is biologically plausible; the Ficedula
albicollis UniProt reference proteome contains 15,922 proteins.

Differential expression and functional analysis
To identify transcripts that were differentially expressed in Tree Swallows with varying
furcular fat scores, I created tissue-specific gene sets from the annotated protein-coding
transcriptome by including only the genes for brain or for liver that had previously passed
filtering, and then tested for differential gene expression within those sets with the likelihood
ratio test. Of 12,310 transcripts tested in brain, 315 were significantly (adjusted p-value < 0.05,
false discovery rate cutoff of 0.05) differentially expressed among birds with varying furcular fat
scores (Fig. 4.2a). These genes clustered into four expression patterns (Fig. 4.3a): 102 and 137
genes showed a pattern of up- or downregulation, respectively, in medium-fat birds; 38 genes
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Figure 4.2. Heat maps showing genes that are significantly differentially expressed (adjusted pvalue < 0.05, FDR cutoff = 0.05) in brain (a; 315 genes) and liver (b; 905 genes) among Tree
Swallows with varying furcular fat scores. Each column represents one sample pool; within each
tissue, pools 1-2 are low-fat (furcular fat score of 2), pools 3-5 are medium-fat (furcular fat score
of 3), and pools 6-8 are high-fat furcular fat score of 4). Each row represents a differentially
expressed gene, with z-score normalized expression. Darker colors represent higher expression.
exhibited a monotonic decrease in expression from low to high-fat birds; 38 genes showed the
opposite pattern, monotonically increasing from low-high-fat birds. I refer to these expression
clusters in brain as clusters B1-4.
Of the 9,392 transcripts tested for differential expression in liver, 905 exhibited
significant differences among birds with varying furcular fat scores (Fig. 4.2b). As with brain,
these genes clustered into four expression patterns (Fig. 4.3b). Most genes were either
upregulated (L1; 514 genes) or downregulated (L3; 344 genes) in low-fat birds. Seventeen genes
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Figure 4.3. Significantly differentially expressed genes (adjusted p-value < 0.05, FDR cutoff =
0.05) in (a) brain and (b) liver among Tree Swallows with varying furcular fat scores. Genes are
clustered into groups with similar expression profiles using regularized log-transformed count
data. Each dot represents a gene, with z-normalized expression on the y-axis. Low, medium, and
high-fat correspond to furcular fat scores of 2, 3, and 4, respectively.
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(L2) were upregulated in medium-fat and downregulated in high-fat birds, and 30 genes (L4)
were downregulated in medium-fat and upregulated in high-fat birds.
I looked for significantly (adjusted p-value < 0.1, false discovery rate cutoff of 0.2)
overrepresented GO terms in the four expression clusters containing more than 100 genes. The
20 enriched terms in cluster B1 included terms related to nuclease activity and transition metal
binding, as well as viral and multi-organism processes (Table C.2). The 113 enriched terms in
cluster L1 were in large part related to mitochondrial and metabolic processes (Table C.3). The
five enriched terms in cluster L3 related to methyltransferase activity and anion exchange (Table
C.4). There were no significantly enriched terms in cluster B2.
I queried the Swiss-Prot database and Ficedula albicollis UniProt reference proteome
with the genes in expression clusters B3, B4, L2, and L4. The top match in the Swiss-Prot
database is reported for each gene in Tables C.5-C.8.
There was some overlap between differentially expressed genes uncovered in this study
and in prior studies. The annotated protein-coding transcriptome contained matches to 228 genes
from a list of 233 candidates for association with migration and circadian rhythms. Eighteen of
these were differentially expressed among birds with varying furcular fat scores in the present
study, with six differentially expressed in brain, eleven in liver, and one in both tissues (Table
C.9).

DISCUSSION
In this study, I took advantage of the natural experimental setup provided by a Tree
Swallow stopover site in southern Louisiana by applying a comparative transcriptomics approach
to avian migration, with the aim of gaining insight into the molecular basis of migratory
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behavior. Many of the birds that pause at this roost during fall migration undertake a trans-Gulf
flight to the Yucatán peninsula on departure (Laughlin et al. 2013), and the energetic demands of
this flight suggest that individuals will not leave the roost until they are in peak migratory
condition. By using furcular fat as a proxy for stopover arrival and departure timing, I was able
to compare gene expression among birds at different migratory time points as they approach this
state of readiness. I found several hundred genes in both liver and brain tissue to be differentially
expressed among Tree Swallows carrying varying amounts of furcular fat. There were more
differentially expressed genes in liver tissue than in brain, many of which had functions related
to metabolism, energetics, and gene regulation. These classes of genes would be expected to play
important roles in migration related, for example, to rapid and extreme weight gain and loss, and
the consequent physiological stressors. Unfortunately, I was unable to identify simple patterns or
individual genes that can be identified as key controllers or as having a direct causal role in
migratory behavior. Despite this, some interesting patterns of gene expression have emerged.
The most dramatic pattern I observed was differential expression in liver tissue between
birds with the lowest level of fat (cluster L1) and the other two fat classes. Over 500 genes were
upregulated in low-fat birds relative to medium- and high-fat birds, corresponding to many Gene
Ontology terms associated with metabolism and mitochondrial activity. One example of this
expression pattern is transthyretin (TTR), which was significantly upregulated in low-fat
individuals. This protein is secreted by the liver into the blood and by the choroid plexus into the
cerebrospinal fluid, where it transports thyroxine and retinol-binding protein. It is a commonly
used clinical biomarker due to its correlation with nutritional status, with increasing levels of
TTR during refeeding of patients with malnutrition being associated with weight gain and
recovery (Ingenbleek and Bernstein 2015; Dellière and Cynober 2017). In a lab study, liver TTR
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expression was been shown to be upregulated in sedentary rats, which rapidly gained weight,
relative to pair-fed active/sedentary rats which consumed less food and did not gain weight
(Zheng et al. 2016). Extrapolated to the TTR expression pattern observed in Tree Swallows, this
suggests that recently arrived (fat class 2) birds consume more food and gain weight more
rapidly than birds that have been at the stopover site for longer. Overall, the apparent prevalence
of upregulated gene expression related to metabolism and mitochondrial function in cluster L1
may mean that, soon after arriving at the stopover, Tree Swallows undergo an initial phase of
intense metabolic activity as they recover from their recent migratory bout and prepare for the
energetically costly next step. Individuals that have been at the stopover longer, and that are
already carrying more fat, are likely continue to gain weight, but that rate of weight gain may be
slower. TTR was also found to be differentially expressed in the brains of White-crowned
Sparrows (Zonotrichia leucophrys) in different migratory states (Jones et al. 2008). However, the
function of TTR in liver and in brain may be quite different.
The liver is a major metabolic organ, and increased feeding such as that exhibited by
migrating birds requires significant transcriptional modification. Epigenetic changes such as
DNA methylation and histone methyl- and acetylation can play an important role in these
changes in transcription (Siersbæk et al. 2017). Epigenetic alterations can either increase or
decrease transcription of the affected gene, depending on the details of the alteration in question.
Importantly, a return to normal function after a period of increased feeding requires that
epigenetic changes be reversed. In Tree Swallows, GO terms related to histone methyltransferase
activity were enriched in genes that were upregulated in livers of medium and high-fat
individuals relative to low-fat individuals (cluster L3). As their name implies, these enzymes are
involved in epigenetic gene regulation. Following on the rapid weight-gain process suggested by
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the genes in cluster L1, enrichment of histone methyltransferase activity in this cluster could
imply a return to normal metabolic function in birds that have been at the stopover site longer.
Another potentially interesting set of GO terms were enriched in brain, in the set of genes
upregulated in medium-fat birds (cluster B1). The viral and multi-organisms process GO terms
suggest that one of the sampled individuals may have been suffering from illness or infection.
The remaining GO terms mostly pertain to endonuclease activity and zinc/transition metal ion
binding. The energetic demands of migratory flight have been associated with oxidative stress in
birds (Jenni-Eiermann et al. 2014), which can cause DNA damage. Endonucleases are enzymes
that play a role in repairing such oxidative DNA damage (Stetler et al. 2010), and zinc can be
important to their proper functioning (Ho and Ames 2002). The enrichment of these GO terms in
cluster B1 may thus both reflect the physiological impact of migratory flight, as well imply that
stopover sites are important for the mitigation of those impacts.
Migratory birds crossing the Gulf must contend with weather conditions in addition to the
length of the crossing, and wind direction is of particular importance. In their geolocator study,
Bradley et al. (2015) found that, during fall migration, most Tree Swallows cross the Gulf with
favorable wind conditions (i.e., a tailwind), despite days with favorable wind being much less
common than days with unfavorable wind directions during the migratory period. The pattern
implied by this gene expression study is that birds arriving at the roost site immediately and
rapidly begin to put on weight, with a corresponding burst of metabolic activity. That rapid
weight gain would allow Tree Swallows to reach a state of readiness to depart the stopover site
as soon as possible, increasing the chance that they will be able to depart the stopover when a
rare and unpredictable period of favorable wind arrives.
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CHAPTER 5. CONCLUSIONS
Extant patterns of natural diversity cannot be understood absent an understanding of their
evolutionary context. An essential aspect of evolutionary biology is thus to reconstruct
relationships among organisms by estimating phylogenetic trees. Those trees can then be used to
formulate and test hypotheses regarding diversification and trait evolution within and among
lineages. Further insight into trait evolution can be gained by uncovering how traits are encoded
in the genome, and if variation in a trait of interest is a function of sequence differences or of
gene regulation. In this dissertation I examined phylogenetic relationships, trait and geographic
range evolution, and the molecular basis of one trait, migration, in swallows (Hirundinidae), a
globally distributed family of about 85 aerial insectivore species.
In Chapter 2, I used a dataset of thousands of ultraconserved elements (UCEs) to
reconstruct relationships among the nine species in Tachycineta, a genus of New World
swallows. Previous attempts to resolve this phylogeny using Sanger-sequence data were
unsuccessful; in this study, tree estimation from UCE data with different methods of
phylogenetic inference recovered conflicting topologies for two branches. I was able to resolve
this conflict and produce a plausible tree for Tachycineta by applying two methods, gene
genealogy interrogation (Arcila et al. 2017) and analysis of per-site likelihood differences (Shen
et al. 2017), that use likelihood-based comparisons of trees constrained to match topological
hypotheses representing the discordant trees. These methods have previously been used only to
resolve higher level phylogenetic problems; this study demonstrates that they also have the
potential to clarify relationships in much more recently diverged groups. The conflicts I observed
in the Tachycineta tree were driven by a tiny proportion of sites in the dataset. Excluding either
less than five percent of loci from the concatenated alignment, or one percent of sites from each
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locus, was enough to change the results of coalescent-based phylogenetic inferences. The
sensitivity of phylogenomic reconstruction to small numbers of influential sites emphasizes both
the importance of broad genomic sampling as well as the need to investigate biological sources
of discord. This study makes clear that in many cases phylogenetic inference from genome-scale
data will be inconclusive and will require post-inference analyses to select the most plausible
tree.
Hirundinidae is an exceptional family among passerines in several respects, including the
global extent of its distribution, which is equaled by only the Corvidae, Turdidae, and
Motacillidae (del Hoyo et al. 2019), the aerial lifestyle and consequent unusual and specialized
morphology shared by all members of the family (Turner 2018), and the diversity of nest
architectures constructed by swallow species (Winkler and Sheldon 1993). In Chapter 3, I used
UCE data to reconstruct swallow relationships, and was able to resolve deep divergences that a
prior, three-locus analysis (Sheldon et al. 2005) left unresolved. Clarifying the early branching
pattern allowed me to conduct ancestral character state estimations of geographic range, nest
type, and migration. Estimation of ancestral range and nest-type suggests that the family had an
African, burrow excavating ancestor, with most swallow diversification and global spread
occurring during the mid to late Miocene. Nest type in swallows is highly conserved, with
virtually no variation within clades. Innovations in nest architecture seem to have been an
important factor in swallow diversification, with transitions from burrow excavation to mud-nest
construction and secondary-cavity adoption associated with the family’s two major radiations, in
the Old and New World, respectively. Seasonal migratory behavior, in contrast, is not conserved,
with migration scattered across the tree and most internal nodes reconstructed as having a high
probability of having been partially migratory. There is a clear link between occurrence in the
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temperate zone and migration, as expected for an aerial insectivore, meaning that migration is
vital to the family’s dispersal to and persistence at high latitudes.
Seasonal migration in animals has been the subject of extensive study, but there is still
little known about its molecular basis (Merlin and Liedvogel 2019). In Chapter 4, I compared
gene expression in the brains and livers of Tree Swallows (Tachycineta bicolor) with
presumptively different arrival and departure timing at a migratory stopover site in southern
Louisiana, with the goal of uncovering genes and gene functions related to migratory behavior.
Tree Swallows migrate from breeding areas in the northern part of North America to winter
along the Gulf Coast and Florida, in Central America, and the Caribbean, and are known to make
a trans-Gulf crossing to wintering areas on the Yucatán Peninsula on departure from stopovers in
Louisiana. Birds captured at the stopover site fell into one of three furcular fat classes, which I
took as a proxy for timing, assuming that birds carrying more fat had been at the stopover longer
and would be ready to depart sooner. Several hundred transcripts were differentially expressed in
either brain or liver tissue among the three fat classes, and while I was unable to identify genes
with a clear causative role in controlling migratory behavior, I did observe interesting patterns. In
particular, enrichment of metabolic and mitochondrial Gene Ontology terms in transcripts
upregulated in the livers of birds with the lowest fat scores suggests that, immediately after
arriving at the stopover site, Tree Swallows undergo a period of intense metabolic activity likely
related to weight gain. This may be in order to attain a state of readiness to leave the stopover as
rapidly as possible, in order to take advantage of infrequent favorable weather conditions for the
trans-Gulf crossing.
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Taken as a whole, in this dissertation I clarified relationships deep within the swallow
tree as well as more recent divergences within one swallow genus, Tachycineta, by inferring well
resolved phylogenetic trees from phylogenomic datasets. The latter case required additional postinference analyses to select among discordant trees produced from the same dataset with
different methods. Using the resolved Hirundinidae phylogeny, I reconstructed the family’s
origins and colonization of its current range, and confirmed the link between one life history
trait, nest architecture, and the diversification and global extent of swallows. Beyond the present
work, these two trees will inform future ecological and evolutionary studies of swallows as a
family and of Tachycineta. Additionally, I deployed a comparative transcriptomics approach to
find genes that are associated with migratory behavior in one swallow species, Tachycineta
bicolor. This analysis provided insight into the mechanics of migration within T. bicolor, as well
as opening the door to more detailed analyses of differentially expressed transcripts.
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APPENDIX A. SUPPLEMENTARY MATERIAL FOR CHAPTER 2
Raw sequencing reads are deposited at the NCBI SRA (BioProject No. PRJNA503768,
BioSample Nos. SAMN10373514 to SAMN10373573).
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Figure A.1. Fifty percent majority-rule consensus tree estimate of Tachycineta relationships
produced by ExaML from 100 bootstrapped replicates of a concatenated 75% complete data
matrix of 4,739 ultraconserved element loci. Numbers indicate bootstrap support. The branch to
Progne subis is truncated.
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Figure A.2. Fifty percent majority-rule consensus tree estimate of Tachycineta relationships
produced by ExaML from 100 bootstrapped replicates of a concatenated 100% complete data
matrix of 3,611 ultraconserved element loci. Numbers indicate bootstrap support. The branch to
Progne subis is truncated.
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Figure A.3. Estimate of the Tachycineta phylogeny produced by SVDquartets (implemented in
PAUP*) from a concatenated 75% complete data matrix of 4,739 ultraconserved element loci.
Numbers indicate support based on 100 bootstrap replicates.
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Figure A.4. Estimate of the Tachycineta phylogeny produced by SVDquartets (implemented in
PAUP*) from a concatenated 100% complete data matrix of 3,611 ultraconserved element loci.
Numbers indicate support based on 100 bootstrap replicates.
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Figure A.5. Fifty percent majority-rule consensus tree estimate of Tachycineta relationships
produced by ASTRAL from 500 multi-locus bootstrapped gene tree replicates of a 75%
complete data matrix of 4,739 ultraconserved element loci. Numbers indicate bootstrap support.
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Figure A.6. Fifty percent majority-rule consensus tree estimate of Tachycineta relationships
produced by ASTRAL from 500 multi-locus bootstrapped gene tree replicates of a 100%
complete data matrix of 3,611 ultraconserved element loci. Numbers indicate bootstrap support.
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Figure A.7. Fifty percent majority-rule consensus tree estimate of Tachycineta relationships
produced by ASTRID from 500 multi-locus bootstrapped gene tree replicates of a 75% complete
data matrix of 4,739 ultraconserved element loci. Numbers indicate bootstrap support.
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Figure A.8. Fifty percent majority-rule consensus tree estimate of Tachycineta relationships
produced by ASTRID from 500 multi-locus bootstrapped gene tree replicates of a 100%
complete data matrix of 3,611 ultraconserved element loci. Numbers indicate bootstrap support.
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Figure A.9. Topologies of the Tachycineta phylogeny estimated from a concatenated data matrix
after removal of small numbers of outlier or random loci from a 100% complete dataset of 3,611
ultraconserved element loci. Numbers indicate bootstrap support. Individuals within species are
collapsed to one tip; in all cases species monophyly was recovered with bootstrap support of 100.
a,b) ExaML estimates after removal of (a) all 179 loci with outlier ΔGLS values for the T.
bicolor branch or (b) all 154 loci with outlier ΔGLS values for the T. stolzmanni branch. c-e)
SVDquartets estimates after removal of (c) all 179 loci with outlier ΔGLS values for the T.
bicolor branch, (d) 179 randomly selected loci, or (e) all 154 loci with outlier ΔGLS values for
the T. stolzmanni branch. Outlier loci were defined as those loci with ΔGLS values greater than
Q3 + 1.5IQR, where Q3 is the third quartile and IQR is the inter-quartile range.
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Figure A.10. Topologies of the Tachycineta phylogeny estimated by ASTRID after removal of
one percent of sites from each locus in a 100% complete data matrix of 3,611 ultraconserved
element loci. Numbers indicate bootstrap support. Individuals within species are collapsed to one
tip; in all cases species monophyly was recovered with bootstrap support of 100. a,b) Estimate
after removal of the one percent of sites with greatest ΔSLS values for (a) the T. bicolor branch
or (b) the T. stolzmanni branch. c) Estimate after removal of a random one percent of sites.
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Table A.1. Sequence capture results. Acronyms: AMNH = American Museum of Natural History, CUMV = Cornell University
Museum of Vertebrates, KUMNH = University of Kansas Natural History Museum, LSUMNS = Louisiana State University Museum
of Natural Science, BMNH = Bell Museum of Natural History, MVZ = Museum of Vertebrate Zoology, UAM = University of Alaska
Museum, USNM = United States National Museum, UWBM = University of Washington Burke Museum. All samples were frozen or
ethanol preserved tissue. Specimens with an asterisk were excluded from analysis due to potential contamination.

Species
Progne subis
P. subis
P. subis
P. subis
P. subis
Tachycineta albilinea
T. albilinea
T. albilinea
T. albilinea
T. albilinea
T. albiventer
T. albiventer
T. albiventer
T. albiventer
T. albiventer
T. bicolor
T. bicolor
T. bicolor
T. bicolor
T. bicolor
T. bicolor
T. bicolor
T. cyaneoviridis
T. cyaneoviridis

Specimen ID
LSUMNS 25508*
LSUMNS 25509*
LSUMNS 30441
LSUMNS 41548
LSUMNS 41549
CUMV 50162
LSUMNS 27270
LSUMNS 27292
LSUMNS 28416
LSUMNS 28417
AMNH 14553
LSUMNS 12680
LSUMNS 28089*
UMMZ 227529
USNM 626103
AMNH 18749
MVZ 182221
UAM 7613
UMMZ 243190
USNM 649831
UWBM 73027
UWBM 99320
LSUMNS 48916
LSUMNS 59081

NCBI
BioSample
Accession
SAMN10373514
SAMN10373515
SAMN10373516
SAMN10373517
SAMN10373518
SAMN10373519
SAMN10373520
SAMN10373521
SAMN10373522
SAMN10373523
SAMN10373524
SAMN10373525
SAMN10373526
SAMN10373527
SAMN10373528
SAMN10373529
SAMN10373530
SAMN10373531
SAMN10373532
SAMN10373533
SAMN10373534
SAMN10373535
SAMN10373536
SAMN10373537

i5 primer
name
iTru5_14_F
iTru5_14_F
iTru5_14_H
iTru5_14_H
iTru5_16_C
iTru5_14_G
iTru5_14_F
iTru5_15_A
iTru5_14_F
iTru5_18_B
iTru5_13_C
iTru5_14_F
iTru5_14_H
iTru5_13_H
iTru5_14_F
iTru5_13_D
iTru5_14_F
iTru5_13_G
iTru5_15_B
iTru5_15_C
iTru5_15_D
iTru5_15_G
iTru5_15_C
iTru5_15_E

(table cont’d.)
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i7 primer
name
iTru7_109_07
iTru7_109_01
iTru7_110_11
iTru7_110_12
iTru7_112_12
iTru7_110_05
iTru7_109_06
iTru7_109_03
iTru7_109_04
iTru7_112_11
iTru7_111_01
iTru7_109_12
iTru7_111_10
iTru7_111_01
iTru7_109_10
iTru7_111_01
iTru7_111_07
iTru7_111_01
iTru7_109_03
iTru7_109_03
iTru7_109_03
iTru7_110_01
iTru7_110_01
iTru7_109_03

Total
number of
clean reads
5,854,957
6,626,063
5,368,718
4,099,859
3,603,410
5,175,575
4,919,905
4,602,093
5,441,681
4,675,050
5,083,328
5,536,076
4,097,029
4,373,908
4,390,240
4,433,125
4,750,737
3,786,893
5,273,674
4,368,791
6,253,016
2,370,486
4,309,661
5,072,948

Mean
trimmed
read length
141
141.1
140.1
136.7
142.6
143.1
140.5
142.1
142
140.7
141.9
142.1
138.6
142.3
143.3
142
142
141.8
142
141.6
140.6
141.5
141.2
142

Number
of UCEs

Mean UCE
contig
length

4784
4790
4774
4792
4761
4726
4746
4711
4753
4756

1082.3
963.4
1045.7
1187
1132.1
1094
1097.1
1032.8
1218.7
1143.7

4791
4747
4797
4770
4775
4747
4760
4765
4694
4768
4774

1055.2
1150.2
1007.5
1125.8
1163.5
1080
1073.9
998.4
1074.5
1204.5
1068.9

Species
T. cyaneoviridis
T. cyaneoviridis
T. cyaneoviridis
T. cyaneoviridis
T. euchrysea
T. euchrysea
T. leucopyga
T. leucopyga
T. leucopyga
T. leucopyga
T. leucopyga
T. leucorrhoa
T. leucorrhoa
T. leucorrhoa
T. leucorrhoa
T. leucorrhoa
T. leucorrhoa
T. stolzmanni
T. stolzmanni
T. stolzmanni
T. stolzmanni
T. thalassina brachyptera
T. thalassina brachyptera
T. thalassina brachyptera
T. thalassina brachyptera
T. thalassina brachyptera
T. thalassina lepida
T. thalassina lepida
T. thalassina lepida
T. thalassina lepida

Specimen ID
LSUMNS 59082
LSUMNS 59203
LSUMNS 83038
LSUMNS 83542
LSUMNS 22018
LSUMNS 22021
AMNH 12228
AMNH 13475*
KU 11801
KU 13478
LSUMNS 14014
LSUMNS 15314*
LSUMNS 25995
LSUMNS 38194
USNM 614706
USNM 635954
UWBM 70250
LSUMNS 25372
LSUMNS 25373
LSUMNS 25374
LSUMNS 25375
BMNH 47894
BMNH 47895
CUMV 55066
CUMV 55067
CUMV 55070
AMNH 22350*
MVZ 182222
UAM 11805
UWBM 104721

NCBI
BioSample
Accession
SAMN10373538
SAMN10373539
SAMN10373540
SAMN10373541
SAMN10373542
SAMN10373543
SAMN10373550
SAMN10373551
SAMN10373552
SAMN10373553
SAMN10373554
SAMN10373544
SAMN10373545
SAMN10373546
SAMN10373547
SAMN10373548
SAMN10373549
SAMN10373555
SAMN10373556
SAMN10373557
SAMN10373558
SAMN10373560
SAMN10373561
SAMN10373562
SAMN10373563
SAMN10373564
SAMN10373559
SAMN10373570
SAMN10373571
SAMN10373572

i5 primer
name
iTru5_15_F
iTru5_15_G
iTru5_16_B
iTru5_15_H
iTru5_18_G
iTru5_15_D
iTru5_14_H
iTru5_13_F
iTru5_14_E
iTru5_14_D
iTru5_14_F
iTru5_14_H
iTru5_14_H
iTru5_16_D
iTru5_14_G
iTru5_14_F
iTru5_14_F
iTru5_14_G
iTru5_14_F
iTru5_14_F
iTru5_14_H
iTru5_16_F
iTru5_16_G
iTru5_15_B
iTru5_14_F
iTru5_15_A
iTru5_13_E
iTru5_16_H
iTru5_15_H
iTru5_15_F

(table cont’d.)
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i7 primer
name
iTru7_109_03
iTru7_109_03
iTru7_112_12
iTru7_109_03
iTru7_112_11
iTru7_110_01
iTru7_111_11
iTru7_111_01
iTru7_111_01
iTru7_111_01
iTru7_109_08
iTru7_111_09
iTru7_110_10
iTru7_112_12
iTru7_110_08
iTru7_111_06
iTru7_111_08
iTru7_110_07
iTru7_109_02
iTru7_109_09
iTru7_110_09
iTru7_112_12
iTru7_112_12
iTru7_110_01
iTru7_109_11
iTru7_110_01
iTru7_111_01
iTru7_112_12
iTru7_110_01
iTru7_110_01

Total
number of
clean reads
5,528,800
6,483,688
4,296,715
6,053,242
3,688,348
4,066,143
6,483,027
4,833,030
3,811,200
5,919,848
4,689,690
5,440,824
5,639,132
4,014,433
4,022,743
3,976,280
3,030,097
3,364,327
4,792,466
6,106,342
5,962,407
4,832,524
6,597,748
1,668,581
6,091,717
1,995,945
6,544,762
5,344,577
3,279,876
4,367,035

Mean
trimmed
read length
141.8
142
141.9
142.5
140.6
141.4
140.9
141.4
141.8
142.7
140.9
138.4
139.2
142
140.2
141.9
141.3
142
141
143.2
139.3
142.6
142.7
142.1
134.7
141.7
142.2
142
141.3
141.3

Number
of UCEs
4752
4762
4801
4795
4745
4767
4823

Mean UCE
contig
length
1084.3
1069.1
998.9
1021.8
1105
1219.3
1096.1

4763
4811
4779

1072.5
1073.9
1088.8

4797
4772
4745
4780
4699
4759
4777
4778
4776
4793
4779
4794
4800
4801

1028.2
1122.3
1111.1
1029.4
1061.7
1150
1055.9
1146.2
1031.2
1025.7
1188.9
786.6
997.7
863.2

4772
4753
4760

1238.3
1162.6
1227.9

Species
T. thalassina lepida
T. thalassina thalassina
T. thalassina thalassina
T. thalassina thalassina
T. thalassina thalassina
T. thalassina thalassina

Specimen ID
UWBM 84132
CUMV 55071
CUMV 55072
CUMV 55073
CUMV 55079
CUMV 55080

NCBI
BioSample
Accession
SAMN10373573
SAMN10373565
SAMN10373566
SAMN10373567
SAMN10373568
SAMN10373569

i5 primer
name
iTru5_15_E
iTru5_14_G
iTru5_14_G
iTru5_14_G
iTru5_14_G
iTru5_14_G
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i7 primer
name
iTru7_110_01
iTru7_110_04
iTru7_110_02
iTru7_110_01
iTru7_110_03
iTru7_110_06

Total
number of
clean reads
4,694,294
5,617,258
3,827,556
5,229,385
5,447,277
3,058,992

Mean
trimmed
read length
141.3
142.3
141.6
141.8
142
140.8

Number
of UCEs
4743
4789
4778
4754
4775
4837

Mean UCE
contig
length
1244.7
1226.7
1158.3
1260.1
1080.9
964.9

APPENDIX B. SUPPLEMENTARY MATERIAL FOR CHAPTER 3
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Figure B.1. The relationship between the initial concentration of DNA extracted from 21 samples
taken from museum skins and (a) specimen collection date, (b) the number of ultraconserved
(UCE) element loci recovered from each sample, (c) the median lengths of the UCE loci
recovered from each sample, and (d) the terminal branch length of each sample in a maximum
likelihood estimate of the Hirundinidae tree from a concatenated, 75% complete data matrix of
4,716 UCE loci sequenced in 122 individuals.
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Psalidoprocne fuliginosa Equatorial Guinea LSUMNS 90650
Psalidoprocne pristoptera orientalis Malawi FMNH 474933
Psalidoprocne pristoptera holomelas South Africa LSUMNS 25349
48
Psalidoprocne albiceps Malawi FMNH 467949
Psalidoprocne pristoptera ruwenzori Uganda FMNH 355284
51
Psalidoprocne pristoptera massaica Uganda FMNH 384852
Psalidoprocne nitens Equatorial Guinea LSUMNS 90510
Hirundo atrocaerulea Malawi FMNH 467951
Hirundo dimidiata South Africa LSUMNS 14129
Hirundo neoxena Australia LSUMNS 14185
Hirundo tahitica Malaysia LSUMNS 79513
58
Hirundo angolensis Uganda LSUMNS 25384
Hirundo aethiopica Equatorial Guinea LSUMNS 90410
Hirundo rustica rustica complex Russia UWBM 49276
Hirundo rustica erythrogaster USA LSUMNS 20587
52 92
Hirundo rustica gutturalis Russia UWBM 47365
93
Hirundo rustica tytleri Russia UWBM 51725
Hirundo smithii Ghana LSUMNS 39509
Hirundo albigularis South Africa LSUMNS 14067
Hirundo nigrita Equatorial Guinea LSUMNS 90439
Ptyonoprogne fuligula South Africa LSUMNS 14114
Ptyonoprogne fuligula Cameroon LSUMNS 27169
Ptyonoprogne rupestris Greece LSUMNS 25377
Petrochelidon fuliginosa Cameroon KU 131409
Delichon urbicum urbicum South Africa LSUMNS 14053
Delichon urbicum lagopodum Russia UWBM 46911
Delichon dasypus Russia UWBM 51835
Petrochelidon preussi Cameroon LSUMNS 27151
Petrochelidon spilodera South Africa LSUMNS 14082
Petrochelidon pyrrhonota USA LSUMNS 63941
Petrochelidon rufocollaris Peru LSUMNS 66599
Petrochelidon fulva Mexican clade USA LSUMNS 52507
Petrochelidon fulva Caribbean clade Jamaica LSUMNS 27022
Petrochelidon ariel Australia LSUMNS 25379
Petrochelidon nigricans Australia LSUMNS 14177
Cecropis abyssinica maxima Cameroon LSUMNS 27156
Cecropis abyssinica unitatis South Africa LSUMNS 34246
Cecropis semirufa gordoni Ghana LSUMNS 39441
Cecropis semirufa semirufa South Africa LSUMNS 25338
Cecropis cucullata South Africa LSUMNS 14063
Cecropis senegalensis Central Africa Republic AMNH DOT 10683
Cecropis daurica China KU 99748
Cecropis striolata Philippines KU 119813
42
Cecropis daurica Russia UWBM 75471
76
Cecropis striolata Vietnam KU 119705
41
Cecropis daurica Singapore UWBM 83563
Cecropis daurica Kuwait LSUMNS 87323
Cecropis daurica Greece YPM ORN 142643
Cecropis daurica Pakistan FMNH 347828
Cheramoeca leucosterna Australia LSUMNS 14165
Pseudhirundo griseopyga South Africa LSUMNS 34230
Neophedina cincta Cameroon LSUMNS 27166
Phedina borbonica Madagascar LSUMNS 25388
Riparia riparia western Palearctic Russia UWBM 82230
58
Riparia riparia eastern Palearctic Russia UWBM 46946
Riparia riparia North America USA LSUMNS 33324
Riparia diluta Russia UWBM 67556
Riparia diluta Mongolia UWBM 59971
Riparia paludicola paludicola South Africa LSUMNS 14141
Riparia paludicola cowani Madagascar FMNH 384801
Tachycineta bicolor USA AMNH DOT 18749
Tachycineta thalassina thalassina USA MVZ 182222
Tachycineta thalassina brachyptera Mexico CUMV 55070
Tachycineta cyaneoviridis Bahamas LSUMNS 83038
Tachycineta euchrysea Dominican Republic LSUMNS 22021
Tachycineta leucorrhoa Paraguay LSUMNS 25995
Tachycineta leucopyga Chile AMNH DOT 12228
Tachycineta albilinea Belize CUMV 50162
Tachycineta albiventer Paraguay UMMZ 227529
Tachycineta stolzmanni Ecuador LSUMNS 25374
Progne tapera tapera Peru LSUMNS 75925
Progne tapera fusca Bolivia LSUMNS 37913
Progne subis USA LSUMNS 41548
Progne subis USA LSUMNS 30441
Progne elegans Brazil LSUMNS 25506
Progne elegans Argentina KU 124008
Progne chalybea Central America Costa Rica LSUMNS 27272
Progne chalybea Central America Panama LSUMNS 28811
78
Progne chalybea Tumbes Peru LSUMNS 66042
Progne chalybea Amazon Bolivia LSUMNS 79812
Progne chalybea Amazon Brazil LSUMNS 86649
Progne dominicensis Dominican Republic LSUMNS 22020
Progne dominicensis Dominican Republic LSUMNS 22019
Atticora fasciata Peru LSUMNS 75904
Atticora pileata Mexico LSUMNS 21242
Atticora tibialis Peru LSUMNS 88954
Orochelidon flavipes Bolivia LSUMNS 87009
Orochelidon andecola Peru LSUMNS 49661
Orochelidon murina Peru LSUMNS 32352
Alopochelidon fucata Uruguay CUMV 50652
Pygochelidon melanoleuca Brazil LSUMNS 81129
Pygochelidon cyanoleuca Peru LSUMNS 43665
Stelgidopteryx ruficollis decolor Costa Rica LSUMNS 27259
Stelgidopteryx ruficollis Peru LSUMNS 74771
Stelgidopteryx serripennis ridgwayi Mexico LSUMNS 27213
Stelgidopteryx serripennis ridgwayi Mexico LSUMNS 27214
Stelgidopteryx serripennis northern clade USA LSUMNS 57224
Stelgidopteryx serripennis southern clade Costa Rica LSUMNS 27255

Figure B.2. Maximum likelihood estimate of Hirundinidae phylogeny from a concatenated, 95%
complete data matrix of 4,565 ultraconserved elements; matrix contains only tissue samples.
Numbers indicate bootstrap support; only splits with support values less than 100 are labeled.
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Locustella lanceolata KU 4248
Erythrocercus mccallii KU 8688
Psalidoprocne pristoptera holomelas South Africa LSUMNS 25349
Psalidoprocne pristoptera orientalis Malawi FMNH 474933
Psalidoprocne pristoptera ruwenzori Uganda FMNH 355284
Psalidoprocne albiceps Malawi FMNH 467949
Psalidoprocne pristoptera petiti Cameroon LSUMNS 27157
Psalidoprocne pristoptera massaica Uganda FMNH 384852
Psalidoprocne fuliginosa Equatorial Guinea LSUMNS 90650
Psalidoprocne obscura Ivory Coast FMNH 279082
Psalidoprocne nitens Equatorial Guinea LSUMNS 90510
Pseudochelidon sirintarae Thailand AMNH SKIN 708673
Pseudochelidon eurystomina Congo FMNH 213526
Ptyonoprogne rupestris Greece LSUMNS 25377
Ptyonoprogne fuligula Cameroon LSUMNS 27169
Ptyonoprogne fuligula South Africa LSUMNS 14114
Ptyonoprogne concolor India FMNH 233366
Hirundo tahitica Malaysia LSUMNS 79513
Hirundo neoxena Australia LSUMNS 14185
Hirundo nigrita Equatorial Guinea LSUMNS 90439
Hirundo albigularis South Africa LSUMNS 14067
Hirundo angolensis Uganda LSUMNS 25384
Hirundo lucida Gambia FMNH 320046
Hirundo aethiopica Equatorial Guinea LSUMNS 90410
Hirundo rustica erythrogaster USA LSUMNS 20587
Hirundo rustica gutturalis Russia UWBM 47365
Hirundo rustica tytleri Russia UWBM 51725
Hirundo rustica rustica complex Russia UWBM 49276
Hirundo smithii Ghana LSUMNS 39509
Hirundo dimidiata South Africa LSUMNS 14129
Hirundo atrocaerulea Malawi FMNH 467951
Delichon dasypus Russia UWBM 51835
Delichon urbicum lagopodum Russia UWBM 46911
Delichon urbicum urbicum South Africa LSUMNS 14053
Delichon nipalense Nepal FMNH 276821
Petrochelidon fuliginosa Cameroon KU 131409
Petrochelidon preussi Cameroon LSUMNS 27151
Petrochelidon spilodera South Africa LSUMNS 14082
Petrochelidon nigricans Australia LSUMNS 14177
Petrochelidon ariel Australia LSUMNS 25379
Petrochelidon fluvicola India FMNH 233414
Petrochelidon fulva Mexican clade USA LSUMNS 52507
Petrochelidon fulva Caribbean clade Jamaica LSUMNS 27022
Petrochelidon rufocollaris Peru LSUMNS 66599
Petrochelidon pyrrhonota USA LSUMNS 63941
Cecropis abyssinica maxima Cameroon LSUMNS 27156
Cecropis abyssinica unitatis South Africa LSUMNS 34246
Cecropis semirufa gordoni Ghana LSUMNS 39441
Cecropis semirufa semirufa South Africa LSUMNS 25338
Cecropis daurica Kuwait LSUMNS 87323
Cecropis daurica Pakistan FMNH 347828
Cecropis daurica Greece YPM ORN 142643
Cecropis striolata Philippines KU 119813
Cecropis striolata Vietnam KU 119705
Cecropis daurica Russia UWBM 75471
Cecropis daurica China KU 99748
Cecropis daurica Africa Uganda LACM 71522
Cecropis daurica Singapore UWBM 83563
Cecropis senegalensis Central Africa Republic AMNH DOT 10683
Cecropis cucullata South Africa LSUMNS 14063
Pseudhirundo griseopyga South Africa LSUMNS 34230
Cheramoeca leucosterna Australia LSUMNS 14165
Phedinopsis brazzae Angola AMNH SKIN 764767
Neophedina cincta Cameroon LSUMNS 27166
Phedina borbonica Madagascar LSUMNS 25388
Riparia paludicola cowani Madagascar FMNH 384801
Riparia paludicola paludicola South Africa LSUMNS 14141
Riparia diluta Russia UWBM 67556
Riparia diluta Mongolia UWBM 59971
Riparia riparia North America USA LSUMNS 33324
Riparia riparia eastern Palearctic Russia UWBM 46946
Riparia riparia western Palearctic Russia UWBM 82230
Tachycineta thalassina brachyptera Mexico CUMV 55070
Tachycineta thalassina thalassina USA MVZ 182222
Tachycineta cyaneoviridis Bahamas LSUMNS 83038
Tachycineta euchrysea Dominican Republic LSUMNS 22021
Tachycineta leucorrhoa Paraguay LSUMNS 25995
Tachycineta leucopyga Chile AMNH DOT 12228
Tachycineta albiventer Paraguay UMMZ 227529
Tachycineta albilinea Belize CUMV 50162
Tachycineta stolzmanni Ecuador LSUMNS 25374
Tachycineta bicolor USA AMNH DOT 18749
Progne tapera fusca Bolivia LSUMNS 37913
Progne tapera tapera Peru LSUMNS 75925
Progne murphyi Peru LSUMZ 114185
Progne murphyi Peru LSUMZ 114186
Progne dominicensis Dominican Republic LSUMNS 22019
Progne dominicensis Dominican Republic LSUMNS 22020
Progne chalybea Central America Costa Rica LSUMNS 27272
Progne chalybea Tumbes Peru LSUMNS 66042
Progne chalybea Central America Panama LSUMNS 28811
Progne chalybea Amazon Bolivia LSUMNS 79812
Progne chalybea Amazon Brazil LSUMNS 86649
Progne elegans Argentina KU 124008
Progne subis USA LSUMNS 30441
Progne subis USA LSUMNS 41548
Progne elegans Brazil LSUMNS 25506
Stelgidopteryx ruficollis decolor Costa Rica LSUMNS 27259
Stelgidopteryx ruficollis Peru LSUMNS 74771
Stelgidopteryx serripennis southern clade Costa Rica LSUMNS 27255
Stelgidopteryx serripennis northern clade USA LSUMNS 57224
Stelgidopteryx serripennis ridgwayi Mexico LSUMNS 27213
Stelgidopteryx serripennis ridgwayi Mexico LSUMNS 27214
Atticora pileata Mexico LSUMNS 21242
Atticora tibialis Peru LSUMNS 88954
Atticora fasciata Peru LSUMNS 75904
Pygochelidon melanoleuca Brazil LSUMNS 81129
Pygochelidon cyanoleuca Peru LSUMNS 43665
Alopochelidon fucata Uruguay CUMV 50652
Orochelidon murina Peru LSUMNS 32352
Orochelidon andecola Peru LSUMNS 49661
Orochelidon flavipes Bolivia LSUMNS 87009

Figure B.3. Fifty percent majority-rule consensus tree estimate of Hirundinidae phylogeny
produced by ASTRAL from 500 multi-locus bootstrapped gene tree replicates of a 95%
complete data matrix of 4,494 ultraconserved elements; Progne sinaloae is excluded from the
matrix. Numbers indicate bootstrap support; only splits with support values less than 100 are
labeled.
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Pseudhirundo griseopyga South Africa LSUMNS 34230
Cheramoeca leucosterna Australia LSUMNS 14165
Phedina borbonica Madagascar LSUMNS 25388
Neophedina cincta Cameroon LSUMNS 27166
Riparia diluta Russia UWBM 67556
Riparia diluta Mongolia UWBM 59971
Riparia riparia North America USA LSUMNS 33324
Riparia riparia eastern Palearctic Russia UWBM 46946
Riparia riparia western Palearctic Russia UWBM 82230
Riparia paludicola paludicola South Africa LSUMNS 14141
Riparia paludicola cowani Madagascar FMNH 384801
Tachycineta thalassina brachyptera Mexico CUMV 55070
Tachycineta thalassina thalassina USA MVZ 182222
Tachycineta cyaneoviridis Bahamas LSUMNS 83038
Tachycineta euchrysea Dominican Republic LSUMNS 22021
Tachycineta albilinea Belize CUMV 50162
Tachycineta albiventer Paraguay UMMZ 227529
Tachycineta leucorrhoa Paraguay LSUMNS 25995
Tachycineta leucopyga Chile AMNH DOT 12228
Tachycineta stolzmanni Ecuador LSUMNS 25374
Tachycineta bicolor USA AMNH DOT 18749
Progne tapera fusca Bolivia LSUMNS 37913
Progne tapera tapera Peru LSUMNS 75925
Progne dominicensis Dominican Republic LSUMNS 22019
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Progne chalybea Tumbes Peru LSUMNS 66042
Progne chalybea Central America Panama LSUMNS 28811
Progne chalybea Amazon Bolivia LSUMNS 79812
Progne chalybea Amazon Brazil LSUMNS 86649
Progne elegans Argentina KU 124008
Progne subis USA LSUMNS 41548
Progne subis USA LSUMNS 30441
Progne elegans Brazil LSUMNS 25506
Stelgidopteryx ruficollis Peru LSUMNS 74771
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Stelgidopteryx serripennis ridgwayi Mexico LSUMNS 27214
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Orochelidon flavipes Bolivia LSUMNS 87009
Alopochelidon fucata Uruguay CUMV 50652
Cecropis abyssinica unitatis South Africa LSUMNS 34246
Cecropis abyssinica maxima Cameroon LSUMNS 27156
Cecropis striolata Philippines KU 119813
Cecropis striolata Vietnam KU 119705
Cecropis daurica Russia UWBM 75471
Cecropis daurica China KU 99748
Cecropis daurica Kuwait LSUMNS 87323
Cecropis daurica Pakistan FMNH 347828
Cecropis daurica Greece YPM ORN 142643
Cecropis daurica Singapore UWBM 83563
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Cecropis cucullata South Africa LSUMNS 14063
Cecropis semirufa gordoni Ghana LSUMNS 39441
Cecropis semirufa semirufa South Africa LSUMNS 25338
Petrochelidon preussi Cameroon LSUMNS 27151
Petrochelidon spilodera South Africa LSUMNS 14082
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Petrochelidon fulva Mexican clade USA LSUMNS 52507
Petrochelidon rufocollaris Peru LSUMNS 66599
Petrochelidon pyrrhonota USA LSUMNS 63941
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Delichon urbicum lagopodum Russia UWBM 46911
Delichon dasypus Russia UWBM 51835
Delichon urbicum urbicum South Africa LSUMNS 14053
Petrochelidon fuliginosa Cameroon KU 131409
Ptyonoprogne fuligula Cameroon LSUMNS 27169
Ptyonoprogne rupestris Greece LSUMNS 25377
Ptyonoprogne fuligula South Africa LSUMNS 14114
Hirundo tahitica Malaysia LSUMNS 79513
Hirundo neoxena Australia LSUMNS 14185
Hirundo nigrita Equatorial Guinea LSUMNS 90439
Hirundo albigularis South Africa LSUMNS 14067
Hirundo aethiopica Equatorial Guinea LSUMNS 90410
Hirundo angolensis Uganda LSUMNS 25384
Hirundo rustica erythrogaster USA LSUMNS 20587
Hirundo rustica gutturalis Russia UWBM 47365
Hirundo rustica tytleri Russia UWBM 51725
Hirundo rustica rustica complex Russia UWBM 49276
Hirundo smithii Ghana LSUMNS 39509
Hirundo dimidiata South Africa LSUMNS 14129
Hirundo atrocaerulea Malawi FMNH 467951
Psalidoprocne pristoptera orientalis Malawi FMNH 474933
Psalidoprocne pristoptera holomelas South Africa LSUMNS 25349
Psalidoprocne pristoptera ruwenzori Uganda FMNH 355284
Psalidoprocne albiceps Malawi FMNH 467949
Psalidoprocne pristoptera petiti Cameroon LSUMNS 27157
Psalidoprocne pristoptera massaica Uganda FMNH 384852
Psalidoprocne fuliginosa Equatorial Guinea LSUMNS 90650
Psalidoprocne nitens Equatorial Guinea LSUMNS 90510
Erythrocercus mccallii KU 8688
Locustella lanceolata KU 4248

Figure B.4. Fifty percent majority-rule consensus tree estimate of Hirundinidae phylogeny
produced by ASTRID from 500 multi-locus bootstrapped gene tree replicates of a 95% complete
data matrix of 4,565 ultraconserved elements; matrix contains only tissue samples. Numbers
indicate bootstrap support; only splits with support values less than 100 are labeled.
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Erythrocercus mccallii KU 8688
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Psalidoprocne pristoptera orientalis Malawi FMNH 474933
Psalidoprocne pristoptera holomelas South Africa LSUMNS 25349
Psalidoprocne pristoptera ruwenzori Uganda FMNH 355284
Psalidoprocne albiceps Malawi FMNH 467949
Psalidoprocne pristoptera petiti Cameroon LSUMNS 27157
Psalidoprocne pristoptera massaica Uganda FMNH 384852
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Cecropis abyssinica unitatis South Africa LSUMNS 34246
Cecropis abyssinica maxima Cameroon LSUMNS 27156
Cecropis striolata Philippines KU 119813
Cecropis striolata Vietnam KU 119705
Cecropis daurica China KU 99748
Cecropis daurica Russia UWBM 75471
Cecropis daurica Kuwait LSUMNS 87323
Cecropis daurica Pakistan FMNH 347828
Cecropis daurica Greece YPM ORN 142643
Cecropis daurica Africa Uganda LACM 71522
Cecropis daurica Singapore UWBM 83563
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Delichon urbicum lagopodum Russia UWBM 46911
Delichon dasypus Russia UWBM 51835
Delichon urbicum urbicum South Africa LSUMNS 14053
Delichon nipalense Nepal FMNH 276821
Petrochelidon fuliginosa Cameroon KU 131409
Hirundo tahitica Malaysia LSUMNS 79513
Hirundo neoxena Australia LSUMNS 14185
Hirundo nigrita Equatorial Guinea LSUMNS 90439
Hirundo albigularis South Africa LSUMNS 14067
Hirundo lucida Gambia FMNH 320046
Hirundo angolensis Uganda LSUMNS 25384
Hirundo aethiopica Equatorial Guinea LSUMNS 90410
Hirundo rustica erythrogaster USA LSUMNS 20587
Hirundo rustica gutturalis Russia UWBM 47365
Hirundo rustica rustica complex Russia UWBM 49276
Hirundo rustica tytleri Russia UWBM 51725
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Hirundo atrocaerulea Malawi FMNH 467951
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Pseudochelidon eurystomina Congo FMNH 213526
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Riparia paludicola paludicola South Africa LSUMNS 14141
Riparia paludicola cowani Madagascar FMNH 384801
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Tachycineta albiventer Paraguay UMMZ 227529
Tachycineta leucorrhoa Paraguay LSUMNS 25995
Tachycineta leucopyga Chile AMNH DOT 12228
Tachycineta stolzmanni Ecuador LSUMNS 25374
Tachycineta thalassina thalassina USA MVZ 182222
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Stelgidopteryx serripennis ridgwayi Mexico LSUMNS 27213
Stelgidopteryx serripennis southern clade Costa Rica LSUMNS 27255
Stelgidopteryx serripennis northern clade USA LSUMNS 57224
Atticora tibialis Peru LSUMNS 88954
Atticora pileata Mexico LSUMNS 21242
Atticora fasciata Peru LSUMNS 75904
Pygochelidon cyanoleuca Peru LSUMNS 43665
Pygochelidon melanoleuca Brazil LSUMNS 81129
Orochelidon andecola Peru LSUMNS 49661
Orochelidon murina Peru LSUMNS 32352
Orochelidon flavipes Bolivia LSUMNS 87009
Alopochelidon fucata Uruguay CUMV 50652
Progne murphyi Peru LSUMZ 114186
Progne murphyi Peru LSUMZ 114185
Progne tapera fusca Bolivia LSUMNS 37913
Progne tapera tapera Peru LSUMNS 75925
Progne dominicensis Dominican Republic LSUMNS 22020
Progne dominicensis Dominican Republic LSUMNS 22019
Progne chalybea Central America Costa Rica LSUMNS 27272
Progne chalybea Tumbes Peru LSUMNS 66042
Progne chalybea Central America Panama LSUMNS 28811
Progne chalybea Amazon Bolivia LSUMNS 79812
Progne chalybea Amazon Brazil LSUMNS 86649
Progne elegans Argentina KU 124008
Progne subis USA LSUMNS 30441
Progne subis USA LSUMNS 41548
Progne elegans Brazil LSUMNS 25506
Phedinopsis brazzae Angola AMNH SKIN 764767
Pseudhirundo griseopyga South Africa LSUMNS 34230
Cheramoeca leucosterna Australia LSUMNS 14165

Figure B.5. Fifty percent majority-rule consensus tree estimate of Hirundinidae phylogeny
produced by ASTRID from 500 multi-locus bootstrapped gene tree replicates of a 95% complete
data matrix of 4,494 ultraconserved elements; Progne sinaloae is excluded from the matrix.
Numbers indicate bootstrap support; only splits with support values less than 100 are labeled.
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Table B.1. Sequence capture results.
Scientific Name a

Specimen ID b

TISSUE SAMPLES
Alopochelidon fucata
Atticora fasciata
Atticora pileata
Atticora tibialis
Cecropis abyssinica maxima
Cecropis abyssinica unitatis
Cecropis cucullata
Cecropis daurica
Cecropis daurica
Cecropis daurica
Cecropis daurica
Cecropis daurica
Cecropis daurica
Cecropis semirufa gordoni
Cecropis semirufa semirufa
Cecropis senegalensis
Cecropis striolata
Cecropis striolata
Cheramoeca leucosterna
Delichon dasypus
Delichon urbicum lagopodum
Delichon urbicum urbicum
Hirundo aethiopica
Hirundo albigularis
Hirundo angolensis
Hirundo atrocaerulea
Hirundo dimidiata
Hirundo neoxena

CUMV 50652
LSUMNS 75904
LSUMNS 21242
LSUMNS 88954
LSUMNS 27156
LSUMNS 34246
LSUMNS 14063
KUNHM 99748
YPM 142643
LSUMNS 87323
FMNH 347828
UWBM 75471
UWBM 83563
LSUMNS 39441
LSUMNS 25338
AMNH 10683
KUNHM 119813
KUNHM 119705
LSUMNS 14165
UWBM 51835
UWBM 46911
LSUMNS 14053
LSUMNS 90410
LSUMNS 14067
LSUMNS 25384
FMNH 467951
LSUMNS 14129
LSUMNS 14185

Total number
of cleaned reads

Mean trimmed
read length (bp)

Number of
UCEs

Mean UCE
contig length (bp)

11,324,273
6,241,469
9,355,410
12,566,261
7,705,365
8,738,791
6,287,983
7,188,369
6,731,235
11,073,137
6,596,144
3,526,210
3,803,772
6,070,772
7,618,290
8,175,310
6,860,390
5,853,662
7,518,553
7,872,586
5,691,632
7,086,175
10,921,664
15,865,523
11,998,048
8,830,683
9,398,277
12,658,962

145.9
145.8
146.0
145.3
146.7
145.9
145.2
145.9
144.8
146.3
145.9
146.4
138.6
146.4
144.4
146.7
144.5
146.2
145.6
145.2
146.0
146.5
146.0
144.9
144.9
146.3
146.4
145.8

4793
4782
4781
4756
4764
4780
4793
4795
4777
4772
4778
4741
4738
4785
4778
4805
4759
4750
4765
4779
4783
4768
4755
4802
4773
4772
4711
4788

1122.6
944.0
1056.0
1037.4
1072.0
1123.6
979.5
955.9
1047.3
1187.3
1076.5
930.0
705.1
998.4
1061.2
1037.4
983.7
949.5
1098.1
1057.9
1014.6
1126.4
1168.7
1116.6
1102.6
1178.1
1310.3
1201.3

(table cont’d.)
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Scientific Name a

Specimen ID b

Hirundo nigrita
Hirundo rustica erythrogaster
Hirundo rustica gutturalis
Hirundo rustica rustica complex
Hirundo rustica tytleri
Hirundo smithii
Hirundo tahitica
Neophedina cincta
Orochelidon andecola
Orochelidon flavipes
Orochelidon murina
Petrochelidon ariel
Petrochelidon fuliginosa
Petrochelidon fulva Caribbean clade
Petrochelidon fulva Mexican clade
Petrochelidon nigricans
Petrochelidon preussi
Petrochelidon pyrrhonota
Petrochelidon rufocollaris
Petrochelidon spilodera
Phedina borbonica
Progne chalybea Amazon
Progne chalybea Amazon
Progne chalybea Central America
Progne chalybea Central America
Progne chalybea Tumbes
Progne dominicensis
Progne dominicensis
Progne elegans
Progne elegans
Progne subis arboricola*

LSUMNS 90439
LSUMNS 20587
UWBM 47365
UWBM 49276
UWBM 51725
LSUMNS 39509
LSUMNS 79513
LSUMNS 27166
LSUMNS 49661
LSUMNS 87009
LSUMNS 32352
LSUMNS 25379
KUNHM 131409
LSUMNS 27022
LSUMNS 52507
LSUMNS 14177
LSUMNS 27151
LSUMNS 63941
LSUMNS 66599
LSUMNS 14082
LSUMNS 25388
LSUMNS 79812
LSUMNS 86649
LSUMNS 27272
LSUMNS 28811
LSUMNS 66042
LSUMNS 22019
LSUMNS 22020
LSUMNS 25506
KUNHM 124008
LSUMNS 41548

Total number
of cleaned reads

Mean trimmed
read length (bp)

Number of
UCEs

Mean UCE
contig length (bp)

11,305,821
12,330,840
8,493,831
6,991,657
8,369,091
9,052,294
12,024,226
7,961,328
15,635,507
7,229,733
9,101,240
8,918,154
7,191,876
8,803,776
9,627,143
8,797,194
7,342,720
6,253,365
8,522,623
9,871,224
7,916,556
18,861,355
9,996,316
15,046,107
8,912,839
9,746,589
10,457,391
12,487,218
3,476,842
5,017,119
4,099,859

146.1
144.8
145.7
146.7
144.6
146.1
145.5
146.4
146.2
146.1
146.9
144.4
145.2
145.5
144.9
145.4
145.6
146.7
145.2
145.9
146.1
146.4
137.6
145.4
146.1
146.2
145.1
145.2
145.4
146.3
136.7

4764
4768
4756
4769
4818
4718
4772
4779
4788
4812
4794
4788
4780
4790
4811
4809
4767
4779
4782
4789
4800
4503
4804
4766
4761
4699
4752
4759
4783
4737
4790

1170.7
1059.2
994.9
973.7
885.9
1221.6
1128.6
1035.6
1197.7
910.4
1197.6
1066.7
1037.2
1011.3
1049.0
996.3
1029.1
1161.5
1089.4
1116.4
976.7
1521.1
926.4
1195.9
1087.6
1211.8
1132.6
1157.3
794.2
1043.4
963.4

(table cont’d.)
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Scientific Name a

Specimen ID b

Progne subis subis*
Progne tapera fusca
Progne tapera tapera
Psalidoprocne albiceps
Psalidoprocne fuliginosa
Psalidoprocne nitens
Psalidoprocne pristoptera holomelas
Psalidoprocne pristoptera massaica
Psalidoprocne pristoptera orientalis
Psalidoprocne pristoptera petiti
Psalidoprocne pristoptera ruwenzori
Pseudhirundo griseopyga
Ptyonoprogne fuligula Cameroon
Ptyonoprogne fuligula South Africa
Ptyonoprogne rupestris
Pygochelidon cyanoleuca
Pygochelidon melanoleuca
Riparia diluta
Riparia diluta
Riparia paludicola cowani
Riparia paludicola paludicola
Riparia riparia eastern Palearctic
Riparia riparia North America
Riparia riparia western Palearctic
Stelgidopteryx ruficollis
Stelgidopteryx ruficollis decolor
Stelgidopteryx serripennis northern clade
Stelgidopteryx serripennis southern clade
Stelgidopteryx serripennis ridgwayi
Stelgidopteryx serripennis ridgwayi
Tachycineta albilinea*

LSUMNS 30441
LSUMNS 37913
LSUMNS 75925
FMNH 467949
LSUMNS 90650
LSUMNS 90510
LSUMNS 25349
FMNH 384852
FMNH 474933
LSUMNS 27157
FMNH 355284
LSUMNS 34230
LSUMNS 27169
LSUMNS 14114
LSUMNS 25377
LSUMNS 43665
LSUMNS 81129
UWBM 59971
UWBM 67556
FMNH 384801
LSUMNS 14141
UWBM 46946
LSUMNS 33324
UWBM 82230
LSUMNS 74771
LSUMNS 27259
LSUMNS 57224
LSUMNS 27255
LSUMNS 27213
LSUMNS 27214
CUMV 50162

Total number
of cleaned reads

Mean trimmed
read length (bp)

Number of
UCEs

Mean UCE
contig length (bp)

5,368,718
14,768,284
12,295,701
5,609,640
3,500,290
7,642,227
7,043,686
6,685,736
7,024,364
6,570,060
7,784,881
6,642,913
10,581,638
12,292,332
7,945,575
10,685,344
11,585,189
4,554,924
7,469,471
10,806,985
9,755,184
5,301,816
19,565,513
4,716,405
15,199,770
11,903,628
11,463,228
10,424,819
9,762,281
8,531,736
5,175,575

140.1
146.1
145.8
146.1
146.3
145.7
146.1
145.0
146.4
145.9
145.3
146.5
146.6
145.0
145.9
146.4
145.9
144.2
145.6
145.8
146.5
145.9
147.0
141.5
145.5
145.7
146.3
146.7
146.2
146.4
143.1

4784
4769
4708
4780
4757
4769
4755
4830
4766
4755
4762
4753
4763
4780
4766
4772
4613
4743
4770
4788
4776
4796
4636
4799
4804
4752
4777
4788
4751
4770
4792

1082.3
1262.1
1174.5
988.0
896.7
1037.5
1202.3
902.2
1098.2
1044.2
1040.4
1173.1
1044.3
1030.5
1063.2
1179.8
1254.8
828.6
932.8
1095.0
1158.2
944.3
1464.3
769.3
1136.4
1231.6
1257.4
1131.0
1185.0
1185.2
1187.0

(table cont’d.)
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Total number
of cleaned reads

Mean trimmed
read length (bp)

Number of
UCEs

Mean UCE
contig length (bp)

UMMZ 227529
AMNH 18749
LSUMNS 83038
LSUMNS 22021
AMNH 12228
LSUMNS 25995
LSUMNS 25374
CUMV 55070
MVZ 182222

4,373,908
4,433,125
4,296,715
4,066,143
6,483,027
5,639,132
6,106,342
1,995,945
5,344,577

142.3
142.0
141.9
141.4
140.9
139.2
143.2
141.7
142.0

4791
4797
4801
4767
4823
4797
4778
4801
4772

1055.2
1007.5
998.9
1219.3
1096.1
1028.2
1146.2
863.2
1238.3

LACM 71522
FMNH 276821
FMNH 285703
FMNH 320046
AMNH 348889
AMNH 707943
FMNH 233414
AMNH 707945
AMNH 764767
LSUMZ 142940
LSUMZ 142944
MVZ 130128
MVZ 130129
LSUMZ 114185
LSUMZ 114186
KUNHM 40044
KUNHM 40045
FMNH 279082
FMNH 213526
AMNH 708673
FMNH 233366

27,251,378
4,385,700

137.8
126.5

4821
4812

1024.1
661.2

43,824,167
5,423,164
4,743,445
35,135,958
3,083,342
12,533,754
7,820,188
4,747,842
3,516,557
15,782,494
18,545,961
22,405,410
5,324,962
7,506,276
9,987,707
4,058,087
2,714,325
10,151,073

143.2
79.9
69.7
128.3
72.0
109.8
57.0
58.3
59.4
121.2
107.8
117.9
69.3
75.1
125.3
73.6
80.7
122.7

4809
4069
3232
4838
3392
4856
558
529
197
4704
4822
4877
2038
3312
4855
3564
3827
4808

1255.1
329.6
314.9
841.4
348.0
519.6
246.4
250.1

Scientific Name a

Specimen ID b

Tachycineta albiventer*
Tachycineta bicolor*
Tachycineta cyaneoviridis*
Tachycineta euchrysea*
Tachycineta leucopyga*
Tachycineta leucorrhoa*
Tachycineta stolzmanni*
Tachycineta thalassina brachyptera*
Tachycineta thalassina thalassina*
HISTORIC SAMPLES
Cecropis daurica
Delichon nipalense
Hirundo leucosoma**
Hirundo lucida
Hirundo megaensis**
Hirundo nigrorufa**
Petrochelidon fluvicola
Petrochelidon rufigula**
Phedinopsis brazzae
Progne cryptoleuca**
Progne cryptoleuca**
Progne modesta**
Progne modesta**
Progne murphyi
Progne murphyi
Progne sinaloae***
Progne sinaloae**
Psalidoprocne obscura
Pseudochelidon eurystomina
Pseudochelidon sirintarae
Ptyonoprogne concolor

(table cont’d.)
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1250.9
464.0
520.7
253.0
271.7
838.3
309.7
325.2
657.6

Scientific Name a

Specimen ID b

Total number
of cleaned reads

Mean trimmed
read length (bp)

Number of
UCEs

Mean UCE
contig length (bp)

Ptyonoprogne obsoleta**
Riparia congica**
OUTGROUPSc
Erythrocercus mccallii
Locustella lanceolata

UMMZ 224076
FMNH 213543

8,263,242
3,631,196

91.6
63.3

4754
1026

365.5
262.0

KUNHM 8688
KUNHM 4248

4,574,004
6,445,300

99.5
99.3

4622
4689

839.5
843.2

a

Classification according to Dickinson and Christidis (2014). *Data from Brown et al. (Submitted). **Indicates individuals omitted from phylogenetic analysis
because skin samples yielded poor DNA. ***Progne sinaloae sample included in RAxML but not coalescent gene tree summaries.
b

AMNH = American Museum of Natural History, CUMV = Cornell University Museum of Vertebrates, FMNH = Field Museum of Natural History, KUMNH =
University of Kansas Natural History Museum, LACM = Natural History Museum of Los Angeles County, LSUMNS = Louisiana State University Museum of
Natural Science, LSUMZ = LSU Museum of Zoology, MVZ = Museum of Vertebrate Zoology, UMMZ = University of Michigan Museum of Zoology, UWBM
= University of Washington Burke Museum, YPM = Yale Peabody Museum.
c

Outgroup data are from Moyle et al. (2016).
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Figure C.1. Contig ExN50 statistic for the raw Trinity transcriptome assembly, calculated over a
range of transcript representation thresholds. The ExN50 for a given representation threshold,
Ex, is the contig N50 calculated for only contigs that account for at least Ex% of the total
normalized gene expression data.
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Table C.1. Tree Swallows (Tachycineta bicolor) analyzed for differential gene expression among
fat classes in liver and whole brain samples. Individuals were captured at a stopover roost site in
southern Louisiana (29.975°N, 90.806°W) during fall migration. All birds were mist-netted on
the same evening in November 2012, as they descended into a sugar cane field at dusk. The
Louisiana State University tissue collection number is provided for each individual, along with
furcular fat score on a standardized 0-5 scale, sex as assessed by inspection of gonads during
tissue sampling, presence of a bursa, and the pool in which that individual’s brain and liver RNA
were sequenced and analyzed.
LSU tissue no.

Pool no.

77309
77326
77318
77321
77303
77306
77307
77315
77327
77311
77313
77320
77322
77328
77302
77305
77325
77329
77331
77304
77312
77319
77308
77317
77330
77310
77324
77332

1
1
2
2
3
3
3
3
3
4
4
4
4
4
5
5
5
5
5
6
6
6
7
7
7
8
8
8

Fat score
(0-5)
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
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Sex
M
F
M
F
M
F
F
F
M
F
F
F
M
F
M
F
F
F
U
M
F
M
F
M
M
M
M
F

Bursa
present
Y
Y
Y
Y
Y
Y
N
U
N
U
N
Y
N
Y
Y
Y
N
Y
N
N
Y
Y
Y
N
Y
Y
N
U

Table C.2. Significantly enriched (adjusted p-value < 0.1, FDR cutoff = 0.2) Gene Ontology (GO) terms in the set of genes with
expression pattern B1 that were differentially expressed in the brains of Tree Swallows with varying furcular fat scores.
GO
accession
GO:0016032
GO:0044403
GO:0044419
GO:0051704
GO:0015074
GO:0006278
GO:0006259
GO:0071897
GO:0004523
GO:0004519
GO:0016891
GO:0016893
GO:0004521
GO:0004540
GO:0004518
GO:0003964
GO:0140098
GO:0034061
GO:0008270
GO:0046914

Ontology
BP
BP
BP
BP
BP
BP
BP
BP
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF

Description
viral process
symbiont process
interspecies interaction between organisms
multi-organism process
DNA integration
RNA-dependent DNA biosynthetic process
DNA metabolic process
DNA biosynthetic process
RNA-DNA hybrid ribonuclease activity
endonuclease activity
endoribonuclease activity, producing 5'-phosphomonoesters
endonuclease activity, active with either ribo- or deoxyribonucleic acids and producing 5'-phosphomonoesters
endoribonuclease activity
ribonuclease activity
nuclease activity
RNA-directed DNA polymerase activity
catalytic activity, acting on RNA
DNA polymerase activity
zinc ion binding
transition metal ion binding
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Adjusted pvalue
2.59E-07
2.59E-07
2.59E-07
1.34E-06
7.95E-06
3.93E-03
5.56E-03
6.61E-03
2.59E-07
3.57E-07
3.81E-07
5.15E-07
1.03E-06
5.20E-06
7.95E-06
3.93E-03
8.47E-03
2.29E-02
5.07E-02
7.66E-02

Table C.3. Significantly enriched (adjusted p-value < 0.1, FDR cutoff = 0.2) Gene Ontology (GO) terms in the set of genes with
expression pattern L1 that were differentially expressed in the livers of Tree Swallows with varying furcular fat scores.
GO
accession
GO:0044281
GO:1901566
GO:0017144
GO:0043604
GO:0043043
GO:0009123
GO:0006412
GO:0006518
GO:0009144
GO:0009205
GO:0046034
GO:0009199
GO:0043603
GO:0009126
GO:0009167
GO:0009141
GO:0055114
GO:0009161
GO:0055086
GO:0072521
GO:0009117
GO:0006753
GO:0009150
GO:0009259
GO:0006163
GO:0019693
GO:0009124
GO:0015985

Ontology
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP

Description

Adjusted p-value

small molecule metabolic process
organonitrogen compound biosynthetic process
drug metabolic process
amide biosynthetic process
peptide biosynthetic process
nucleoside monophosphate metabolic process
translation
peptide metabolic process
purine nucleoside triphosphate metabolic process
purine ribonucleoside triphosphate metabolic process
ATP metabolic process
ribonucleoside triphosphate metabolic process
cellular amide metabolic process
purine nucleoside monophosphate metabolic process
purine ribonucleoside monophosphate metabolic process
nucleoside triphosphate metabolic process
oxidation-reduction process
ribonucleoside monophosphate metabolic process
nucleobase-containing small molecule metabolic process
purine-containing compound metabolic process
nucleotide metabolic process
nucleoside phosphate metabolic process
purine ribonucleotide metabolic process
ribonucleotide metabolic process
purine nucleotide metabolic process
ribose phosphate metabolic process
nucleoside monophosphate biosynthetic process
energy coupled proton transport, down electrochemical gradient

(table cont’d.)
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4.75E-07
5.18E-07
6.96E-07
1.29E-06
2.35E-06
3.68E-06
3.68E-06
3.79E-06
5.55E-06
5.55E-06
6.89E-06
6.92E-06
8.35E-06
8.35E-06
8.35E-06
1.06E-05
1.24E-05
1.31E-05
3.88E-05
1.13E-04
1.53E-04
1.71E-04
3.46E-04
5.23E-04
6.96E-04
7.91E-04
1.08E-03
1.08E-03

GO
accession
GO:0015986
GO:0009165
GO:1901293
GO:0009145
GO:0009206
GO:0009142
GO:0009201
GO:0006754
GO:0009127
GO:0009168
GO:0072522
GO:0009156
GO:0045333
GO:0022900
GO:0034220
GO:0019725
GO:0098662
GO:0006066
GO:0009152
GO:0098655
GO:0090407
GO:0009260
GO:0046390
GO:0098660
GO:1901135
GO:0006164
GO:1902600
GO:0009069
GO:0042445
GO:0019752
GO:1990542
GO:0006082

Ontology
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP

Description

Adjusted p-value

ATP synthesis coupled proton transport
nucleotide biosynthetic process
nucleoside phosphate biosynthetic process
purine nucleoside triphosphate biosynthetic process
purine ribonucleoside triphosphate biosynthetic process
nucleoside triphosphate biosynthetic process
ribonucleoside triphosphate biosynthetic process
ATP biosynthetic process
purine nucleoside monophosphate biosynthetic process
purine ribonucleoside monophosphate biosynthetic process
purine-containing compound biosynthetic process
ribonucleoside monophosphate biosynthetic process
cellular respiration
electron transport chain
ion transmembrane transport
cellular homeostasis
inorganic cation transmembrane transport
alcohol metabolic process
purine ribonucleotide biosynthetic process
cation transmembrane transport
organophosphate biosynthetic process
ribonucleotide biosynthetic process
ribose phosphate biosynthetic process
inorganic ion transmembrane transport
carbohydrate derivative metabolic process
purine nucleotide biosynthetic process
proton transmembrane transport
serine family amino acid metabolic process
hormone metabolic process
carboxylic acid metabolic process
mitochondrial transmembrane transport
organic acid metabolic process

(table cont’d.)
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1.08E-03
1.43E-03
1.43E-03
1.48E-03
1.48E-03
1.82E-03
1.82E-03
2.60E-03
2.64E-03
2.64E-03
3.31E-03
3.83E-03
4.26E-03
6.45E-03
9.00E-03
1.31E-02
1.31E-02
1.32E-02
1.46E-02
1.83E-02
1.99E-02
2.08E-02
2.08E-02
2.21E-02
2.23E-02
2.57E-02
2.58E-02
2.58E-02
2.58E-02
4.55E-02
4.89E-02
4.95E-02

GO
accession
GO:0043436
GO:0009914
GO:0042592
GO:0015980
GO:0055082
GO:0019637
GO:0065008
GO:1901615
GO:0006091
GO:0009116
GO:1901605
GO:0065004
GO:1901657
GO:0044444
GO:0005840
GO:1990904
GO:0005740
GO:0031966
GO:0044455
GO:0044429
GO:0005739
GO:0031967
GO:0031975
GO:0005743
GO:0098798
GO:0019866
GO:0005746
GO:0098800
GO:0070469
GO:0031090
GO:0098803
GO:0043228

Ontology
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC

Description

Adjusted p-value

oxoacid metabolic process
hormone transport
homeostatic process
energy derivation by oxidation of organic compounds
cellular chemical homeostasis
organophosphate metabolic process
regulation of biological quality
organic hydroxy compound metabolic process
generation of precursor metabolites and energy
nucleoside metabolic process
alpha-amino acid metabolic process
protein-DNA complex assembly
glycosyl compound metabolic process
cytoplasmic part
ribosome
ribonucleoprotein complex
mitochondrial envelope
mitochondrial membrane
mitochondrial membrane part
mitochondrial part
mitochondrion
organelle envelope
envelope
mitochondrial inner membrane
mitochondrial protein complex
organelle inner membrane
mitochondrial respirasome
inner mitochondrial membrane protein complex
respirasome
organelle membrane
respiratory chain complex
non-membrane-bounded organelle
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4.95E-02
6.16E-02
6.23E-02
6.23E-02
6.23E-02
6.30E-02
6.30E-02
6.30E-02
7.57E-02
8.42E-02
8.99E-02
9.71E-02
9.71E-02
4.76E-13
4.76E-13
9.82E-13
5.97E-11
5.97E-11
7.55E-11
5.09E-10
5.90E-10
1.27E-08
1.27E-08
3.06E-08
8.42E-08
2.28E-07
4.29E-07
5.13E-07
7.78E-07
1.05E-06
4.73E-05
4.88E-04

GO
accession
GO:0043232
GO:0098796
GO:0005741
GO:0031968
GO:0019867
GO:1990204
GO:0044391
GO:0098805
GO:0000323
GO:0005764
GO:0003735
GO:0005198
GO:0016491
GO:0009055
GO:0048037
GO:0015078
GO:0044769
GO:0005506
GO:0016616
GO:0020037
GO:0046906

Ontology
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF

Description

Adjusted p-value

intracellular non-membrane-bounded organelle
membrane protein complex
mitochondrial outer membrane
organelle outer membrane
outer membrane
oxidoreductase complex
ribosomal subunit
whole membrane
lytic vacuole
lysosome
structural constituent of ribosome
structural molecule activity
oxidoreductase activity
electron transfer activity
cofactor binding
proton transmembrane transporter activity
ATPase activity, coupled to transmembrane movement of ions, rotational mechanism
iron ion binding
oxidoreductase activity, acting on the CH-OH group of donors, NAD or NADP as acceptor
heme binding
tetrapyrrole binding
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4.88E-04
1.18E-03
2.28E-03
3.11E-03
5.85E-03
1.31E-02
2.70E-02
2.81E-02
6.16E-02
6.16E-02
5.51E-12
8.31E-08
5.27E-06
1.83E-05
2.60E-03
6.45E-03
2.58E-02
5.03E-02
6.30E-02
6.91E-02
9.01E-02

Table C.4. Significantly enriched (adjusted p-value < 0.1, FDR cutoff = 0.2) Gene Ontology (GO) terms in the set of genes with
expression pattern L3 that were differentially expressed in the livers of Tree Swallows with varying furcular fat scores.
GO
accession
GO:0018024
GO:0042054
GO:0016278
GO:0016279
GO:0005452

Ontology
MF
MF
MF
MF
MF

Description

Adjusted p-value

histone-lysine N-methyltransferase activity
histone methyltransferase activity
lysine N-methyltransferase activity
protein-lysine N-methyltransferase activity
inorganic anion exchanger activity

4.66E-02
4.66E-02
4.66E-02
4.66E-02
6.11E-02
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Table C.5. Top matches for queries to the Swiss-Prot database for the set of genes with expression pattern B3 that were differentially
expressed in the brains of Tree Swallows with varying furcular fat scores.
Trinity gene
TRINITY_DN212588_c1_g2
TRINITY_DN207185_c0_g1
TRINITY_DN198607_c0_g1
TRINITY_DN221926_c1_g1
TRINITY_DN208957_c1_g1
TRINITY_DN189670_c0_g1
TRINITY_DN213972_c0_g1
TRINITY_DN212413_c0_g1
TRINITY_DN222139_c1_g1
TRINITY_DN220923_c0_g2
TRINITY_DN216184_c0_g2
TRINITY_DN213299_c1_g1
TRINITY_DN218752_c0_g1
TRINITY_DN221203_c1_g1
TRINITY_DN205602_c4_g1
TRINITY_DN215989_c1_g1
TRINITY_DN198175_c0_g1
TRINITY_DN196056_c0_g2
TRINITY_DN202325_c0_g1
TRINITY_DN173657_c0_g1
TRINITY_DN221548_c0_g1
TRINITY_DN218551_c0_g2
TRINITY_DN208685_c1_g2
TRINITY_DN210013_c0_g1
TRINITY_DN216701_c0_g1
TRINITY_DN218129_c1_g1
TRINITY_DN210126_c0_g3
TRINITY_DN215823_c1_g1
TRINITY_DN188970_c1_g1

E-value
0
0
1.09E-179
0
4.61E-150
0
0
1.3E-130
1.11E-56
5.12E-99
6.26E-85
0
0
1.93E-61
1.79E-138
4.76E-94
0
5.1E-151
1.29E-22
2.15E-45
0
0
2.36E-137
5.3E-125
0
0
8.56E-75
0
1.58E-27

UniProt gene and protein name
AFAP1_CHICK Actin filament-associated protein 1
BOC_MOUSE Brother of CDO
SLC31_MOUSE Neutral and basic amino acid transport protein rBAT
MYO1B_MOUSE Unconventional myosin-Ib
PKHF1_RAT Pleckstrin homology domain-containing family F member 1
ALBU_CHICK Serum albumin
PAK6_PONAB Serine/threonine-protein kinase PAK 6
SEPT2_CHICK Septin-2
E41L2_HUMAN Band 4.1-like protein 2
BUB1B_HUMAN Mitotic checkpoint serine/threonine-protein kinase BUB1 beta
IOD2_CHICK Type II iodothyronine deiodinase
KCNH5_HUMAN Potassium voltage-gated channel subfamily H member 5
PLPL8_RABIT Calcium-independent phospholipase A2-gamma
CHST8_MOUSE Carbohydrate sulfotransferase 8
RBBP4_MOUSE Histone-binding protein RBBP4
MIPT3_RAT TRAF3-interacting protein 1
RNF41_PONAB E3 ubiquitin-protein ligase NRDP1
AT1A1_CHICK Sodium/potassium-transporting ATPase subunit alpha-1
GSTA3_CHICK Glutathione S-transferase 3
MA7D2_HUMAN MAP7 domain-containing protein 2
DDX18_HUMAN ATP-dependent RNA helicase DDX18
TPC2_HUMAN Two pore calcium channel protein 2
MPPD1_HUMAN Metallophosphoesterase domain-containing protein 1
ACAD9_HUMAN Acyl-CoA dehydrogenase family member 9, mitochondrial
PWP2_HUMAN Periodic tryptophan protein 2 homolog
KHDR3_HUMAN KH domain-containing, RNA-binding, signal transduction-associated protein 3
EF1G_RAT Elongation factor 1-gamma
RFX3_MACFA Transcription factor RFX3
ARF3_TAKRU ADP-ribosylation factor 3

(table cont’d.)
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Trinity gene
TRINITY_DN198578_c1_g1
TRINITY_DN222549_c1_g1
TRINITY_DN220681_c1_g1
TRINITY_DN212502_c0_g2
TRINITY_DN214974_c0_g1
TRINITY_DN204197_c0_g1
TRINITY_DN213523_c1_g3
TRINITY_DN217420_c1_g1
TRINITY_DN214428_c4_g1

E-value
7.12E-105
0
0
0
0
0
0
0
0

UniProt gene and protein name
SPF45_HUMAN Splicing factor 45
CSPP1_HUMAN Centrosome and spindle pole-associated protein 1
GCP5_MACFA Gamma-tubulin complex component 5 (Fragment)
NETO2_RAT Neuropilin and tolloid-like protein 2
ANO3_HUMAN Anoctamin-3
PP2BA_HUMAN Serine/threonine-protein phosphatase 2B catalytic subunit alpha isoform
GPCP1_HUMAN Glycerophosphocholine phosphodiesterase GPCPD1
PTPRZ_HUMAN Receptor-type tyrosine-protein phosphatase zeta
2A5E_HUMAN Serine/threonine-protein phosphatase 2A 56 kDa regulatory subunit epsilon isoform

163

Table C.6. Top matches for queries to the Swiss-Prot database for the set of genes with expression pattern B4 that were differentially
expressed in the brains of Tree Swallows with varying furcular fat scores.
Trinity gene
TRINITY_DN217764_c1_g1
TRINITY_DN206995_c0_g1
TRINITY_DN211680_c0_g1
TRINITY_DN180131_c0_g1
TRINITY_DN218209_c5_g1
TRINITY_DN211264_c0_g2
TRINITY_DN221980_c2_g1
TRINITY_DN211467_c6_g1
TRINITY_DN215075_c3_g1
TRINITY_DN203104_c0_g1
TRINITY_DN218629_c2_g2
TRINITY_DN222127_c0_g1
TRINITY_DN205711_c0_g1
TRINITY_DN212725_c1_g1
TRINITY_DN223047_c3_g1
TRINITY_DN204797_c1_g1
TRINITY_DN216082_c0_g2
TRINITY_DN217786_c0_g1
TRINITY_DN213939_c0_g1
TRINITY_DN215279_c0_g1
TRINITY_DN208352_c0_g1
TRINITY_DN205105_c0_g1
TRINITY_DN214959_c1_g1
TRINITY_DN189539_c0_g1
TRINITY_DN220264_c0_g1
TRINITY_DN218898_c1_g1
TRINITY_DN222390_c2_g1
TRINITY_DN179698_c4_g1
TRINITY_DN215957_c0_g1

E-value
0
0
3.94E-73
2.32E-121
1.24E-63
5.25E-24
0
0
2.88E-56
0
0
2.06E-152
0
0
0
0
8.65E-25
5.15E-117
0
0
3.74E-22
0
2.86E-151
2.00E-23
0
0
1.63E-108
1.64E-64
0

UniProt gene and protein name
SCRN2_MOUSE Secernin-2
PDE8B_HUMAN High affinity cAMP-specific and IBMX-insensitive 3',5'-cyclic phosphodiesterase 8B
GNTK_MOUSE Probable gluconokinase
MYP0_CHICK Myelin protein P0
HAUS1_HUMAN HAUS augmin-like complex subunit 1
TAF1C_MOUSE TATA box-binding protein-associated factor RNA polymerase I subunit C
UBP40_HUMAN Ubiquitin carboxyl-terminal hydrolase 40
NUF2_CHICK Kinetochore protein Nuf2
SOST_HUMAN Sclerostin
SMAD4_RAT Mothers against decapentaplegic homolog 4
KPCD3_HUMAN Serine/threonine-protein kinase D3
EFHB_HUMAN EF-hand domain-containing family member B
ITA2_HUMAN Integrin alpha-2
CATK_BOVIN Cathepsin K
VNN1_BOVIN Pantetheinase
LOX5_HUMAN Arachidonate 5-lipoxygenase
CTRC_BOVIN Chymotrypsin-C
HYAL3_MOUSE Hyaluronidase-3
LOX3B_DANRE Lysyl oxidase homolog 3B
RIC1_HUMAN RAB6A-GEF complex partner protein 1
I27L2_BOVIN Interferon alpha-inducible protein 27-like protein 2
NNTM_HUMAN NAD(P) transhydrogenase, mitochondrial
ENPP6_MOUSE Ectonucleotide pyrophosphatase/phosphodiesterase family member 6
TRI38_BOVIN E3 ubiquitin-protein ligase TRIM38
ITFG2_HUMAN KICSTOR complex protein ITFG2
ELMO3_RAT Engulfment and cell motility protein 3
TYW4_HUMAN tRNA wybutosine-synthesizing protein 4
CACB1_RABIT Voltage-dependent L-type calcium channel subunit beta-1
UBP13_CHICK Ubiquitin carboxyl-terminal hydrolase 13

(table cont’d.)
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Trinity gene
TRINITY_DN203151_c1_g1
TRINITY_DN214405_c0_g2
TRINITY_DN214405_c0_g2
TRINITY_DN209972_c1_g3
TRINITY_DN218770_c0_g1
TRINITY_DN219891_c1_g1
TRINITY_DN221231_c2_g1
TRINITY_DN221231_c2_g1
TRINITY_DN208465_c1_g1

E-value
1.02E-42
8.32E-97
7.80E-30
0
3.55E-119
5.60E-53
0
1.79E-73
6.20E-109

UniProt gene and protein name
IBP1_BOVIN Insulin-like growth factor-binding protein 1
DYST_MOUSE Dystonin
DYST_MOUSE Dystonin
FCHO1_HUMAN F-BAR domain only protein 1
RCAN2_PONAB Calcipressin-2
BAALC_PIG Brain and acute leukemia cytoplasmic protein
TTC3_HUMAN E3 ubiquitin-protein ligase TTC3
TTC3_HUMAN E3 ubiquitin-protein ligase TTC3
RPGP1_MOUSE Rap1 GTPase-activating protein 1

165

Table C.7. Top matches for queries to the Swiss-Prot database for the set of genes with expression pattern L2 that were differentially
expressed in the livers of Tree Swallows with varying furcular fat scores.
Trinity gene
TRINITY_DN122872_c0_g1
TRINITY_DN220911_c0_g1
TRINITY_DN200563_c0_g1
TRINITY_DN204439_c1_g1
TRINITY_DN213363_c1_g1
TRINITY_DN217029_c0_g1
TRINITY_DN210101_c0_g1
TRINITY_DN218460_c2_g2
TRINITY_DN220959_c1_g3
TRINITY_DN218624_c1_g1
TRINITY_DN219635_c2_g2
TRINITY_DN208078_c1_g1
TRINITY_DN217107_c0_g1
TRINITY_DN207213_c1_g1
TRINITY_DN215687_c0_g1

E-value
2.79E-74
1.07E-22
6.38E-44
0
1.10E-111
9.50E-24
0
0
1.90E-95
8.04E-146
0
2.96E-120
0
6.41E-78
0

UniProt gene and protein name
ATPA_MOUSE ATP synthase subunit alpha, mitochondrial
SAA_ANAPL Serum amyloid A protein
MA7D3_MOUSE MAP7 domain-containing protein 3
DAB1_HUMAN Disabled homolog 1
IL1R2_CHLAE Interleukin-1 receptor type 2
FAM3D_HUMAN Protein FAM3D
SNTA1_RABIT Alpha-1-syntrophin
DDX10_CHICK Probable ATP-dependent RNA helicase DDX10
CHIN_RAT N-chimaerin
B4GT4_HUMAN Beta-1,4-galactosyltransferase 4
KIF2A_PONAB Kinesin-like protein KIF2A
5NT3B_CHICK 7-methylguanosine phosphate-specific 5'-nucleotidase
PTK7_CHICK Inactive tyrosine-protein kinase 7
IGBP1_HUMAN Immunoglobulin-binding protein 1
ABCC8_RAT ATP-binding cassette sub-family C member 8
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Table C.8. Top matches for queries to the Swiss-Prot database for the set of genes with expression pattern L4 that were differentially
expressed in the livers of Tree Swallows with varying furcular fat scores.
Trinity gene
TRINITY_DN212746_c0_g2
TRINITY_DN191128_c0_g1
TRINITY_DN206209_c0_g2
TRINITY_DN211234_c3_g1
TRINITY_DN193057_c0_g1
TRINITY_DN207753_c0_g1
TRINITY_DN210228_c1_g1
TRINITY_DN210228_c1_g1
TRINITY_DN220042_c0_g1
TRINITY_DN190416_c0_g1
TRINITY_DN204147_c0_g1
TRINITY_DN221767_c0_g1
TRINITY_DN175937_c0_g1
TRINITY_DN212031_c1_g2
TRINITY_DN211381_c1_g1
TRINITY_DN218901_c1_g1
TRINITY_DN213018_c0_g2
TRINITY_DN220670_c1_g1
TRINITY_DN211844_c0_g1
TRINITY_DN222743_c0_g1
TRINITY_DN212538_c0_g2
TRINITY_DN217855_c0_g4
TRINITY_DN218031_c1_g1
TRINITY_DN218031_c1_g1
TRINITY_DN202794_c0_g1
TRINITY_DN215279_c0_g1
TRINITY_DN213001_c2_g1
TRINITY_DN190365_c0_g1
TRINITY_DN218706_c0_g1
TRINITY_DN212141_c1_g1
TRINITY_DN217792_c3_g1

E-value
2.55E-84
1.13E-91
3.19E-132
0
3.45E-46
2.79E-58
1.44E-123
1.28E-41
0
2.59E-37
1.12E-87
5.97E-168
0
0
0
0
3.71E-66
0
1.23E-70
0
0
0
0
7.61E-50
1.70E-56
0
0
4.34E-52
0
5.70E-131
0

UniProt gene and protein name
TM144_BOVIN Transmembrane protein 144
GRAA_HUMAN Granzyme A
PALM2_MOUSE Paralemmin-2
MAGI3_CHICK Membrane-associated guanylate kinase, WW and PDZ domain-containing protein 3
CAH9_HUMAN Carbonic anhydrase 9
C42S2_BOVIN CDC42 small effector protein 2
SUSD1_HUMAN Sushi domain-containing protein 1
SUSD1_HUMAN Sushi domain-containing protein 1
ANDR_EULFC Androgen receptor
CD3G_PIG T-cell surface glycoprotein CD3 gamma chain
NIPA4_HUMAN Magnesium transporter NIPA4
AT8B2_HUMAN Phospholipid-transporting ATPase ID
AT8B2_MOUSE Phospholipid-transporting ATPase ID
JAK2_CHICK Tyrosine-protein kinase JAK2
PK3C3_XENLA Phosphatidylinositol 3-kinase catalytic subunit type 3
EPG5_HUMAN Ectopic P granules protein 5 homolog
RT30_BOVIN 28S ribosomal protein S30, mitochondrial
CCAR1_HUMAN Cell division cycle and apoptosis regulator protein 1
GGACT_RAT Gamma-glutamylaminecyclotransferase
IPO11_HUMAN Importin-11
IFT74_HUMAN Intraflagellar transport protein 74 homolog
AL1A1_CHICK Retinal dehydrogenase 1
ABCA1_MOUSE ATP-binding cassette sub-family A member 1
ABCA1_MOUSE ATP-binding cassette sub-family A member 1
GRHPR_HUMAN Glyoxylate reductase/hydroxypyruvate reductase
RIC1_HUMAN RAB6A-GEF complex partner protein 1
AGGF1_HUMAN Angiogenic factor with G patch and FHA domains 1
TSN6_MOUSE Tetraspanin-6
AAPK1_HUMAN 5'-AMP-activated protein kinase catalytic subunit alpha-1
SOAT1_HUMAN Sterol O-acyltransferase 1
GPC5B_HUMAN G-protein coupled receptor family C group 5 member B
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Table C.9. Genes from a list of 233 candidate genes for migration and circadian rhythm that were significantly differentially expressed
in either the livers or brains of Tree Swallows with varying furcular fat scores. The expression pattern for each gene is given, as DE
cluster. All genes were differentially expressed in Johnston et al.’s (2016) analysis, with the exception of Transthyretin and PARL,
which were found to be differentially expressed across migratory states by Jones et al. (2008). Genes marked with an asterisk were
associated with circadian clocks in Johnston et al.’s analysis

TRINITY_DN202827_c0_g3
TRINITY_DN216232_c0_g2
TRINITY_DN220697_c0_g1
TRINITY_DN215336_c1_g1
TRINITY_DN211381_c1_g1
TRINITY_DN216184_c0_g2
TRINITY_DN215075_c3_g1

DE
cluster
B1
B2
B2
B2
B2,L4
B3
B4

TRINITY_DN223137_c0_g1

L1

TRINITY_DN217611_c1_g1

L1

CLIC2_HUMAN,CLIC4_HUMAN

TRINITY_DN205440_c0_g2
TRINITY_DN219677_c1_g1
TRINITY_DN222150_c0_g1
TRINITY_DN195124_c0_g1

L1
L1
L1
L1

HSF2_HUMAN*
PARL_HUMAN
RGPA2_HUMAN (RALGAPA2)
RL22L_HUMAN (RPL22L1)

TRINITY_DN205943_c0_g1

L1

STKL1_HUMAN (C9orf96)

TRINITY_DN220079_c0_g3
TRINITY_DN219604_c0_g1
TRINITY_DN222530_c0_g1
TRINITY_DN220670_c1_g1

L1
L3
L3
L4

TTHY_HUMAN (TTR)
CO3_HUMAN (C3)
MACF1_HUMAN
CCAR1_HUMAN*

Trinity gene

UniProt gene

Protein

PKN1_HUMAN (PAK1)
CCNG2_HUMAN
KCC4_HUMAN (CAMK4)
TAF7_HUMAN
PK3C3_HUMAN (PIK3C3)
IOD2_HUMAN (DIO2)
SOSD1_HUMAN (SOSTDC1)
CALM2_HUMAN,CALL3_HUMAN,
CALM2_HUMAN

Serine/threonine-protein kinase N1
Cyclin-G2
Calcium/calmodulin-dependent protein kinase type IV
Transcription initiation factor TFIID subunit 7
Phosphatidylinositol 3-kinase catalytic subunit type 3
Type II iodothyronine deiodinase
Sclerostin domain-containing protein 1
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Calmodulin-2, Calmodulin-like protein 3
Chloride intracellular channel protein 2, Chloride intracellular
channel protein 4
Heat shock factor protein 2
Presenilins-associated rhomboid-like protein, mitochondrial
Ral GTPase-activating protein subunit alpha-2
60S ribosomal protein L22-like 1
Serine/threonine kinase-like domain-containing protein
STKLD1
Transthyretin
Complement C3
Microtubule-actin cross-linking factor 1, isoforms 1/2/3/5
Cell division cycle and apoptosis regulator protein 1
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