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ABSTRACT OF THE DISSERTATION

A Bird’s Eye View of Speciation with Gene Flow: Insights from Genetic Clines Across
the Yellow-Rumped Warbler Hybrid Zone

by
Daniel Pierce
Doctor of Philosophy, Graduate Program in Evolution, Ecology, and Organismal Biology
University of California, Riverside, June 2024
Dr. Alan Brelsford, Chairperson

When divergent populations come into contact and interbreed, incompatible
genotypes can result in decreased hybrid fitness and partial reproductive isolation. By
studying patterns of gene flow between populations, we can identify the genetic,
phenotypic, and ecological components of partial reproductive isolation. Using whole-
genome sequence data generated from 1201 yellow-rumped warblers (Setophaga
coronata coronata, S. c. auduboni, and their hybrids), we measure variation of a hybrid
zone’s position in space and over time, identify genomic regions where gene flow is
restricted, and compare the genetic basis of reproductive barriers to the genetic basis of
plumage traits. We find that reproductive isolation is generated by the effects of many
loci throughout the genome, with a large influence of the sex-chromosomes, that “barrier
loci” cluster in some highly differentiated regions, and that gene flow and introgression
are broadly asymmetric. Barrier loci show strong linkage disequilibrium, which augments
the strength of the barrier to gene flow and may indicate the presence of genetic
incompatibilities. Clines in plumage traits and their associated SNPs suggest strong
selection against some hybrid phenotypes, although loci with the strongest associations
with plumage color traits do not exhibit the strongest barrier to gene flow.
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Introduction

Speciation, the process by which biological lineages diverge and become
reproductively isolated, is a theme with central importance in evolutionary biology, as it
is a key process in the generation and maintenance of biodiversity. Despite a long history
of study, including theoretical, experimental, and observational methods, many of the
details of this process remain opaque to researchers. Determining the necessary
conditions for speciation with gene flow is especially challenging, since admixture of
populations homogenizes genetic variation as recombination counteracts the
establishment or maintenance of divergent genomes and the genetic components of
reproductive isolation. Recent theoretical work exploring this problem has determined
that the requirements may not be particularly stringent. Divergent selection on many
genetic loci and the basic organization of genes into genomes can influence the
evolutionary trajectory of interbreeding populations and tip the balance between selection
and recombination in favor of speciation (Flaxman, Wacholder, Feder & Nosil 2014;
Nosil, Feder, Flaxman & Gompert 2017). Connecting theory to reality is challenging
however, because the empirical signal of reproductive isolation in the genomes of
interbreeding populations is obscured by myriad evolutionary processes that may
generate confounding patterns (Noor & Bennett 2009).

As large-scale population genomic data have become more accessible, researchers
are able to refine methods for detecting the genomic signatures of speciation with gene
flow. Hybrid zones, geographic regions where divergent populations interbreed, feature

prominently in empirical studies of speciation with gene flow. Hybrid zones represent



intermediate stages of speciation, where the boundaries between species are “porous” due
to incomplete reproductive isolation (Wu 2001). The emerging picture is that speciation
is a complex process that can involve many genetic loci and involve competing and
simultaneous processes affecting gene flow differentially across the genome (Dusfresnes
et al. 2017; Nikolakis et al. 2022). Such empirical work has begun to bridge the gap
between theory and reality. Studying hybrid zone dynamics in a broad range of taxa with
differing biogeography, demography, reproductive strategies, and genome structure will
provide greater insight into the processes that drive speciation with gene flow and the
genomic patterns generated by the competing action of recombination and selection.

The work presented below follows this tradition by examining a secondary
contact hybrid zone between the breeding ranges of two subspecies of yellow-rumped
warbler, Setophaga coronata coronata and S. ¢. auduboni. These subspecies are
phenotypically and genetically differentiated, and interbreed extensively where their
populations intersect. Genetic and phenotypic distinction has been maintained over a long
period of time despite ongoing hybridization (Brelsford & Irwin 2009; Mila, Smith, &
Wayne 2007; Hubbard 1969). The following study aims to assemble a genome-scale
view of the process of speciation with gene flow by elucidating the environmental and
demographic context of the hybrid zone, the genetic architecture of reproductive barriers,
and the contribution of divergent sexual signals to reproductive isolation. The accuracy of
our approach is enhanced by a large collection of whole-genome sequence data from
1201 yellow-rumped warblers that span the continuum of ancestry between parent

populations. We combine well-established and novel techniques for analyzing gene flow



to provide insight into the genomic signature of reproductive isolation and a basis for
further studying reproductive barriers at the gene level.

This study has three primary objectives. First, we aim to determine whether the
hybrid zone is stable over time and consistent across space by comparing gene flow
across multiple transects sampled at two time points. The stability of a hybrid zone
depends on the extrinsic and intrinsic factors that mediate the balance between selection
against hybrids and gene flow via dispersal and can provide information regarding the
factors maintaining or eroding species boundaries (Barton & Hewitt 1985). Next, we
attempt to identify the genetic loci involved in reproductive barriers and compare
genome-wide patterns in the distribution and associations among these “barrier loci” to
predictions based on recent theory. Our extensive dataset enables us to accurately detect
loci that experience restricted, excess, and asymmetric gene flow, and contrast the
signature of reproductive barriers against the signal of neutral introgression. Last, we aim
to build upon previous work toward identifying the genetic basis of divergent plumage
coloration, which may act as a sexual signal and contribute to speciation (Brelsford,
Toews & Irwin 2017). By comparing the genetic architecture of reproductive isolation to
the genetic architectures of traits potentially involved in reproductive success, we can
determine whether these traits contribute to a barrier to gene flow and move beyond
inferences based solely on genetic or phenotypic differentiation, which may or may not

be indicative of barrier loci.
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Chapter 1: The yellow-rumped warbler hybrid zone exhibits little variation across
space and time
Summary

Variation in clines across a hybrid zone over time or across space can provide
clues about the types of reproductive barriers that lead to divergence between
populations. A cline that is stable in its position over time and consistent in its shape at
different points across a hybrid zone is likely maintained by factors that are independent
of the environment, such as, genetic incompatibilities that result in sterility or reduced
viability. In contrast, movement of a cline over time can indicate asymmetries in
dispersal or selection, or that ecological divergence is an important reproductive barrier if
cline movement coincides with a changing ecotone. Variation in clines across space can
also suggest a role of ecology if the hybrid zone is sampled across environmentally
variable transects. This study estimates the position of four clines across the yellow-
rumped warbler (Setophaga coronata ssp.) hybrid zone and compares these positions
across two time points. We find that the hybrid zone is stable over time and shows little
variation across space despite substantial change in the environment over the past two
decades due to an outbreak of the mountain pine beetle (Dendrdoctonus ponderosae) that
has affected some regions within the hybrid zone. These results suggest that maintenance
of reproductive isolation between S. c. coronata and S. ¢. auduboni primarily depends on

intrinsic reproductive barriers rather than factors that vary across space and time.



Background

When divergent and partially reproductively isolated populations interbreed, a
hybrid zone may form, where individuals are genetically and phenotypically intermediate
between the two parent populations. If hybrids experience reduced fitness relative to
individuals of the parent populations, the location, size, and persistence of the hybrid
zone depends on a balance between selection against hybrids and dispersal into the
contact zone. This type of hybrid zone may be described as a “tension zone,” alluding to
the opposing effects of selection that reduces effective gene flow and dispersal that
promotes admixture (Barton & Hewitt 1985). By characterizing the stability of a hybrid
zone over time and variation in the genetic cline across multiple transects, researchers can
gain insight into the evolutionary, ecological, and demographic factors that affect the
distributions of species and the process of speciation. For example, asymmetries in
selection and/or dispersal are implicated in the movement of several butterfly hybrid
zones (reviewed in Martins, Warren, McMillan, & Barett 2023). Also, in hybrid zones
mediated by ecological differences between species, changes in the location of an
ecotone over time can drive rapid shifts in the location of the hybrid zone, as seen in
chickadees, following changes in a climate gradient (Taylor et al. 2014) and in lizards,
following alteration of habitat in part of their ranges (Leaché, Grummer, Harris &
Breckheimer 2017).

Hybrid zone movement has been inferred from a variety of lines of evidence,
including asymmetries in introgression across a cline (Sequeira et al. 2022) or direct

comparisons of populations between time points (Wang, Delmore & Irwin 2019; Leaché,



Grummer, Harris & Breckheimer 2017). Patterns of gene flow estimated from a single
time point may be consistent with more than one hypothesis, so the most compelling
evidence of hybrid zone movement comes from direct measurements of a hybrid zone
across time periods. For example, movement of a hybrid zone between Townsend’s and
Hermit warblers was inferred from a genetic “wake” of Hermit warbler mitochondrial
DNA left in a region currently inhabited by Townsend’s warblers (Krosby & Rowher
2010; Rowher, Birmingham, & Wood 2001). In a re-analysis of this hybrid zone, where
each of the historically sampled sites were resampled for a direct comparison, evidence
suggests that this hybrid zone is stable and that if movement has occurred, it occurred in
the distant past following range expansion coincident with glacial retreat (Wang,
Delmore & Irwin 2019).

Yellow-rumped warblers include several subspecies distributed across the North
American continent. This study focuses on the myrtle (Setophaga coronata coronata) and
Audubon’s (S. ¢. auduboni) subspecies, which breed in coniferous forests of Canada and
the United States of America and form a hybrid zone during their breeding season that
extends from the pacific coast of British Columbia to Montana, roughly following the
Rocky Mountains (Figure 1.1). This hybrid zone was initially described in detail from
samples collected in 1965 (Hubbard 1969) by measuring a hybrid index of plumage traits
along two transects that cross the hybrid zone. The genetic and phenotypic clines between
coronata and auduboni subspecies of yellow-rumped warblers were examined 40 years
later (Brelsford and Irwin 2009), by re-sampling localities Hubbard documented along

two transects and adding three additional transects that cross the hybrid zone. The 2009



study found a narrow cline Brelsford and Irwin also inferred stability of this hybrid zone
by comparing Hubbard’s hybrid index to hybrid indices based on plumage and few
molecular markers, finding that the clines reported in 1969 are approximately coincident.
However, the low resolution of the plumage-based hybrid indices used by Hubbard and
Brelsford and Irwin, and the small number of genetic markers used by Brelsford and
Irwin limits the accuracy and precision of estimates of ancestry in admixed populations
so subtle differences among transects or across time may be obscured.

A climate-change driven outbreak of the mountain pine beetle (Dendroctonus
ponderosae), which peaked around the year 2004, has caused extensive damage to the
coniferous forest within British Columbia and has since begun to spread eastward into the
forests of Alberta, Canada (Safranyik & Wilson 2007). The regions most severely
affected by the outbreak include a large portion of the auduboni breeding range near and
within the hybrid zone. If the outbreak affects demography and dispersal across or into
the hybrid zone, the effect is likely asymmetric and should be detectable as a change in
the center of a cline at transects that cross outbreak-affected regions. For example, if
auduboni populations respond negatively to the outbreak conditions, we might expect a
decrease in local population density near the hybrid zone, resulting in lower gene flow
from auduboni to coronata in the affected transect, and so a shift in the center of the
genetic cline toward auduboni populations — in other words, a shift in the direction of
greater dispersal (Barton & Hewitt 1985). Comparing current populations to populations

sampled during the peak of the outbreak may provide some insight into whether



temporally variable ecological processes affect hybrid zone dynamics of yellow-rumped
warblers.

The yellow-rumped warbler hybrid zone also presents an opportunity to study the
influence of factors that vary across the landscape. This hybrid zone covers a great
distance along the Canadian Rocky Mountains, and interbreeding occurs within valley
corridors across the mountain range. These corridors vary in latitude, the extent of alpine
tundra unsuitable for yellow-rumped warbler breeding, and so may vary with respect to
their contributions to a geographic barrier. If spatially variable ecological factors
influence reproductive isolation, we may expect that the slope of genetic clines across
different transects will vary in accordance with the strength of the barrier imposed by
each corridor. For example, a weaker barrier to gene flow will correspond with a change
in the genetic hybrid index over a greater distance, producing a cline with a relatively
shallow slope. Understanding the process of speciation requires knowledge about the
extrinsic and intrinsic factors that contribute to reproductive isolation. Brelsford & Irwin
(2009) ruled out assortative mating as a component of the partial reproductive isolation
between coronata and auduboni, but a more detailed analysis is required to determine the
roles of ecological adaptation, intrinsic genetic factors, and other behavioral aspects of
reproduction.

The present study aims to determine if temporally or spatially variable aspects of
the environment influence reproductive isolation between Setophaga coronata coronata
and S. c. auduboni. We re-examine the yellow-rumped warbler hybrid zone in much

greater detail than previous studies, using whole genome resequencing to generate data



from samples collected for the 2009 study, recent repeated sampling along the same
transects with greater attention to the edges of the hybrid zone, and adding dozens of
additional samples from allopatric populations. This larger data set improves the scope
and resolution of sampling, increasing the number of individuals and genomic loci, to
allow precise estimates of ancestry for each individual. We analyze clines in whole-
genome ancestry to determine if the hybrid zone has shifted in the years since sampling
was last conducted between 2005 and 2007, and in which direction it may have moved,
following the mountain pine beetle outbreak. We also aim to determine whether gene
flow is affected by spatial variables by comparing the estimated center of clines among
several transects across the hybrid zone. This study will contribute to a much greater
understanding of the components of the environment that maintain partial reproductive
isolation and provide insight into the susceptibility or resilience of avian populations to
indirect effects of climate change.
Methods

Sample collection

Our data consist of samples from multiple sources. Our primary samples are
blood samples collected from yellow-rumped warblers in the field during the summers of
2005 — 2007, 2017, and 2019 — 2021. These samples are categorized as “historical” (2005
—2007; n =558) or contemporary (2017 — 2021; n = 555). To supplement our sampling
of distant allopatric sites, we included published genome sequence data from New
Mexico (n = 10; Szarmach, Brelsford, Witt & Toews 2021) and New York (n = 5; Baiz et

al. 2021), as well as field collections from Alaska and California between 2013 and 2020
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(n =81). These allopatric samples are included in both time periods for analysis of the
hybrid zone, with the exclusion of two birds sampled from California during the non-
breeding season. These two birds were included for the purpose of estimating genome-
wide ancestry, however.

Original wild-caught samples comprise 5 transects (Willow, Pine, Jasper,
Blaeberry, and Kananaskis — listed from northern- to southernmost) that cross the hybrid
zone. In addition, we acquired samples from allopatric sites far from the hybrid zone.
Wild-caught birds from our contemporary data set were located by searching along public
roads in their breeding habitat. Once found, birds were lured into a 6 meter-long mist net
using audio playback of adult songs and calls as well as nestling calls. We banded
contemporary birds with numbered aluminum leg bands. We collected blood for our
genetic samples by brachial venipuncture. Last, we measured several morphometric traits
(body mass, wing chord length, bill length, bill width, bill depth, tarsus length) and
photographed each bird for scoring plumage traits. Each bird was released at the capture
site after handling. Wild-caught historical birds were captured and processed by identical
methods but a subset of these birds were given colored leg bands (detailed methods in
Brelsford & Irwin 2009). Blood samples were suspended in 0.5 mL Queen’s Lysis Buffer
in 1.7 mL microcentrifuge tubes and stored at -20 degrees Celsius prior to extraction.
Four of the five transects (Pine, Jasper, Blaeberry, and Kananaskis) were sampled
sufficiently in both historical and contemporary periods, so these four transects are the

focus of this study.
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Figure 1.1: Map of sampling localities for four focal transects. Black dashed line
indicates the approximate midpoint of the hybrid zone. Pie charts indicate the average
proportion of genetic ancestry from coronata (white) and auduboni (yellow). Black
outlines around pie charts indicate that a locality was sampled in both historical and
contemporary time periods. Sites without a black outline may be historical or
contemporary samples. Additional details provided in Table S1.1.

Sample processing and library preparation

We added 15 pL of 20% SDS and 13 pL of proteinase-K to each tube containing
blood samples and incubated them overnight (12 to 18 hours) at 56 degrees Celsius. We
manually extracted 48 samples, following Qiagen’s standard protocol for the Qiagen
DNEasy blood & tissue Kit. For the manual extractions, we used 200 to 250 pL of the
digested original sample and eluted with 90 uL of 10 mM Tris-HCL, pH 8.0. The
remaining samples were extracted using the Qiacube HT, following Qiagen’s

recommended protocols. For the Qiacube HT extractions, we used 30 pL of each original
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digested sample, diluted to a volume of 200 pL with 170 pL of Queen’s Lysis Buffer, pH
7.5. We eluted the purified DNA with 90 pL of 10 mM Tris-HCL, pH 8.0 and stored at -
20 degrees Celsius prior to library preparation.

We normalized the concentration of purified DNA samples to an average
concentration of 1.7 ng/uL across sets of 8 samples on each plate by first measuring the
concentration of each sample via Qubit, then diluting each sample with an appropriate
volume of 10 mM Tris-HCL, pH 8.0. Our dilutions ensured that no diluted sample
concentration exceeded a maximum of 4.2 ng/uL or fell below the minimum of 0.83
ng/uL, as specified by the Seqwell Plexwell 384 LP whole-genome library preparation
kit. We followed the standard Plexwell 384 LP protocol for all library preparations. To
obtain our target sequencing depth while minimizing the potential for sequencing PCR
duplicates, we prepared two replicate libraries of each sample using different i7 barcodes.
Specifically, each 96 well Sample Barcode plate was prepared with 48 samples, each of
which was duplicated on the 96 well plate. For example, sample “AF12B01” would be
added to well A1 and A7 of a sample barcode plate, sample “AF12B02” would be added
to well B1 and B7 of a sample barcode plate, and so on.

Sequencing

We shipped our samples to the University of California, San Diego Institute for
Genomic Medicine for 150 bp paired-end sequencing on the NovaSeq S4 platform. We
sequenced 192 libraries, representing 96 individual birds (each bird replicated), on 1 lane
in order to obtain an approximate sequencing depth of 3.5X per library, or 7X per

individual bird.
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Public database

Reads for 15 yellow-rumped warblers were acquired from the NCBI Sequence
Read Archive (Baiz et al. 2021).
Data preparation

We used PEAR v0.9.10 (Zhang, Kobert, Flouri, & Stamatakis, 2014) to merge
paired end reads (including the -k option to preserve alignment orientation to prevent
inappropriate read dropping by the alignment tool) removed PCR duplicates with
SAMtools v1.14 (Li et. al., 2009; Li, 2011), then aligned reads for each individual bird to
the chromosome-level Myrtle warbler reference genome (Baiz et al. 2021) with BWA
v0.7.17 (Li & Durbin, 2009). We then merged replicate sequence data for each individual
and called SNPs with SAMtools v1.14. After calling variants, we used VCFtools
(Danecek et al. 2011) to apply filters to exclude indels, sites with more than two alleles,
and set a minimum minor allele frequency of 0.05. We computed statistics on missing
data and depth on a per-site and per-individual basis to determine filtering thresholds that
maintain the maximum number of informative sites. We excluded individuals with
greater than 90 % missing data and excluded sites with greater than 80 % missing data or
a depth less than 2 or greater than 40. Samples originating from populations in New York
and New Mexico were obtained from the Sequence Read Archive and had relatively high
proportions of missing data relative to our original libraries. These samples are the only
representatives of genetic variation in the southwest and northeastern United States, so

the permissive filtering allows us to retain some information about allele frequencies in
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the parental populations. Given the large number of SNPs in the resulting dataset, even if
only 20% of variants are present for a sample, this still includes millions of SNPs.
Population structure and individual ancestry

In order to address the non-independence of linked loci in our estimation of
individual ancestry, we pruned our full data of SNPs with strong allelic correlations. We
computed pairwise r? for a randomly selected subset of 10 % of the full data with PLINK
v1.9006.25 (Purcell et al. 2007) and plotted r? against the distance between loci in a pair.
We pruned one of each locus in a pair with r? greater than 0.1 (the approximate level of
background LD) for distances of less than 50 SNPs. We then used Admixture v1.3.0
(Alexander, Novembre, & Lange, 2009) to infer ancestry of each sample given 2 putative
populations (K = 2).
Spatial analysis

In order to perform our analyses of the hybrid zone clines, we averaged sample
coordinates and ancestry proportions (via Admixture) for each locality and plotted these
ancestry and coordinate averages in QGIS v3.26 (QGIS.org 2024). We then identified
localities for each transect where the average genome-wide ancestry is greater than and
less than 0.5, then interpolated between these localities to find the theoretical midpoint
where average ancestry is exactly 0.5. With the midpoints of each transect defined, we fit
a line through the midpoints of the Kananaskis, Blaeberry, Jasper, and Pine transects to
represent a continuous hybrid zone across the sampling range. We obtained the distance
between each sampling locality and the nearest point along the line through the hybrid

zone midpoints using the “Distance to Nearest Hub” tool in QGIS. We did not obtain
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enough samples from the Willow transect for our contemporary data set to warrant
inclusion in this analysis.
Cline analysis

We fit clines to genome-wide ancestry averaged among each locality using HZAR
v0.2-5 (Derryberry, Derryberry, Maley & Brumfield 2014). HZAR estimates several
parameters that describe the position of the cline along a transect where a trait value or
allele frequency is expected to be exactly 0.5 with respect to parental populations,
“center,” and the “width” of the cline defined as 1/ maximum slope (Derryberry,
Derryberry, Maley & Brumfield 2014). We fit clines to each transect at each period
individually and treated ancestry as a quantitative trait. Initial testing showed that fitting
cline models with no tail parameters estimated performed poorly, so we retained fitted
clines only for models estimating mirrored tails or both tails estimated separately. For
comparison of clines across time periods, we chose the model for each transect in each
period with the lowest corrected AIC score. To determine if the hybrid zone center has
shifted since our historical sampling, we generated a separate fit, using the same model,
that constrained the contemporary cline to the center point estimate from the historical
cline fit. We compared corrected AIC scores for this constrained contemporary cline and
the unconstrained contemporary cline and determined that a difference of 2 or more
indicated a significant difference in cline center. If we determined that a cline was
significantly different between the historical and contemporary sampling of a transect, we
also fit a cline to a reduced contemporary data set for that transect, where the birds

included in the analysis were pruned to resemble the total number and spatial distribution
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of birds in the historical sampling of the transect. This follow-up analysis was done to
rule out the effects of the differences in sampling effort between time periods, since
contemporary sampling included many more samples from the edges of the hybrid zone,
and historical sampling focused primarily on sites within the hybrid zone.
Results

Whole genome libraries

After filtering our raw sequence data to remove individuals with a high proportion
(> 90%) of missing data and birds that appeared to have high relatedness (relatedness
> 0.3, representing likely siblings) to another bird in our dataset, we retained 1201 of our
1214 sequenced samples. Alignment rate for the reads we obtained is, on average, 84 %.
Per-individual average sequence depth is approximately 6X.
Genome-wide ancestry clines

To test for a change in the location of the hybrid zone center, we constrained the
contemporary cline model to the center estimate from the corresponding historical cline.
The fit of the constrained cline was similar for all but the Jasper transect (Table 1.1,
Figure 1.2). The difference in cline center between the historical and contemporary Jasper
transect is 10.3 km, where the fit of the constrained model is substantially worse (AAICc
= 92). To determine whether differences in sampling can account for the change in cline
center, we pruned the contemporary Jasper transect so that the total number and
distribution of individual birds used for the cline analysis resembled that of the historical
transect and performed cline fitting on this pruned transect (Figure 1.3). The pruned

contemporary transect through Jasper had a width of 199 km (95% confidence interval:
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150 km, 235 km) and a center at -5.8 km (-15, -1.8). The 95% confidence intervals for the
cline center obtained using the pruned and full data overlap (full contemporary transect:
-12.2, -11.6; pruned contemporary transect: -14.7, -1.8) so it is unlikely that sampling
differences account for the unusual characteristics of the cline through Jasper, when

compared to the other transects.

Transect Period Center | Center CI Width Width CI Model
Kananaskis Historical -0.58 | (-6.28, -0.58) 135 (135, 157) Mirror
Kananaskis Contemporary -5 (-6.9, -3.9) 146 (146, 151) Both
Blaeberry Historical 3.6 (-1.4,9.1) 197 (178, 234) Mirror
Blaeberry Contemporary | -3.1 (-8.8,3) 154 (117, 191) Mirror
Jasper Historical -1.3 (-6.9,7) 220 (189, 269) Mirror
Jasper Contemporary | -11.6 | (-12.2,-11.6) 236 (233, 236) Both
Pine Historical -2.1 (-6.5,-1.3) 135 (129, 154) Both
Pine Contemporary | -5.8 (-15.1, 3.8) 144 (99, 176) Both

Table 1.1: Summary of cline parameters for each transect and time period. 95 %
confidence intervals for cline parameters given in parentheses. Model refers to whether
HZAR was instructed to estimate cline tail parameters for the western and eastern tails
individually (both) or as the same value but opposite direction (mirror).

Cline width showed no significant change over time for any transect. The cline
across Jasper exhibits an unusually wide cline, where the historical estimate is 220 km
(189, 269) and the contemporary estimate is 236 km (233, 236), nearly 80 km wider than
the average of all other transects (Table 1.1, Figure 1.2). The historical Blaeberry cline is
also relatively wide at 197 km (178, 243), while the contemporary cline is much narrower
at 154 km (117, 191). The confidence intervals for both the historical and contemporary
clines fit to the Blaeberry transect are large, so we tested for a change in cline width over
time by constraining the width of the contemporary cline to the width estimate of the

historical cline and found no support for a change in width (AAICc = 1).
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Figure 1.2: Summary of genome-wide ancestry cline parameters by transect and time
period. Transects are grouped by color. The point estimate of a cline is represented by
points (triangles for historical and circles for contemporary) and 95% confidence
intervals are shown as vertical lines through a point. Panel A shows cline center estimates
and cline width estimates are shown in panel B. Asterisk indicates a significant difference
between a parameter estimate between periods.
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Figure 1.3: Clines fit to the historical sampling (black solid line) contemporary sampling
(solid green line), contemporary cline constrained to the historical center (dashed green
line) and pruned contemporary sampling (dashed blue line) of the Jasper transect. Points
indicate the localities sampled along the transect and point colors correspond with the
lines of the same color. Panel A shows the central 2000 km portion of the transect and
panel B shows the central 200 km portion.

Discussion

We analyzed clines in genome-wide admixture to determine whether a hybrid
zone in yellow-rumped warblers has shifted between 2007 and 2021, and whether there
are differences in cline shape and position between four transects that cover most of the
geographic extent of the hybrid zone. Across all transects, the point estimate of cline
center decreases slightly, with an average difference of -6.3 km, or an average shift of 6.3
km westward. However, the change in cline center is significant only in the Jasper
transect, where the cline has moved westward by 10 km. We do not detect a change in

cline width over time for any of our transects.
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The change in cline center in the Jasper transect is relatively small (0.6 km per
year) compared to the estimated width of the cline estimated at the Jasper transect (210
km) and relative to the potential for dispersal. Brelsford & Irwin (2009) estimated that the
per-generation dispersal distance for yellow-rumped warblers is 20 (13 — 25) km. Other
studies that directly compare the location of hybrid zones across two time periods
demonstrate that hybrid zones of similarly mobile animals can move at a slightly higher
rate, approximately 1 km per year (Aguillon 2022; Taylor et al. 2014; Ryan et al. 2018.
Given that the other three transects are consistent in their positions over time, it is
possible that the shift we observe in Jasper is due to either sampling error or subtle
asymmetries in dispersal or selection. As an additional check for subtle changes in the
hybrid zone, we compared the average of local ancestry at resampled sites from within or

near the hybrid zone and found no consistent pattern of change (Figure 1.4).
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Figure 1.4: Average ancestry at sites sampled in both historical and contemporary time
periods. Dashed lines indicate that the contemporary sampling locality is more than 5 km
from the historical locality.

Warmer winters have contributed to lower yearly mortality and range expansion
of the mountain pine beetle, which has led to the destruction of vast stands of trees within
habitat that would otherwise support the auduboni population during their breeding
season. The mountain pine beetle has spread into northwestern regions of central Alberta
(Robertson et al. 2009), but the damage has been less severe there than in British
Columbia. Whether a pine beetle outbreak is beneficial, neutral, or deleterious for

wildlife depends on the taxa considered; for birds in particular, nesting strategy appears
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to be an important factor for making predictions (Mosher et al. 2019; Janousek et al.
2019; Saab et al. 2013). Although yellow-rumped warblers are predicted to exhibit an
increase in habitat use following an outbreak (Mosher et al. 2019; Janousek et al. 2019),
the coronata and auduboni subspecies are not treated as unique populations and measures
of occupancy do not necessarily reflect patterns of dispersal and selection, which are
important aspects of hybrid zone dynamics. If substantial and asymmetric changes in the
breeding habitat, as a result of the mountain pine beetle outbreak, influence the current
position of the cline center, we would expect to find a shift, over time, in the transects
that cross regions where the effects of the outbreak have been most severe — namely,
across the Pine and Jasper transects. While the Jasper transect does show a measurable
shift in cline center, we find no significant change in the Pine transect. The Kananaskis
cline may be expected to show the least change over time, since this transect crosses a
region along the eastern edge of the Rocky Mountains, which has sustained much less
severe damage from the outbreak (Safranyik & Wilson 2007). However, the center and
width of the Kananaskis cline is similar to Pine and Blaeberry, so it is unlikely that the
effects of the pine beetle outbreak affect the extent and symmetry of gene flow.

Instead, the slight and statistically insignificant, albeit consistent westward shift in
3 of our transects, and the larger and better supported westward shift in Jasper implicates
intrinsic factors that generate an overall asymmetry in effective gene flow across the
hybrid zone. This asymmetry can be explained by greater long-distance dispersal of
coronata or higher population density on the coronata side of the hybrid zone. Migratory

distances of coronata are greater than that of auduboni, (Toews et. al. 2016) and their
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migratory route passes over the breeding range of auduboni. It may be possible that some
coronata end their migration short of their typical breeding range, and instead occupy
territory in the primary breeding range of auduboni and auduboni-like hybrids, which
may generate asymmetric long-distance dispersal and subtle changes in the center of the
hybrid zone over time. Alternatively, asymmetric fitness effects of introgressed alleles at
loci involved in reproductive barriers will result in delayed or restricted effective
migration at those loci. If many loci contribute to reproductive barriers, or if there is
strong linkage of these barrier loci with large regions of the genome, asymmetric
selection can bias effective gene flow at a large enough proportion of the genome that it
would produce a signal visible from clines in whole-genome ancestry. Determining
whether asymmetry in selection contributes to the small change we observe over time
requires analysis of gene flow at individual loci, and identification of which regions of
the genome are involved in reproductive barriers.

HZAR also estimates cline parameters that describe the transition point between
the central slope and the beginning of the tail of a stepped cline (5), as well as the slope
of the tail (), which can provide information about the symmetry of introgression
(Derryberry, Derryberry, Maley & Brumfield 2014; Gay, Crochet, Bell & Lenormand
2008). For example, if the transition point is more distant from the center on one side of
the hybrid zone, or if the slope on one side is shallower, this could suggest greater
introgression on that side. For each transect, we fit a cline model that assumes symmetric
tails (“mirror”) and a model that fits both tails separately (“both”). The best fitting model

in the historical cline for a transect was not always the best fitting model for the
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contemporary transect, however the “mirror’” model was preferred in 3 of 4 historical
transects, while the “both” model was preferred in 3 of 4 contemporary transects (Table
1.1). We do not consider the differences in tail parameter estimates informative for this
study. First, thorough sampling of the cline tails was not done in the historical sampling,
so we are unable to accurately estimate the shape of the cline tails for historical transects.
The lack of resolution in the cline tails for the historical transects can result in a better fit
of the “mirror”” model, which estimates fewer parameters. Second, variation in the cline
tails between transects and on either side of a transect can be influenced by differences in
topography and habitat continuity.
Concluding remarks

The stability of the yellow-rumped warbler hybrid zone over time, and its
consistency across space, implicates environment-independent factors, such as between-
locus genetic incompatibilities, as the primary mechanisms maintaining reproductive
isolation. Genetic incompatibilities between different loci are thought to play a
substantial role in the evolution of reproductive isolation and the maintenance of
divergence between populations (Coyne & Orr 2004; Dobzhansky 1937; Muller 1942). In
the absence of assortative mating (Brelsford & Irwin 2009), coronata and auduboni
maintain genetic and phenotypic differentiation. Given this context, our results from this
study suggest that intrinsic post-zygotic isolating mechanisms are important in the early

stages of speciation with gene flow.
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Locality Distance n Hybrid Index Period Transect
Sugarloaf -1877 3 0.000 H all
Sugarloaf -1877 3 0.000 C all
Chuska Mtns -1735 9 0.000 H all
Chuska Mtns -1735 9 0.000 C all
Alta Sierra -1727 12 0.001 H all
Alta Sierra -1727 12 0.001 C all
Parker Meadow -1702 19 0.002 H all
Parker Meadow -1702 19 0.002 C all
Sherman Pass -1697 5 0.004 H all
Sherman Pass -1697 5 0.004 C all
Mt Adams -766 9 0.041 C P,J,B
Spring Rimrock -704 10 0.056 C P,J,B
Mill Creek -593 11 0.051 C P,J,B
White Pine -579 11 0.061 C P,J,B
Skalkaho -552 7 0.015 C K
Beaver Creek -481 0.030 C K
Hope -476 10 0.100 C J,B,P
Hope -476 12 0.121 H J,B,P
Rattlesnake -466 3 0.036 C K
Britton Creek -421 10 0.104 C J,B
Smith -402 10 0.041 C K
Comstock -377 10 0.113 C J,B
Lac LeJeune -318 23 0.125 H J,B,P
Lac LeJeune -315 9 0.117 C J,B, P
Abbott Bay -310 9 0.055 C K
Oconnor Lake =277 10 0.119 C J
Hay Creek -261 5 0.064 C K
Waterton -243 7 0.087 C K
Yard Creek -197 10 0.125 H J,B
Yard Creek -196 11 0.137 C J,B
Clearwater -195 8 0.158 C J
Crowsnest -155 11 0.149 H K
Blue River -123 10 0.194 C J
Livingstone -114 10 0.210 C K
Etherington Creek -86 9 0.310 C K
Golden -59 17 0.194 H B
Golden -54 11 0.212 C B
Whiskers Point -49 13 0.294 H P
Red Pass Junction -48 11 0.309 C J




Locality Distance n Hybrid Index Period Transect
Whiskers Point -47 10 0.437 C P
Peter Lougheed -42 20 0.250 C K
Peter Lougheed -33 6 0.263 H K
Mt Robson -32 14 0.335 H J
Blaeberry -30 15 0.309 H B
Kennedy -24 11 0.339 C P
Kennedy -23 13 0.372 H P
Evan Thomas -20 19 0.409 H K
Evan Thomas -20 4 0.371 C K
Sibbald West -3 24 0.462 H K
Rafter 6 1 7 0.523 H K
Yellowhead Pass 2 9 0.514 H J
Yellowhead Pass 3 9 0.574 C J
Yamnuska 4 17 0.555 H K
Sibbald East 9 18 0.582 H K
Sibbald Creek 11 19 0.612 C K
Saskatchewan RX 12 23 0.589 H B
Saskatchewan RX 13 20 0.595 C B
Pine West 14 14 0.571 H P
Pine East 18 6 0.770 H P
Pyramid Lake 19 9 0.608 H J
Pyramid Lake 21 13 0.635 C J
Pine Pass 22 18 0.722 C P
Sharing 28 9 0.718 C J
Palisades 29 15 0.588 H J
Ghost 32 9 0.714 C K
Waiparous 32 14 0.765 H K
Cline River 36 10 0.746 C B
Cline River 36 22 0.617 H B
Pocahontas 54 8 0.751 H J
Abraham Lake 58 13 0.752 H B
Abraham Lake 58 11 0.739 C B
Tumbler Ridge 58 11 0.851 H P
Miette 62 9 0.786 C J
Sundre 70 6 0.836 C K
Hinton 79 11 0.831 H J
Hinton 83 11 0.831 C J
Moberly Lake 95 12 0.846 H P
Moberly Lake 99 12 0.821 C P
Rocky Mountain House 127 8 0.846 C B, K
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Locality Distance n Hybrid Index Period Transect
Rocky Mountain House 129 11 0.867 H B, K
Sundance 143 8 0.854 C J
Lodgepole 186 11 0.892 C B, K
Fox Creek 208 12 0.876 Cc J
Fox Creek 209 12 0.884 H J
McLeod 262 10 0.901 C all
Grizzly Trail 320 10 0.907 C all
Chisholm 397 10 0.920 C all
Slave Lake 409 3 0.918 H all
Fawcett Lake 441 10 0.919 C all
Pelican Hills 497 11 0.925 C all
Cold Lake 523 5 0.932 H all
House River 549 9 0.946 C all
South McMurray 623 11 0.949 C all
Maqua Lake 642 9 0.951 C all
Fort McKay 715 2 0.948 C all
Anchorage 1182 26 0.992 H all
Anchorage 1182 26 0.992 C all
New York 3106 5 1.000 H all
New York 3106 5 1.000 C all

Table S1.1: Localities sampled for cline analysis comparing transects and sampling
periods. Distance from hybrid zone midpoint, number of individuals representing the
locality, genome-wide ancestry-based hybrid index averaged among individuals in each
locality, the period of sampling applied each locality is attributed to, and the transect(s)
that include each locality. Some localities in allopatric populations are sampled in only
one period but included in both as they represent genetically “pure” populations.
“Historical” sampling is denoted with “H” and “contemporary” sampling with “C.”
Transects are coded as follows: Pine — P, Jasper — J, Blaeberry — B, Kananaskis — K.
Sites included in all transects represent allopatric populations and are denoted with “all”
in the transect column.
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Chapter 2: The genetic architecture of reproductive barriers in yellow-rumped
warblers
Summary

Accurate identification of the genetic loci involved in reproductive barriers is an
essential step toward characterizing the genetic basis of reproductive isolation. Our
identification of “barrier loci” is supported by two analyses: cline analysis, a well-
documented approach that can identify regions of the genome that contribute to selection
against hybrids, and a novel approach to estimating the extent of introgression beyond the
hybrid zone, which is more sensitive to the effects of individual loci and can be extended
to genome regions where differentiation is low. By combining these techniques, we
determine that reproductive isolation in yellow-rumped warblers is generated by the
effects of many loci throughout the genome, that these barrier loci are overrepresented on
the sex chromosomes, and that the barrier to gene flow is variable in its symmetry.
Additionally, we show that linkage disequilibria among barrier loci are significantly
stronger than linkage disequilibria among non-barrier loci, consistent with theoretical
models of speciation that predict that associations among reproductive barrier loci are

needed to counteract the homogenizing effects of gene flow and recombination.
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Background

A recurring theme in recently developed and established theoretical models of
speciation with gene flow is that statistical associations among divergently selected loci
may be the most basic requirement for the establishment and maintenance of reproductive
barriers (Flaxman, Wacholder, Feder, & Nosil 2014; Flaxman, Feder, & Nosil 2013;
Barton & De Cara 2009; Felsenstein 1981). Selection that maintains and, over time,
builds up linkage disequilibria provides a means to overcome recombination that would
otherwise erode genomic divergence and reproductive barriers between interbreeding
populations. Physical linkage of divergently selected genes can also facilitate speciation
by protecting multilocus genotypes from recombination (Feder, Geiji, Yeaman, & Nosil
2012; Via 2012; Yeaman & Whitlock 2011; Via & West 2008) and structural features
such as inversions (Feder, Nosil, & Flaxman 2014; reviewed in Huang & Rieseberg
2020) and centromeres (Carneiro, Ferrand, & Nachman 2009) can have a similar effect.
Although many models that detail the conditions for speciation with gene flow focus on
in situ speciation with gene flow, the interaction of coupled complexes of reproductive
barriers is also applicable to speciation with initial divergence in allopatry followed by
secondary contact. Secondary contact of divergent populations can generate initial
linkage disequilibrium in the contact zone which can improve the efficiency of selection
against recombinant genotypes and the maintenance of reproductive barriers, especially
when the number of loci involved in barriers is large (Barton 1983; Felsenstein 1981).

Theory regarding the patterns of genomic variation that arise during the process of

speciation with gene flow emphasizes the gene as the unit of reproductive isolation,
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rather than whole genomes (Wu 2001). This “genic view” of speciation allows for semi-
permeable species boundaries, in which loci involved in differential adaptation or
reproductive isolation experience a barrier to gene flow between divergent populations,
while the introgression of universally beneficial alleles or neutral loci is limited only by
their linkage to selected loci (Barton 1979). The genic view of speciation is consistent
with empirical observations that many pairs of taxa maintain phenotypic and genetic
differentiation despite ongoing gene flow, and that genetic differentiation is often
heterogeneous throughout the genome (e.g. Andrew & Rieseberg 2013; Jones et. al.
2012; Turner, Hahn, & Nuzhdin 2005). The interpretation of “islands” of differentiation
as loci involved in reproductive barriers has received a great deal of scrutiny, with critics
noting that the pattern can be generated by processes other than speciation (Burri et al.
2015; Cruickshank & Hahn 2014; Turner & Hahn 2010; Noor & Bennett 2009). For
example, in regions where recombination is suppressed, background selection can reduce
genetic diversity within populations, which can elevate differentiation even in the
absence of selection against gene flow, and lead researchers to false conclusions about
the involvement of these regions in reproductive isolation. Additionally, when selection
on an individual barrier locus is weak, the locus may not exhibit strong differentiation
between parental populations, so many regions that may be involved in reproductive
barriers may evade recognition (Feder, Geiji, Yeaman, & Nosil 2012). Because
reproductive barriers necessarily restrict gene flow in the corresponding genomic regions,
rather than simply identifying loci that exhibit differences between populations,

researchers require the means to detect regions that experience differential introgression,
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specifically due to selection against recombinant genotypes. A genomic map of
differential introgression between divergent populations can be used to identify the genes
likely involved in reproductive barriers (Payseur 2010), and to characterize the genomic
architecture of speciation.

To this end, hybrid zones are often studied as models of speciation with gene flow
as they represent some of the earliest examples of semi-permeable species boundaries
(Harrison & Larson 2014). Within a hybrid zone, the genomes of admixed individuals are
mosaics of ancestry from the parent populations and the relative proportion of ancestry
varies as backcrossing and recombination breaks down parental haplotypes. A spatially
continuous hybrid zone produces a cline in genome-wide ancestry and, at individual loci,
a cline in allele frequency. The width of a cline is influenced by the strength of selection
against hybrid genotypes, which is balanced by dispersal of individuals into the hybrid
zone, where a narrow cline corresponds with stronger selection against hybrids (Barton &
Hewitt 1985; Barton & Gale 1993). The center of a cline can also be estimated, which
establishes where, in space, the maximum change in allele frequency occurs. Variability
in the center among clines can be used to make inferences about asymmetries in the
relative strength of selection versus dispersal and spatially dependent or environmental
factors maintaining a hybrid zone (Barton & Hewitt 1985).

Despite the advantages of cline analysis over genome scans for divergence or
differentiation, there are limitations and drawbacks. In a simulation of hybrid zones under
varying migration rate, deme size, and hybrid zone age, Jofre and Rosenthal (2021)

determined that cline analysis is sensitive to the effects of drift, which increase with small
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populations and low migration rates, and suggests that the demography and history of a
hybrid zone be carefully considered. Additionally, identifying barrier loci from clines can
be imprecise because the effect of selection on an individual locus is obscured by the
effects of selection on other loci in linkage disequilibrium. In highly admixed
populations, selection acts simultaneously on all loci that contribute to reproductive
barriers, so the effective selection against hybrids is strong. This genome-wide selection
produces a steep sigmoid curve in the center of the cline, flanked by shallower tails that
represent the exponential decay of heterospecific alleles introgressing beyond the hybrid
zone (Szymura & Barton 1991). To disentangle the effects of direct and indirect selection
and make identification of barrier loci more precise, we can estimate selection on a locus
from the tails of introgression, where many generations of backcrossing and
recombination have fragmented haplotype blocks and isolated heterospecific alleles in the
opposing genetic background. This approach remains untested, perhaps due to the
requirement that the edges of a hybrid zone, where introgressing alleles are present only
at very low frequency, are thoroughly sampled.

The yellow-rumped warbler complex is comprised of several phenotypically and
genetically differentiated subspecies of migratory songbirds and includes a hybrid zone
between Setophaga coronata coronata, and S. c. auduboni (hereafter coronata and
auduboni). This hybrid zone likely represents a secondary contact zone formed following
the last glacial maximum (Toews et al. 2016; Brelsford & Irwin 2009; Mila, Smith, &
Wayne 2007; Hubbard 1969). The hybrid zone extends along the Rocky Mountains from

northern British Columbia to southern Alberta, Canada, and delineates their respective
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breeding ranges, where parent populations and hybrids are abundant. The hybrid zone is
stable and features a steep cline maintained by selection against hybrids (Chapter 1;
Brelsford & Irwin 2009; Hubbard 1969). Genetic differentiation between coronata and
auduboni is very high in isolated regions of their genomes, contrasted by a background of
very low differentiation across most of the genome (Irwin et al. 2018; Toews et al. 2016).
This pattern suggests differential gene flow throughout the genome and incomplete
reproductive isolation. The exact reproductive barriers are unknown, but are likely post-
zygotic, given the lack of assortative mating (Brelsford & Irwin 2009). These
characteristics - a hybrid zone of intermediate age, strong but incomplete reproductive
isolation, large population size, and high dispersal - make the yellow-rumped warbler
hybrid zone well suited to an investigation of the genetic basis of reproductive barriers.
These characteristics ameliorate the effects of drift on local populations, enabling the use
of cline analysis to study patterns of gene flow.

In this study, we investigate the genetic architecture of reproductive barriers
between Setophaga coronata coronata and S. ¢. auduboni and examine our findings in
the context of theoretical predictions regarding the distribution and associations of loci
involved in reproductive barriers. This analysis depends on accurate identification of the
genes or genomic regions involved in reproductive barriers, so we utilize cline analysis, a
well-established method for identifying regions where gene flow is restricted, and explore
novel, alternative methods for detecting symmetric and asymmetric barriers to
introgression at the edges of a hybrid zone. We leverage a large number of individual

samples spanning the hybrid continuum and whole genome sequence data to provide
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nearly ideal conditions for the identification of reproductive barrier loci. Lastly, we
examine cline shape, cline coincidence, and patterns of linkage disequilibria among our
putative barrier loci, contrasted against putatively neutral loci, to determine how genetic
associations among reproductive barriers influence the total barrier to gene flow.
Methods

Data collection and preparation

This study uses the samples collected and sequence data generated as described in
Chapter 1 (see Chapter 1 Methods for details). Briefly, we captured yellow-rumped along
five transects that cross the hybrid zone and in allopatric populations. All captured birds
were banded and released at the site of capture following acquisition of a sample of
blood, morphological measurements, and photographs of plumage characteristics. We
extracted DNA from blood samples using standard procedures for the Qiagen DNEasy
blood and tissue kit, then prepared whole-genome libraries using the Seqwell Plexwell
384 LP kit, and sequenced on the NovaSeq 6000 for a target depth of 7x per bird. We
included sequence data from additional samples collected in New York (Baiz et al. 2021)
and New Mexico, accessed through the NCBI Sequence Read Archive (Szarmach,
Brelsford, Witt & Toews 2021) to bolster our sampling of allopatric coronata and
auduboni populations. To prepare the sequence data for analysis, we applied per-site and
per-individual missingness and depth filters and pruned our data of close relatives (see

Chapter 1 Methods for details).

38



Cline analysis

Fitting clines to SNP data is only effective for sites with high inter-population
differentiation. For cline fitting, we filtered our data for SNPs that have a difference in
allele frequency of at least 0.8 between allopatric populations of coronata and auduboni.
We determined that a population is allopatric if the average admixture-based hybrid index
is at most 0.10 for auduboni or at least 0.90 for coronata. We excluded from cline
analysis 2 individuals captured outside the breeding period (April through July), and 6
individuals that were not breeding at the time of capture, indicated by the lack of
territorial behavior exhibited by the birds (i.e. birds on migration can sometimes be
captured but will not sing or remain in the area of capture a day later) or the presence of
excess body fat. Because the cline analysis also requires accurate information about the
distance of each locality from the midpoint of the hybrid zone, we also excluded an
additional 55 birds from localities where the distance was uncertain. We then computed
the allele frequency for each of the highly differentiated SNPs at each remaining locality.

Cline fitting was performed using HZAR v0.2-5 (Derryberry, Derryberry, Maley
& Brumfield, 2014). To obtain a cline for genome-wide ancestry as our point of
comparison, we averaged ancestry estimates computed in Admixture (Alexander,
Novembre & Lange 2009) for each locality, and fit clines to these data using 3 different
models that differ in cline tail fitting. For the cline in genome-wide ancestry, we used the
guantitative trait model in HZAR, and we fit model variations that estimate mirrored
tails, both tails separately, or fit a sigmoid cline with no tail parameters estimated. We

compared the AlCc scores for each model and selected for our analysis the one with the
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lowest score. Although there is some slight variation in genome-wide ancestry clines
among transects across different regions of the hybrid zone and at least one transect that
varies significantly over time (see Chapter 1), we chose to aggregate all localities into a
single transect for cline fitting. Combining transects increases sample size and
ameliorates the effects of genetic drift, so should provide a more robust estimation of
ancestry or allele frequencies at any distance from the hybrid zone and improve cline
fitting accuracy. For individual SNP clines, we fit variations of the biallelic genetic locus
model, that use either the empirical allele frequency or fixed frequency at O or 1 at the
two most distant sites from the hybrid zone midpoint and estimate mirrored tails or both
tails separately. After fitting models to each highly differentiated SNP, we selected data
from the best performing model, determined from a comparison of AICc scores as above.

HZAR estimates several parameters that describe the shape and position of a cline
(Derryberry, Derryberry, Maley & Brumfield 2014; Gay, Crochet, Bell & Lenormand
2008). We will focus on three of these parameters. Cline center describes the point in
space along a transect where the ancestry of a hypothetical population is 0.5, relative to
parental populations and is measured in units of distance (km). Cline width is defined by
the inverse of the maximum slope of the central portion of the cline, and describes the
distance over the transect where the greatest change in allele frequency, or other trait
value, occurs. Last, we estimate the parameter T which is the coefficient for the slope of
the tails of the cline. These tails are estimated by HZAR independently in the “both”

model described above, or mirrored, as specified by the user.
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Binomial test for introgression

Geographic cline analysis can only be applied to genomic regions that are highly
differentiated between populations. As a complement to the cline analysis, we tested for
introgression beyond the edges of the hybrid zone by comparing observed and expected
allele frequencies for two hybrid classes: birds with ancestry between 0.1 and 0.2
(auduboni-like), and birds with ancestry between 0.8 and 0.9 (coronata-like). A two-
tailed binomial test was performed for each SNP with an allele frequency difference
between allopatric populations of at least 0.3, taking the reference allele frequency as the
observed frequency and the average genome-wide ancestry for the corresponding hybrid
class multiplied by the frequency of the reference allele in allopatric coronata as the
expected frequency. Our chosen significance threshold for a deviation from neutral
introgression is 1/294877, the reciprocal of the number of SNPs in the analysis. This
significance threshold is equivalent to a false-discovery rate of one for the analyzed
dataset, which is less conservative than a Bonferroni correction while still providing a
stringent threshold for significance. Restricted introgression is indicated when the
observed reference allele frequency is closer to 0 than expected in auduboni-like birds
and closer to 1 than expected in coronata-like birds. The reverse indicates excess
introgression.
Binning SNPs by differentiation peaks

We assigned SNPs to genomic intervals to facilitate our analysis of cline
parameters and genetic associations. The assignment of SNPs to intervals serves several

purposes. Primarily, it allows us to summarize parameter estimates across a genomic
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region to ameliorate noise in individual genotypes associated with low-coverage
sequence data. Computation of pairwise linkage disequilibria (more properly, correlation)
is more manageable when performed over a small number of genomic intervals rather
than tens of thousands of SNPs. Summarizing parameter estimates over these intervals is
valid if recombination within intervals is low. We defined these intervals as spans of
SNPs where allele frequency differences between allopatric populations is greater than
0.8. If a highly differentiated SNP is within 1 Mbp of another highly differentiated SNP,
those two SNPs and all intervening SNPs are assigned to the same interval. For each
interval, we computed principal components using PLINK v1.90b6.25 (Purcell et al.
2007) and plotted eigenvectors of principal components 1 and 2 to visually identify
genotype clusters that represent homozygotes for the reference and non-reference alleles,
and heterozygotes. Intervals for which principal component 1 did not separate parental
and hybrid genotypes (e.g. instead parsed individuals by sex) were excluded from
downstream analyses. An example of our use of principal components to evaluate
patterns of genotypic clustering within differentiation peaks is provided in Figure S2.1.
Tight genotype clusters with few intermediates suggests that there is little recombination
within the interval, since tightly linked adjacent alleles will behave somewhat like a
single locus.
Genetic interactions

To assess the relative strength of linkage disequilibria among barrier loci and non-
barrier loci, we classified a differentiation peak as a barrier locus if the average cline

width for that region was narrower the genome-wide ancestry cline width. We estimated
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the pairwise correlation coefficient of genotypes among pairs of differentiation peaks on
different chromosomes in R v4.2.1 (R Core Team 2013). First, SNPs were assigned to
intervals as outlined above. We then generated principal components for genotypes
within each block using Plink v1.90b6.25 (Purcell et. al., 2007). We then computed the
pairwise correlation coefficient of principal component 1 of each interval in a pair among
all individuals that passed the relevant filtering steps. We then visually examined the
distributions of correlations between pairs of barrier loci, non-barrier loci, and barrier and
non-barrier loci for qualitative differences.
Identification of centromeric regions

Because the S. coronata reference genome was assembled entirely from short
reads, highly repetitive genomic regions such as centromeres are likely to be missing
from the assembly. We therefore searched for putative centromere-associated repetitive
sequences in the long-read-based assembly of a related species, Setophaga petechia (Tsali
et al. 2024). We identified repetitive sequence motifs between 50 and 400 base-pairs long
using TRASH (Wlodzimierz, Hong & Henderson 2023). After identifying a highly
abundant 286 — 287 bp sequence, we aligned S. petechia contigs containing this sequence
to the S. coronata genome assembly. Specifically, we extracted 1 kbp of sequence from
the S. petechia assembly at intervals of 10 kbp and aligned these 1 kbp sequences to
the S. coronata assembly using bwa-memz2 (Vasimuddin et al. 2019). If at least 3
consecutive 1 kbp sequences containing the repeat motif aligned to the S.

coronata reference assembly in the correct orientation and spaced 9 kbp apart, the
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position of the alignment closest to the centromeric repeat in S. petechia was taken as the
approximate putative centromere position.
Results

Data collection

After filtering for genotype quality and missing data, we retained 1208 individuals
out of 1214 coronata, auduboni, and their hybrids. Six of the samples that passed our
quality filters were excluded, since each was closely related to another individual in our
data set, and another was excluded as it represented a likely mis-labeled duplicate of
another bird; leaving 1201 total birds for general analysis. Alignment rate for the reads
we obtained is, on average, approximately 84 %. Per-individual average sequence depth

is approximately 6. After filtering, we retained a total of 14,709,110 SNPs.
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Figure 2.1: Localities sampled (black points) and the breeding ranges of coronata (gray)
and auduboni (yellow). A summary of each locality is provided in Table S2.1.

Cline analysis

The genome-wide cline in ancestry (Figure 2.2) has a center at -2.7 km (-5.5 km, -
1.2 km) and width of 170 km (158 km, 179 km). The model with both tails estimated
separately performed best, with an AICc score 79 points lower than the mirrored tail
model.

After filtering our SNP data for sites with an allele frequency difference greater

than 0.8 between allopatric populations of the parental subspecies, we retained 41,014
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SNPs to use for our per-SNP cline analysis. Individual and locality filtering retained 1138
birds.

The SNP clines vary across the genome but are relatively consistent within runs
of SNPs on the same chromosome, albeit with some noise in the point estimates of all
parameters (Figure 2.3). Given that cline parameters within consecutive runs of SNPs are
consistent, we summarized cline parameters by taking the average of cline parameters for
an interval of the genome defined by a peak of differentiation (as outlined in the methods
section on binning by differentiation peaks). Binning SNPs by differentiation peaks
results in 93 intervals. The first principal component of genotypes in these intervals
separates individuals by ancestry for all but two. Interval 74 on chromosome 24 and
interval 93 on the Z chromosome, both of which discriminate sex on principal component
1 and ancestry on principal component 2. Our results show that several regions of the
genome exhibit narrower clines than the genome-wide ancestry cline (170 km), which we
will refer to as our putative barrier loci (Figure 2.3B). Of, these barrier loci, 33% (14/42)
are within chromosomes larger than 50 Mbp excluding the sex chromosomes, and 31%
(13/42) are within the Z chromosome.

Cline center (Figure 2.3A) shows a significant negative relationship with cline
width — intervals with narrow clines have more eastward-shifted centers (r? = -0.34, p-
value = 0.00077). The mean cline center of our barrier loci is 2.9 km compared to -2.6
km for our non-barrier loci.

In addition to estimating the center and width parameters for the central step of

each SNP cline, we estimated a tail parameter that describes where, in relation to the
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cline center, the cline transitions from the central step to the exponential decay in the
frequency of a foreign allele (d) as well as a parameter for the coefficient of the slope of
the tail of introgression (1) (Derryberry, Derryberry, Maley & Brumfield 2014; Gay,
Crochet, Bell & Lenormand 2008). The tail parameters estimated for each differentiated

region broadly overlap and appear noisy (Figure 2.3C).
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Figure 2.2: Logit-transformed cline of genome-wide ancestry. Points represent the
average ancestry of each sampled locality. Dashed lines indicate the transition point from
the central step and the shallower tails (-87 km and 83 km) for a cline width of 170 km.

47



Cline Center (km)
o 10 20 30
1 1 1 1

-10

Cline Width
El  <85km
2 = 170 km
= >215 km

-20
|

-30

T T T T T T TITT T T T T T T T T T T
chr1 chria chr2 chr3 chr4 chrs  chr7 chr12 chri4 chri8 chr19 chr21  chr29  chrz

300
1
vy

250
1

200
I

Cline Width (km)
150
1

Cline Center.

50
|

<-12km "
-2.7 km

© ] > 9.8 km
T T T T T T RS T T a0 T T T T T T
chr1 chria chr2 chr3 chr4 chrs  chr7 chr12 chr14 chr18 chr19 chr21  chr29  chrz
- IC
e
<
3
O
T © = 5
g — El e SRR el e
2 o S s S i i 2 ot 55 4
o o 7 73 i i
= i T et SRR R i T R R S L
e o s o —_——
S A
<
]
©
S
T T T T ! T | E L P T 0 T T 1. LWL T
chr1 chria chr2 chr3 chrd chrs chr7 chr12 chr14 chr18 chr19 chr21  chr29  chrz

Chromosome

Figure 2.3: Summary of cline parameters estimated for 41,014 SNPs in highly
differentiated regions. Cline center is plotted in panel A, with color corresponding to the
width of the cline for each SNP. Panel B shows cline width for each SNP, with color
corresponding to the cline center. In panels A and B, the genome-wide ancestry cline
center or width is represented by the horizontal line across each plot bounded by
confidence intervals indicated with a dashed line. Panel C shows the coefficients for the
western (negative values) and eastern (positive values) cline tails for each SNP. Black
horizontal bars represent the average center, width, or tail parameters for SNPs within
each highly differentiated interval. X-axis for each plot is scaled so that the distance
between SNPs is equal, and does not reflect the actual chromosomal position. This
scaling is needed to show variation within intervals that would be obscured given the
narrowness of differentiated regions relative to whole chromosomes.
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Binomial test for introgression

We identified 19816 SNPs with restricted introgression and 2395 SNPs with
excess introgression into auduboni-like hybrids (hybrid index between 0.1 and 0.2; n =
180). For coronata-like hybrids (hybrid index between 0.8 and 0.9; n = 208), we found
5122 SNPs with restricted introgression, and 1006 SNPs with excess introgression. In
summary, there is a strong signal of asymmetric introgression of coronata alleles into the
auduboni-like hybrids, especially among the large autosomes (1, 1a, and 3) and the Z
chromosome. The results in coronata-like hybrids are noisier and show that regions with
restricted introgression are located adjacent to regions where introgression is in excess
(Figure 2.4).
Genetic associations

We computed the pairwise correlation coefficient of principal component 1
genotypes within peaks of differentiation. Plotting principal components 1 and 2 for each
peak generally shows discrete genotype clusters representing homozygotes for the
reference and non-reference alleles, and an intermediate cluster representing
heterozygotes. The formation of discrete clusters suggests that recombination within
these regions is limited (example provided in Figure S2.1), so we averaged cline
parameter estimates within peaks to ameliorate noise in individual SNP parameter
estimates and simplify downstream analysis. These intervals defined by peaks of
differentiation were categorized as “barrier loci” on the condition that the mean of cline
width for SNPs within an interval is less than the genome-wide ancestry cline width of

170 km.
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Pairs of barrier loci exhibit stronger correlations (mean = 0.701, s = 0.324) than
do pairs of non-barrier loci (mean = 0.657, s = 0.397) or pairs of non-barrier and barrier
loci (mean = 0.679, s = 0.360). A permutation test, in which we randomized
categorization of each locus in a pair as “barrier” or “non-barrier”, shows that the
observed median genotypic correlation between non-barrier locus pairs is below the
median of randomized pairs, and that the observed median genotypic correlation between
barrier locus pairs is greater than permuted pairs (Figure 2.5D). We find that pairs of non-
barrier loci tend to have much more coincident clines (i.e. similar center) than random
pairs of loci, and that pairs of barrier loci tend to differ slightly but significantly in their

cline center (p-value = 0.013; Figure 2.5E).
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Figure 2.5: The heatmap (A) shows r? of genotype clusters inferred from PCA for each
interval (red) and mean r? of the highly differentiated SNPs within intervals (gray).
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show results from a permutation test comparing the median r? (D) or difference in cline
center (E) of locus categories.
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Chromosome A | Interval A | Chromosome B | Interval B r
chrla 8 chr20 66 0.358423
chrl4 56 chrz 91 0.352804
chr21 70 chrz 91 0.347681
chr21 70 chrz 90 0.346512
chrla 8 chrz 92 0.338861
chrla 8 chrl2 52 0.33749
chrda 22 chrz 90 0.329839
chrb 26 chrl5 58 0.323994
chrl5 58 chr20 69 0.323752
chrl3 55 chrz 90 0.322573
chrl3 55 chrz 91 0.321742
chrla 8 chrls 58 0.316577
chrb 24 chrz 83 0.316211
chrb 26 chr6 34 0.314019
chrl 7 chr22 72 0.314006
chrl 2 chr20 66 0.312455
chrla 8 chr20 67 0.312134
chr12 53 chrl8 62 0.310835
chrl 4 chr29 78 0.30911
chr4 18 chrlbs 59 0.307378
chr20 69 chrz 84 0.30585
chr4 19 chrlbs 59 0.304775
chrl3 55 chrz 92 0.303799
chrl 4 chr20 69 0.303736
chrl 2 chr20 67 0.303193
chr3 16 chrl8 62 0.30294
chrla 8 chrz 81 0.302919
chrl0 47 chr28 77 0.302254
chrda 22 chrz 89 0.302162
chrl 2 chrz 80 0.301133

Table 2.1: Top 1% pairwise correlations between principal component 1 of genotypes
within peaks of differentiation (see Figure 2.5A, red heatmap). Each peak of
differentiation within a chromosome was given a unique numerical identifier, shown here
as a number in the “Interval A” and “Interval B” columns.
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Discussion

The genetic architecture of reproductive isolation

We find that the extent and symmetry of introgression is heterogeneous across the
genome. Putative barrier loci are clustered on large chromosomes, especially the Z
chromosome. The Z chromosome makes up only about 7% of the genome yet it harbors
31% of the intervals we categorized as putative barrier loci. Barrier loci are over-
represented on the Z chromosome, suggesting that the distribution of “speciation genes”
may be non-random and that the sex chromosomes are important components of
reproductive barriers. Overall, our results suggest that reproductive isolation between
Setophaga coronata coronata and S. ¢. auduboni is driven by many genetic variants, each
with small effects, and that neither variation in recombination rate nor differentiation
fully account for the presence of barrier loci. Recombination rate tends to be lower near
centromeres and within larger chromosomes (Nachman 2002), so if low recombination
rate is particularly important for the maintenance of divergent genomes, we may expect
an over-representation of genome regions experiencing a strong barrier to gene flow
within the large autosomes. Instead, relative to their total contribution to the genome, we
find fewer barrier loci than expected (33%) on the autosomes larger than 50 Mbp even
though these chromosomes make up about 57% of the genome. This finding contrasts the
initial interpretation of peaks of differentiation as “islands of speciation” (Turner, Hahn,
& Nuzhdin 2005) as well as the counterargument that neutral divergence accumulates in
regions of restricted recombination (Noor & Bennett 2009) and aligns with more recent

observations in anurans, for example (Dufresnes et al. 2021). The large proportion of
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barrier loci on the Z chromosome provides further support for the observation that sex
chromosomes, relative to the autosomes, have a disproportionately large contribution to
reproductive barriers (Presgraves 2008; Coyne 1992; Coyne 1989) as they can have a
strong influence on traits that influence viability or sterility of hybrids.

Multilocus cline theory (Barton & Gale 1993) and more recently developed
theories (Flaxman, Wacholder, Feder, & Nosil 2014) indicate that the genetic architecture
of speciation with gene flow involves strong associations among barrier loci. We find
evidence that strong linkage disequilibria among our putative barrier loci are maintained
despite extensive hybridization, providing empirical support for the role of the “coupling”
of barrier effects (Dopman, Servedio, Butlin & Smadja 2024) in the process of speciation.

Cline analysis

We find that clines among our putative barrier loci are shifted eastward relative to
the genome-wide ancestry cline. This pattern is consistent with two possibilities. Overall,
gene flow may be asymmetric due to differential dispersal tendency or unbalanced
population sizes. Greater long-distance dispersal of coronata relative to auduboni, or a
larger population of coronata could shift the balance of gene flow and lead to a greater
influx of neutral coronata alleles into the hybrid zone. Loci under selection will
experience restricted introgression and their clines will remain stationary while the
neutral regions of the genome continue to introgress asymmetrically. It is unlikely that
the difference in cline center between barrier and non-barrier loci is due to positive
selection favoring coronata alleles, because the clines for beneficial alleles should be

wide, and any universally beneficial allele would likely have swept to fixation within the
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time since secondary contact was established. Alternatively, the difference in cline center
between barrier loci and neutral peaks of differentiation could be explained by stronger
selection against coronata alleles at barrier loci that are introgressed into an auduboni
background than the reverse. Asymmetric dispersal and asymmetric selection are not
mutually exclusive and may work together to produce asymmetric gene flow.

We aimed to use information from the tails of the clines to improve the resolution
of our scan for barrier loci. The slope of the tail of a geographic cline corresponds with
selection on an individual locus, as it represents the decay of the frequency of
introgressing heterospecific alleles after generations of backcrossing and recombination.
Despite thorough sampling of the edges of the hybrid zone, we are unable to analyze the
tails of the clines due to high levels of noise and low variation in the estimated tail
parameters. We recommend that researchers drawing inferences from the tails of
geographic clines should do so with caution. Alternative methods for quantifying patterns
of gene flow at the edges of the hybrid zone, such as the method discussed below, may be
more effective.

Introgression beyond the hybrid zone

The strongest pattern we observed from our analysis of introgression in nearly
pure coronata and auduboni populations is that there is broad asymmetry, particularly
among the large autosomes and the Z chromosome. Coronata alleles appear to be
strongly disfavored in the auduboni genetic background. This pattern is consistent with
our results from the cline analysis that show a strong displacement of the cline center of Z

chromosome loci, with a similar pattern on chromosomes 1a and 3 (Figures 2.3 & 2.6).
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We find that our analysis of introgression into coronata-like hybrids is noisier than in
auduboni-like hybrids. This difference may be due to differences in ancestral
polymorphism in the two populations. While our sampling of allopatric auduboni
populations likely includes most of the genetic variation present, our sampling of
allopatric coronata populations is limited in the eastern extent of their breeding range.
The wide geographic range of coronata, which breeds in territories extending from
Alaska to the north-eastern coast of the United States and Canada, may include greater
genetic diversity than in auduboni. Because our sampling of the eastern extent of the
coronata breeding range is limited to only 5 individuals and we have no representatives
of the range between the provinces of Saskatchewan and Ontario, we may not have
captured some of the polymorphism that exists in coronata broadly. Failing to capture
this variation may have led us to erroneously interpret a signal of ancestral polymorphism
in allopatric coronata as a signal of excess introgression of auduboni alleles.

Our test for introgression at the edges of the hybrid zone provides higher
resolution throughout the genome than our cline analysis. It also offers additional
information, as it can detect restricted or excess introgression. The presence of some
narrow regions where introgression is highly restricted provides candidate regions to
explore for individual genes that may contribute to reproductive barriers.

Although our analysis of the cline tails was not able to achieve our intended
results, the test of differential introgression serves a similar purpose, in that we are able to
identify narrow genomic regions experiencing selection against introgression in nearly

pure populations, where alleles from one population are isolated in the opposing
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population’s genetic background. One advantage of this analysis is that it is not limited to
highly differentiated or fixed differences between parent populations. In the early stages
of speciation with gene flow, weakly selected loci that contribute to reproductive barriers
may persist at intermediate frequency for many generations. Therefore, limiting a scan to
highly differentiated regions may provide an incomplete characterization of the genomic
regions involved in reproductive isolation.
Genetic interactions

Theory predicts that speciation with gene flow is possible when divergent
selection maintains linkage disequilibria among loci involved in reproductive barriers
(Flaxman, Wacholder, Feder, & Nosil 2014) and that linkage disequilibria among barrier
loci can increase the total strength of selection against hybrids, generating a stronger
barrier to gene flow than selection on an individual locus (Barton & Gale 1993).
Consistent with these predictions, we find that genotypic associations among our putative
barrier loci are strong, and the “stepped” shape of the genome-wide ancestry cline and
clines fit to individual SNPs suggests genome-wide coupling of barrier effects that
increase the total selection against hybrids (Figure 2.2). Additionally, we find that
genotypic associations are stronger among loci with narrow clines (Figure 2.5). In
particular, differentiation peaks on the Z chromosome tend to exhibit strong linkage
disequilibria, featuring prominently in the strongest 1% of correlations (Table 2.1).
However, cline center is not coincident among barrier loci. This pattern seems to be

driven by the strong asymmetry in introgression we observe among loci on the Z
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chromosome, which comprise 31% of our putative barrier loci. In contrast, the center of
clines estimated for non-barrier loci are highly coincident (Figure 2.5E).

The strong associations among unlinked barrier loci may include loci involved in
genetic incompatibilities. Multi-locus incompatibilities are thought to be an important
factor in generating and maintaining post-zygotic reproductive isolation after secondary
contact (Dobzhansky 1937; Muller 1942). Our analysis of genotype correlations among
unlinked loci reveal a small number of outliers that are good candidates for further
analysis to determine whether these exhibit signatures consistent with negative epistasis.
Genic incompatibilities involving the sex chromosomes impose barriers to gene flow

The importance of heteromorphic sex chromosomes in the evolution of post-
zygotic intrinsic reproductive barriers is well supported by empirical examples.
Interactions involving sex chromosomes commonly result in reduced viability or sterility
(e.g. Presgraves 2003; Orr & Irving 2001; Orr 1987). Our cline analysis and test for
asymmetric introgression both show that the sex chromosomes exhibit a strong barrier to
gene flow, and that the barrier is asymmetric. We also find that linkage disequilibrium
between pairs of putative barrier loci is higher than between pairs of non-barrier loci and
the Z chromosome is commonly found among locus pairs with the strongest linkage
disequilibria. This pattern suggests that in yellow-rumped warblers, between-locus
incompatibilities involving the sex chromosomes may play a major role in reproductive
isolation. Closer examination of putative barrier loci focused on identifying signatures of
asymmetric negative epistasis will clarify the role of genetic incompatibilities in this

system. This work demonstrates that large scale genome-scans have the power to
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elucidate the genome-level signatures and genic components of reproductive barriers and

advance our understanding of the genetic architecture of speciation with gene flow.
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Locality State/Province Distance n Hybrid Index
Abbott Bay Montana -310 9 0.06
Abraham Lake Alberta 58 24 0.75
Alta Sierra California -1727 12 0.00
Anchorage Alaska 1182 26 0.99
Beaver Creek Montana -481 9 0.03
Blaeberry British Columbia -30 15 0.31
Blue River British Columbia -123 10 0.19
Bob Quinn British Columbia -37 10 0.39
Britton Creek British Columbia -421 10 0.10
Chisholm Alberta 397 10 0.92
Chuska Mtns New Mexico -1735 9 0.00
Clearwater British Columbia -195 8 0.16
Cline River Alberta 36 32 0.66
Cold Lake Alberta 523 5 0.93
Comstock British Columbia =377 10 0.11
Crowsnest Alberta -157 23 0.14
Etherington Creek Alberta -86 9 0.31
Evan Thomas Alberta -20 23 0.40
Fawcett Lake Alberta 441 10 0.92
Fort McKay Alberta 715 2 0.95
Fox Creek Alberta 209 24 0.88
Gavin Lake British Columbia -200 17 0.23
Ghost Alberta 32 9 0.71
Golden British Columbia -57 28 0.20
Grizzly Trail Alberta 320 10 0.91
Hay Creek Montana -261 5 0.06
Hinton Alberta 81 22 0.83
Hope British Columbia -476 22 0.11
House River Alberta 549 9 0.95
Kennedy British Columbia -23 24 0.36
Lac LeJeune British Columbia -306 32 0.12
Livingstone Alberta -114 10 0.21
Lodgepole Alberta 186 11 0.89
Maqua Lake Alberta 642 9 0.95
McLeod Alberta 262 10 0.90
Miette Alberta 62 9 0.79
Mill Creek Washington -593 11 0.05
Moberly Lake British Columbia 97 24 0.83
Morchuea Lake British Columbia 65 12 0.86
Mt Adams Washington -766 9 0.04
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Locality State/Province Distance n Hybrid Index
Mt Robson British Columbia -32 14 0.34
Nass River British Columbia -137 9 0.24
New York New York 3113 5 1.00
Oconnor Lake British Columbia =277 10 0.12
Palisades Alberta 29 15 0.59
Parker Meadow California -1702 19 0.00
Pelican Hills Alberta 497 11 0.92
Peter Lougheed Alberta -40 26 0.25
Pine E British Columbia 18 6 0.77
Pine Pass British Columbia 22 18 0.72
Pine W British Columbia 14 14 0.57
Pocahontas Alberta 54 8 0.75
Pyramid Lake Alberta 20 22 0.62
Rafter 6 Alberta 1 7 0.52
Rattlesnake Montana -466 3 0.04
Red Pass Junction British Columbia -48 11 0.31
Rocky Mountain House | Alberta 128 19 0.86
Saskatchewan RX Alberta 12 43 0.59
Sherman Pass California -1697 5 0.00
Sibbald Creek Alberta 11 19 0.61
Sibbald E Alberta 9 18 0.58
Sibbald W Alberta -3 24 0.46
Skalkaho Montana -552 7 0.02
Slave Lake Alberta 409 3 0.92
Smith Montana -402 10 0.04
Snaring Alberta 28 9 0.72
South McMurray Alberta 623 11 0.95
Spring Rimrock Washington -704 10 0.06
Sugarloaf California -1877 3 0.00
Sundance Alberta 143 8 0.85
Sundre Alberta 70 6 0.84
Todagin British Columbia 27 29 0.73
Tumbler Ridge British Columbia 58 11 0.85
Waiparous Alberta 32 14 0.77
Waterton Alberta -243 7 0.09
Watson Lake British Columbia 320 9 0.95
Whiskers Point British Columbia -48 23 0.36
White Pine Washington -579 11 0.06
Willow Creek British Columbia 5 12 0.51
Yamnuska Alberta 4 17 0.55
Yard Creek British Columbia -196 21 0.13
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Locality State/Province Distance n Hybrid Index
Yellowhead Pass British Columbia 3 18 0.54

Table S2.1: Summary of localities included in cline analysis for Chapter 2. Hybrid index
is the average ancestry of birds sampled in each locality, relative to coronata ancestry,
estimated with Admixture. Distance is the distance between the averaged coordinates for
each bird’s site of capture and the nearest point along the line joining the interpolated
hybrid zone midpoint at each transect.
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Figure S2.1: Top panel shows a Manhattan plot of differentiation peaks (weighted Fst in
10 kbp windows), using the Z chromosome as an example. Peaks are colored to indicate
intervals of consecutive SNPs with an allele frequency difference between allopatric
coronata and auduboni > 0.8. Each peak is labeled above with its unique numerical ID.
Below, scatterplots show each bird in the analysis, plotted with principal component 1 of
genotypes within the interval on the x-axis and principal component 2 on the y-axis.
Yellow points indicate auduboni ancestry, black points indicate coronata ancestry, and
red points indicate a bird exhibits intermediate ancestry. Interval 86 is excluded, as it
includes too few SNPs for principal components analysis. When three discrete genotype
clusters align along the x-axis, the pattern suggests little recombination within the
interval, where the clusters correspond with homozygotes for parental genotypes at either
end and heterozygotes in the middle. Within interval 93, principal component 1 separates
sex, and principal component 2 separates individuals by ancestry.
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Chapter 3: Plumage genes are associated with reproductive barriers in hybridizing
warblers
Background

Sexual selection may be an important factor in animal speciation as it can
influence mating success within and between lineages and generate reproductive isolation
when it results in divergence in sexual signals, mating success, or other aspects of pre-
mating or pre-zygotic compatibility between populations (Mendelsson & Safran 2021,
Panhuis, Butlin, Zuk, & Tregenza 2001). However, theoretical models exploring the
conditions that allow speciation to occur by sexual selection provide restrictive
conditions for sexual selection as the primary driver of speciation (reviewed in Turelli,
Barton & Coyne 2001) and empirical studies often only indirectly link divergence in
sexual traits with sexual selection and speciation (Coyne & Orr 2004; Maan & Seehausen
2011; Ritchie 2007; Panhuis, Butlin, Zuk & Tregenza 2001). Speciation involving sexual
selection is most plausible when there is coordinated evolution of the genetic components
of sexual signals, sensory systems that influence mate preference and choice, and
divergent ecological selection, especially when populations interbreed (Servedio &
Boughman 2017; Safran, Scordato, Symes & Rodriguez 2013).

Theoretical models of speciation with gene flow predict that coupling of the
genetic components of reproductive barriers is needed to counteract genetic
homogenization by migration and recombination (Flaxman, Wacholder, Feder, & Nosil
2014). Coupling can be accomplished through physical linkage or by selection that

maintains favorable genotype combinations at unlinked loci. If speciation by sexual
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selection is most likely when sexual signals and mate preferences are coupled, pleiotropy
is perhaps the most likely genetic architecture underlying speciation driven by sexual
selection (Xu & Shaw 2021; Naisbit, Jiggins, & Mallet 2001).

Many well-known examples of sexual selection and speciation are taken from
birds. In some species, elaborate plumage color or morphology evolve by sexual selection
and diversification of plumage characteristics is associated with speciation rate in some
lineages (Price-Waldman, Shultz, & Burns, 2020; Beltran, Shultz, & Parra 2021). Studies
characterizing the genetic basis of plumage differences in hybridizing birds shows that
early stages of divergence are characterized by very high levels of genetic differentiation
almost exclusively at plumage-associated regions, which tend to be clustered in few
regions of the genome (Toews et al. 2016A,; Poelstra et al. 2014). In finches, a rapid
radiation is associated with repeated divergence at few regions of the genome - most
notably in a region involved in the regulation of melanin-based plumage traits
(Campagna et al. 2017). While the correlation between divergent secondary sexual
characteristics and genomic regions with elevated differentiation or divergence provides
some circumstantial evidence of a role for sexual signals in speciation with gene flow, it
is not clear that these signals experience restricted gene flow or whether the correlation is
due to trait evolution that drives speciation or occurs following speciation (Price-
Waldman, Shultz, & Burns 2020; Campagna et al. 2017).

Subspecies of the yellow-rumped warbler, Setophaga coronata coronata and S. c.
auduboni are are genetically differentiated and morphologically distinct with respect to

several melanin and carotenoid-based plumage characteristics (Toews et al. 2016B;
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Brelsford, Toews & Irwin 2017; Hubbard 1969). Differences are maintained despite a
long history of hybridization following secondary contact (Mila, Smith, & Wayne 2007).
Recent analysis using restriction-site associated DNA sequence data shows that the
genetic basis of these traits involves several genomic regions but little involvement of the
sex chromosomes, and that melanin and carotenoid-based traits differ in the number of
genetic regions associated with the phenotype (Brelsford, Toews & Irwin 2017). A study
of the genetic architecture of reproductive isolation between coronata and auduboni
indicates that the Z chromosome includes a large fraction of genome regions
experiencing restricted introgression, along with the larger autosomes, and that most of
these regions colocalize with peaks of differentiation (see Chapter 2). By combining
detailed information about the genetic basis of divergent plumage traits and reproductive
isolation in yellow-rumped warblers, we can gain insight into the role of secondary
sexual characteristics in the process of speciation.

In this study, we build upon previous work to elucidate the genetic basis of
plumage differences in Setophaga coronata coronata and S. c. auduboni by conducting
an expanded genome-wide association study using whole genome sequence data from
many more individuals sampled from allopatric populations and the hybrid zone.
Additionally, by comparing the genetic architecture of plumage to reproductive barriers,
we are able to provide information regarding the involvement of conspicuous, divergent
secondary sexual characteristics, and potentially pre-mating barriers, in reproductive
isolation between hybridizing taxa. We predict that, if secondary sexual characteristics

are important in the maintenance of reproductive isolation, the genomic regions
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associated with these traits will exhibit restricted gene flow between coronata and
auduboni populations.

Methods
Data Collection

We used the whole-genome sequence data produced for previous studies of the
yellow-rumped warbler hybrid zone (see Chapter 1 for detailed methods). In summary,
genetic sequence data were obtained from male yellow-rumped warblers captured in the
field between 2005 and 2021 and sequence data obtained from the NCBI Sequence Read
Archive. For our original samples obtained from wild-caught birds, we prepared whole-
genome libraries using the SeqWell Plexwell 384 LP kit and sequenced these libraries at
the UCSD Institute for Genomic Medicine. We aligned reads to a Setophaga coronata
coronata reference assembly and used the SNP calling and filtering procedure outlined in
Chapter 2.

Genome-wide Association Study (GWAS)

For the GWAS, we supplied genotypes for all SNPs that passed our quality filters
and included 940 male coronata, auduboni, and hybrids for which phenotypic data were
collected. Phenotypic data were obtained by scoring plumage characteristics from
photographs of birds taken at the time of capture. We scored 8 traits (extent of yellow on
throat, saturation of yellow on throat, extent of black on auricular, saturation of black on
auricular, extent of white chin corner, eye spot, eye line and wing patch) on a scale from
0 (coronata-like) to 100 (auduboni-like) for all birds with photographs of sufficient

quality for each trait, and scored one trait (tail pattern) on a scale from 2 to 6. This
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scoring system is adapted from Pyle (1997) which uses a letter-based system for the
relatively discrete variation in tail pattern on the tail feathers. Because the extent and
saturation of pigmentation are highly correlated for both throat (r> = 0.98) and auricular
(r? = 0.97), we chose to use composite characteristics throat and auricular, which are
average scores of extent and saturation for each respective trait, instead of assessing
saturation and extent independently. Photographic examples of these traits are provided
in Figure 3.1 and the plumage trait reference photos are included in the supplemental
Figures S3.2 — S3.5.

We used GEMMA (Zhou and Stephens 2012) to perform the GWAS, using the
univariate model, and used age as a covariate only for wing patch and tail pattern,
because trait values are correlated with age. Because GEMMA requires that the supplied
genotype data do not contain missing values, we used Beagle v5.4 (Browning, Zhou, &
Browning 2018) to generate an imputed VCF file. To ensure that we retained only sites
that passed our initial quality filters, and to take advantage of the maximum available
information for imputation, we imputed using the full, unfiltered SNP data, then applied a
filter to retain only SNPs that passed the initial quality filters.

We chose a significance threshold for reported p-values of 1e”’. In order to obtain
this threshold, we performed 200 iterations of the GWAS for each trait, permuting the
phenotype values of all individuals, and then counting the number of SNPs in these
permutations that are reported with p-values less than 1e”’. On average, we obtained less
than 2 SNPs with p-values below 1e” per 200 permutations of the GWAS (Figure S3.1).

By applying a significance threshold of 1e”’, we obtain a false discovery rate of 2 per the
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number of significant associations for each trait. The number of significant associations

for each trait are given in Table 3.1.

A

Figure 3.1: Photographs of yellow-rumped warblers. Image A shows a male coronata
(left) and a male auduboni (right) captured at the same site at Pine Pass. Images B, C, and
D, show a male coronata, a male hybrid, and a male auduboni with labels indicating the
five traits with a large number of significantly associated SNPs identified in the GWAS.
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Candidate genes

To locate genes that intersect SNPs with significant trait associations, we used
Bedtools v2.31.0 intersect to locate genes that overlap our SNPs of interest with a 20 kbp
buffer upstream and downstream of each SNP. This distance cutoff was applied as a
middle-ground approach to identifying genes, given that the majority of SNPs are within
10 kbp from the gene they affect, and some SNPs as far as 100 kbp from the nearest gene
may still have an affect (Brodie, Azaria & Ofran 2018). We obtained gene locations by
mapping the annotations of the zebra finch (Taeniopygia guttata; Rhie et al. 2021) to the
S. c. coronata reference genome using Liftoff (Shumate & Salzberg 2021). We selected
candidate genes for carotenoid and melanin-based traits with the criteria that the gene
was within 20 kbp of the most significant association for one or more traits.

Plumage and reproductive barriers

We fit clines to plumage traits using the quantitative trait model in HZAR v0.2-5
(Derryberry, Derryberry, Maley & Brumfield 2014) using all male birds for which each
trait was measured. To compare phenotypic clines to SNP clines, we extracted cline
parameters for plumage-associated SNPs for which cline data were available from
Chapter 2. Cline analysis can provide information about the strength of a barrier to gene
flow as the width of a cline is inversely proportional to the strength of selection against
hybrids (Barton & Gale 1993). To determine whether clines for a plumage trait are
involved in reproductive isolation, we compared the width of the phenotypic and
genotypic clines to the cline fit to genome-wide ancestry. Additionally, we investigated

candidate genes for the carotenoid-based and melanin-based plumage traits to determine
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if these genes exhibit restricted introgression by comparing the trait-associated region to
the results from a test for restricted introgression into coronata-like and auduboni-like
hybrids (see Chapter 2). This comparison allows us to evaluate evidence for introgression
of our candidate genes into both parent populations independently.
Results

Genome-wide association study and candidate genes

The traits we measured vary in the number of SNPs or regions with significant
associations. Binning SNPs into intervals separated by more than 500 kbp between the
next significantly associated SNP results in 63 regions significantly associated with throat
color. Wing and tail patterns exhibit only weak associations, with only 2 and 30
significantly associated SNPs, respectively. Spot and line appear to be influenced by one
and two genetic regions, and a narrow region of chromosome 20 exhibits the strongest
genetic association with both traits. Auricular is similar, with SNPs within chromosomes
1a and 20 exhibiting the strongest association. Additional regions of the Z chromosome
and chromosome 4 show weak but significant associations with auricular. The
distribution of SNPs associated with corner shows a very similar pattern to throat, with
significantly associated SNPs on many of the chromosomes and in regions of elevated
differentiation. SNPs with significant associations tend to be found in regions with

elevated Fst. Results for each trait are summarized in Table 3.1 and Figure 3.2.
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Figure 3.2: Differentiation (Weighted Fst) between allopatric populations of coronata
and auduboni measured in 10 kbp windows (top row), followed by -logio transformed p-
values for each of 7 traits. SNPs with p-values that pass the significance threshold of 1e”’
are colored.

78



To compare peaks of significant SNPs for different traits, we binned SNPs into
intervals, where SNPs were assigned to the same interval if the p-value was above the
significance threshold and the distance between them was at most 500 kbp. We find two
regions that are particularly interesting due to the strength of the association with one or
more traits and the narrowness of the region, relative to some broader peaks with strong
trait associations. A region of chromosome 20 between approximately 4.19 and 4.37 Mbp
stands out for its strong association with multiple traits as well as its narrowness. This
region is associated with spot (p-value = 9.75 x 10-35), line (p-value = 1.18 x 10-35),
auricular (p-value = 1.95 x 10-23), and throat (p-value = 5.32 x 10-10). This region of
chromosome 20 intersects the gene ASIP, another well-known gene involved in melanic
traits in birds (Campagna et al. 2017; Toews et al. 2016A; Uy et al. 2016) and in
mammals (Kingsley, Manceau, Wiley, & Hoekstra 2009). These results are summarized
in Figure 3.3A. On chromosome 4a, a region between approximately 14.36 and 14.46
Mbp contains a cluster of SNPs with significant association with throat color, which is
white in coronata and yellow in auduboni (i.e. carotenoid-based pigmentation). The
lowest p-value for SNPs in this region, and for any SNP associated with throat, is 2.15 x
10-30. This region intersects the gene EDA, a protein-coding gene known for its
involvement in bony-plate development in sticklebacks and other derivatives of
ectodermal tissues in mammals, such as hair and teeth (Colosimo et al. 2005; Thesleff &
Mikkola 2002). This region has a significant association only with the throat color trait
(Figure 3.3B). Despite strong association with plumage traits, these regions appear to

experience a weak barrier to gene flow, shown by the weak restriction of introgression
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(Figure 3.3, bottom half of each panel). To contrast the regions near ASIP and EDA, we
provided a region of chromosome Z which experiences a strong barrier to gene flow,
indicated by the highly significant signal of restricted introgression (Figure 3.3C) and no

significant associations with any of the traits we measured.
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Figure 3.3: GWAS p-values for gene regions near SNPs with the strongest associations
for spot, line, and auricular (A) and throat color (B). Below the GWAS results, p-values
from the binomial test for asymmetric introgression is shown (see Chapter 2), where red
points indicate SNPs with significantly restricted introgression (lower than expected
frequency of heterospecific allele). In contrast, panel C shows a region with no
significant trait associations but strongly restricted introgression into auduboni.
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Phenotypic and genotypic clines for plumage traits

The genome-wide ancestry cline has a width of 170 km (158 km, 179 km; see
Chapter 2). Parameter estimates for phenotypic and genotypic clines for all traits are
summarized in Table 3.1 and Figure 3.4. In short, throat, corner, line, and auricular
phenotypic clines are narrower than the genome-wide ancestry cline and clines of their
significantly associated SNPs. Only wing and tail phenotype clines are wider than the
ancestry cline. We did not obtain an estimate of cline width for SNPs associated with
wing since none of the significantly associated SNPs were within genome regions that
were included in the cline analysis. Cline center for traits and their associated SNPs are
coincident and shifted eastward relative to the genome-wide ancestry cline with

exception of corner and spot.

GWAS results Phenotype Cline (km) SNP Clines (km)
Trait SNPs | Chromosomes | Intervals Width Center Width Center
(95% CI) (95% CI) (SD) (SD)
throat | 15752 20 77 81 (70, 90) 6.4(4.0,9.3) | 142 (29) | 1.9 (4.9)
corner | 1948 10 27 80 (50, 96) |-3.1(-8.4,2.9)| 107 (35) | 4.8(2.5)
auricular| 5047 6 20 68 (38,98) |8.2(2.4,12.4) | 122 (37) | 3.9(3.0)
spot 1583 7 12 114 (29, 220) | -6.9 (-14,2.3) | 157 (12) | 2.1 (2.4)
line 1488 6 11 113 (24,155) | 4.3(-5.5,11) | 156 (15) | 2.3 (2.6)
wing 2 2 2 178 (141, 241) | 10 (-3.2, 19) NA NA
tail 30 2 2 224 (175, 278) | 3.2(-9.1,12) | 162 (15) | 0.88 (2.3)

Table 3.1: Number of SNPs, chromosomes, and genomic intervals represented among
significant associations for each trait, and cline parameters estimated for each plumage
trait and their SNPs with significant associations.
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Discussion

The genetic architecture of plumage color

Similar to previous findings (Brelsford, Toews, & Irwin 2017), we find that the
genetic architecture of plumage traits varies among the traits we measured. Throat color
appears to be influenced by many genomic regions, while the white patches around the
eyes (spot and line) share a common basis for their genetic control, indicated by highly
significant associations with SNPs within the coding region of the gene ASIP on
chromosome 20. We do find differences between the present study and the results of the
2017 study, however. The 2017 study identified a region on chromosome 15 as a
candidate for control of carotenoid-based pigmentation. Our results show that this region,
near the gene SCARF2, exhibits a relatively weak, but significant association with throat
color (p-value = 9.7e71%). The strongest candidate gene involved in yellow pigmentation,
based on the current results, is instead EDA on chromosome 4a. Significant associations
are also found within relatively large regions of the genome, in some instances spanning
several Mbp. For example, spot and line share an additional peak of significant SNP
associations along the centromeric region of chromosome 20 from approximately 600 bp
to 1.5 Mbp. Genetic control of throat color is more complex, with significant associations
among 63 regions - many of which are quite broad. These peaks may include many genes
and determining whether they are involved in plumage color will require more detailed
analysis. Another recent study has identified other genes that are commonly associated

with plumage coloration in Setophaga warblers, including the gene BCO2, which is
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involved in carotenoid pigmentation (Baiz et al. 2021). Our GWAS does not associate
this gene or any region of chromosome 24, where BCO2 is located, with throat color.

The location of SNPs associated with throat and corner are highly correlated,
which suggests a common molecular basis for these traits. This is somewhat unexpected,
since for throat, the phenotypic difference between coronata and auduboni is the absence
or presence of yellow pigmentation, while for corner, it is the absence or presence of
gray pigmentation. The differences in the genetic architecture of these two traits may hint
at differences in the genetic bases of carotenoid and melanin-based pigmentation.

Wing and tail are melanin-based traits but we did not recover an association between
ASIP and these traits, and find few significant associations in the genome overall. Genetic
control of these traits is probably more dispersed among genes with very small effects.
Divergent plumage as a reproductive barrier

Gene flow is not substantially restricted for candidate genes with the strongest
association with plumage traits, so it is unlikely that they have a strong role in
reproductive isolation between coronata and auduboni. When comparing introgression of
alternative alleles for ASIP and EDA regions, we find only marginally significant
restricted introgression of alleles near and within EDA from coronata to auduboni and a
similarly weak signal of restricted introgression of ASIP alleles in both directions (Figure
3.3). Clines for SNPs significantly associated with spot and line are marginally narrower
than the genome-wide average cline (Figure 3.4B) and this pattern is driven mostly by a
large region of chromosome 20, near the centromere. The narrow region containing SNPs

with the strongest association with both spot and line has an average cline width of 177
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km, 7 km wider than the genome-wide average of 170 km (however, this region includes
few SNPs, and so is not reflected in the average of genetic clines shown in Figure 3.4A;
see Chapter 2, Figures 2.3 & 2.6). The phenotypic clines for these two traits are narrower
than their associated SNP clines. In other words, the phenotype for these traits transitions
between parental types over a shorter distance within the hybrid zone than the frequency
of alleles at strongly associated loci. This pattern suggests that if selection acts on
plumage traits, selection on the trait itself is stronger than selection on any individual
SNP that contributes to it.

If genetic control of a trait is non-additive, the phenotypic transition is likely to be
abrupt and the center of the cline will be displaced toward the parental population in
which the recessive allele is more common. The phenotypic cline center of spot is
displaced to the west, relative to the genome-wide ancestry cline and SNPs associated
with spot, while line shows the opposite pattern (Figure 3.4A, Table 3.1). In “pure”
coronata, spot is apparent as a white patch anterior to the eye, and line is apparent as a
white line extending from the eye toward the back of the head. These traits strongly
contrast against the black background of the auricular in coronata. In auduboni, the spot
and line regions of the face are uniformly gray. Other studies of the genes involved in
melanogenesis in birds (Toews et al. 2016A) find that the melanic trait is recessive. The
pattern observed in the phenotypic cline of spot is consistent with dominance of the
coronata allele, since the displacement of the phenotypic cline is toward the west (within
the auduboni side of the hybrid zone), relative to SNP clines and the genome-wide

ancestry cline. However, the confidence intervals for the phenotypic clines of spot and
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line are quite broad and, in the case of spot, include the estimates for their respective
SNPs and the genome-wide ancestry cline, so it is more likely that discrepancies in the
phenotypic and genotypic clines are due to measurement errors in scoring the
phenotypes. Additional evidence that suggests that spot and line are additive traits:
Brelsford, Toews & Irwin (2017) found genotype-phenotype associations are more
consistent with additivity of spot and line in yellow-rumped warblers. Considering that
spot and line associated SNPs do not experience a strong restriction of gene flow, as
measured by our cline analysis and by comparing introgression within the genomic
region with the strongest association with both traits, it is unlikely that spot and line are
phenotypes involved in reproductive barriers.

There is, however, some support for a role for other plumage traits in reproductive
barriers. Some plumage regions, such as the crown and throat, may be more important
than others as sexual signals, (Price-Waldman, Shultz, & Burns, 2020). In yellow-rumped
warblers, throat and auricular plumage regions are perhaps the most conspicuous
differences and may be more important for signaling than subtle traits like spot and line.
Phenotypic clines are consistently narrower than the genome-wide average cline, as well
as the mean of clines fit to SNPs associated with the traits throat, corner, and auricular.
These traits share some peaks of significant associations, with the most similarity among
throat and corner (Figure 3.2). The similarities and differences in the genetic bases of
these traits are reflected in the multimodal distributions of genotypic cline width
estimates (Figures 3.3 & 3.4). The regions where significantly associated SNPs are found

tend to be highly differentiated (Figure 3.2) but not all of these regions exhibit narrow

87



clines. Several peaks of differentiation on the large autosomes (chromosomes 1, 1a, and
3) and the sex chromosomes exhibit narrow clines and likely include genes that
contribute to strong reproductive barriers (see Chapter 2). The large, highly differentiated
regions of chromosome 1a and the Z chromosome show strong genotypic correlations, a
very narrow cline, asymmetric introgression (coronata alleles are underrepresented in
auduboni-like hybrids), and these regions are represented in the GWAS for throat,
corner, and auricular, to varying extents. Plumage associated SNPs for throat, corner,
and auricular, tend to cluster near peaks of differentiation, which are also near
centromeres, and, with the exception of the peak for auricular on chromosome 20, are
found within large “macrochromosomes” where recombination is relatively low (see
Chapter 2). It is possible that plumage color is not an important factor maintaining
reproductive isolation - instead, plumage genes may be hitchhiking due to physical
linkage with other genes involved in reproductive barriers. On the other hand, physical
linkage or linkage disequilibria among barrier loci can facilitate genome-wide divergence
between lineages, and the coupling of sexual signals with ecological or intrinsic barriers
can be an effective way to generate strong reproductive isolation.

The way in which plumage might act as a barrier to gene flow in yellow-rumped
warblers is unknown. It is unlikely that it is involved in mate preference or choice, given
that assortative mating within the hybrid zone is very weak or absent (Brelsford & Irwin
2009). Instead, plumage coloration may mediate aspects of male-male competition, in
which birds with hybrid phenotypes are less effective at maintaining territories.

Alternatively, male aggression biases toward homospecifics may promote divergence in
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mating signals and facilitate sympatric coexistence (Seehausen & Schluter 2004;
Dijkstra, Seehausen, Pierotti & Groothuis 2007). Whether male competition is important
in maintaining divergence in yellow-rumped warblers will require detailed behavioral
observations of the social interactions on their breeding territories.
The yellow-rumped warbler as a model of speciation with gene flow

The emerging picture of speciation in the Setophaga coronata complex is
complex. Extensive sampling of both coronata and auduboni parental populations and
their hybrids has enabled identification of the genetic basis of likely intrinsic post-zygotic
reproductive barriers in high resolution and shown that reproductive barriers involve
many loci distributed throughout the genome, that these barriers vary in the symmetry of
their effects, and that they act together to maintain strong isolation (see Chapter 2). By
contrasting this information against the genetic architecture of secondary sexual
characteristics, we gain insight into the characteristics that may be or are not targets of
selection. We find that genetic regions associated with sexual signals intersect regions
that are involved in reproductive barriers, although the genes with the strongest
correlation with plumage traits do not exhibit strong restriction of gene flow.
Additionally, this hybrid zone offers the potential to investigate how dispersal and
ecology influence hybrid zone dynamics. The long-term resilience of this hybrid zone,
despite rapid ecological change and asymmetric gene flow, suggests that the hybrid zone
is maintained by intrinsic reproductive barriers (see Chapters 1 and 2). However,
transects through the hybrid zone exhibit some subtle and some distinct differences in

cline shape that suggest topography, ecology, or demography are also important factors
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that influence the permeability of the barrier to gene flow. The small, but growing
collection of studies investigating the yellow-rumped warbler hybrid zone and the
extensive data collection consolidated in this project provide a great deal of remaining

potential to explore the evolutionary processes that generate biodiversity.
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Figure S3.1: Results from 200 permutations of the GWAS. The number of significant
associations, for a threshold of 1e”, is shown on the y-axis. Kernel density is shown in

gray.
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Figure S3.2: Plumage score references for throat color and chin corner.
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Figure S3.3: Plumage score references for auricular coloration.
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Figure S3.4: Plumage score references for spot, line, and wing patch.
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Tail Pattern

Figure S3.5: Plumage score references for tail pattern.
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Figure S3.6: Male S. c. auduboni, EFO6D02, captured near Mill Creek, Washington. Traces of coronata-like spot, line,
auricular, and chin corner traits are apparent. Introgression of coronata ancestry can be found in birds far from the hybrid zone.





