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Abstract

Sex chromosomes often bear distinct patterns of genetic variation due to unique patterns of inheritance and
demography. The processes of mutation, recombination, genetic drift, and selection also influence rates of
evolution on sex chromosomes differently than autosomes. Measuring such differences provides information
about how these processes shape genomic variation and their roles in the origin of species. To test hypotheses
and predictions about patterns of autosomal and sex-linked genomic diversity and differentiation, we measured
population genetic statistics within and between populations and subspecies of the barn swallow (Hirundo
rustica) and performed explicit comparisons between autosomal and Z-linked genomic regions. We first tested
for evidence of low Z-linked genetic diversity and high Z-linked population differentiation relative to
autosomes, then for evidence that the Z chromosome bears greater ancestry information due to faster lineage
sorting. Finally, we investigated geographic clines across hybrid zones for evidence that the Z chromosome is
resistant to introgression due to selection against hybrids. We found evidence that the barn swallow mating
system, demographic history, and linked selection each contribute to low Z-linked diversity and high Z-linked
differentiation. While incomplete lineage sorting is rampant across the genome, our results indicate faster
sorting of ancestral polymorphism on the Z. Finally, hybrid zone analyses indicate barriers to introgression on
the Z chromosome suggesting that sex-linked traits are important in reproductive isolation, especially in
migratory divide regions. Our study highlights how selection, gene flow, and demography shape sex-linked

genetic diversity and underscores the relevance of the Z chromosome in speciation.

1. Introduction

Regions of the genome diverge at different rates during speciation, leading to the commonly observed pattern
of heterogeneity in genomic differentiation between populations and species (Wu 2001; Hohenlohe et al. 2010;
Ellegren et al. 2012; Martin et al. 2013; Poelstra et al. 2014; Wolf and Ellegren 2017). Indeed, the genomic
landscape of population differentiation is often strikingly non-uniform, with ‘peaks’ and ‘valleys’ of
divergence across the genome, suggesting that a subset of genomic regions are involved in reproductive
isolation between populations. Sex chromosomes are important in this regard because differences in effective
population size, recombination rate, gene flow, and the efficacy of selection on sex chromosomes relative to
autosomes may culminate in a more rapid accumulation of sex-linked divergence during speciation
(Qvarnstrom and Bailey 2009). Comparisons between autosomes and sex chromosomes therefore provide a

natural experiment to examine how evolutionary processes shape genetic diversity across the genome
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(Bachtrog et al. 2011; Ellegren 2011). Further, sex chromosomes are often assumed to play a prominent role in
the formation and maintenance of species, and empirical investigation into sex-linked reproductive isolation is

necessary to evaluate this assumption.

Sex chromosomes often exhibit low within-population genetic diversity and high between-population
differentiation relative to autosomes driven by demographic effects, the influence of low recombination rate
and linked selection, reduced gene flow, or a combination of these factors (Aquadro et al. 1994; Charlesworth
1996; Betancourt et al. 2004; Mank et al. 2009; Burri et al. 2015). In some cases, sex chromosomes themselves
are considered genomic ‘islands’ of speciation (e.g., Ellegren et al. 2012; Martin et al. 2013), or are enriched
for peaks of population differentiation (e.g., Poelstra et al. 2014; Toews et al. 2016). This trend is consistent
with the general expectation that sex chromosomes play a disproportionate role in speciation for several
reasons. First, sex chromosomes have distinct patterns of inheritance from autosomes. While each individual in
a diploid sexual population inherits two copies of each autosome, the inheritance of sex chromosomes varies
depending on sex determination system. In species with female heterogamety, males (ZZ) inherit a copy of the
Z chromosome from both parents, while females (ZW) inherit only the patrilineal Z. Further, the female-
specific W chromosome is only inherited matrilineally. These inheritance patterns result in distinct
demography compared to autosomes. Under equilibrium conditions, Z and W chromosomes will be present in a
population at 3/4 and 1/4 frequency relative to autosomes (Caballero 1995; Charlesworth 2001; Pool and
Nielsen 2007; Mank et al. 2010), and are therefore expected to harbor proportionately lower genetic diversity.
However, variance in reproductive success between the sexes, sex-biased mutation rates, and variation in the
strength of selection on sex chromosomes may also impact standing genetic variation. Finally, sex
chromosomes encode genes and regulators underlying sexually dimorphic traits (Rice 1984), traits involved in
species recognition (Sether et al. 2007), traits subject to sexual selection (Corl and Ellegren 2012), and traits
that confer a fitness advantage to one sex over the other (e.g., sexually antagonistic alleles; Charlesworth and
Charlesworth 1978). Accordingly, beyond their role in sex determination, sex chromosomes are predicted to
have special relevance in the origins of assortative mating and reproductive isolation in a wide array of taxa

(Charlesworth et al. 1987; Albert and Otto 2005; Seather et al. 2007; Presgraves 2008).

Explicit comparisons between sex-linked and autosomal genetic diversity can reveal features of sex
chromosome evolution relevant to reproductive isolation, and can also provide information regarding the
relative strengths of different evolutionary forces in shaping genetic diversity across the genome (Hellborg and

Ellegren 2004). Bird species have ZW sex determination and have become important model systems for
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empirical studies of autosomal and sex-linked genetic diversity. These studies collectively support that low Z-
linked genetic diversity and high relative differentiation on the Z are ubiquitous features of avian speciation
(e.g., Ellegren et al. 2012; Burri et al. 2015; Lavretsky et al. 2015; Irwin et al. 2016; Battey 2020; Wang et al.
2020; reviewed in Irwin 2018). However, the precise mechanisms driving this pattern and resultant ratios of Z
chromosome/autosome (Z/A) differentiation differ widely among species (reviewed in Irwin 2018). Theory
predicts that alleles associated with genetic sex, reproduction, and mate selection will accumulate on the sex
chromosomes (Rice 1984; Kirkpatrick and Hall 2004b). Consistent with this prediction, Z-linked alleles
underlying sexually selected plumage coloration have been identified in several bird species (Sather et al.
2007; Toews et al. 2016; Campagna et al. 2017). Birds also exhibit a diversity of mating systems with variation
in male or female reproductive success; biases in sex-specific reproductive success can further skew relative
sex-linked genetic diversity (Charlesworth 2001). Male-biased mutation rates and associated rates of Z
chromosome evolution (i.e., ‘fast-Z’ or ‘large-Z’ effects resulting from a faster rate of adaptive evolution or
greater genetic drift on the Z chromosome than autosomes) have also been identified in diverse bird species
(Ellegren 2009; Mank et al. 2009; Elgvin et al. 2011; Dean and Mank 2014; Wang et al. 2014; Lavretsky et al.
2015; Battey 2020). These factors, among others, may be major determinants of Z-linked population genetic

diversity and differentiation.

Among bird species, groups of closely related lineages with geographic variation in sexually selected traits may
be particularly valuable, providing information on sex-linked and autosomal genetic diversity at the earliest
stages of speciation. An example of such a system is the barn swallow (Hirundo rustica) species complex. Barn
swallows are nearly globally distributed and comprise six subspecies (Hirundo rustica rustica, H. r. savignii,
H. r. transitiva, H. r. gutturalis, H. r. tytleri, and H. r. erythrogaster; for brevity we will refer to populations
using subspecies names only). The six subspecies occupy breeding ranges throughout the Northern Hemisphere
(Fig. 1A; del Hoyo and Elliott 2014) and are estimated to have diverged from a common ancestor less than one
million years ago (Zink et al. 2006; Dor et al. 2010). Subspecies differ in combinations of traits involved in
sexual signaling (i.e., plumage coloration and tail streamer lengths; Mgller 1994; Safran et al. 2005, 2016;
Vortman et al. 2013; Liu et al. 2018), and there is evidence of geographic variation in the strength of sexual
selection on these traits (Romano et al. 2017a,b; reviewed in Scordato and Safran 2014). There is also variation
in migratory behavior among barn swallows, with two non-migratory subspecies (savignii in Egypt and
transitiva in Israel) and other subspecies that migrate over long distances to overwinter in lower latitude
regions of Sub-Saharan Africa, Asia, and South America (del Hoyo and Elliott 2014). Barn swallows are

socially monogamous, yet extra-pair copulation is common (Smith et al. 1991; Mgller and Tegelstrom 1997;
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Kleven et al. 2006). This mating system may lead to excess variance in male reproductive success, and
therefore reduce relative Z-linked genetic diversity below theoretically predicted equilibrium ratios (i.e., Z/A <
3/4; Fig. 1B-C). Barn swallow populations have also experienced very recent bottlenecks and subsequent
expansions during the Holocene (Smith et al. 2018). Because sex chromosomes are hypothesized to equilibrate
to demographic conditions more rapidly than autosomes (Pool and Nielsen 2007), recent bottlenecks may be a
source of further decreases in relative genetic diversity on the Z chromosome. These combined aspects of barn
swallow ecology and demographic history provide a foundation for hypothesis testing related to sex-linked and

autosomal genetic diversity.

If rapid differentiation of sex chromosomes is relevant to reproductive isolation between lineages, it follows
that sex-linked genomic regions will also be more resistant to introgression in hybrid zones (Payseur and
Rieseberg 2016). Previous studies have characterized hybrid zone transects between the Asian barn swallow
subspecies rustica, tytleri, and gutturalis in regions of Russia, Mongolia, and China (Scordato et al. 2017,
2020). These hybrid zones vary both in geographic width and apparent degree of reproductive isolation
between parental lineages. Scordato et al. (2020) also found variation in geographic clines of ventral plumage
color (a trait associated with mate choice in certain subspecies) and carbon isotope values (associated with non-
breeding location and the potential presence of migratory divides) across transects, further supporting variation
in the degree of assortative mating and reproductive isolation in barn swallow secondary contact zones.
Sampling of individuals from these transects affords an opportunity to test the hypothesis that the Z

chromosome is resistant to introgression due to selection against hybrids with mixtures of parental traits.

In this study, we estimate genomic diversity and differentiation in the barn swallow species complex using a
whole genome resequencing dataset, including samples of all subspecies and hybrid zone transects in Asia. We
make explicit comparisons between patterns on the Z chromosome and autosomes to test theoretical and
empirical predictions for Z-linked genetic diversity and differentiation and to understand the role of the Z
chromosome in speciation (Fig. 1D; Table 1). In the absence of reproductive skew, demographic changes, or
selection, genetic diversity on the Z should be roughly 3/4 of autosomal diversity due to genetic drift, after
accounting for sex-biased mutation rates (black lines in Fig. 1B-C; Charlesworth 2001). Excess variance in
reproductive success in either sex can cause deviations from this expectation (Irwin 2018), and species with
greater variance in male reproductive success (e.g., barn swallows; Mgller 1994) may experience reductions in
the effective population size of the Z chromosome, specifically. That is, if a relatively small number of males

reproduce, this will necessarily reduce population-level variation on the Z chromosome (of which males have
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two copies), and to a lesser degree for autosomes (i.e., two copies are in both sexes). The theoretical minimum
ratio for Z-to-autosomal diversity under extreme cases of variance in male reproductive success is equal to 0.56
(orange shaded areas in Fig. 1B-C; Table 1; Charlesworth 2001). Such values might be observed if, for
example, a single male is responsible for all offspring as a consequence of mating with many females in the
absence of other factors that would influence the transmission of the Z chromosome (Vicoso and Charlesworth
2009). We consider genomic patterns in barn swallows in light of these predictions, and how sex-linked
diversity may be shaped by a combination of factors related to reproductive skew, demography, selection, and
gene flow. We then test the hypothesis that the Z chromosome represents a genomic ‘differentiation island’ in
barn swallows. The combined effects of faster lineage sorting and reduced gene flow on the Z chromosome due
to selection may drive an increased signal of genetic structure between lineages, and we test the hypothesis that
Z-linked diversity and differentiation are products of rapid lineage sorting relative to rates on autosomes.
Finally, we test the hypothesis that reduced introgression on the Z chromosome due to selection against hybrids
has produced excess population differentiation between barn swallow lineages, indicating a role for Z-linked

regions in speciation.

2. Materials and Methods

2.1 Sampling design and genome resequencing

We obtained blood samples from each of the six barn swallow subspecies (n = 160, range = 8-34 individuals
per subspecies; Supplementary Table S1). Multiple localities were sampled for wide-ranging subspecies (e.g.,
rustica, tytleri, and gutturalis). Our sampling also included individuals from previously identified hybrid zones
in Asia (Scordato et al. 2017, 2020), and a single Wire-tailed Swallow (H. smithii) for use as an outgroup,
based on the swallow phylogeny estimated in Sheldon et al. (2005). Blood was obtained using medial
metatarsal venipuncture and stored in DNA lysis buffer. DNA was extracted using Qiagen DNeasy kits
following the manufacturer’s protocol. Purified DNA products were quantitated using a Qubit fluorometer and
genomic libraries were prepared for each sample using [llumina Nextera XT kits at the University of Colorado
Boulder BioFrontiers Institute using sample-specific barcodes. Prepared libraries were sequenced on two
[llumina NovaSeq 6000 lanes using 150 bp paired end reads. The raw sequencing data used in this study are

available on the NCBI short-read archive (accession PRINA323498).
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2.2 Variant calling and filtering

Paired read data for each individual from the two sequencing lanes were concatenated, then quality filtered
using Trimmomatic v.0.39 (Bolger et al. 2014). Bases at the 5” and 3’ ends of reads with a quality score below
20 were removed using the LEADING:20 and TRAILING:20 options. We also removed reads shorter than 32
bp (MINLEN:32) or with an average quality score below 30 (AVGQUAL:30). We mapped the filtered read
data to the European barn swallow (Hirundo rustica rustica) reference genome (Formenti et al. 2019) using
BWA ‘mem’ v.0.7.17 (Li and Durbin 2009) with default settings. We then sorted output BAM files and
quantified mapping statistics using the Samtools v.1.10 (Li et al. 2009) ‘sort’ and ‘stat’ tools, respectively.

After mapping read data to the reference genome, we called genomic variants using the GATK v.4.0.8.1 best-
practices workflow (McKenna et al. 2010; Van der Auwera et al. 2013). To facilitate analyses requiring an
outgroup, we called variants among ingroup samples plus H. smithii. We first used the ‘HaplotypeCaller’ tool
to genotype individuals, and specified ‘--ERC GVCF ’ to generate a genomic VCF per sample, then generated
an ‘all-sites’ VCF, calling variant sites across individuals using the ‘GenotypeGVCFs’ tool. We filtered raw
variant calls using the GATK VariantFiltration’ tool, imposing the following filters on SNPs using
information in the site format fields: variant confidence by depth (QD < 2.0), strand-bias (FS > 60.0), among
sample mapping quality (MQ < 40.0), mapping quality of heterozygous sites (MQRankSum < -12.5), and
distance of variant sites from ends of reads (ReadPosRankSum < -8.0), following the GATK tutorial on hard-
filtering variants and settings used in Hooper et al. (2019). We also used ‘VariantFiltration’ to mask SNPs in
repeat regions from the barn swallow genome after converting the NCBI GFF version

‘GCA _003692655.1 Chelidonia_genomic.gft” to BED format and sorting using BEDtools (Quinlan and Hall
2010). We further identified any spurious female heterozygous sites on Z-linked scaffolds, and conservatively
recoded them as missing genotypes in all individuals. We removed all indels and any SNP variants that did not
pass these filter settings using BCFtools v1.10.2 (Li et al. 2009). We used VCFtools v.0.1.17 (Danecek et al.
2011) to remove singleton variants (--mac 2), non-biallelic variants (--min-alleles 2, --max-alleles 2), SNPs
with a minor allele frequency lower than 0.05 (--maf 0.05), sites not meeting various missing data thresholds
after hard filtering (--max-missing 0.2, 0.4, and 0.6), and any individuals missing greater than 75% of
genotypes after filtering steps. Singleton and minor-allele frequency filters were applied after removing sites

genotyped in fewer than 60% of individuals (i.e., --max-missing 0.4).

The barn swallow reference genome includes large scaffolds (N50 =26 Mbp) that are not localized or ordered

according to their orientation within chromosomes. To enable comparisons between the Z chromosome and
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autosomes, and to order scaffolds for genome scans of population genetic summary statistics, we aligned the
barn swallow genome to chromosome-assigned scaffolds of the collared flycatcher (Ficedula albicollis)
genome version FicAlb1.5 (Ellegren et al. 2012) using MashMap v.2.0 (Jain et al. 2017, 2018). We specified a
required mapping segment length of 10 kb for barn swallow scaffolds shorter than one Mbp, and a mapping
segment length of 50 kb for scaffolds greater than one Mbp. MashMap outputs many short alignment segments
between query and reference sequences, and we assigned barn swallow scaffolds to chromosomes if: 1) more
than half of the alignment segments per scaffold aligned to the same chromosomes, and 2) more than half of
the total scaffold length aligned to the same chromosome. All other scaffolds were excluded from analysis. We
approximated the start position for chromosome-assigned barn swallow scaffolds by subtracting half of the
scaffold length from the median alignment position among short alignments to the assigned chromosome. We
assigned ~ 1.01 Gbp (91%) of the barn swallow genome to Collared Flycatcher chromosomes using this

procedure (Supplementary Fig. S1).

2.3 Genetic diversity within populations: does reproductive skew explain Z chromosome

diversity?

We tested the hypothesis that Z-linked diversity in barn swallows matches theoretical predictions in the
absence of reproductive skew, demographic changes, or selection by measuring nucleotide diversity, or the
average pairwise differences between chromosomes in a population (1), across the genome. We then calculated
the ratio of Z chromosome-to-autosome 7 (1;4) within lineages. We measured 7 in non-overlapping 100
kilobase (kb) genomic windows using pixy (Korunes and Samuk 2020), using the ‘all-sites’ VCF as input and
applying depth filters to all sites (DP>3). We calculated the mean 7 value for autosomes and the Z
chromosome after dividing the mean Z value by 1.1, a generalized avian Z:autosome mutation rate (i) ratio
(Axelsson et al. 2004; Wang et al. 2014; Oyler-McCance et al. 2015; Irwin 2018), to account for the effects of
male mutation bias in comparisons of autosomal and Z-linked diversity. We performed these calculations in
each of the six described subspecies and each of the three sampled hybrid zones. We repeated these analyses on
a ‘male-only’ dataset to confirm that including females did not strongly influence the results. Three subspecies
(rustica, gutturalis, and tytleri) were sampled from multiple localities (Supplementary Table S1), and we
calculated 7 for each locality represented by at least two individuals (25 localities total). We compared
distributions of 1 on autosomes and the Z chromosome using Welch’s two-sample #-tests and examined
relationships between Z-linked and autosomal m, and between mz, and the mean value of Z-linked and

autosomal 7 after accounting for male-biased mutation.
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To determine whether heterogeneity in genetic diversity corresponded with skews in the allele frequency
spectrum and associated departures from neutral expectations (e.g., shifts towards an excess or scarcity of rare
alleles), we measured Tajima’s D (Tajima 1989) in 100 kb sliding windows using VCFtools (Danecek et al.
2011). Because minor allele frequency and singleton filters will lead to an underestimate of the number of
segregating sites in a given population, we used variant calls prior to implementing these filters for Tajima’s D
analyses. Small sample sizes have also been shown to influence Tajima’s D estimates (Tennessen et al. 2012;
Subramanian 2016), so we limited these analyses to each subspecies and hybrid zone (minimum n = 8), and did
not analyze specific localities. We ran analyses on the male-only dataset and on the full dataset with three
missing data thresholds (--max-missing 0.2, --max-missing 0.4, and --max-missing 0.6) to confirm that results

were robust to the inclusion of females and missing data.

2.4 Population differentiation: does the Z chromosome exhibit high relative differentiation?

Measures of relative population differentiation, such as Fst, are sensitive to population-level processes that
affect allele frequencies. Accordingly, differentiation islands may evolve as a consequence of multiple
diversity-reducing scenarios of genomic divergence, including positive selection, background selection, and
divergence hitchhiking, where regions experiencing gene flow will evolve lower differentiation (Burri 2017).
Differences in autosomal and sex-linked genetic diversity are also predicted to correspond to different rates of
lineage sorting and fixation of derived alleles (e.g., Pease and Hahn 2013). We tested the hypotheses that
genomic variation in within-population genetic diversity is associated with relative allelic differentiation and
that the Z chromosome represents an ‘island’ of differentiation by measuring pairwise Weir and Cockerham’s
Fst (Weir and Cockerham 1984) between barn swallow lineages. Here, we would predict a negative
relationship between genetic diversity () and relative population differentiation if linked selection is largely
responsible for shaping variation across the genome. Fst was measured from biallelic SNPs with minor-allele
frequencies >= 0.05 in 100 kb sliding windows across the genome using VCFtools. We performed all pairwise
comparisons between subspecies in order to investigate relative differentiation across a continuum of lineage
divergence. Fst comparisons were not phylogenetically independent, however, so in order to evaluate lineage-
specific allele frequency change we calculated population branch statistics (PBS; Shriver et al. 2004; Yi et al.
2010) for each subspecies. We also measured relative differentiation between each hybrid zone and its
respective parental subspecies (e.g., rustica X gutturalis versus rustica and versus gutturalis) using windowed
Fist estimates. We examined relationships between differentiation statistics and 7 estimates using Spearman
rank order correlation coefficients, and tested for differences in autosomal and Z-linked relative differentiation

using two-sample Mann-Whitney U tests.
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2.5 Genetic structure: evidence for greater population structure on the Z chromosome?

To test the hypothesis that the Z chromosome bears a greater signal of genetic structure between lineages than
autosomes, we examined population genetic structure among barn swallow populations and subspecies using
several approaches. Because tight physical linkage of SNPs can bias estimates of population structure, we first
thinned our variant dataset to remove ingroup SNPs with minor-allele frequency >= 0.05 within 100 bp of one
another by sampling one SNP at random. We then performed principal component analysis (PCA) on
autosomal, Z-linked, and combined SNP datasets using the SNPRelate package v.1.22.0 (Zheng et al. 2012) in
R (R Core Team 2017). We then used the likelihood-model approach implemented in ADMIXTURE
(Alexander et al. 2009) to estimate the number of genetic clusters in each SNP dataset. We used Plink v.1.90
(Purcell et al. 2007) to convert SNP data into ADMIXTURE input format, then ran ADMIXTURE on each
dataset across a series of 1-16 K cluster values with 200 bootstrap replicates per run. We evaluated the amount

of variation explained by various K values using the cross-validation procedure.

2.6 Phylogenetic analyses: faster lineage sorting and reduced gene flow on the Z

chromosome?

To quantify variation in rates of lineage sorting (and potential variation in gene flow) across the genome, we
examined support for alternative topologies for four sets of barn swallow subspecies triplets using the topology
weighting procedure described in Martin and Van Belleghem (2017). The bifurcation of the barn swallow
species complex into two groups consisting of European versus Asian and North American subspecies is well
supported, while relationships within each group are unresolved (Zink et al. 2006; Dor et al. 2010). We
therefore designed triplet topologies to examine support at two phylogenetic levels, first testing relationships in
the two unresolved clades with shallow divergence (triplet 1: rustica, savignii, and transitiva; triplet 2:
erythrogaster, tytleri, gutturalis), then testing support for relationships spanning the primary split between
subspecies groups (triplet 3: savignii, transitiva, and erythrogaster; triplet 4: erythrogaster, tytleri, and
savignii). The phylogenetic uncertainty in each shallow triplet provided an opportunity to test whether one
topology was supported at higher frequency across the genome, or on the Z chromosome specifically. We had
strong a priori expectations for the best-supported topologies in triplets 3 and 4, allowing for further
comparisons of support for the major split between European and Asian/North American subspecies between
autosomes and the Z chromosome. Signal of strong isolation by distance has been observed in barn swallows
(Safran et al. 2016a). We therefore limited our sampling of wide-ranging subspecies to localities in the core of

their ranges (i.e., gutturalis from Changsha, China and rustica from Moscow, Russia). Each of these localities
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was represented by three individuals, so we randomly sampled three individuals of other subspecies in each
triplet. For each triplet, we examined genomic support for alternative topologies by first estimating neighbor-
joining gene trees in sliding windows of 1,000 SNPs using the GTR model in Phyml v.3.3.2 (Guindon et al.
2010) implemented in the Python script ‘phyml _sliding_ windows.py’
(https://github.com/simonhmartin/genomics_general), assigning H. smithii as the outgroup for all analyses. We
then measured relative support for alternative topologies in each triplet using TWISST
(https://github.com/simonhmartin/twisst), which quantifies topology weights by sampling subtrees within the
taxon tree (Martin and Van Belleghem 2017). We used the ‘complete’ weighting method in TWISST, which
determines the exact weight of alternative topologies across all subtrees. We compared the proportions of
subtrees supporting alternative topologies for autosomes and the Z chromosome and compared support for

specific topologies using Mann-Whitney U tests in R (Core Team 2017).

To further disentangle whether reduced gene flow on the Z chromosome also contributes to its relative
diversity, we calculated introgression statistics from genealogies using the ABBA-BABA framework. We
tested whether rates of allele sharing due to introgression, measured using the f 4 statistic (Martin et al. 2015),
differed for autosomes and the Z chromosome between parental and hybrid populations in Asia. Here, we
would predict lower f 4 values on the Z chromosome if it has reduced gene flow relative to autosomes. We
performed three analyses, testing the topologies (P1: savignii, P2: rustica, P3: rustica x tytleri, O: H. smithii),
(P1: savignii, P2: rustica, P3: rustica x gutturalis, O: H. smithii), and (P1: erythrogaster, P2: gutturalis, P3:
gutturalis x tytleri, O: H. smithii). We calculated the frequency of ‘ABBA’ and ‘BABA’ patterns, Patterson’s D
statistics (Durand et al. 2011), and f 4 1n 2 kb sliding windows, specifying at least 50 SNPs be present within a
window to be analyzed using the Python script ‘ABBABABAwindows.py’
(https://github.com/simonhmartin/genomics_general). Because fA 4 between P2 and P3 is meaningless if D is
negative (Martin et al. 2015), we removed windows with negative D from analysis, then compared distributions

of f 4 for autosomes and the Z chromosome using Mann-Whitney U tests.

2.7 Geographic clines: evidence for restricted gene flow on the Z chromosome?

We performed geographic cline analyses across six hybrid zone transects in Asia to further test the hypothesis
that there is restricted gene flow on the Z chromosome in regions of secondary contact between rustica, tytleri,
and gutturalis subspecies. We leveraged the reduced-representation genotype-by-sequencing (GBS) dataset

analyzed in Scordato et al. (2020) to increase our sampling of individuals from parental and admixed
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populations (n = 1,288 individuals; Supplementary Fig. S2). We processed the GBS data following Scordato et
al. (2020), with minor adjustments. Briefly, we demultiplexed raw sequencing files using the Stacks v2.5
‘process_radtags’ module (Catchen et al. 2013; Rochette et al. 2019) and quality trimmed the demultiplexed
data using Trimmomatic v0.36 (Bolger et al. 2014) using the same settings as above for the whole genome
resequencing data. Filtered reads were mapped to the H. rustica reference genome using bwa ‘mem’ (Li and
Durbin 2009) and we called variants using bcftools (Li et al. 2009). We retained high quality SNPs by filtering
sites with a median depth less than 7 or with greater than 20% missing data among individuals. We then

removed SNPs with a minor allele frequency < 0.05 and separately parsed variants from the Z and autosomes.

We used HZAR (Derryberry et al. 2014) to analyze the hybrid zones transects, which fell into two categories:
those spanning inferred migratory divides associated with the Tibetan Plateau, and those that do not appear to
be associated with known barriers to gene flow. The three migratory divide transects represent secondary
contact zones between rustica — tytleri in Russia, rustica — tytleri in Mongolia, and rustica — gutturalis in China
(Scordato et al. 2017, 2020). To obtain a continuous measure of ancestry through hybrid zones from multiple
genetic backgrounds, we performed PCA analyses for the Z chromosome and autosomes using SNPRelate
(Zheng et al. 2012). We used the resulting PC1 scores as input for cline-fitting after normalizing PC scores so
that ancestry measures ranged between 0 and 1, then calculated means and variances among populations. All
samples within 20 kilometer (km) intervals were defined as a population and distance between populations was
calculated using Haversine distance in km. We fit clines to autosomal and Z chromosome ancestry values using
cline models with five distinct exponential tails (none, both, right, left, and mirrored) using the MCMC
procedure in HZAR. Each model estimated the cline center (c; km from the westernmost point in each transect)
and width (w), equal to 1/maximum slope of the cline, while estimating the mean and variance as additional
free parameters. We initialized each model using 1 x 103 generations of burn-in, then ran three independent
MCMC chains for 1 x 10 generations after performing new fit request based on initial chains. We inspected
each run for convergence and concatenated the chain results for each model prior to model selection. We
identified the best-fit model using AICc and determined the maximume-likelihood parameters and confidence

intervals associated with the best model for each transect.

We used the neutral diffusion equation w = 6t (Barton and Gale 1993) to test the hypothesis that Z-linked
ancestry clines fit expectations of no selection or reproductive isolation. This equation approximates the
expected cline width under a scenario of neutrality, based on the root mean square dispersal per generation (o)

and the number of generations since secondary contact (t). Following Scordato et al. (2020), we used the values
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o =42 km based on barn swallow dispersal distances reported in Mgller (1994) and Paradis et al. (1998) and t

= 20, assuming a hybrid zone age of at least 20 years and a generation time of one year (Zink et al. 2006).

3 Results

3.1 Genome resequencing and variant calling

Our whole genome sequencing and quality filtering steps produced an average of 50 + 9.29 million reads per
sample. An average of 99.8 + 0.03% of reads mapped to the reference genome, corresponding to an estimated
5.96 + 1.23-fold predicted coverage based on a 1.2 Gb genome size. Our variant calling and hard filtering
steps using GATK produced 65,062,523 biallelic SNPs. Further filtering steps for specific downstream
analyses included the removal of SNPs that did not meet missing data thresholds (max-missing 0.2 =
62,408,527 SNPs, max-missing 0.4 = 64,236,731 SNPs, max-missing 0.6 = 64,907,500 SNPs), removal of
singletons (47,282,930 SNPs), and removal of ingroup SNPs with minor-allele frequencies below 0.05
(12,061,130 SNPs), and within 100 bp of another SNP (4,668,243 SNPs). One sample had nearly completely
missing data after filtering steps and was removed from all analyses, resulting in a final ingroup sampling of n

= 159 (Supplementary Table S1).

3.2 Genetic diversity within populations: does reproductive skew explain Z chromosome

diversity?

Mean nucleotide diversity (7r) within barn swallows was 0.0043 and the genomic landscape of diversity was
highly conserved across subspecies (Spearman’s rank order correlation coefficients, » values > 0.97, p-values <
2.2 X 1071, Supplementary Table S2), as predicted by evidence of very recent divergence (e.g., Dor et al.
2010; Smith et al. 2018). Estimates with and without the inclusion of females were highly correlated (» values
> 0.95, p-values < 2.2 X 10-'%; see Methods), thus we report on the results from the full (i.e., female and male)
dataset. Nucleotide diversity estimates were lower on the Z chromosome than autosomes for all subspecies,
hybrid zones, and localities examined (Welch’s two-sample ¢-tests, p-values <2.2 X 1019 Fig. 2A;
Supplementary Table S3). Mean autosome and Z chromosome 7 estimates were positively correlated (» = 0.84,
p-value = 1.91 x 107), however, the ratio of Z:autosome 1 (7z4) was 0.48 + 0.063, much lower than the
equilibrium population expectation of 0.75 (Fig. 2B). Empirical 7z, values were also generally below or very
near the theoretical minimum threshold under extreme variance in male reproductive success (orange shaded

area in Fig. 2B-C).
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Tajima’s D was higher and more variable on the Z chromosome than autosomes across barn swallow
subspecies (autosome mean = -0.94 + 0.46, Z mean = -0.55 + 0.58). Genome-wide distributions of Tajima’s
D were shifted towards values less than zero, indicative of skewed allele frequencies due to an excess of rare
alleles following recent demographic changes or due to selection (Supplementary Fig. S3). Z-linked
distributions were consistently right-shifted relative to autosomal distributions, indicating a higher frequency of
intermediate frequency alleles. We observed this pattern regardless of whether females were included or
excluded from analysis, and found similar estimates of D at various missing data thresholds (see Methods;
Supplementary Table S4). These findings suggest that the lower effective population size of the Z chromosome
and potential for transmission distortion through variance in male reproductive success may cause the Z
chromosome to equilibrate to demographic changes faster than autosomes through genetic drift (Wall et al.

2002; Pool and Nielsen 2007), leading to fewer rare alleles on the Z chromosome, specifically.

3.3 Population differentiation: does the Z chromosome exhibit high relative differentiation?

Genome-wide relative population differentiation (Fis¢) was modest across pairs of barn swallow subspecies
(mean Fst=10.022 + 0.016; Fig. 3A-B; Supplementary Table S5). There were, however, regions of
accentuated differentiation scattered across chromosomes and concentrated on the Z chromosome and
Chromosome 4A (Fig. 3C). Mean Z-linked F’st estimates were significantly higher (1.77 to 8.1 X ) than
autosomes across comparisons (Mann-Whitney U tests, p-values =< 0.0016; Fig. 3A; Supplementary Table
S5). There was also a positive correlation between Z-linked Fis¢ and the ratio of Z:autosome Fst (Fstza;
Pearson’s product-moment correlation, » = 0.58, p-value = 0.005; Fig. 3B). We found no evidence for an
association between Fstz, and autosomal Fs¢ (p-value = 0.66), however, suggesting that Z/A ratios are largely

driven by Z-linked patterns (Fig. 3B).

Relative population differentiation was also elevated on the Z chromosome in comparisons between hybrid
zone regions and parental subspecies (Mann-Whitney U tests, p-values <2.2 X 107!, Supplementary Table
S5). In two cases, tytleri versus rustica X tytleri and tytleri versus gutturalis X tytleri, Fst values were too
low to allow for a statistical comparison, likely due to the fact that our whole-genome sampling included
admixed individuals that were substantially backcrossed to #ytleri (see Fig. 4); these individuals were not
included in any analyses including ‘parental’ tytleri. In several comparisons, however, pairwise Fstz, was
higher between a given parental subspecies and hybrids than between pairwise comparisons of respective
parental subspecies, potentially due to reduced gene flow on the Z chromosome in hybrid zones. For example,

mean Fst;, between gutturalis and gutturalis X rustica hybrids was 8.93 compared to 4.65 between parental
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gutturalis and rustica. Similarly, Fst;, between gutturalis and gutturalis X tytleri hybrids was 4.14, while

Fstz75 between gutturalis and tytleri was 3.89.

Distributions of lineage-specific allelic differentiation (PBS) were also higher on the Z chromosome than
autosomes in each subspecies (Fig. 3C; Supplementary Table S6; Mann-Whitney U tests, p-values <2.2 X
10-1%). The landscape of differentiation across the Z chromosome was highly heterogeneous, with multiple
differentiation islands appearing in each subspecies (Fig. 3C). There were also numerous localized peaks of
differentiation on autosomes, and Chromosome 4A had consistently elevated PBS relative to other autosomes
(Fig. 3C). Consistent with the recurrent evolution of the differentiation landscape, genome-wide PBS
distributions were positively correlated between subspecies (Spearman rank order correlations, » = 0.23 — 0.59,
p-values <2.2 X 1071%), with a more pronounced relationship on the Z, specifically (» = 0.42 — 0.78, p-values <
2.2 X 10'9). Further, PBS and m were negatively correlated in all subspecies (Spearman rank order
correlations, » =-0.26 — -0.54, p-values < 2.2 X 107'%), indicating a general increase in relative differentiation

in genomic regions with low genetic diversity.

3.4 Genetic structure: evidence for greater population structure on the Z chromosome?

PCA on all, autosomal, and Z-linked SNPs each identified three major genetic clusters consisting of rustica +
savignii + transitiva, gutturalis, and tytleri + erythrogaster (Fig. 4A-D). Samples from hybrid zones fell
between respective parental subspecies clusters. In the case of the rustica X tytleri hybrid zone, most samples
clustered with #ytleri, consistent with an overall greater degree of backcrossing with #ytleri in samples from this
region. Although PCA results consistently supported the presence of three genetic clusters, the percent variance
explained by the first two principal components (PCs) differed. In analyses based on all SNPs and autosomal
SNPs, PCs 1 and 2 explained only ~2% and ~1% of variance, respectively (Fig. 4B-C), while PCs 1 and 2
explained 8.21% and 2.84% of variance in Z-linked SNPs (Fig. 4D). Moreover, PC 1 for Z-linked SNPs
strongly differentiated the cluster comprising European subspecies from the Asian and North American

subspecies, with PC 2 further delineating gutturalis from the tytleri + erythrogaster cluster.

ADMIXTURE analyses based on Z-linked SNPs yielded support for three genetic clusters (i.e., K = 3) based
on the cross-validation procedure (CV error = 0.626; Fig. 4E, Supplementary Fig. S4). Similar to our PCA
results, Z-linked clusters corresponded to groupings of rustica + savignii + transitiva, gutturalis, and tytleri +
erythrogaster. The next best-supported Z chromosome model was K =2 (CV error = 0.628), which strongly

distinguished between rustica + savignii + transitiva and gutturalis + tytleri + erythrogaster groups
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(Supplementary Fig. S5). Under both models, samples from hybrid zones showed intermediate assignment to
genetic clusters of respective parental subspecies. We did not find appreciable additional resolution with higher
values of K, except that some admixed individuals were assigned to genetic clusters under K =4 and K =5
models (Supplementary Fig. S5). There was less evidence of population genetic structure from autosomal
SNPs, with similar support for K =1 and K =2 models (CV error = 0.551 and 0.552, respectively). The results
for the autosomal K = 2 model are shown in Fig. 4F, showing intermediate assignment of most individuals to
both clusters. The autosomal K =2 model also did not strongly delineate European from Asian and North

American genetic clusters.

3.5 Phylogenetic analyses: faster lineage sorting and reduced gene flow on the Z

chromosome?

Topology weighting analyses revealed greater phylogenetic signal on the Z chromosome than autosomes in
each of the triplet experiments we tested (Fig. 5). Two ‘shallow’ triplets included subspecies in the European
and Asian/North American groups, respectively. The best-supported topology in the Triplet 1 analysis was t3
(rustica, (savignii, transitiva)), with a higher proportion of subtrees supporting this topology for both
autosomes and the Z chromosome (Fig. 5A; Mann-Whitney U tests, p-values <2.2 X 10-'%). However, we
also found a higher proportion of Z-linked subtrees supporting this topology than autosomal subtrees (Mann-
Whitney U test, p-value =5.7 X 10-®). There was differential support for two topologies between autosomes
and the Z in the Triplet 2 analysis (Fig. 5B), with a slightly higher proportion of autosomal subtrees supporting
t3 (erythrogaster, (tytleri, gutturalis)). The Z chromosome more strongly supported t2 (gutturalis,
(erythrogaster, tytleri)) over tl and t3 (Mann-Whitney U tests, p-values <2.2 X 10-9).

Analyses including deeper-time splits between European and Asian/North American subspecies yielded
comparatively strong support for one topology over alternatives (Fig. 5C-D; Triplet 3, t1: (erythrogaster,
(savignii, transitiva)), Mann-Whitney U tests, autosome and Z p-values < 2.2 X 10°'6; Triplet 4, t1: (savignii,
(erythrogaster, tytleri)), autosome and Z chromosome p-values < 2.2 X 1071%). These results reflect the
expected greater degree of lineage sorting between major barn swallow groups than within the ‘shallow’
groups tested in Triplets 1 and 2. The proportion of subtrees supporting t1 was also comparatively higher for
the Z chromosome than autosomes in both triplets (Mann-Whitney U tests, p-values <2.2 X 1016),
emphasizing faster lineage sorting and greater phylogenetic signal from the Z, specifically. Because topology

weighting does not explicitly disentangle the effects of incomplete lineage sorting and gene flow on
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genealogies (Martin and Van Belleghem 2017), we note it is possible that these results are in part driven by

reduced gene flow on the Z chromosome.

The results of ABBA-BABA tests varied across comparisons (Supplementary Fig. S6). Mean f; values were
higher for autosomes than the Z chromosome in each analysis (rustica versus rustica X tytleri autosomal f ;=
0.162 + 0.12,Z f4=0.133 + 0.1; rustica versus rustica x gutturalis autosomal fq=0.174 + 0.12,Z fq=

0.173 £ 0.13; gutturalis versus tytleri X gutturalis autosomal fd =0.171 £ 0.12,Z fd= 0.163 £ 0.123).

This pattern matches our prediction for reduced sex-linked introgression in secondary contact zones, however

distributions of f; were only significantly lower on the Z chromosome between rustica and rustica X tytleri

(Mann-Whitney U test, p = 0.039).

3.6 Geographic clines: evidence for restricted gene flow on the Z chromosome?

The variant filtering steps for GBS samples used in geographic cline analyses yielded 52,514 autosomal and
1,838 Z-linked bi-allelic SNPs for analysis (Supplementary Fig. S7), from which we determined PC1 for
autosomes and the Z independently. Cline analyses based on genomic PC1 in HZAR yielded evidence for steep
Z-linked clines in each transect spanning migratory divides (Fig. 6A-C; Supplementary Fig. S2; Supplementary
Table S7), qualitatively similar to the ancestry clines estimated in Scordato et al. (2020). The 95% confidence
intervals for Z-linked clines in the Russia rustica — tytleri and China rustica — gutturalis analyses were
consistent with narrow regions of introgression (Fig. 6A,C; Russia ¢ = 349.53 km, w = % 59.19 km; China ¢ =
1,424.2 km, w= + 87.11 km), while the Mongolia rustica — tytleri cline was comparatively wide (Fig. 6B; ¢ =
435.2 km, w= % 233.5 km). We note the presence of the Tarvagatai and Khangai mountain ranges in the
center of the Mongolian transect and that uncertainty in estimates of the cline center and width is associated
with the geographic break in the presence of swallows in this region. Autosomal clines in the two rustica —
tytleri transects were shallow compared to Z-linked clines (Fig. 6A-B). We use the term ‘shallow’ to refer to
the lower magnitude of change in genomic PC1 through space for autosomes than the Z chromosome (i.e., 0.29
—0.31 versus 0.35 — 0.63 for Russia rustica — tytleri, 0.09 — 0.11 versus 0.18 — 0.48 for Mongolia rustica -
tytleri). We interpret these patterns as evidence for more extensive autosomal admixture across these regions
when compared to steep Z-linked clines. While the modest autosomal clines had narrow w (Supplementary
Table S7), broad 95% confidence intervals (Cls) indicated uncertainty in their geographic distribution. In
contrast to patterns in the two rustica — tytleri transects, autosomal ancestry in the rustica — gutturalis hybrid

zone in China fit a narrow cline (Fig. 6C; autosomal ¢ = 1,544.6 km, w = % 12.27 km), similar to the Z
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chromosome. Z-linked and autosomal cline centers for the rustica — gutturalis hybrid zone were also offset by
120.4 km, suggesting that introgression of the Z chromosome may extend further west than autosomes,

however we interpret this with caution as the confidence intervals for both clines were largely overlapping.

Geographic clines for tytleri — gutturalis transects lacking known barriers to gene flow showed varied patterns
(Fig. 6D-F). The autosomal cline between #ytleri and gutturalis in Russia was narrower than the Z-linked cline
with cline centers displaced by greater than 100 km (autosomal ¢ = 685.9 km, w= + 52 km; Z ¢ =515.9 km, w
= £ 225 km), though there was also a broader 95% CI for autosomes and the inferred cline center fell between
sampled populations (Fig. 6D). Results from the Mongolian transect showed evidence of extensive autosomal
admixture with an inferred cline that was flat and a modest Z-linked cline with very wide Cls (¢ =269.1, w =

+ 2.7 km; Fig. 6E), suggesting that barriers to gene flow may be weak in this region. Finally, the #ytleri —
gutturalis transect in China had narrow clines for the Z and autosomes centered between 642 and 682 km (Fig.
6F). While c differed between autosomes and the Z chromosome clines, the CIs were nearly completely
overlapping and there was no evidence of displacement between ancestry clines, similar to the rustica —

gutturalis hybrid zone in China.

Z-linked clines of four hybrid zone transects had widths narrower than expectations based on neutral diffusion
approximation and conservative assumptions about barn swallow dispersal and contact zone age (i.e., w = ot%3
= 187.8 km): rustica — tytleri in Russia, rustica — gutturalis in China, tytleri — gutturalis in China, and tytleri —
gutturalis in Mongolia, suggesting that selection on the Z chromosome results in restricted gene flow between
parental barn swallow subspecies. Results from the other two transects suggest that restricted gene flow on the
Z chromosome due to selection need not be invoked in all contact zones between barn swallow subspecies. As
noted above, however, the inferred cline width for the rustica — gutturalis contact zone in Mongolia is
associated with a geographic break due to the presence of central Mongolian mountain ranges, and we cannot
conclusively rule out that this hybrid zone is maintained by selection. Collectively, geographic cline analyses
provide evidence for barriers to gene flow on the Z chromosome across multiple hybrid zones despite
idiosyncratic autosomal patterns and suggest that Z-linked reproductive isolation may be relevant to speciation

in Asian barn swallow lineages.
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Discussion

In this study, we examined multiple aspects of Z-linked diversity and differentiation in the barn swallow and
tested for evidence of a role of the Z chromosome in generating and maintaining lineage diversity. Below we
discuss how these facets of our study relate to life history, historical demography, biogeography, and speciation

in a lineage with one of the most expansive geographic distributions among vertebrates.

4.1 Factors shaping Z-linked genetic diversity

We found repeated patterns of low genetic diversity on the Z chromosome in barn swallows (Fig. 2;
Supplementary Table S3). Assuming equal sex ratios, the Z chromosome will be present in a population at 3/4
the frequency of autosomes and is expected to harbor a proportionately lower amount of the observed
autosomal diversity. Empirical evidence from birds rarely fits this expectation, however. Ratios of Z-to-
autosomal genetic diversity in barn swallows generally fall well below theoretical predictions, and are among
the lower estimates from bird species studied using genomic data from autosomes and the Z (e.g., mean 7z,
equal to 0.61 for 33 species reviewed in Irwin 2018). On average, the barn swallow Z chromosome had more
than two-fold lower nucleotide diversity relative to autosomes after correcting for male-biased mutation rates,
with the highest observed ratio among subspecies equal to 0.58 (Supplementary Table S3). These results
indicate that factors extending beyond differences in effective population size due to female heterogamety
contribute to reductions in Z-linked diversity. It is therefore likely in barn swallows that mating strategies are a
driver of low diversity on the Z chromosome, yet recent demographic history, linked selection, and divergence

hitchhiking may also contribute to the recurrent evolution of this pattern.

In addition to the predictions for autosomal and sex-linked variation due to basic differences in effective
population size, differences in mating strategies will skew sex-linked diversity depending on variation in male
or female reproductive success. Barn swallows are a classic example of a species that is both socially
monogamous and genetically promiscuous (Smith et al. 1991; Mgller and Tegelstrdom 1997), a mating system
that disproportionately influences male reproductive success. Excess variance in male reproductive success will
skew the transmission of Z chromosomes in a population, leading to a net reduction in Z-linked diversity
(Caballero 1995; Charlesworth 2001). Empirical data support that ~30% of barn swallow offspring are the
product of extra-pair paternity (EPP; Smith et al. 1991; Mgller and Tegelstrom 1997; Saino et al. 1997; Mgller
et al. 2003; Kleven et al. 2006; Vortman et al. 2013). This suggests that excess variance in male reproductive

success may play a prominent role in driving low Z-linked genetic diversity. Our results are certainly consistent
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with this hypothesis, but also highlight the additional impacts of other factors on sex-linked diversity. Indeed,
the theoretical minimum Z/A diversity ratio given reproductive skew against males is 0.56 (Charlesworth
2001); most of our empirical ratios fell below this value (Fig. 2), indicating that EPP alone cannot fully explain
the observed ratios. We note also that the coarse estimate of EPP in barn swallows is insufficient for directly
measuring the relative role of excess variance in male reproductive success on sex-linked diversity. Indeed,
some males may have no offspring in a given breeding season while other males may have equal or greater
success compared to females. A more comprehensive evaluation of EPP and male reproductive success within
and between populations would therefore be necessary to quantify the extent to which Z-linked diversity is

shaped by these factors.

Several processes and mechanisms that may contribute further to low Z-linked diversity in barn swallows
include demographic shifts in the recent past, differences in recombination rates between sex chromosomes and
autosomes and related effects of linked selection, and reduced sex-linked gene flow. We note that each of these
mechanisms is not necessarily mutually exclusive and consider them in turn. First, studies have found evidence
for recent fluctuations in effective population size during barn swallow diversification (Zink et al. 2006; Dor et
al. 2010; Smith et al. 2018), including global bottlenecks followed by population recovery concurrent with
increased human settlement. These changes in historical demography would be expected to skew the allele
frequency spectrum of the Z chromosome relative to autosomes and correspond with sex-linked reductions in
diversity due to smaller effective population size. Tajima’s D estimates provide evidence of skewed Z-linked
distributions indicative of fewer rare alleles relative to autosomes (Supplementary Fig. S3), a possible
consequence of population size contractions during the shift from natural to human-mediated nesting sites in
the recent past (Smith et al. 2018). Second, several lines of evidence suggest that the Z chromosome has lower
recombination rates than autosomes. First, genetic diversity typically covaries with recombination rate across
the genome (Smukowski and Noor 2011; Corbett-Detig et al. 2015), and recombination maps from birds
consistently show low recombination rates on the Z (e.g., Backstrom et al. 2010; Burri et al. 2015; Singhal et
al. 2015; Kawakami et al. 2017). Related to this point, Z-linked regions recombine only in males, requiring a
potentially extreme male recombination bias for the effective recombination rate of the Z to match that of
autosomes. However, a recent study found intriguing evidence for female-biased recombination rates in barn
swallows (Malinovskaya et al. 2020). While we did not estimate recombination rates here, these factors
together argue that low rates of recombination on the Z chromosome contribute to low genetic diversity
through linked selection. Our results are also consistent with low Z-linked genetic diversity due to reduced

gene flow on the Z chromosome, and we discuss in detail below these results and their relevance to speciation.
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4.2 Allelic differentiation, gene flow, and the role of the Z chromosome in speciation

Our findings add to a growing body of data highlighting the concentration of allelic differentiation on the Z
chromosome in birds (e.g., Ellegren et al. 2012; Burri et al. 2015; Lavretsky et al. 2015; Irwin et al. 2016;
Hooper et al. 2019; Battey 2020; reviewed in Irwin 2018). This phenomenon has led to the conclusion that the
Z itself represents a large genomic island of differentiation, divergence, and in some cases speciation. We
observed a higher genomic background of differentiation on the Z combined with numerous ‘peaks’ of
differentiation relative even to the high chromosomal background (Fig. 3). Genome-wide Fst between barn
swallow subspecies is quite low, which makes sense given divergence from a very recent common ancestor
(Zink et al. 2006; Dor et al. 2010; Smith et al. 2018). In this context, the barn swallow Z chromosome stands
out as a conspicuous island of differentiation, where Fist and PBS values consistently surpass the genomic
background. Higher background differentiation on the Z chromosome suggests that detailed examination of
differentiation peaks may require conservative evaluation relative to the Z-linked background rather than the
genome-wide background when inferring patterns of selection (Fig. 3, Supplementary Table S5). Our topology
weighting analyses also indicate faster rates of lineage sorting on the Z chromosome and/or lower Z-linked
gene flow, allowing us to examine support for phylogenetic relationships within very recently diverged clades.
In the European subspecies group, we found the greatest support for a sister relationship between the two non-
migratory subspecies savignii and transitiva, with rustica sister to the combined savignii + transitiva clade. In
the Asian/North American group, #ytleri (Asia) was supported as sister to erythrogaster (North America) rather
than the other Asia-distributed subspecies gutturalis. These results argue that Z-linked regions could be useful

for reconstructing phylogenies in barn swallows and other groups of recently-diverged bird taxa.

An important related question is whether the Z chromosome also represents a divergence and/or speciation
island in barn swallows. Here, Z-linked regions would need to play a role in generating and maintaining
species boundaries rather than evolving allelic differentiation solely as a by-product of low recombination in
ancestral populations (Cruickshank and Hahn 2014; Burri 2017). The combined effects of linked selection
driving reduced variation at linked sites and selection against hybrids on the Z could both contribute to the
observed landscape of diversity and differentiation. Making a conclusive statement about the relative roles of
these processes would require estimates of recombination rates and sequence divergence, which were outside
of the scope of the present study. However, we observed a complement of patterns in barn swallows suggesting
that the Z chromosome does not represent an ‘incidental’ genomic island (e.g., Turner and Hahn 2010), and is

instead involved in reproductive isolation between lineages. We also emphasize that linked selection and
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selection against gene flow are not necessarily mutually exclusive processes, each contributing to genomic

divergence in barn swallows.

We will first explore patterns that fit predictions under the linked selection model. First, we observed
significant genome-wide correlations in 7 between subspecies indicating a highly conserved genomic
landscape of diversity (» > 0.99; Supplementary Table S2). This is expected given very recent, shared ancestry
among barn swallow populations and also if a conserved genomic recombination landscape has mediated levels
of diversity since splitting from their common ancestor (Burri 2017). Our topology weighting results support
this conclusion. Given the remarkable degree of incomplete lineage sorting across the barn swallow genome
overall (Fig. 5), we hypothesize that genomic regions with high diversity are largely those harboring shared
ancestral polymorphism not yet purged due to linked selection. Alternatively, we expect greater support for
specific tree topologies in genomic regions with less ancestral polymorphism (e.g., the Z chromosome), which
we observed here. Second, genomic differentiation (PBS) was correlated across subspecies comparisons,
similar to the relationship for . There were also multiple PBS peaks shared among most or all subspecies (Fig.
3), which may have evolved through recurrent background selection in structural genomic features with low
recombination rates, as observed in flycatchers (Burri et al. 2015), or as a consequence of recurrent hitchhiking
(Matthey-Doret and Whitlock 2019). Indeed, some of these regions may house genes underlying divergent
traits that have been repeatedly ‘tapped’ by selection (e.g., Chromosome 4A), a hypothesis that deserves more
detailed investigation. Previous analyses linking divergent traits among barn swallow subspecies (e.g., plumage
coloration, wing shape, migratory behavior) to genomic variation indicate that these traits have a complex
genetic architecture (Scordato et al. 2017, 2020), which must be considered when exploring the possibility that
a subset of differentiation peaks have been subject to recurrent hitchhiking effects. Third, there was a negative
correlation between m and PBS indicating a general increase in allelic differentiation in regions of low
diversity, a relationship expected if recombination rate variation and linked selection contribute to the genomic
differentiation landscape (Maynard Smith and Haigh 1974; Noor and Bennett 2009; Cruickshank and Hahn
2014; Burri et al. 2015). Finally, while not direct evidence for linked selection in low recombination regions,
analyses of population genetic structure indicate a greater degree of ancestry information on the Z chromosome
relative to autosomes (Fig. 4) corresponding to the greater degree of lineage sorting inferred due to low

recombination.

Some observed genomic patterns also provide evidence of reproductive isolation on the Z chromosome,

resulting in selection against gene flow and a greater signal of lineage-specific ancestry. These patterns
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suggests a more active role of Z-linked regions in barn swallow speciation than solely accumulating
differentiation due to linked selection, and in which case disruptive selection on Z-linked variation would result
in reduced hybrid fitness in secondary contact. Our analyses of barn swallow hybrid zones in Asia provide
evidence to support this hypothesis (Fig. 6). Narrow Z chromosome clines were most prominent in two contact
regions associated with migratory divides where rustica comes into contact with #ytleri in Russia and gutturalis
in China (Fig. 6A,C). In contrast to autosomal patterns in multiple hybrid zones indicating weak barriers to
gene flow (e.g., Fig. 6A,B,E), there was fairly consistent evidence of selection against hybrids on the Z
chromosome. Genetic diversity (1r) was also low and allelic differentiation (Fs¢) high on the Z chromosome in
hybrid populations, likely consequences of reduced gene flow due to selection on the Z in contact zones. These
results may therefore indicate a role of Z-linked regions in reproductive isolation during secondary contact,
leading to a recurrent pattern of elevated relative differentiation between parental and hybrid populations on the
Z chromosome. This interpretation is also supported by results from tree-based tests of introgression and
lineage sorting (Fig. 5; Supplementary Fig. S6), showing a lower incidence of incomplete lineage sorting and
gene flow on the Z chromosome. Collectively, the observed patterns of diversity, differentiation, and gene flow
on the barn swallow Z chromosome are consistent with verbal analogies of differentiation and speciation
‘islands’, however more detailed investigation into specific peaks and valleys of differentiation will be

necessary to identify specific regions involved in reproductive isolation.

A related question is what genes and regulators are within genomic islands (Z-linked and autosomal), and
whether these underlie divergent traits in barn swallows. Barn swallow populations differ in mate selection
traits presumably under sexual selection (Mgller 1994b; Safran et al. 2016b; Romano et al. 2017a). These
include melanin-based plumage coloration and tail streamer lengths, two traits with potentially complex genetic
architectures involving many genes and regulatory elements. Several studies have implicated Z-linked regions
or identified Z-linked genes involved in species recognition, plumage coloration, or feather development with
exceptional differentiation between bird lineages (e.g., Secther et al. 2007; Toews et al. 2016; Campagna et al.
2017), raising the possiblity that Z-linked peaks could underlie plumage variation relevant to pre-zygotic
isolation in barn swallows. Other divergent traits potentially involved in reproductive isolation relate to
migration, including wing length and shape linked to migratory distance (Safran et al. 2016a; von Ronn et al.
2016; Scordato et al. 2017), timing of arrival to breeding habitat (Meller 1994a), and wintering destination
(Scordato et al. 2020). Song also differs between barn swallow populations, and divergence in song is strongly
correlated with pairwise genetic divergence (Wilkins et al. 2018). Migratory traits and behaviors probably also

have very complex genetic architectures, leaving open the possibility that some of their component genes and
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regulators are Z-linked. Another possible mechanism contributing to reproductive isolation is structural
variation on the Z chromosome. Hooper et al. (2019) found evidence that Z-linked inversions favored by
selection are also responsible for reduced gene flow on the Z in finches. Pericentric inversions are also
common in birds and especially on the Z chromosome (Hooper and Price 2017), raising the intriguing
possibility that structural variation also facilitates reproductive isolation in barn swallows. Further investigation
will be necessary to determine whether Z-linked genes or structural variation indeed constitute barriers to gene

flow through reproductive isolation.

Overall, our findings align with major predictions for an accumulation of loci involved in sex differences and
under divergent sexual selection on sex chromosomes (Charlesworth et al. 1987; Kirkpatrick and Hall 2004a,b;
Albert and Otto 2005), and support a role of the Z chromosome in barn swallow speciation. We also note that
there were multiple peaks of genomic differentiation on autosomes, including a concentration of high
differentiation on Chromosome 4A, meaning that loci involved in reproductive isolation could be distributed
across chromosomes. Thorough examinations of specific genomic islands and their associations with divergent
traits will be natural extensions to our findings to further evaluate the role of the Z chromosome in barn

swallow speciation.
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Tables

Table 1. Predictions of Z-linked diversity and differentiation based on theoretical and empirical studies,

including the impacts of various evolutionary scenarios and processes on the ratio of Z chromosome-to-

autosomal diversity.

Scenario Effect on Z-linked diversity Predictions Citations
Neutrality; equal sex ~ Z =3/4A Genetic diversity is exactly proportional ~ Charlesworth 2001; Pool and
ratio to the frequency of Z chromosomes in Nielsen 2007
the population due to a lack of
reproductive skew, demographic
changes, and selection
Reproductive skew Z <3/4A Minimum Z/A = 9/16 under extreme Caballero 1995; Charlesworth 2001
against males variance in male reproductive success
Reproductive skew Z>3/4A Maximum Z/A = 9/8 under extreme Caballero 1995; Charlesworth 2001
against females variance in female reproductive success
Population bottleneck  Z =< 3/4A The Z will have proportionally fewer or ~ Pool and Nielsen 2007
greater rare alleles than autosomes,
depending on the stage of the bottleneck
(i.e., contraction versus expansion,
respectively); the allele frequency
spectrum on the Z will show signatures
of more recent demographic changes
due to drift than autosomes
Background selection  Z < 3/4A Purifying selection removes variation at ~ Aquadro et al. 1994; Noor and
linked sites; low recombination results Bennett 2009; Cruickshank and
in low diversity and high relative Hahn 2014; Burri et al. 2015; Wolf
differentiation on the Z and Ellegren 2017
Positive selection Z <3/4A Genetic hitchhiking removes variation at ~ Maynard Smith and Haigh 1974;
linked sites; low diversity and high Charlesworth 1996; Betancourt et
differentiation in regions linked to al. 2004; Nachman and Payseur
selected variants on the Z 2012
Selection against Z <3/4A Selection against hybrids in Z-linked Via 2012; Nachman and Payseur

gene flow

regions will reduce relative genetic
diversity and increase differentiation on

the Z, specifically

2012

Z =7 chromosome, A = autosome, Z/A = ratio of Z-linked versus autosomal genetic diversity.
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Figure Captions

Figure 1. Study system, theoretical predictions of Z-linked and autosomal genetic diversity ratios with
variance in reproductive success between sexes, and overview of the study. (A) Range map of the barn
swallow species complex redrawn from Scordato et al. (2017). Illustrations highlight phenotypic variation
between the six subspecies and are reprinted with permission from artist Hilary Burn. Bold arrows summarize
the hypothesized biogeographical history of the species complex, including a recolonization of Northeastern
Asia from North America. Red = rustica; dark red = savignii; lavender = transitiva; blue = gutturalis; gold =
tytleri; turquoise = erythrogaster. (B) Theoretical predictions for the relationship between autosomal and Z-
linked nucleotide diversity redrawn from Irwin (2018). The black diagonal line shows the expected relationship
under equilibrium conditions, where ;5 = 3/4. The shaded regions represent the theoretical ranges of values
explained by excess variance in female (blue) and male (orange) reproductive success. (C) Predictions for the
relationship between mean genetic diversity between autosomes and the Z chromosome and the 7, ratio, with
the black line again representing the expectation under equilibrium conditions and shaded regions depicting
ranges of values possible under excess variance in sex-specific reproductive success. (D) Overview of our
approach, starting with comparisons of autosomal and Z-linked genetic diversity, then testing whether
differences in diversity are related to allelic differentiation, rates of lineage sorting, and levels of introgression
between lineages. Bold black arrows illustrate the analytical workflow and conceptual connections between
questions. In each panel, grey and green lines and shapes represent hypothetical autosomal and Z-linked
patterns, respectively. In the right two panels, black dashed lines depict gene trees that match the species tree
shown in bold. Red dashed lines represent gene trees that do not match the species tree or are the result of

introgression.

Figure 2. Autosomal and Z-linked nucleotide diversity (7) throughout the barn swallow species complex.
(A) Distributions of autosomal 7 and Z chromosome 7 for subspecies and hybrid zones. Autosomal
distributions are shown as grey boxes and whiskers, and Z-linked distributions are shown in green. Bold
horizontal lines represent median 7 values. The shaded region encompasses the three hybrid zone comparisons.
(B) Relationship between autosomal and Z-linked m for specific localities, subspecies, and hybrid zones. (C)
Relationship between mean  between autosomes and the Z chromosome and 7z, ratio. Shaded regions in both
panels correspond with theoretical predictions shown in Fig. 1. Open circles represent estimates for specific
sampled localities within subspecies, closed black circles represent combined estimates for subspecies, and

closed grey circles represent estimates for hybrid populations.
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Figure 3. Autosomal and Z-linked population differentiation statistics (¥s¢ and PBS). (A) Relationship
between mean autosomal and Z-linked Fsz. The bold diagonal line represents a hypothetical 1:1 relationship.
(B) Relationship between Z-linked Fst and the ratio of Z:autosome Fis¢ (Fstz,). The dashed green line shows
the correlation between Fst; and Fstz, and the solid horizontal line represents the hypothetical relationship if
Fst; and Fist, were equal. In panels A and B, filled circles represent pairwise Fst between subspecies and open
circles represent Fst between hybrid zones and respective parental populations. (C) Genome scans of lineage-
specific relative differentiation (PBS) for autosomes (light and dark blue) and the Z chromosome (green) in 100
kb sliding windows in each barn swallow subspecies, according to their approximate order based on collared

flycatcher chromosomes.

Figure 4. PCA and population structure analyses. (A) Map of sampled localities throughout the barn
swallow breeding range. The colors of points represent subspecies and hybrid zones and correspond with the
colors used in the PCA results in panels B-D. (B) Results of PCA analyses for all SNPs. (C) PCA results for
autosome-only SNPs. (D) PCA results for Z chromosome-only SNPs. (E) Inferred ancestry assignments from
ADMIXTURE analysis of Z-linked SNPs under a best-supported K = 3 model. Each vertical bar represents the
probability of assignment of an individual to one or more genetic clusters. (F) Ancestry assignments from
ADMIXTURE analysis of autosomal SNPs under a K =2 model. Colored horizontal bars above the ancestry

plots correspond to colors used in panels A-D for subspecies and hybrid zones.

Figure 5. Topology support for four sets of triplet phylogenies across the genome. In each panel, the
subspecies analyzed are shown to the left and alternative topologies (i.e., t1-t3) are shown in the center column.
The right side of each panel shows distributions of support as boxplots for topologies t1, t2, and t3 based on the
proportion of subtrees across sliding windows for autosomes and the Z chromosome. The genome-wide best-
supported topology for each triplet is highlighted. (A) Triplet 1: rustica, savignii, and transitiva. (B) Triplet 2:
erythrogaster, tytleri, and gutturalis. (C) Triplet 3: savignii, transitiva, and erythrogaster. (D) Triplet 4:
erythrogaster, tytleri, and savignii. Triplets 1 and 2 test ‘shallow’ topologies within European and Asian/North
American subgroups, respectively. Triplets 3 and 4 test deeper topologies spanning the split between supported

subgroups.

Figure 6. Geographic clines for autosomes and the Z chromosome in hybrid zone transects. The distance

in km from the westernmost hybrid zone transect location is shown on each horizontal axis, and ancestry trait
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values based on normalized genomic PC1 scores are shown on vertical axes. Maximum-likelihood clines and
95% confidence intervals for autosomes and the Z chromosome are shown as grey and green lines and shaded
areas, respectively. Plus signs denote sampled populations across transects. Transects associated with
migratory divides are shown in panels A-C. Transects not associated with known geographic barriers to gene

flow are shown in panels D-F.

Supplementary Material Captions

Supplementary Table S1. Samples used in this study, locality data, and sequence data mapping statistics

assuming a genome size of 1.2 Gbp.

Supplementary Table S2. Spearman's rank order correlation coefficients for pairwise comparisons of
nucleotide diversity across the genome of barn swallow subspecies. All correlations were significant at p <

2.2e-16.

Supplementary Table S3. Nucleotide diversity (1) statistics for autosomes and the Z chromsosome and the
ratio of Z-linked to autosomal 7 (mZA) for barn swallow subspecies, hybrid zones, and specific localities.
Values denoted with an asterisk were calculated after accounting for male-mutation bias. Results of Welch's

two-sample z-tests comparing autosomal and Z chromosome m distributions are provided.

Supplementary Table S4. Summary of Tajima's D statistics for autosomes and the Z chromosome based on
filtered datasets, including a male-only dataset, and the full dataset filtered to allow 'max-missing' thresholds of

0.2, 0.4, and 0.6 in VCFtools.

Supplementary Table SS. Relative population differentiaton (Fs?) statistics for autosomes and the Z
chromosome, along with results of Mann-Whitney U tests comparing distributions. *Statistical analyses for
the tytleri versus rustica x tytleri and tytleri versus tytleri x gutturalis comparisons were not possible due to a

high degree of backcrossed individuals in the hybrid population.
Supplementary Table S6. Summary of population branch statistics (PBS) for autosomes and the Z

chromosome and results of Mann-Whitney U tests comparing autosomal and Z-linked distributions for each

barn swallow subspecies.
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Supplementary Table S7. Results of geographic cline analyses in HZAR for hybrid zone transects in Asia.
Results based on autosomal and Z-linked genomic PC1 scores are presented separately, including the inferred

cline model, cline center c, cline width w, and observed trait value range.

Supplementary Figure S1. Results of MashMap alignment of barn swallow (Hirundo rustica) reference
genome scaffolds to the collared flycatcher (Ficedula albicollis) chromosomes, using the settings -s 50000 -f
one-to-one and --pi 90. Purple and blue segments represent alignments in the forward and reverse orientation,

respectively.

Supplementary Figure S2. Sampling localities for GBS dataset used for geographic cline analyses of hybrid
zones in Asia, redrawn from Scordato et al. (2020). Colors correspond to previously described ‘zones’ or
regions of parental or admixed ancestry throughout Asia. The white arrows point to locations of inferred

migratory divides in Russia, Mongolia, and China.

Supplementary Figure S3. Density distributions of Tajima’s D from 100 kb sliding windows of autosomes
(grey) and the Z chromosome (green). Panels A-F show distributions for the six barn swallow subspecies.

Panels G-I show distributions for samples from hybrid zone regions.

Supplementary Figure S4. Cross-validation (CV) error for increasing values of K genetic clusters in
ADMIXTURE analyses of autosomes and the Z chromosome. Dashed lines in each panel intersect with the

best-supported value of K (i.e., lowest CV error).

Supplementary Figure S5. ADMIXTURE results for K =2, 3, 4, and 5 genetic clusters models based on Z-
linked SNPs (the best-fit model based on CV error was K = 3, discussed in the Main Text). Vertical bars
represent individuals and depict the probability of assignment to one genetic cluster or the other.
Abbreviations: er = erythrogaster, gu = gutturalis, rg = rustica x gutturalis, rt = rustica X tytleri hybrids, ru =

rustica, sa = savignii, tg = tytleri X gutturalis hybrids, tr = transitiva, ty = tytleri.

Supplementary Figure S6. Results of ABBA-BABA introgression statistics (f4) between parental subspecies

and hybrid zone populations for autosomes (grey) and the Z chromosome (green). A. f; between rustica and
rustica x tytleri. The asterisk denotes that autosomal and Z-linked distributions were significantly different. B.

fa between rustica and rustica x gutturalis. C. f 4 between gutturalis and tytleri x gutturalis. Abbreviations: er
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= erythrogaster, gu = gutturalis, o = outgroup (H. smithii), rg = rustica x gutturalis, rt = rustica X tytleri, ru =

rustica, sa = savignii, tg = tytleri X gutturalis.

Supplementary Figure S7. Genomic locations of GBS loci analyzed in geographic cline analyses. Blue dots

depict the locations of SNPs called from GBS loci and are shown over the genomic scan of PBS for rustica.
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