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ABSTRACT

Disentangling the drivers of genomic divergence during speciation is essential to our broader understanding of the generation
of biological diversity. Genetic changes accumulate at variable rates across the genome as populations diverge, leading to heter-
ogenous landscapes of genetic differentiation. The ‘islands of differentiation’ that characterise these landscapes harbour genetic
signatures of the evolutionary processes that led to their formation, providing insight into the roles of these processes in adapta-
tion and speciation. Here, we study swallows in the genus Hirundo to investigate genomic landscapes of differentiation between
species spanning a continuum of evolutionary divergence. Genomic differentiation spans a wide range of values (Fy; =0.01-0.8)
between species, with substantial heterogeneity in genome-wide patterns. Genomic landscapes are strongly correlated among
species (p =0.46-0.99), both at shallow and deep evolutionary timescales, with broad evidence for the role of linked selection
together with recombination rate in shaping genomic differentiation. Further dissection of genomic islands reveals patterns
consistent with a model of ‘recurrent selection’, wherein differentiation increases due to selection in the same genomic regions
in ancestral and descendant populations. Finally, we use measures of the site frequency spectrum to differentiate between al-
ternative forms of selection, providing evidence that genetic hitchhiking due to positive selection has contributed substantially
to genomic divergence. Our results demonstrate the pervasive role of recurrent linked selection in shaping genomic divergence
despite a history of gene flow and underscore the importance of non-neutral evolutionary processes in predictive frameworks for
genomic divergence in speciation genomics studies.

1 | Introduction of their biology. Evidence from a wide variety of organisms

(e.g., stickleback fish, Hohenlohe et al. 2010; Ficedula fly-
Reproductive isolation evolves as populations shift away catchers, Ellegren et al. 2012; Heliconius butterflies, Nadeau
from one another in geographic space, ecological niche, spe- et al. 2012 and Martin et al. 2013; Populus trees, Wang
cies interactions, mating preferences and other key aspects et al. 2016; Timema stick insects, Riesch et al. 2017; Mimulus
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monkeyflowers, Stankowski et al. 2019; Neodiprion sawflies,
Bendall et al. 2022) indicates that genetic divergence associ-
ated with these shifts accumulates at different rates across the
genome due to the variable effects of mutation, recombina-
tion, natural and sexual selection, gene flow and genetic drift.
Uncovering how these evolutionary processes influence ge-
nomic divergence is therefore paramount to our understand-
ing of the formation of species. There is particular interest in
the roles of different forms of selection in speciation, with a
substantial amount of research seeking to reveal how diver-
gent selection and barriers to gene flow promote reproductive
isolation between populations; and in turn, how these mani-
fest as genomic changes that define species (Nosil et al. 2009;
Seehausen et al. 2014; Burri 2017; Wolf and Ellegren 2017)
Fittingly, the analogy of genomic ‘landscapes’ has been ad-
opted to describe the striking variation in genetic diversity
and divergence across the genome, often resembling a rugged
landscape with ‘islands’ or ‘peaks’ shaped by interacting evo-
lutionary forces during speciation (Turner and Hahn 2007;
Noor and Bennett 2009; Nosil et al. 2009; Nosil and Feder 2012;
Martin et al. 2013; Cruickshank and Hahn 2014; Burri
et al. 2015; Burri 2017). Along with the potential to reveal how
specific processes shape genomic divergence between incipi-
ent species, comparing genomic landscapes among groups of
related species may reveal transitions from a concentration of
reproductive isolation in a small number of loci of large effect
(i.e., the ‘genic’ phase of speciation, Wu 2001; Via 2009; Feder
et al. 2012) to broader genome-wide differentiation, providing
empirical perspectives on the timescale to a ‘genomic’ phase
of speciation (Flaxman et al. 2013; Feder et al. 2014).

A growing body of evidence supports that genomic regions of
elevated differentiation can arise as a consequence of alterna-
tive processes either in the presence or absence of gene flow.
Some interpretations suggest that these regions harbour high
differentiation (typically measured using relative measures
of between-population differentiation such as Fg;) because
they contain loci that are causal for reproductive isolation and
experience reduced gene flow relative to the rest of the ge-
nome, thus being referred to as ‘islands of speciation’ (Turner
et al. 2005). However, variable rates of gene flow are not the
only explanation for the formation of such regions of punctu-
ated differentiation, as genome-wide heterogeneity can arise
even between allopatric populations. Indeed, elevated differ-
entiation may evolve after the onset of reproductive isolation
as a result of locally accelerated lineage sorting due to the
combined effects of recombination rate variation, linked se-
lection and genetic drift in the absence of gene flow (Noor and
Bennett 2009; Cruickshank and Hahn 2014; Burri et al. 2015;
Han et al. 2017). Regions of high differentiation may be in-
directly related to speciation in this case, being sometimes
referred to as ‘incidental islands’ or, more generally, ‘diver-
gence islands’ or ‘differentiation islands’ (Harr 2006; Ellegren
et al. 2012; Nadeau et al. 2012; Renaut et al. 2013; reviewed in
Burri 2017). Hereafter, we use the analogy of islands of differ-
entiation to describe features of the genomic landscape and to
investigate their evolutionary causes.

Alternative models have been developed to describe the evolu-
tion of islands of differentiation during speciation due to differ-
ent sources of selection with and without gene flow (figure 1A,

redrawn from Cruickshank and Hahn 2014 and Irwin
et al. 2016, 2018). The framework for interpreting patterns of
differentiation under these models examines relationships in
commonly used population genetic summary statistics—in-
cluding between-population relative differentiation, Fg;. (Weir
and Cockerham 1984); between-population nucleotide diver-
gence, dXy (Nei and Li 1979); and within-population nucleotide
diversity, 7 (Nei and Li 1979). These measures are related, with
d,, and 7 being calculated as the average proportion of nucle-
otides that differ between homologous sequences between and
within populations, respectively. Fy;, summarises a composi-
tion of these two measures (i.e., Fg; = d";_”) and is considered
a relative measure of divergence, or rather ‘differentiation’,
because it is strongly influenced by within-population ge-
netic diversity (i.e., Fg; can increase due to a high propor-
tion of allelic differences between populations but also due to
low 7 within populations; Slatkin 1991; Hudson et al. 1992;
Charlesworth 1998; Noor and Bennett 2009). As summary
measures of nucleotide differences within and between pop-
ulations, 7 and dXy are also expected to be proportional to the
coalescent time between pairs of homologous sequences, as-
suming a constant mutation rate since divergence from a com-
mon ancestor (Charlesworth 1998). Comparing these statistics
across genomic regions can thus reveal information about the
evolutionary processes that shape heterogeneity in the ge-
nomic landscape, which are described in three models for the
formation of genomic islands of differentiation considered in
this study (Figure 1). These models differ in the presence or
absence of gene flow, the sources of selection driving differen-
tiation between populations during speciation and predicted
relationships between summary measures of genetic diversity
and divergence.

Under the first model, ‘divergence with gene flow’ (Figure 1A,
left), the geographic ranges of two diverging populations re-
main connected and the populations exchange alleles at some
frequency. Loci contributing to reproductive isolation act as
barriers to gene flow while neutrally evolving regions of the
genome are comparatively porous to gene flow and allele fre-
quencies are homogenised between populations (Wu 2001;
Via 2009; Feder and Nosil 2010; Poelstra et al. 2014). As a re-
sult, we expect reproductive isolation loci (and nearby linked
regions) to exhibit elevated Fg, with locally reduced z due to
selection against introgression and elevated dXy due to higher
average coalescent times than regions under selective neutral-
ity. Consequently, F is expected to be negatively correlated
with 77 and positively correlated with d__ under the ‘divergence
with gene flow’ model. Under the second model, ‘selection in
allopatry’ (Figure 1A, middle), increases in Fg, are explained
by selection within populations, wherein an ancestral popu-
lation separates, and descendant populations diverge in the
absence of gene flow and experience selection in distinct
or shared regions of the genome (Noor and Bennett 2009;
Nachman and Payseur 2012; Vijay et al. 2017). This pro-
cess leads to reduced n within descendant populations in
regions under selection whereas d, is similar for selected
and neutral loci because within-population selection does
not influence ancestral variation or the time to coalescence
(Charlesworth 1998; Cruickshank and Hahn 2014). Under this
model, F, is expected to be negatively correlated with 7 and
to show no strong relationship with d .

2 0f 22

Molecular Ecology, 2025

85U8017 SUOWILLOD 3A 181D 3|ced!dde 8Ly Aq peusenob ae saole VO ‘88N JO SaINJ 0} Akeid18U1|UO /8|1 UO (SUOIPUOD-PUR-SLLIBY/LID"AB | 1M AlRIq 1 U1 |UO//SdNL) SUORIPUOD PUe SWs | 8U1 89S *[5202Z/80/7T] Uo AriqiTauliuo A1 ‘ewsep|y eluibiiA JO AISIAIUN - PRIYOS MIa A £200L 99W/TTTT OT/I0p/M00" AB| 1M Ake.q 1 jBuluo//SANY Woiy papeojumod ‘0 ‘Xy62S9ET



A Divergence with gene flow Selection in allopatry Recurrent selection
Models of genomic  Past
differentiation island
formation
Present ¥ A
pop 1 <«—> pop 2 pop 1 pop 2 pop 1 pop 2
d, n d, m d, n
Model expectations for $
divergence & diversity in $
neutral regions (N) vs F_,
islands due to selection (S)
) I T L} I L} ) L} ) T ) L}
S S S S S S
B Hirundo genus
Hirundo atrocaerulea I Blue clade
Hirundo dimidiata ® P | Pearl-breasted clade
100 4
Hirundo javanica ®
91 100 Pacific clade
Hirundo neoxena ®
8
100 Hirundo smithii o
Hirundo nigrita
100 97
Hirundo albigularis
Barn swallow clade
89 Hirundo angolensis
100
Hirundo aethiopica
92
Hirundo rustica [ ]
)
C Barn swallow species complex D o [ rustica e
H. r. transitiva ~ E E
92 Mediterranean o ]
—— H. r. savignii & E J . 4
46 Western Eurasia i I - EE— I D N —
I ii (V]
100 H. r. rustica = 1 10 100 1 10 100 1 10 100
H. r. gutturalis © {H- neoxena { H. javanica 4 H. dimidiata
s o
a6 Eastern Asia $ 3 3 3
— H. r. erythrogaster & T ] ]
68 North America s 1 1 \_/\/\
L—— H. r. tytleri 37 3 3
1 10 100 1 10 100 1 10 100
Time (thousands of years)
FIGURE1l | Legend on next page.
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FIGURE1 | Models of genomic islands of differentiation and the phylogeny and demographic history of the study system. (A) Schematic repre-
sentations of models of genomic differentiation island formation, redrawn from Cruickshank and Hahn (2014) and Irwin et al. (2016, 2018). Top
panels: Illustrations depict populations diverging from a common ancestor over time, with individual genealogies shown for loci in genomic regions
evolving under neutrality (grey) and selection (colours representing loci in differentiation islands). Lower panels: Because the sources of selection
differ among models, so do predicted patterns for between-population genetic divergence (dxy) and within-population genetic diversity () in islands
of differentiation (Fg;) relative to neutral regions. (B) Phylogenetic relationships among Hirundo species sampled in this study, estimated using
coalescent-based species tree inference on genome-wide SNPs. Nodal values indicate bootstrap support. Coloured circles highlight species represent-
ed by n>1 samples in our study. (C) Inferred relationships for the six barn swallow (Hirundo rustica) subspecies that fall into two major clades, one
composed of subspecies in the Mediterranean and western Eurasia and the other composed of subspecies in eastern Asia and North America. (D)
Estimates of effective population size (N,) change for six Hirundo species over the last 500ka. Both x- and y-axes are shown on a log, , scale. Estimates
of population history were restricted to species with n>1 and colours correspond to panel (B). Swallow illustrations by Hilary Burn © Lynx Edicions.

The third model, ‘recurrent selection’ (Figure 1A, right), differs
from the ‘selection in allopatry’ model as the same genomic re-
gions experience selection in both descendant populations and
their common ancestor (Cruickshank and Hahn 2014). Here,
differentiation islands are expected to have low de relative
to regions of the genome under selective neutrality due to re-
duced ancestral variation prior to divergence (Cruickshank and
Hahn 2014; Irwin et al. 2016, 2018). These same regions expe-
rience further reductions in genetic diversity due to selection
in daughter populations, with associated decreases in 7 and
increases in Fg. Accordingly, F, islands can evolve under re-
current selection even in the absence of gene flow, where Fy, is
expected to be negatively correlated with both 7 and dxy. This
explanation for the formation of differentiation islands may be
especially relevant when selection occurs in shared structural
features of the genome (e.g., centromeres), when the effects of
linked selection are pronounced in low recombination regions
(Noor and Bennett 2009; Burri et al. 2015; Han et al. 2017) or
when loci are repeatedly involved in adaptation and repro-
ductive isolation (Via and West 2008; Feder and Nosil 2010;
Via 2012; Vijay et al. 2016). Because signatures of recurrent
selection could be produced by either background purifying se-
lection (Charlesworth et al. 1993) or divergent positive selection
(i.e., ‘genetic hitchhiking’; Maynard Smith and Haigh 1974),
additional population genetic tests are often required to distin-
guish between these alternative sources of selection and their
effects on the genomic landscape. Importantly, genomic diver-
gence may be underlain by multiple processes and these mod-
els are not mutually exclusive mechanisms to explain islands of
differentiation. Furthermore, speciation events occurring with
sudden and complete geographic, ecological or reproductive iso-
lation are probably very rare, meaning that empirical patterns
matching predictions of the ‘selection in allopatry’ and ‘recur-
rent selection” models have likely also been influenced by gene
flow at earlier phases of the speciation process. Nonetheless, in-
terpreting empirical patterns in the context of this model frame-
work enables tests of the relative importance of evolutionary
processes in genomic divergence, yielding informative insights
about the speciation process.

This framework and related approaches have been fruitfully
applied to a wide diversity of organisms to reveal how alter-
native sources of selection shape genome-wide heterogeneity
in differentiation at various stages of the speciation process.
Of note is widespread evidence for differentiation landscapes
with patterns predominately explained by recurrent selection
rather than divergence with gene flow (e.g., Burri et al. 2015;

Delmore et al. 2015; Irwin et al. 2016; Stankowski et al. 2019;
Jiang et al. 2023; Glover et al. 2024), including in some cases
between populations with a known occurrence of historical or
contemporary gene flow. An emergent property of these case
studies is the ‘repeatability’ or ‘conservation’ of the genomic
landscape, in which the patterns of differentiation are tightly
correlated even between independent pairs of populations and
species. These findings raise the possibility that the signal of
divergence with gene flow has been overwritten by long-term
background selection or recurrent hitchhiking in genomic re-
gions related to reproductive isolation. Alternatively, genomic
signatures of reproductive isolation in regions independent of
those under recurrent selection may become swamped out as
differentiation becomes more genomically widespread at inter-
mediate and later stages of speciation. Here, studies comparing
genomic landscapes in groups of species spanning a continuum
of divergence and with variation in the potential for gene flow
(i.e., allopatry vs. partial sympatry) hold promise for clarifying
the pervasiveness of recurrent selection and its roles with re-
spect to reproductive isolation and correlations among genomic
landscapes during diversification.

Here, we study the evolution of the genomic divergence land-
scape across the swallow genus Hirundo. Our sampling of whole
genomes includes 10 Hirundo species (the majority of species
in the genus; Table S1) and spans multiple scales of divergence,
from very recent divergence between subspecies of barn swallow
(H. rustica) ~11,000years ago (Smith et al. 2018; Schield, Carter,
et al. 2024) to the divergence from the Hirundo common ances-
tor ~5 million years ago (Schield, Brown, et al. 2024), enabling
us to study how genomic differentiation has been shaped at var-
ious stages of the speciation process. Species of Hirundo have an
inferred African origin (Zink et al. 2006; Dor et al. 2010; Schield,
Brown, et al. 2024), with a number of species occupying con-
temporary geographic distributions within sub-Saharan Africa
(Figure S1; del Hoyo et al. 2004; Winkler et al. 2020) while others
have expanded into Eurasia, Southeast Asia, Oceania and North
America. Barn swallows, in particular, are among the most
widespread songbirds in the world, having expanded to occupy
a breeding distribution across the Holarctic (Zink et al. 2006).
Hirundo species also vary in their degree of social versus solitary
nesting, sedentary versus migratory life histories and plumage
features, including variation in dorsal and ventral melanism,
presence or absence of colourful throat patches and the length of
forked tail feathers (Turner and Rose 1989; Turner 2018). These
plumage traits are used to signal to potential mates in barn
swallows, which have become a model for studying the role of
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divergent sexual selection in phenotype evolution and speciation
(Mpller 1988; Saino et al. 1997; Safran et al. 2005; Scordato and
Safran 2014; Wilkins et al. 2015; Safran, Vortman, et al. 2016;
Romano et al. 2017; Hund et al. 2020; Lotem et al. 2022).

Barn swallows have also been the focus of genomic studies to
examine comparative genomic structure (Formenti et al. 2019;
Secomandi et al. 2023), population genetic structure (Safran,
Scordato, et al. 2016), sex chromosome evolution (Schield
et al. 2021), the interplay between selection and gene flow in hy-
brid zones (Scordato et al. 2017, 2020; Turbek et al. 2022; Schield,
Carter, et al. 2024), historical demography (Smith et al. 2018;
Lombardo et al. 2022) and the genetic basis of reproductive iso-
lation (Schield, Carter, et al. 2024). A recent study also examined
population genetic structure, phylogeography and demography
in the Pacific swallow clade (H. neoxena, H. javanica and rel-
atives) using genomic data (Broyles et al. 2023). These studies
provide rich information about the evolutionary processes shap-
ing genomic variation within and between closely related pop-
ulations, yet these perspectives are limited to the early stages
of the speciation process. Here, we combine genomic resources
for barn swallows with whole genomes from a majority of other
Hirundo species to gain broader perspectives on drivers of ge-
nomic landscapes at both early and later stages of evolutionary
divergence. Using this combined data set, we address the fol-
lowing questions: (i) how correlated are genomic landscapes of
divergence among Hirundo species; (ii) are genomic islands of
differentiation explained by one or more linked selection models
with associated sources of selection (e.g., Figure 1A); (iii) does
the potential for gene flow influence support for alternative
models of differentiation; and (iv) how prevalent is divergent
positive selection in the formation of islands of differentiation
during speciation? By answering these questions through inves-
tigation of an entire radiation of species, we may gain a more
complete understanding of how selection interacts with other
evolutionary forces to shape patterns of genomic divergence
during speciation.

2 | Materials and Methods

2.1 | Sampling, Genome Sequencing and Variant
Calling

We obtained tissue samples for 47 individuals representing
nine species of Hirundo and outgroup Petrochelidon pyrrhonota
and generated whole genome sequencing data to complement
genomic data for barn swallows (H. rustica) and an individual
wire-tailed swallow (H. smithii) generated previously (Smith
et al. 2018; Schield et al. 2021; Schield, Carter, et al. 2024). For
new samples, we extracted genomic DNA using Qiagen DNeasy
kits following the manufacturer's protocol, quantified puri-
fied DNA concentrations using a Qubit fluorometer and con-
structed genome sequencing libraries using Illumina Nextera
Flex kits at the University of Colorado BioFrontiers Institute. We
then sequenced the genome libraries at Novogene on Illumina
NovaSeq 6000 lanes using 150bp paired end reads, targeting a
fold-coverage of 10x per individual. We combined the newly se-
quenced data with previously generated data for a total sampling
of 196 individuals (Data S1), including H. atrocerulea (n=1), H.
dimidiata (n=8), H. javanica (n=5), H. neoxena (n=10), H.

smithii (n=10), H. nigrita (n=1), H. albigularis (n=1), H. an-
golensis (n=1), H. aethiopica (n=5), H. rustica rustica (n=43),
H. r. savignii (n=12), H. r. transitiva (n=13), H. r. gutturalis
(n=46), H. r. tytleri (n=21), H. r. erythrogaster (n=16) and out-
group P. pyrrhonota (n=3). All sequencing data used in this
study are available on the NCBI short-read archive (accession
PRINA323498).

We used Trimmomatic v0.39 (Bolger et al. 2014) to qual-
ity trim and filter raw reads using the settings LEADING:20
TRAILING:20 MINLEN:32 AVGQUAL:30. We then used BWA
‘mem’ v0.7.17 (Li and Durbin 2009) with default settings to map
filtered reads to the North American barn swallow (H. r. eryth-
rogaster) reference genome assembly bHirRusl (Secomandi
et al. 2023), with scaffold-to-chromosome assignments based
on Schield, Carter, et al. (2024). We used Samtools v1.10 (Li
et al. 2009) to sort mapped reads and quantify coverage statis-
tics. We called variants using the GATK v4.0.8.1 best-practice
workflow (McKenna et al. 2010; Van der Auwera et al. 2013).
We first ran ‘HaplotypeCaller’ to call individual variants using
the ‘--ERC GVCF’ option, then ran ‘GenotypeGVCFs’ to call
variants among the cohort of total samples and generate an
‘all-sites” VCF consisting of both variant and invariant gen-
otypes. We used GATK ‘VariantFiltration’ to flag genotypes
failing the following filtering thresholds: variant confidence by
depth (QD < 2.0), strand-bias (FS>60.0), among sample map-
ping quality (MQ <40.0), mapping quality of heterozygous sites
(MQRankSum < —12.5) and distance of variant sites from ends
of reads (ReadPosRankSum < —8.0). We identified heterozygous
genotypes in females on the Z chromosome and conservatively
masked these sites in all individuals. We also masked genotypes
in repetitive regions annotated in Schield, Carter, et al. (2024).
Finally, we used BCFtools v1.10.2 (Li et al. 2009) to recode in-
dels, masked sites and sites flagged using the filters above as
missing genotypes. We applied additional filters in BCFtools
and VCFtools v0.1.17 (Danecek et al. 2011) to extract biallelic
SNPs based on the proportion of missing genotypes and/or
minor allele frequency for specific analyses (see below).

2.2 | Phylogeny, Demographic History
and Introgression

We estimated phylogenetic relationships within Hirundo using
concatenated maximum likelihood and coalescent species tree
approaches. We selected a random individual for each taxon with
n>1 (including outgroup P. pyrrhonota), then filtered to retain
biallelic autosomal SNPs with no missing genotypes, which we
further thinned to retain a single SNP per 10kb. We converted
the SNP data set into alignments using ‘vcf2phylip.py’ (https://
github.com/edgardomortiz/vcf2phylip) and pruned invariant sites
among the focal samples using ‘ascbias.py’ (https://github.com/
btmartin721/raxml_ascbias). We first performed maximum like-
lihood analysis using RAXML-NG v0.7.0 (Kozlov et al. 2019) with
the concatenated SNP alignment as a single partition, specifying
the GTGTR4+G+ASC_LEWIS substitution model to account for
SNP ascertainment bias (Lewis 2001). We performed 10 initial
parsimony tree searches and assessed nodal support for the best
tree using 100 bootstrap replicates. We then used SVDquartets
(Chifman and Kubatko 2014, 2015), implemented in PAUP*
v4.0 (Swofford 2003), to estimate the species tree in a coalescent
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framework based on support for taxon quartets from site patterns
in the alignment. We specified P. pyrrhonota as a monophyletic
outgroup in the analysis and assessed support for the inferred spe-
cies tree topology using 100 bootstrap replicates.

We inferred demographic histories of Hirundo species using the
sequentially Markov coalescent model implemented in ‘SMC++
v1.15.2 (Terhorst et al. 2017). We focused these analyses on species
with n>1 in our data set to enable estimates of effective popula-
tion sizes at both deep and shallow timescales (sampling multiple
individuals provides greater resolution of coalescent events in the
recent past; Schiffels and Durbin 2014). For H. rustica, we focused
analysis on a representative population of H. r. rustica sampled in
Karasuk, Russia (n=10), though a previous analysis demonstrated
that choice of focal population should not strongly influence infer-
ence of historical demography (Smith et al. 2018). We chose diploid
genotypes from five random individuals of each species to rep-
resent ‘distinguished’ lineages and converted autosomal SNPs to
SMC input format using the ‘vcf2smc’ function, masking long runs
of homozygosity 50kb using the option *-c 50000’. We then ran ‘es-
timate’ to fit cubic spline models of population size between 1000
and 500,000 generations using a composite likelihood based on
the sum of log-likelihoods for each pair of distinguished lineages,
assuming a per-generation mutation rate of 2.3x107° (Smeds
et al. 2016) and a generation time of 1year (Zink et al. 2006).

To test for evidence of introgression between species, we calcu-
lated Patterson's D statistics (Durand et al. 2011) based on ABBA-
BABA tests of derived allele patterns in ‘Dsuite’ v0.5 (Malinsky
et al. 2021). ABBA-BABA tests use a four-taxon topology ((P1,
P2), P3), 0), with an expected ancestral (A) and derived (B) allele
pattern of BBA A (Martin et al. 2013). However, alternative ABBA
or BABA patterns can be produced through incomplete lineage
sorting (ILS), introgression or a combination of these processes
(Malinsky et al. 2021). Equal frequencies of ABBA and BABA
patterns are expected under ILS (D=0; Malinsky et al. 2021),
whereas introgression between P3 and either P1 or P2 will result
in an excess of ABBA or BABA patterns and a corresponding
D statistic that deviates significantly from 0 (assessed using a
Z-score). We compared the frequency of ABBA and BABA site
patterns and calculated Patterson’s D using the ‘Dtrios’ function
with default settings, which tests all possible trios of populations
in our data (i.e., P1, P2 and P3), with Petrochelidon pyrrhonota as
the outgroup taxon. We corrected for multiple testing using the
false discovery rate (FDR; Benjamini and Hochberg 1995) and
considered any D statistic with an FDR-corrected p-value <0.05
as evidence of introgression. We also ran ‘Dtrios’ using 30 jack-
knife blocks to assess significance instead of the default value of
20 to determine if different parameter settings influenced infer-
ences of introgression. These analyses yielded identical results;
therefore, we report only results from analysis using default set-
tings. For a detailed comparison of introgression with the ge-
nomic landscape of differentiation, we also measured f, (Martin
et al. 2015), which is proportional to the effective migration
rate. We performed f,; analyses using ‘ABBABABAwindows.py’
(https://github.com/simonhmartin/genomics_general) between
H. smithii and H. aethiopica and H. dimidiata, respectively, as
these species are represented by n > 1 samples in our dataset and
also occur in parapatry or partial sympatry with the potential
for recent or contemporary gene flow. We calculated f} in sliding
window resolutions matching other statistics (see ‘Population

genetic summary statistics’ section below) and required at least
100 biallelic SNPs be present in each window to be included in
analysis.

2.3 | Recombination Rate and Exon Density

We estimated recombination rates in Hirundo species using
‘pyrho’ v0.1.0 (Kamm et al. 2016; Spence and Song 2019), which
uses composite likelihood to infer the per-generation recom-
bination rate from population genomic data by explicitly in-
corporating an estimate of demographic history. We retained
biallelic SNPs that were polymorphic within each species (but
which could be either sorting or fixed between species) and
only sampled males on the Z chromosome. We then ran the
‘lookup’ function to generate a likelihood lookup table based
on the sample size and population size history inferred using
‘SMC++ for each species. After generating lookup tables, we
ran ‘hyperparam’ to assess the fit of block penalty and window
size hyperparameters to the data. We then ran ‘optimize’ to
estimate recombination rates under a block penalty of 10 and
window size of 50, scaled by the assumed per-generation mu-
tation rate used for demographic inference (Smeds et al. 2016).
To examine genome-wide variation in recombination rate, we
used ‘bedtools’ v2.31.0 (Quinlan and Hall 2010) to calculate the
mean recombination rate in non-overlapping windows of vari-
ous resolutions (e.g., 1 Mb, 100kb, 50kb). We also calculated the
mean recombination rate in sliding windows with intermediate
step sizes (e.g., 1 Mb windows with 100kb step) to visualise mea-
sures of between-species divergence and within-species genetic
diversity in the context of recombination rate variation. We cal-
culated Spearman'’s rank correlation coefficients to assess the
conservation of the genomic recombination landscape among
Hirundo species; all statistical analyses were performed using
values calculated in non-overlapping windows. To obtain a mea-
sure of the density of targets of selection across the genome, we
measured exon density as the proportion of sites per genomic
window annotated as exons in the barn swallow genome anno-
tation (Secomandi et al. 2023).

2.4 | Population Genetic Summary Statistics
and Summaries of the Site Frequency Spectrum

We used ‘pixy’ vl.2.7betal (Korunes and Samuk 2021) to
calculate between-population genetic differentiation (Weir
and Cockerham's F¢;; Weir and Cockerham 1984), between-
population nucleotide divergence (dxy; Nei and Li 1979) and
within-species nucleotide diversity (7; Nei and Li 1979) across
the genome, using both variant and invariant site information
in the ‘all-sites’ VCF describe above. We performed analysis in
non-overlapping 1-Mb, 100-kb and 50-kb windows as well as
1-Mb sliding windows with a 100-kb step size, as done for re-
combination rate. Because Fg, could not be determined between
pairs of species with n=1 (e.g., H. angolensis vs. H. atrocaeru-
lea), we removed these comparisons from further analysis. We
otherwise performed pairwise analysis between all species, and
all subspecies within H. rustica.

To detect signatures of selection in genomic islands of differ-
entiation, we measured two summaries of the site frequency
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spectrum, Tajima's D (Tajima 1989) and Fay & Wu's H (Fay and
Wu 2000) for Hirundo species with n> 1. Tajima's D compares
the mean number of pairwise genetic differences (6,) to the
number of segregating sites (6) in a sequence to detect depar-
tures from selective neutrality. Divergent positive selection is ex-
pected to produce an excess of rare alleles as new mutations arise
following a selective sweep (Hermisson and Pennings 2017),
producing a skew in the site frequency spectrum and lower val-
ues of Tajima’s D due to larger 6, within selected loci and linked
neutral variation. However, long-term purifying selection
against deleterious mutations within the same genomic regions
may also produce low values of D, making it potentially difficult
to disentangle the effects of divergent positive selection in the
presence of background selection (Enard et al. 2014). To address
this limitation, we also measured Fay & Wu's H, which leverages
an outgroup to characterise the frequency of derived variants in
the ingroup. Divergent selection is expected to produce an ex-
cess of high-frequency derived alleles at selected loci, yielding
low values of Fay & Wu's H (like Tajima’s D). Background selec-
tion, by contrast, does not generate excess derived alleles and
therefore does not skew H in the same way that it might D (Fay
and Wu 2000). These measures of the site frequency spectrum
can therefore be combined to distinguish the effects of selection
more precisely in differentiation islands (especially in regions
of low recombination; Frankham 2012). We measured Tajima's
D using ‘VCF-kit’ v0.3.0 (Cook and Andersen 2017). We mea-
sured Fay & Wu's H using the ‘calcs_sfs_tests’ function in the R
package ‘rehh’ v3.2.2 (Gautier et al. 2017) after polarising ances-
tral versus derived variants using ‘polarizeVCFbyOutgroup.py’
(https://github.com/kullrich/bio-scripts/blob/master/vcf/polar
izeVCFbyOutgroup.py) with H. atrocaerulea as the outgroup.

2.5 | Comparative Analyses

We tested for broad evidence of alternative models of genomic
divergence by examining relationships between landscapes of
differentiation (F;), nucleotide divergence (dxy) and nucleotide
diversity () using Spearman correlation coefficients (p), cal-
culated based on summary statistics in non-overlapping 1-Mb
windows. We further quantified the degree of conservation in
genomic landscapes of divergence and diversity by comparing
correlations between 7~ 7, dxy~dXy and dxy~7r as a function of
the total phylogenetic distance between landscapes, which we
determined based on branch lengths between representative de-
scendant tips (7) and ancestral nodes (dxy) in our concatenated
maximum likelihood phylogeny. This approach was used re-
cently to examine genomic landscape correlation in Great Apes
(Rodrigues et al. 2024) and follows from the expectation that
correlations between divergence and diversity will decrease rap-
idly with increasing genetic distance in the absence of shared
evolutionary processes. By contrast, conservation of landscapes
may be stronger when shared processes shape genome-wide
heterogeneity in divergence between populations and diversity
within populations (e.g., through conservation of recombination
rate and shared effects of long-term linked selection; Burri 2017).

Preliminary analyses revealed a positive genome-wide relation-
ship between exon density and recombination rate (see Results).
To test for associations between these genomic features and
population genetic summary statistics, we performed multiple

linear regression to model the explanatory effects of both recom-
bination rate and exon density on Fyy, dXy and 7. Linear models
followed the general form y ~ rate + density, where y = F, dXy
or 7. We dissected the relationship between exon density and
recombination rate further by calculating the Spearman correla-
tion coefficient between variables measured in 50kb windows
per chromosome and compared correlations to chromosome

length.

To further investigate how alternative forms of selection have
shaped Hirundo genomic landscapes, we defined differentiation
islands as outlier windows with Fg; above null distributions
generated using a permutation approach. For a given sliding
window resolution, we randomly sampled smaller windows
from across the genome with a total length equal to the focal
window size and calculated mean F across the random sample
of windows, repeating this process a number of times equal to
the number of focal windows in the genome. For example, to
generate a null distribution of Fg; in 1 Mb windows, we sampled
10 random 100-kb windows per 1-Mb window. This approach
enabled us to detect if windows represent outlier F, islands that
are physically clustered in the genome beyond what would be
expected by chance. We defined outlier windows as those with
Fq above the maximum value in the null distribution for a given
pair of species. We omitted the Z chromosome from these anal-
yses due to the overall higher degree of Z-linked differentiation,
especially between more recently diverged species (see Results).
We extracted the associated d,,, and 7 values from these win-
dows to compare the distributions of divergence and diversity in
islands versus the genomic background. For additional compar-
ison, we examined distributions of summary statistics in islands
overlapping centromere regions versus those outside of cen-
tromeres. We performed one-way analysis of variance (ANOVA)
to test for significant differences in the means of d,; and 7 in
genomic backgrounds, all islands and islands outside of cen-
tromeres. If ANOVA was significant, we then performed Tukey
post hoc tests to test pairwise differences between distributions
while correcting for multiple testing. Finally, we tested whether
differentiation islands were enriched for signatures of divergent
positive selection based on skewed summaries of the site fre-
quency spectrum. We identified Tajima's D and Fay & Wu's H
outliers using permutations as described above for F, islands,
defining outliers consistent with divergent positive selection as
values of D or H falling below the minimum value in the null
distribution of each species. We then examined proportions of
Fg islands overlapping both D and H outliers compared to the
genomic background and used Fisher's exact tests to test for en-
richment of islands for signatures of positive selection. All sta-
tistical analyses were performed in R v1.4.2 (R Core Team 2023).

3 | Results
3.1 | Genome Sequencing and Variant Calling

Our whole genome sequencing procedure yielded a mean =+ stan-
dard deviation of 99,375,637 +40,954,922 150bp paired end
reads per sample after quality trimming. An average of
98,004,447 +40,462,032 reads mapped to the reference ge-
nome, corresponding to 98.6%+0.006% mapped reads and
12+4.9 read depth per sample, assuming a genome size of 1.2
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Gbp (Table S1). Variant calling and filtering steps produced
109,757,230 genome-wide SNPs (mean + standard deviation gen-
otype quality =47.6 +£21.6) among the Hirundo ingroup and the
outgroup Petrochelidon pyrrhonota and 88,985,001 SNPs within
ingroup Hirundo for analysis.

3.2 | Phylogeny, Demographic History
and Introgression

Phylogenetic inference using concatenated maximum likelihood
and coalescent species tree approaches based on an alignment of
138,156 autosomal SNPs (see Materials and Methods) produced
well supported and consistent relationships among Hirundo spe-
cies (Figures 1B,C, S2 and S3). Our inferred topologies align with
previous phylogenetic hypotheses supporting four major clades
within Hirundo (Figure 1B): the blue clade, pearl-breasted clade,
Pacific clade and barn swallow clade (Dor et al. 2010; Carter
et al. 2020; Schield, Brown, et al. 2024). We find two topologi-
cal differences between our current analysis and previous hy-
potheses from Dor et al. (2010) based on sequencing a nuclear
gene and six mitochondrial genes, and Carter et al. (2020) based
on mitochondrial genomes. First, our results support the sister
relationship between H. albigularis and H. nigrita, whereas H.
albigularis was inferred to be the outgroup species to the re-
maining barn swallow clade in both Dor et al. (2010) and Carter
et al. (2020). Second, our tree provides strong support that H.
smithii is sister to the remaining barn swallow clade, within
which H. albigularis+ H. nigrita are nested (Figures 1B and
S2). Inferred relationships within the barn swallow clade are in
agreement with the more recent phylogenetic hypothesis for the
swallow family Hirundinidae based on genome-wide ultracon-
served elements (Schield, Brown, et al. 2024).

Relationships within the barn swallow (H. rustica) strongly sup-
port two major clades: a ‘western’ clade comprised of subspecies
in the Mediterranean and western Eurasia (H. r. transitiva, H.
r. savignii and H. r. rustica) and an ‘eastern’ clade comprised of
subspecies in eastern Asia and North America (H. r. gutturalis,
H. r. erythrogaster and H. r. tytleri). The presence of these two
clades is also consistent with strong evidence from prior stud-
ies for more substantial genetic structure between ‘western’ and
‘eastern’ subspecies groups (Dor et al. 2010; Safran, Scordato,
et al. 2016; Carter et al. 2020; Schield et al. 2021). We find minor
disagreement between maximum likelihood and coalescent-
based inferences for the western clade, with H. r. rustica being
alternatively supported as sister to H. r. savignii+ H. r. transi-
tiva or to H. r. savignii (Figures 1C and S2), albeit with low boot-
strap support values in both analyses. Low nodal support values
and discordance between approaches are unsurprising for barn
swallow subspecies, given their very recent divergence from a
common ancestor and thus the prevalence of shared ancestral
variation (Zink et al. 2006; Safran, Scordato, et al. 2016; Smith
et al. 2018; Schield et al. 2021; Schield, Carter, et al. 2024).

We used coalescent models to infer the effective population
size (N,) history for six Hirundo species represented by n>1
in our sampling design. Our results indicate that Hirundo spe-
cies have experienced substantial fluctuations in N, over the
course of diversification (Figure 1D), with highly idiosyncratic
trajectories among species through time. For instance, several

species have experienced population bottlenecks in the recent
past (~10,000years) following substantial population expansions
during the Pleistocene (e.g., H. rustica, H. smithii and H. neox-
ena; see also Smith et al. 2018). The population trajectory of H.
smithii is particularly notable due to massive population growth
after near extinction roughly 50,000years ago, followed again
by recent decrease from N,~7x10° to N,~2X10°. H. neoxena
appears to have experienced recent contraction in N, though to
alesser degree than H. smithii and H. rustica. Other species have
experienced population expansion in the recent past, with mod-
est increases in N, in H. aethiopica and H. dimidiata (following
an inferred bottleneck ~10,000-20,000years ago) and a large-
scale expansion in H. javanica during the Holocene.

Tests of introgression using the ABBA-BABA framework fur-
ther support that diversification within Hirundo has occurred
in the presence of gene flow, with introgression detected among
multiple ancestral branches based on patterns of derived allele
inheritance among trios of Hirundo species (Figure S4; Data S1).
Importantly, we conservatively interpret evidence for introgres-
sion between one taxon and all taxa sharing a more recent com-
mon ancestor as evidence of introgression between ancestral
branches (e.g., positive D values between H. atrocaerulea and
each species within the barn swallow clade with p-values <0.05
after FDR correction). Using this interpretation, we detect ev-
idence for introgression between six branches, including sub-
stantial historical introgression among species within the barn
swallow clade (Figure S4). In descending order of time since
divergence (labelled A-F in Figure S4), these include introgres-
sion between the ancestors of (A) H. atrocaerulea and the barn
swallow clade (H. smithii, H. nigrita, H. albigularis, H. angolen-
sis, H. aethiopica, H. rustica and presumably H. lucida, which
was not sampled in this study), (B) H. dimidiata and the barn
swallow clade, (C) the Pacific clade (H. javanica, H. neoxena
and relatives) and H. smithii, (D) the Pacific clade and the (H.
rustica, (H. aethiopica, H. angolensis)) subclade within the barn
swallow clade, (E) H. smithii and the (H. rustica, (H. aethiopica,
H. angolensis)) subclade, and (F) the (H. nigrita, H. albigularis)
and (H. rustica, (H. aethiopica, H. angolensis)) subclades. These
results provide key context for our interpretations of genomic
divergence landscapes and underscore the need to consider the
possibility that genomic islands of differentiation have been
shaped at least in part by differential gene flow during specia-
tion within Hirundo.

3.3 | Genomic Landscapes of Differentiation,
Divergence and Diversity

To investigate how genomic divergence has evolved during
speciation in Hirundo, we first calculated genome-wide rel-
ative population differentiation (Fg;) and nucleotide diver-
gence (dxy) between pairs of species. Although F, is a relative
measure of divergence because it is influenced by levels of
within-population nucleotide diversity (), whereas dXy is not
(Charlesworth 1998; Noor and Bennett 2009; Cruickshank and
Hahn 2014), genome-wide Fg; should nonetheless provide a rep-
resentative picture of the overall degree of divergence between
species and subspecies; indeed, average genome-wide F . and dxy
are positively correlated (Spearman rank correlation, p=0.88,
p<2.2x1071%; Figure S5). We find a large range of genome-wide
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and the Z chromosome.

mean Fg among lineages spanning nearly an order of magni-
tude (e.g., F;=0.012 between the barn swallow subspecies H.
rustica erythrogaster and H. r. tytleri and Fy.=0.804 between H.
atrocaerulea and H. smithii; Figure 2; Data S2). These results
highlight a rapid accumulation of genome-wide differentiation
within Hirundo since splitting from a common ancestor ~5 mil-
lion years ago (Schield, Brown, et al. 2024). We also find two
major transitions in genome-wide mean Fg, among Hirundo lin-
eages. First, there is a rapid transition from very low Fg, between
H. rustica subspecies (Figure 2A; ‘within species’) to substantial
differentiation among species within the barn swallow clade
(€8 For 11 rustica—t acthio pica= 0.25). This is consistent with H. rus-
tica subspecies being at an early stage of the speciation process
with ongoing gene flow and few genomic regions of accentuated
divergence (Safran, Scordato, et al. 2016; Scordato et al. 2017,
2020; Schield et al. 2021; Schield, Carter, et al. 2024). By con-
trast, genome-wide Fg; between most species within the barn
swallow clade ranges between 0.2 and 0.4 (Figure 2A; ‘between
species (barn swallow clade)’), although some show very high
differentiation (e.g., H. aethiopica — H. smithii, H. angolensis — H.

smithii and H. nigrita — H. smithii), likely due to the combined
effects of historical demography in H. smithii (Figure 1D) and
more ancient divergence between it and other species within
the barn swallow clade (Figures 1B and S3). We also observe a
second transition towards much higher F; for between-species
comparisons outside of the barn swallow clade (Figure 2A; ‘be-
tween species’) indicating the evolution of strong genome-wide
differentiation between Hirundo species.

Genome-wide mean dXy also shows expected increases between
progressively divergent lineages, ranging between 0.0047 and
0.0101 (Figure 2B; Data S2). However, dXy does not exhibit the
same gap in values between H. rustica subspecies versus be-
tween species within the barn swallow clade as we observe for
Fyr. Rather, we find one major transition towards higher de for
between-species comparisons outside of the barn swallow clade.
This is unsurprising given the much greater phylogenetic dis-
tance between these species (Figure S3) and illustrates the com-
bined effects of coalescent time and N, on genome-wide Fg,. As

for F,, d, is lowest between H. rustica subspecies, though other
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closely related pairs of species also exhibit low genome-wide dxy
(e.g., H. aethiopica — H. angolensis and H. neoxena — H. javanica).
Together, genome-wide Fg; and dXy indicate that genomic diver-
gence ranges widely among Hirundo species and the compari-
son of these estimates indicates that highly elevated F ;. between
certain species is due to low within-species genetic diversity (i.e.,
higher F;. than would be expected a priori based on divergence
time) while these pairs show predictable dxy values relative to
others based on their divergence history.

We also find that Fg; is higher on the Z chromosome than auto-
somes between all species and subspecies (Figure 2C; Data S2).
This commonly observed pattern can be explained at least in
part by the lower effective population size of the Z chromosome
relative to autosomes but likely also reflects reductions in ge-
netic diversity due to more pronounced linked selection on the
Z chromosome (see detailed interpretations of linked selection
below). Consistent with this explanation, dyyis uniformly lower
on the Z chromosome than autosomes across species (Figure 2D;
Data S2). Notably, the difference between Z-linked and autoso-
mal Fg, is more accentuated between more recently diverged
taxa (e.g., 11.4 x higher Z chromosome F;. between H. r. rustica
and H. r. tytleri) than those with more ancient divergence (e.g.,

1.11 x higher Z chromosome Fg; between H. atrocaerulea and
H. neoxena).

Next, we performed genome scans of population genetic sum-
mary statistics to characterise genomic divergence in greater
detail. The genomic landscape is highly heterogeneous, with
numerous peaks and valleys of Fg, between species charac-
terising genetic variation across chromosomes (Figures 3 and
S6-S8). Genome scans of F;. reflect our findings from genome-
wide summaries (Figure 2), with overall levels of differenti-
ation that increase with divergence time between lineages.
To illustrate this phenomenon, in Figure 3, we show multiple
scans of Fy; between H. rustica and other Hirundo species on
two autosomes (Chromosome 1A and Chromosome 4) and the
Z chromosome (Figure 3A-C; whole genome details are shown
in Figures S6-S8). These results emphasise the major transi-
tion towards elevated genome-wide differentiation between
species from extremely low Fg, between H. rustica subspecies
(though note much higher Z-linked F, between H. r. rustica -
H. r. tytleri than between H. r. rustica - H. r. savignii; Figure 3C).
All comparisons show a concentration of high F, values in ap-
proximate centromere regions, which have low recombination
rates (Figure S9), whereas F, tends to be lower in chromosomal
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regions with higher recombination rates—we explore this rela-
tionship in greater detail below. Genomic regions with elevated
F also tend to have low dxy between species and low 7 within
species, consistent with reduced ancestral genetic diversity and
the diversity-reducing effects of selection within populations.

Genome scans of summary statistics also reveal remarkable
consistency in regional patterns among lineages (Figure 3),
true even for independent pairs of species. For example, peaks
and valleys of Fg; between H. rustica and H. aethiopica show
collinear peaks and valleys between H. neoxena and H. javan-
ica. More broadly, F¢; landscapes are strongly correlated for all
pairs of species and subspecies (Data S3; p range =0.42-0.99, p-
values < 2.2 x10719). Similarly, regions with low d,, between one
pair of species are likely to exhibit low d,, between other species
and the same is true for 7 within species (i.e., valleys of nucleo-
tide diversity in H. dimidiata are valleys of diversity in H. javan-
ica, H. smithii and so on). To further explore the conservation of
genomic landscapes of diversity and divergence, we calculated
correlations between 7 and d_, measured in sliding windows
and investigated the strength of these correlations with increas-
ing phylogenetic distance between respective landscapes (see
Figure S10 for examples of phylogenetic distance calculations).
These comparisons indicate a high degree of conservation in
genomic landscapes across species (Figure 4; Data S4). This is
especially the case for 7 ~7 correlation coefficients, which are
very strong at both shallow and deep phylogenetic distances
between landscapes (p range =0.84-0.99; Figure 4A), though
correlations are also strong for dy~dy, (p range=0.56-0.97)
and d,~7 (o range =0.46-0.96) landscapes across evolutionary
distances (Data S4). In Figure 4B, we show the relationships for
Fyp dXy and mean 7 for three exemplar pairs of species (H. rus-
tica — H. aethiopica, H. neoxena — H. javanica and H. smithii - H.
dimidiata), which illustrate at a finer resolution the strong cor-
relations between these landscapes across scales of divergence.
These exemplars span several scales of divergence (Figure 5),
vary in geographic distribution (i.e., allopatry or partial sym-
patry; Figure S1; Table S2) and are representative of patterns
across Hirundo, broadly. We focus on these species pairs for
downstream interpretations of models of linked selection and
the formation of differentiation islands. Details for correlations
between landscapes of differentiation, divergence and diversity
for all species can be found in Data S3 and S4.

3.4 | Recombination Rate and Linked Selection
Shape Genomic Landscapes

The degree of conservation in genomic landscapes suggests
that shared evolutionary processes (e.g., recombination and
selection) have shaped divergence among Hirundo species. We
therefore tested whether the patterns of variation are predicted
by models of linked selection by examining the relationships
between population genetic summary statistics, recombination
rate variation and the density of targets of selection in sliding
windows (Figures 5 and S11-S13).

Whereas genome-wide average Fg; and d, are positively cor-
related (Figure S5; see ‘Genomic Landscapes’ section above),
we find consistent negative correlations between Fg; and dXy
in sliding windows (Figure 5A-E; Data S5; p=—0.47 to —0.69,

p-values <2.2x107'%) and between Fg, and 7 (0=-0.76 to
—0.96, p-values <2.2x 1071%), indicating that regions with high
differentiation harbour lower levels of ancestral variation and
reduced variation in descendent populations. Accordingly, 7
and dXy are positively correlated, as described above (Figures 4
and S12; Data S4 and S5; p=0.68-0.98, p-values <2.2x10716).
We used the H. rustica recombination map to examine the rela-
tionships between recombination rate and summary statistics,
as recombination rate variation is strongly correlated among
Hirundo species (Table S3; p=0.81-0.94, p-values <2.2x 1076).
Recombination rate and exon density are positively correlated
across sliding windows (Figure S11A; p=0.52, p<2.2x10716);
thus, we investigated their relationships with summary statistics
together using multiple linear regression (MLR; see Materials
and Methods). F, is significantly negatively correlated with re-
combination rate (Figure 5; Data S5; MLR, t=-15.1 to —31.6,
p-values<2.2x10716; r2=0.23-0.56) but correlations between
F; and exon density are weak or absent (Data S5). For example,
MLR reveals no effect of exon density on Fgy 1y 1ica-r1. aethiopica
(t: —1.36, p:0'172) and FST H. neoxena-H. javanica (t: —0.85,
p=0.393) while there is a weak effect of exon density on
For 1 smithii-ti. dimidiara &=—2-04, p=0.041). We find positive
correlations between recombination rate and 7 (Figure S12;
MLR, t=23.7-30.6, p-values<2.2x1071% r2=0.39-0.53)
and d, (Figure S13; MLR, {=14-29.4, p-values<2.2X 10716,
r>=0.16-0.51). Correlations between exon density and both 7
and d_ are largely weak or absent, similar to F; (see Data S5 for
full results for all species). The lack of strong genome-wide ef-
fects of exon density on summary statistics may be explained by
variable relationships between exon density and recombination
rate among chromosomes. Indeed, many smaller chromosomes
have the expected negative correlation between recombination
rate and exon density while several of the largest chromosomes
have positive correlations (Figure S11B). Nonetheless, genomic
relationships between recombination rate and summary statis-
tics are consistent with models of linked selection, supporting
that recombination rate variation has profound impacts on rates
of fixation in genomic regions experiencing genetic hitchhiking
due to positive selection and background purifying selection.

3.5 | Signatures of Selection in Islands
of Differentiation

To further discern how regions of elevated genomic differenti-
ation have evolved between Hirundo species, we examined the
distributions of d  and 7 in differentiation islands to test pre-
dictions under three models of linked selection that can explain
island formation, described in the Introduction and depicted
in Figure 1A. As expected under each model and predicted
based on genome-wide patterns, Fg; islands consistently have
lower within-population nucleotide diversity than the genomic
background, measured as mean 7 between each pair of species
(Figure 6; Tables S4 and S5; ANOVA, p-values <2.2x10716).
This is the case for all islands as well as islands outside of cen-
tromere regions, specifically (Table S5; Tukey post hoc tests;
p-values < 1x 10~%), and distributions of mean 7 in all islands
versus non-centromere islands are not significantly different
(Tukey post hoc tests; p-values >0.12). Fy, islands also have
lower dXy between species relative to the genomic background
(Figure 6; Tables S4 and S6; ANOVA, p-values<2.2x10716;
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FIGURE 4 |

Correlation between genomic landscapes of diversity and divergence across Hirundo. (A) Spearman rank correlation coefficients

(points) between genome-wide m~m (left), dxy~dxy (centre), and dxy~7r (right), shown as a function of the phylogenetic distance between pairs of

landscapes and their common ancestor, measured as the total branch length. Correlations were calculated for each pair of diversity and divergence

landscapes that do not share branches (see Materials and Methods) based on mean values in non-overlapping 1 Mb windows; representative correla-

tions for 7 and dxy shown in panel (B). (B) Correlations between landscapes of Fg, (top), dxy (centre) and mean 7 (bottom) for three independent spe-

cies pairs: H. rustica - H. aethiopica, H. neoxena - H. javanica and H. smithii - H. dimidiata. Points represent mean values of each summary statistic
in non-overlapping 1 Mb windows. Spearman correlations (p) are labelled; ***p < 2.2 x 1071,

Tukey post hoc tests, p-values <1x10~%), consistent with re-
duced ancestral variation and thus more rapid coalescence
in Fq; island regions. Together, these patterns match the pre-
dictions of the recurrent selection model (Cruickshank and
Hahn 2014; Burri et al. 2015; Irwin et al. 2018), supporting
that islands of differentiation have largely evolved through
selection in the same genomic regions in both ancestral and
descendant populations.

The causes of differentiation island formation are not necessarily
mutually exclusive; thus, we were curious whether the potential
for gene flow between pairs of species influences the relation-
ships between genetic diversity and divergence in Fg, islands.
We divided species pairs into groups based on their contempo-
rary geographic distributions (i.e., strict allopatry vs. parapatry/
partial sympatry; Figure S1; Table S2), and compared Spearman
correlation coefficients between dXy and 7 in differentiation
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FIGURE 5 | Genome-wide relationships between landscapes of genetic differentiation and divergence, diversity, recombination rate and exon
density illustrated by H. rustica - H. aethiopica (A), H. neoxena — H. javanica (B), H. aethiopica — H. smithii (C), H. rustica - H. javanica (D) and H.
smithii - H. dimidiata (E) species pairs. Panels to the left in (A)-(E) show phylogenetic distance between pairs of species as shaded branches and
summarise the present-day geographic arrangement of species pairs (allopatric versus partial sympatry). The centre two panels show correlations
between Fy; and dXy and mean 7, respectively, with labels for Spearman correlation coefficients (o). The right two panels show correlations be-
tween F;. and recombination rate and exon density, respectively, with summaries of multiple linear regression (MLR) to test the effects (r? and ©)
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FIGURE 6 | Distributions of nucleotide divergence (dxy) and nucleotide diversity () in differentiation (Fg;) islands between species are consis-
tent with the effects of recurrent selection, illustrated by patterns in H. rustica - H. aethiopica (A), H. neoxena — H. javanica (B), H. aethiopica - H.
smithii (C), H. rustica - H. javanica (D) and H. smithii - H. dimidiata (E). Panels to the left show distributions of dxy in the genomic background
(‘Back’), Fy island regions (‘Island’) and F; islands outside of centromere regions (‘Island no cent.’). Right panels show distributions of mean 7 in
background and F; island regions. Bold centre lines in boxplots represent the median of each distribution, boxes summarise the interquartile range
(IQR) and whiskers represent 1.5 IQR. Statistical summaries of ANOVA and Tukey post hoc tests are labelled; ***p <2.2x107'%; NS, not significant.
(F) Schematic representation of the recurrent selection model supported by summary statistics, wherein Fg, islands exhibit both reduced nucleotide

diversity and nucleotide divergence due to the same genomic regions experiencing linked selection in ancestor and descendant populations.

islands and the genomic background. It is logical that the diver-
gence with gene flow model could explain the formation of a
subset of islands for species in parapatry or partial sympatry if
loci within these regions promote reproductive isolation in the
presence of gene flow (Figure 1A). In this case, we would ex-
pect weaker relationships between 7 and dXy in Fg; islands than
in the genomic background because some regions have higher
d,, than the genomic background (loci promoting reproductive
isolation) while others have lower d , than the genomic back-
ground (loci under recurrent selection). Instead, we find that
the median 7~d_ correlation in islands is slightly higher than
the background (Figure S14A), although these distributions are
not significantly different (Mann-Whitney U-test; p=0.126).
For allopatric species, relationships between 7 and dXy could be
weakened if some islands have formed through selection in al-
lopatry (no selection in the ancestral population) instead of re-
current selection (selection in the ancestral population). Again,

we find that correlations are instead stronger in differentiation
islands (Figure S14B; Mann-Whitney U-test; p =0.005). Sliding
window tests of introgression between H. smithii and H. aethi-
opica and H. dimidiata are consistent with low levels of admix-
ture between partially sympatric species across the genome
(mean =+ standard deviation f; =0.011 £ 0.024 between H. smithii
and H. aethiopica and f;=0.0035+0.0055 between H. smithii
and H. dimidiata). We find a significant, albeit weak negative
relationship between F and f; for H. smithii and H. aethiopica
(p=-0.38; p=4x10~?) and no relationship between F. and f;
for H. smithii and H. dimidiata (p =0.24). Evidence for a negative
genome-wide relationship between introgression and differenti-
ation between H. smithii and H. aethiopica supports polygenic
barriers to gene flow between species (Martin et al. 2019). While
rare introgression between these species could act to reduce or
erase genomic differentiation islands, we nonetheless find sig-
nal consistent with strong genome-wide effects on reproductive
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mean values in non-overlapping 50kb windows. Right panels (boxplots) in (A)-(F) compare Fg; between the genomic background (grey) and regions
identified as outliers of both Tajima’s D and Fay & Wu's H (colours; ‘SFS outliers’). Percentages of Fg; islands that are also SFS outliers are labelled
above panels for each species. Summaries of Fisher's exact tests to test whether Fg islands are enriched for SFS outliers are labelled; ***p <2.2x10716;

**p <0.00001; NS, not significant.

isolation, and our tests here broadly support a dominant role of
recurrent selection in shaping genomic landscapes, whether or
not speciation has occurred in the presence of gene flow.

Signatures of recurrent evolution of differentiation islands could
be caused by positive selection (i.e., repeated episodes of ge-
netic hitchhiking in ancestors and descendants) or by repeated
background selection against deleterious variation in low re-
combination regions (Noor and Bennett 2009; Sella et al. 2009;
Via 2012; Cruickshank and Hahn 2014). We used measures of
the site frequency spectrum in six Hirundo species to further
test the hypothesis that a subset of differentiation islands in the
genomic landscape are the result of divergent positive selection.
Distributions of Tajima's D are lower in islands than the genomic
background in all species (Figure 7A-F). Fay & Wu's H is also
skewed towards lower values in Fg islands (Figure 7). We iden-
tified regions that are both Tajima's D and Fay & Wu's H outliers
(‘SFS outliers’) using a permutation approach (see Methods) in
order to test whether F; islands are enriched for signatures of
divergent positive selection. Indeed, between 2% and 22.3% of
Fislands overlap with SFS outliers among species, correspond-
ing to significant enrichment of islands for signatures of selec-
tion based on both Tajima's D and Fay & Wu's H in each species
(Fisher's exact tests; p-values <1.5x107!), with the exception
of H. smithii (Figure 7E; p=0.052). Moreover, F, is signifi-
cantly higher in SFS outliers than non-outlier (i.e., background)
regions in all species (Figure 7A-F; Mann-Whitney U-tests;

p-values<1.2x107'2?). We find that 9.8% +13.3% (range =0%-
53.8%) of F; islands with SFS outliers are shared among pairs of
species, with low degrees of overlap driven by small numbers of
SFS outliers in H. javanica and H. smithii. Together, these results
support that a substantial proportion of genomic differentiation
between Hirundo species has evolved through recurrent selec-
tive sweeps, with divergent selection producing frequencies of
derived variants beyond what would be expected under back-
ground selection and genetic drift alone.

4 | Discussion

Clarifying how evolutionary processes shape genomic diver-
gence during speciation is essential to our broader understand-
ing of the origins of biological diversity and how it is maintained
in nature. In this study, we analysed population genomic data
from swallows in the genus Hirundo to investigate the drivers
of genomic landscapes of divergence between species existing
across a continuum of evolutionary divergence and with vari-
ation in geographic range overlap, demographic history and
gene flow (Figure 1). Species in this radiation share remark-
ably correlated landscapes of genetic diversity and divergence
(Figures 2-4), pointing to the role of shared processes during
genomic divergence. We find evidence that highly correlated ge-
nomic landscapes have been shaped largely by recurrent selec-
tion in ancestral and descendant populations since (and likely
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prior to) divergence from a common ancestor ~5 million years ago
(Figures 5-7). Indeed, the conservation of genomic landscapes
at both shallow and ancient timescales argues for profound
impacts of selection in shaping recurrent patterns of genomic
divergence, as we would not expect such strong correlation be-
tween landscapes under mutation and genetic drift alone (Burri
et al. 2015; Jiang et al. 2023; Rodrigues et al. 2024). Moreover,
our findings align with predictions from models describing the
evolution of genomic differentiation through linked selection,
wherein the accumulation and spread of genetic changes across
the genome is strongly influenced by interactions between back-
ground selection or genetic hitchhiking and recombination rate
variation (Begun and Aquadro 1992; Charlesworth 1998; Noor
and Bennett 2009; Nachman and Payseur 2012). Collectively,
our findings from Hirundo add to a growing body of evidence
supporting the importance of incorporating non-neutral evolu-
tionary processes in our predictive frameworks for genomic di-
vergence and the evolution of new species.

Relatedly, our findings support the hypothesis that the evo-
lutionary stability of recombination landscapes in songbirds
predicts conserved patterns of genome-wide heterogeneity in
genetic diversity and divergence among species. Evidence from
great tits (Van Oers et al. 2014), finches (Singhal et al. 2015),
crows (Vijay et al. 2016) and flycatchers (Kawakami et al. 2017)
indicates remarkable degrees of conservation in recombination
rate variation among closely related populations and species,
even at fine genomic scales. We find strong correlations among
Hirundo recombination landscapes based on analysis of multi-
ple species (Figure S9; Table S3), similar to observations in these
other songbirds. The conservation of recombination rate varia-
tion among species likely plays a prominent role in the presence
of many shared islands of differentiation, in particular in re-
gions of the genome with low recombination where the effects of
linked selection are most pronounced (Cutter and Payseur 2013;
Burri et al. 2015). Genome-wide relationships between recom-
bination rate and population genetic summary statistics in
Hirundo are consistent with this hypothesis, with higher F,
between populations and lower 7 within populations on aver-
age in genomic regions with low recombination (Figures 5 and
S12; Data S5). These patterns underscore the diversity-reducing
effects of selection in genomic regions with low recombination,
where direct effects of selection on loci are most effectively
spread to neutral loci through genetic linkage.

As described above, genome-wide patterns in Hirundo broadly
fit a model of recurrent linked selection shaped by variation in
recombination rate (Figures 5, S12 and S13), as opposed to being
strongly predicted by alternative models of divergence with gene
flow or selection in allopatry (Figure 1A). This is illustrated fur-
ther by a consistent signature of lower dXy in genomic islands of
differentiation across species due to reduced ancestral genetic
diversity and thus rapid coalescence in these regions compared
to elsewhere in the genome (Figure 6; Tables S4 and S6). The
opposite pattern (i.e., higher d_ in differentiation islands than
neutral regions) would be expected if differential gene flow
largely explained the formation of differentiation islands be-
tween lineages. By examining nucleotide diversity and diver-
gence in islands of differentiation between Hirundo populations
and species at various stages of divergence, our results empha-
sise the significance of recurrent selection in shaping correlated

landscapes of genetic variation in this system. Indeed, dxy is
significantly reduced in F; islands between populations at the
earliest stages of speciation (e.g., between barn swallow subspe-
cies; Tables S4 and S6) in a manner reminiscent of species at
late or complete stages of the speciation process (e.g., between
H. atrocaerulea and others). Recurrent selection appears to be
a pervasive driver of differentiation islands across systems (e.g.,
Cruickshank and Hahn 2014; Stankowski et al. 2019; Shang
et al. 2023; Glover et al. 2024) and in birds in particular (e.g.,
Ellegren et al. 2012; Burri et al. 2015; Delmore et al. 2015; Irwin
et al. 2016, 2018; Van Doren et al. 2017; Battey 2020; Schield
et al. 2021; Jiang et al. 2023). Observations from across a con-
tinuum of divergence in Hirundo thus add to accumulating evi-
dence for the relative importance of recombination rate (which
often spans several orders of magnitude across the genome)
to heterogeneous genomic divergence in comparison to gene
flow (Nachman and Payseur 2012; Burri et al. 2015; Wolf and
Ellegren 2017). Importantly, neither our findings nor those from
previous studies argue that differential gene flow is irrelevant
in shaping genomic differentiation. Rather, in many cases, we
may have little power to detect the effects of gene flow against
the dominant effects of recurrent linked selection, particularly
at more advanced stages of the speciation process.

What information, then, do our findings provide about the
evolution of reproductive isolation? Original interpretations
of genomic islands of differentiation were that these form be-
cause they contain loci responsible for pre- or postzygotic iso-
lation (‘speciation genes’; Wu 2001; Turner et al. 2005; Via and
West 2008; Cruickshank and Hahn 2014). In this scenario,
described by the divergence with gene flow model, regions of
the genome containing speciation genes contribute barriers
to gene flow while regions unrelated to reproductive isolation
homogenised by gene flow between populations. Empirical ex-
amples matching these predictions provide perhaps the clearest
evidence for the formation of genomic islands of differentiation
due to the direct involvement of loci in reproductive isolation
(Nosil et al. 2009; Nadeau et al. 2012; Poelstra et al. 2014), yet
systems fitting the assumptions of the divergence with gene flow
model may be comparatively rare (especially because virtually
no natural system will fit the assumption of selective neutrality
outside of barrier loci). By contrast, recurrent linked selection
can explain the formation of heterogeneous genomic landscapes
of differentiation without the need for differential gene flow
across the genome (Noor and Bennett 2009; Cruickshank and
Hahn 2014; Wolf and Ellegren 2017). This has led to interpreta-
tions that differentiation islands formed through recurrent se-
lection are distinct from those involved in reproductive isolation
or that a causal role in reproductive isolation cannot be ascribed
to these regions per se. These are non-mutually exclusive mech-
anisms, however, and it is clear recurrent linked selection can
predominately explain heterogeneous genomic divergence even
in systems where gene flow is present (e.g., Burri et al. 2015;
Irwin et al. 2018; Stankowski et al. 2019; Glover et al. 2024), in-
cluding Hirundo (Scordato et al. 2017, 2020; Schield et al. 2021;
Schield, Carter, et al. 2024). Indeed, evidence for highly cor-
related genomic landscapes despite extensive historical intro-
gression in Hirundo (Figure S4) highlights the plausibility that
certain loci show consistently elevated differentiation because
they have been repeatedly involved in reproductive isolation
during diversification. Moreover, our finding of a negative
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genome-wide relationship between recent introgression and F
between partially sympatric H. smithii and H. aethiopica sup-
ports the presence of genomically widespread barrier loci that
have contributed to the formation of differentiation islands.
However, parsing differentiation caused by reproductive isola-
tion from other sources of selection remains a major challenge
and ultimately requires additional data to link sources of prezy-
gotic and postzygotic isolation to their underlying genetic basis.

Evolutionary patterns in barn swallows may help to better un-
derstand connections between the effects of recurrent selection
on genetic divergence and sources of reproductive isolation
across Hirundo more broadly. Barn swallow subspecies diverged
from a common ancestor very recently (Zink et al. 2006; Smith
et al. 2018) yet exhibit variation in plumage traits used in sex-
ual signalling due to divergent sexual selection (Scordato and
Safran 2014; Romano et al. 2017; Lotem et al. 2022). Consistent
with recent common ancestry, genome-wide differentiation
and divergence are extremely shallow between barn swallow
populations (Safran, Scordato, et al. 2016; Schield et al. 2021;
Schield, Carter, et al. 2024). Genomic regions underlying sexual
plumage traits, however, exhibit concentrated islands of differ-
entiation due to divergent selection and promote reproductive
isolation in hybrid zones (Schield, Carter, et al. 2024). Based on
these patterns, we would predict that divergence between barn
swallow populations fits the divergence with gene flow model
(and indeed multiple reproductive isolation loci exhibit both
high Fy; and dxy), yet genome-wide signatures are nonetheless
strongly consistent with the recurrent selection model (Schield
et al. 2021; Schield, Carter, et al. 2024). Thus, signatures of
recurrent selection are dominant at even the earliest stages of
speciation in this system. By examining the patterns of linked
selection without additional information about barriers to gene
flow, it would be possible to overlook genuine signals that spe-
cific highly differentiated loci are directly involved in reproduc-
tive isolation. These loci are concentrated on the Z chromosome
and previous evidence supports that extreme reductions in Z-
linked genetic diversity are a consequence of extra-pair mating
and reproductive skew against males due to sexual selection
in barn swallows (Schield et al. 2021). As a result, the Z chro-
mosome exhibits much higher differentiation than would be
expected in the absence of selection (Charlesworth 2001; Pool
and Nielsen 2007), supporting that the Z chromosome exists at
a more advanced stage of the speciation process. We find that
Z-linked differentiation is consistently higher than autosomal
differentiation across Hirundo (Figure 2; Data S2), raising the
possibility that sex-linked traits have repeatedly played a dispro-
portionate role in reproductive isolation throughout diversifica-
tion, which has been suggested to explain elevated sex-linked
differentiation generally (Irwin 2018).

As a final consideration, we were motivated to disentangle the
effects of alternative forms of selection in the recurrently evolv-
ing genomic landscape across Hirundo. We have shown that the
patterns of genetic diversity and divergence are consistent with
models of linked selection, with potential contributions from
both background selection (Charlesworth et al. 1993) and genetic
hitchhiking due to positive selection (Smith and Haigh 1974).
Both forms of linked selection leave local reductions in N,
and associated increases in differentiation between popula-
tions, though the magnitude of their effects and relevance in

shaping genomic landscapes are subjects of debate (Begun and
Aquadro 1992; Charlesworth et al. 1993; Stephan 2010; Corbett-
Detig et al. 2015; Schrider 2020). Evidence consistent with
linked selection based on summary statistics (i.e., F, dXy and 7)
alone cannot necessarily distinguish between these alternative
processes. We therefore incorporated additional tests (Tajima’s
D and Fay & Wu's H) designed to measure signatures of positive
selection, specifically from skews in site frequency spectra. This
approach has been used effectively in previous studies (e.g., Burri
et al. 2015; Glover et al. 2024) to reveal the relative contribution
of genetic hitchhiking to genomic divergence. Our results indi-
cate a fairly substantial influence of divergent positive selection
on genomic divergence, with an enrichment of differentiation
islands for signatures of recurrent hitchhiking across Hirundo
species (Figure 7). These results together support the hypoth-
esis that certain traits and their underlying genetic basis have
been repeatedly targeted by selection due to their roles in adap-
tation and speciation. Still, a large proportion of highly differen-
tiated regions between species are consistent with background
selection (at least based on our chosen parameter thresholds),
highlighting the co-occurrence of some differentiation islands
across species through recurrent purifying selection modulated
by recombination rate variation. Collectively, our findings un-
derscore that both genetic hitchhiking and background selection
are important processes shaping genomic divergence during
speciation in swallows.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Data S1: Results of ABBA-BABA tests
with different configurations of species assigned to P1, P2 and P3 tips.
p-values are adjusted based on Benjamini-Hochberg correction for mul-
tiple testing. Data S2: Mean and standard deviation population differ-
entiation (FST), nucleotide divergence (dxy) and nucleotide diversity (7)
among species and subspecies across the whole genome, and on auto-
somes, the Z chromosome, specifically. All statistics were calculated in
non-overlapping 1 Mb windows. Data S3: Spearman correlation coeffi-
cients between genome-wide landscapes of relative differentiation
(FST) between pairs of Hirundo species. Correlation coefficients were
calculated based on mean values in non-overlapping 1Mb windows.
Data S4: Spearman rank correlation coefficients between genomic
landscapes of nucleotide diversity and divergence. Branch lengths cor-
respond to the total phylogenetic distance between landscapes in substi-
tutions per site. Correlation and branch length values correspond to
Figure 4 in the main text. Data S5: Statistical summaries of relation-
ships between population genetic summary statistics and genomic fea-
tures. Figure S1: Breeding and year-round distributions of Hirundo
species included in this study, based on records in the Handbook of the
Birds of the World (del Hoyo et al. 2004; Winkler et al. 2020) and ob-
tained from the TUCN. Following recommendations from Broyles
et al. (2023), we exclude the range of the hill swallow (H. domicola; pre-
viously H. t. domicola) from the Pacific swallow (H. javanica; previously
H. t. javanica). Arrows in the map for H. atrocaerulea point to its frag-
mented montane distribution in Africa. Figure S2: Phylogenetic rela-
tionships among Hirundo species and subspecies estimated using
maximum likelihood (A) and coalescent-based species tree (B) infer-
ence based on a concatenated matrix of genome-wide SNPs with no
missing data. Nodal values indicate bootstrap support. The outgroup
Petrochelidon pyrrhonota is not shown. Figure S3: Phylogenetic rela-
tionships and branch lengths among Hirundo species and subspecies
estimated using maximum likelihood based on a concatenated matrix
of genome-wide SNPs with no missing data. Nodal values indicate boot-
strap support. Branch lengths are represented as the number of substitu-
tions per site. Figure S4: Results of ABBA-BABA tests of introgression
between Hirundo species. The grid summarises the results of various
four-taxon topology arrangements to test for introgression between
pairs of species (P2 and P3 taxa in respective analyses). Shaded red
squares indicate that introgression was detected based on significant D
statistics summarising the ratio of ABBA to BABA derived allele pat-
terns. Darker red indicates stronger evidence of introgression (see leg-
end). Tree topologies are included to provide evolutionary context for
comparisons and to guide inferences of introgression between ancestral
branches. We interpret evidence for introgression between one taxon
and all members of a clade sharing a more recent common ancestor as
being consistent with introgression between ancestral populations (i.e.,
internal branches). We collapsed these sets of tests to denote instances
of ancestral introgression; these are summarised by bolded borders sur-
rounding a series of squares in the grid (e.g., significant positive D sta-
tistics between H. atrocaerulea and all members of the barn swallow
clade: H. smithii, H. nigrita, H. albigularis, H. angolensis, H. aethiopica
and H. rustica). Using this procedure, we infer six introgression events
among ancestral branches, denoted as A-F in the grid and with corre-
sponding arrows between branches on the tree to the left. Figure S5:
Correlation between mean genome-wide nucleotide divergence (dxy)
and relative differentiation (FST) for pairs of Hirundo species (points).
Grey points are values for pairs of barn swallow subspecies (i.e., within-
species comparisons). Closed blue points are FST values between spe-
cies within the barn swallow clade (H. rustica, H. aethiopica, H.
angolensis, H. albigularis, H. nigrita and H. smithii). Open blue points
are values for all other between-species comparisons (e.g., H. rustica vs.
H. atrocaerulea). Figure S6: Genome-wide variation in relative

population differentiation (FST) between Hirundo subspecies and spe-
cies, shown as genome scans in 1 Mb sliding windows with a 100kb step
size across chromosomes (alternating white and grey vertical bands).
Recombination rate in H. rustica is shown at bottom for context. Figure
S7: Genome-wide variation in absolute nucleotide divergence (dxy) be-
tween Hirundo subspecies and species, shown as genome scans in 1 Mb
sliding windows with a 100-kb step size across chromosomes (alternat-
ing white and grey vertical bands). Recombination rate in H. rustica is
shown at bottom for context. Figure S8: Genome-wide variation in nu-
cleotide diversity (7) within Hirundo subspecies and species, shown as
genome scans in 1Mb sliding windows with a 100kb step size across
chromosomes (alternating white and grey vertical bands).
Recombination rate in H. rustica is shown at bottom for context. Figure
S9: Variation in per-generation recombination rate among Hirundo spe-
cies illustrated by patterns across chromosome 1A, chromosome 4 and
the Z chromosome. Recombination rates are shown as genome scans in
1Mb sliding windows with a 100kb step size. Lines are coloured accord-
ing to specific species values with matching colour labels. Figure S10:
Schematic representation of the phylogenetic distance between genomic
landscapes of divergence (d,,) and diversity (), measured as the total
branch length (blue) in substitutions per site to the common ancestor of
respective landscapes (blue point). Branch length calculations corre-
spond to interpretations of genomic landscape correlations as a function
of phylogenetic distance in the main text (i.e., Figure 4). Figure S11: A
Genome-wide relationship between exon density (measured as the pro-
portion of sites within annotated exons per window) and recombination
rate measured in non-overlapping 1Mb windows (points). The
Spearman correlation coefficient (p) and p-value are labelled above. B
Spearman correlation coefficients (points) within chromosomes be-
tween exon density, recombination rate and FST as a function of chro-
mosome length (bp). The dashed horizontal line represents no
correlation between variables. Figure S12: Genome-wide relationships
between genetic diversity and divergence, recombination rate and exon
density illustrated by H. rustica — H. aethiopica (A), H. neoxena — H. ja-
vanica (B), H. aethiopica - H. smithii (C), H. rustica - H. javanica (D)
and H. smithii - H. dimidiata (E) species pairs. Panels to the left show
phylogenetic distance between pairs of species as shaded branches and
summarise the present-day geographic arrangement of species pairs (al-
lopatric vs. partial sympatry). The centre panel in A-E shows correla-
tions between mean 7 and dXy for each pair of species, with labels for
Spearman correlation coefficients (p). The right two panels show cor-
relations between mean 7 and recombination rate and exon density, re-
spectively, with summaries of multiple linear regression (MLR) to test
the effects (r2 and t) of genomic features on summary statistics. All sta-
tistical comparisons are based on mean values in non-overlapping 1 Mb
windows. In all panels ***p<2.2x107'%; *p <0.05; NS, not significant.
Figure S13: Genome-wide relationships between genetic divergence
and recombination rate, and exon density illustrated by H. rustica - H.
aethiopica (A), H. neoxena - H. javanica (B), H. aethiopica — H. smithii
(C), H. rustica - H. javanica (D) and H. smithii - H. dimidiata (E) species
pairs. Panels to the left show phylogenetic distance between pairs of
species as shaded branches and summarise the present-day geographic
arrangement of species pairs (allopatric vs. partial sympatry). The right
two panels in A-E show correlations between d, and recombination
rate and exon density, respectively, with summaries of multiple linear
regression (MLR) to test the effects (r2 and t) of genomic features on
summary statistics. All statistical comparisons are based on mean val-
ues in non-overlapping 1 Mb windows. In all panels ***p <2.2x1071;
*p<0.05; NS, not significant. Figure S14: Comparison of Spearman
correlation coefficients (p) between 7 and dxy in FST islands versus the
genomic background in species pairs in parapatry/partial sympatry (A)
versus allopatry (B). Statistical summaries of Mann-Whitney U-tests
are labelled; **p <0.01; NS, not significant. Table S1: Samples used in
the study, museum accessions, locality details, sex and whole genome
mean read depth, assuming a 1.2 Gbp genome size. Table S2: Present-
day geographic arrangement of Hirundo species pairs based on ac-
counts in the Handbook of the Birds of the World (Winkler et al. 2020)
for the breeding and year-round distribution of each species. Species
with no geographic overlap are considered to be in strict allopatry.
Species with adjacent or partly overlapping distributions are considered
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parapatric/partially sympatric. Table S3: Spearman rank correlation
coefficients (p) between recombination landscapes of Hirundo species
based on mean recombination rate in 1 Mb non-overlapping windows.
Table S4: Mean + standard deviation genetic differentiation (FST), nu-
cleotide divergence (dxy) and nucleotide diversity (mean 7) in the ge-
nomic background and islands of differentiation between pairs of
Hirundo subspecies and species. Table S5: Statistical comparison of
nucleotide diversity (7) in genomic islands of differentiation (FST) ver-
sus the genome background. One-way ANOVA and Tukey post hoc test
results comparing distributions from the genome background, all FST
islands and FST islands outside of centromere regions. Table S6:
Statistical comparison of nucleotide divergence (dxy) in genomic islands
of differentiation (FST) versus the genome background. One-way
ANOVA and Tukey post hoc test results comparing distributions from
the genome background, all FST islands and FST islands outside of cen-
tromere regions.
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