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Abstract—Genomic analyses of hybrid zones provide excellent opportunities to investigate the consequences of introgres-
sion in nature. In combination with phylogenomics analyses, hybrid zone studies may illuminate the role of ancient and
contemporary gene flow in shaping variation of phylogenetic signals across the genome, but this avenue has not been ex-
plored yet. We combined phylogenomic and geographic cline analyses in a Pogoniulus tinkerbird clade to determine whether
contemporary introgression through hybrid zones contributes to gene-tree heterogeneity across the species ranges. We found
diverse phylogenetic signals across the genome with the most common topologies supporting monophyly among taxa con-
nected by secondary contact zones. Remarkably, these systematic conflicts were also recovered when selecting only individ-
uals from each taxon’s core range. Using analyses of derived allele sharing and “recombination aware” phylogenomics, we
found that introgression shapes gene-tree heterogeneity, and the species tree most likely supports monophyletic red-fronted
tinkerbirds, as recovered in previous reconstructions based on mtDNA. Furthermore, by fitting geographic clines across two
secondary contact zones, we found that introgression rates were lower in genomic regions supporting the putative species
tree compared with those supporting the two taxa in contact as monophyletic. This demonstrates that introgression through
narrow contact zones shapes gene-tree heterogeneity even in allopatric populations. Our results show that species can with-
stand important amounts of introgression while maintaining their phenotypic integrity and ecological separation, raising
questions regarding the genomic architecture of adaptation and barriers to gene flow. [Birds; gene-tree heterogeneity; hybrid
zones; phylogenomics; recombination; speciation. ]

Phylogenetic relationships vary across the genome
(Degnan and Rosenberg 2009), and whole-genome se-
quence studies have shown that more data may not pro-
vide a clearly conclusive phylogeny (Jeffroy et al. 2006;
Bravo et al. 2019). Despite extensive efforts in the con-
text of the multispecies coalescent framework, incom-
plete lineage sorting (ILS) and introgression may result
in topological discordance across the genome, and thus
remain a major challenge in the reconstruction of species
trees (Scornavacca and Galtier 2017). Phylogenetic re-
constructions are further complicated by genome-wide
heterogeneity in recombination rate, selection, and de-
mographic events (Pease and Hahn 2013; Schumer et
al. 2018; Li et al. 2019; Musher et al. 2024; Thom et al.
2024). Although reconstructing the species tree remains
a core goal of phylogenetics, studying patterns of gene-
tree heterogeneity can illuminate the genetic architec-
ture of reproductive barriers (Stankowski et al. 2024),
and reveal the processes underlying repeated evolution

of phenotypic traits (Alaei Kakhki et al. 2023; Rancilhac
et al. 2024). Investigating gene-tree heterogeneity can
thus yield insights into the factors underlying genome
evolution in wild populations, and the consequences of
processes such as ILS and introgression on the evolution
of phenotypic traits (e.g., Feng et al. 2022).

In sexually reproducing organisms, gene-tree hetero-
geneity chiefly results from ILS and introgression. The
former is a neutral process resulting from the reten-
tion of standing variation in nonsister lineages, which
depends on the effective population sizes (N.) and di-
vergence times (Degnan and Rosenberg 2009). Intro-
gression, the transfer of genetic material across lineages
through interbreeding, is more difficult to predict be-
cause its occurrence depends on the lineages” biogeo-
graphic history to include secondary contact for gene
flow to occur (Burbrink and Gehara 2018) and that
resulting hybrids are reproductively viable. The tem-
poral persistence of introgressed variants depends on
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both neutral sorting processes and selection (against
or favoring introgressed variants) (Edelman and Mallet
2021). Reproductive isolation increases with divergence
between lineages, thus reducing the potential contri-
butions of introgression to gene-tree heterogeneity at
deeper evolutionary timescales. Yet introgression has
been documented across a range of branch divergence
levels in the tree of life, from incipient species to dis-
tinct genera (Mallet et al. 2016). Several studies have
highlighted the role of introgression in generating novel
traits, especially in the context of adaptive radiations
(Pease et al. 2016; Svardal et al. 2020; Meier et al. 2023).
Consequently, introgression is now recognized as a fun-
damental and common phenomenon, but the biogeo-
graphic context in which it occurs is rarely well under-
stood (Vanderpool et al. 2020).

Gene-tree heterogeneity can result from introgres-
sion occurring at early stages of speciation where intro-
gressed alleles persist in present-day populations even
in the absence of gene flow. This phenomenon of “ances-
tral introgression” is well exemplified by reported intro-
gression between strictly allopatric species (e.g., Ferreira
et al. 2021) or distantly related lineages with now-
complete reproductive isolation (e.g., Rancilhac et al.
2021; Suvorov et al. 2022). By contrast, the impact of con-
temporary introgression on patterns of gene-tree hetero-
geneity in parapatric species has garnered little attention
(but see Thom et al. 2018). Because gene flow is not ho-
mogeneous across space, we expect that the effect of con-
temporary gene flow on gene-tree genealogies would
depend on the geographical sampling considered. More
specifically, we hypothesize that the populations fur-
thest away from hybrid zones are less likely to be intro-
gressed, and their relationships should thus reflect the
species tree. However, neutral genetic variants may be
introgressed far from the contact zone (Payseur 2010;
Cruzan etal. 2021). How neutral introgression across hy-
brid zones can affect the genomic landscape of genealog-
ical variation, and the geographic scale of this phe-
nomenon, has not been documented. Combining hybrid
zone analysis with patterns of gene-tree heterogeneity at
the scale of the whole genome may provide a powerful
tool to address this question. Indeed, geographic clines
fitted to allele frequencies at single-nucleotide polymor-
phisms (SNPs) across the genome provide estimates
of local rates of introgression (Dufresnes et al. 2021),
which can then be compared with local phylogenetic
signals.

In this study, we investigated the contribution of
ongoing gene flow to genome-wide phylogenetic con-
flicts in the red- and yellow-fronted tinkerbirds (Pogo-
niulus pusillus—chrysoconus species group). This group
of African barbets has long been recognized as two
species (Kirschel et al. 2021), the red-fronted tinkerbird
(P. pusillus, hereafter RFT) and yellow-fronted tinkerbird
(P. chrysoconus, hereafter YFT), each of which are fur-
ther divided into 3 subspecies (RFT: P. p. affinis, pusil-
lus, and uropygialis; YFT: P. c. chrysoconus, extoni, and

xanthostictus) with limited or no range overlap between
subspecies (Fig. 1). Although recent work suggests that
the group may best be treated as 3 or more species
(Kirschel et al. 2021), we here follow the traditional two-
species partition pending future taxonomic decisions.
RFT has a disjunct distribution, with two subspecies
in Eastern Africa (P. p. affinis and P. p. uropygialis) and
the nominate form in Southern Africa (P. p. pusillus).
YFT occupies most of Central and Western Africa, where
one lineage found in the northern savanna region con-
tains P. c. chrysoconus and P. c. xanthostictus with P. c.
extoni further south (Nwankwo et al. 2019). The YFT
subspecies do not form a monophyletic group in pre-
vious mtDNA-based reconstructions (Nwankwo et al.
2019; Kirschel et al. 2021). The distribution of taxa in
Ethiopia is especially complicated where contact zones
exist between P. c. xanthostictus, P. p. uropygialis, and
P. p. affinis (Kirschel et al. 2021). As a result, RFT and
YFT form an intricate pattern of replacement and con-
tact zones across Africa, in accordance with their ecolog-
ical preferences: In the north, RFT (affinis, uropygialis) oc-
cupy drier woodland than YFT (chrysoconus, xanthostic-
tus), whereas the situation is reversed in the south where
RFT (pusillus) occurs in wet habitats and YFT (extoni) in
dry woodland and bush. Assessment of the contact zone
between the latter two taxa in Southern Africa based
on microsatellites (Nwankwo et al. 2019) and whole-
genome sequences (Sebastianelli et al. 2024) reported
rampant introgression between the two species. Nev-
ertheless, evidence supporting asymmetric assortative
mating in red-fronted tinkerbird based on forecrown
color (Kirschel et al. 2020), song, or both might me-
diate reproductive isolation (Sebastianelli et al. 2024).
Thus, RFT and YFT provide an ideal system to inves-
tigate the contribution of contemporary introgression
to gene-tree heterogeneity. We collected whole-genome
resequencing (WGS) data of tinkerbirds across Africa
to investigate their phylogenetic relationships and pat-
terns of gene-tree heterogeneity in light of secondary
contact zones. We further supported the WGS data with
double-digest restriction-site—associated DNA sequenc-
ing (ddRADseq) across two contact zones to quantify
introgression and determine whether support for spe-
cific topologies is influenced by high rates of introgres-
sion. We then leveraged our understanding of introgres-
sion and gene-tree heterogeneity patterns to investigate
the role of genes associated with forecrown coloration as
barriers to gene flow.

MATERIALS AND METHODS
Study Design and Genomic DNA Extractions

We investigated the genomic landscape of phylo-
genetic variation in the Pogoniulus chrysoconus—pusillus
complex, and the biogeographic processes contribut-
ing to phylogenetic discordances. We assembled a WGS
data set consisting of previously published Illumina
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FIGURE 1. Map of the samples used in this study, with the approximate ranges of YFT (yellow) and RFT (red). Markers show sampling

locations for the WGS data set (large symbols with dotted contour) and the RADseq data set (small symbols with solid contour). Core range
WGS samples are indicated with an “x”. Insets: Details of the contact zones between P. c. chrysoconus and P. p. affinis in Uganda and Kenya
(top) and between P. c. extoni and P. p. pusillus in Southern Africa (bottom). Markers in the insets detail the sampling used for geographic clines
inference (RADseq data only), and solid blue lines show the location of the contact zones. The most distant from the contact zones, used to identify
differentially fixed SNPs, are indicated with arrows. (Note: For pusillus, two localities further away from the contact zone were not included in
the single SNP analysis because they were represented by single samples.) Tinkerbird paintings courtesy of del Hoyo et al. (2020).

data from 11 samples from South Africa (Sebastianelli
et al. 2024; BioProject PRJNA987636), and 32 newly
sequenced samples (Supplementary Table S1; BioPro-
ject PRINA1241442). This sampling covers all taxa in
the species complex from both strictly allopatric lo-
calities and localities adjacent to contact zones, plus
one sample each of the outgroup species P. atroflavus
and P. bilineatus. We additionally collected ddRADseq
data sets across two contact zones with the expectation
that collected samples represent a range of admixture
along geographic transitions: The first contact zone is
in Uganda and Kenya for P. c. chrysoconus and P. p. affi-
nis (108 samples obtained during fieldwork described in
Sebastianelli et al. 2022 and Kirschel and Sebastianelli
2022). The second contact zone is in Southern Africa,
between P. c. extoni and P. p. pusillus (525 samples),
for which samples were collected and ddRADseq per-
formed previously (see Nwankwo et al. 2019; Kirschel
et al. 2020; Sebastianelli et al. 2024). A spreadsheet with
metadata for all ddRADseq samples is available as sup-
plementary information (Appendix 1).

We extracted genomic DNA from blood samples for
generating the WGS and ddRADseq data sets using a
Qiagen DNeasy blood and tissue kit following the man-
ufacturer’s protocols (Qiagen, Germany). We quantified
DNA on a Qubit 2.0 fluorometer (Thermo Fisher Scien-
tific, Inc.).

WGS Data Set

The WGS data set included 3 RFT subspecies (P. p. affi-
nis: N = 10, P. p. pusillus: N =7, P. p. uropygialis: N = 4)
and 3 YFT subspecies (P. c. chrysoconus: N =7, P. c. ex-
toni: N = 10, P. c. xanthostictus: N = 5) resequenced at an
expected depth of approximately 15-fold coverage (Fig.
1 and Supplementary Table S1). We also included a sam-
ple from each of the closely related species P. atroflavus
and P. bilineatus as outgroups. Whole-genome libraries
were generated using the NEBNext DNA Library Prep
Kit following the manufacturer’s recommendations and
purified libraries using the AMPure XP system. Each
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library was quality checked for size distribution using
an Agilent 2100 Bioanalyzer, and quantified using real-
time polymerase chain reaction, with paired-end 2 x 150
nt sequence data collected on an Illumina NovaSeq 6000
platform.

We trimmed remnant adapters and clipped low-
quality nucleotides (-quality-cutoff 20) using cutadapt
v4.0 (Martin 2011) and discarded reads shorter than
20 bp (-minimum-length 20). We next aligned the
processed sequence reads to the P. pusillus reference
genome (GCA_015220805.1) using bwa-mem v0.7.1 (Li
and Durbin 2009) and subsequently used SAMtools v1.6
(Danecek et al. 2021) to exclude reads with low map-
ping qualities (-min-MQ 20), sort the reads by coordi-
nate, and convert to BAM formats. We removed dupli-
cate reads with the MarkDuplicates tool v2.23.1 in Pi-
card (Broad Institute 2019). We recalibrated base qual-
ity scores and discovered variants using the following
steps, all in GATK v4.2.3 (McKenna et al. 2010): 1) We
called genotypes on a per-individual basis with Haplo-
typeCaller; 2) we combined individual genotypes with
CombineGVCFs; and 3) we performed joint genotyping
with GenotypeGVCFs . We then used vcftools v0.1.16
(Danecek et al. 2011) to retain only biallelic SNPs with
a minor allele frequency (MAF) > 0.05, a depth of cov-
erage between 4x and 50x, variants with less than 60%
missing data across samples, and quality scores above
20 (-remove-indels —-maf 0.05 -minDP 4 —-maxDP 50 —
max-missing 0.4 -minQ 20 -minGQ 20). In total, we
called 112,842,869 autosomal and 11,034,407 Z chromo-
some SNPs, of which 28,607,336 and 2,886,828, respec-
tively, were retained after filtering.

We inferred the sex of the samples by calculating the
ratio of average autosomal depth over average chro-
mosome Z depth, with the expectation that females are
half the coverage relative to males (Kirschel et al. 2020;
Sebastianelli et al. 2024). In practice, we estimated mean
individual depths for chromosome 1 and chromosome Z
using vcftools v0.1.16, and calculated ratios using a cus-
tom R script. Next, we separated Z chromosome geno-
types from male and female individuals in different
vcf files, and replaced all heterozygous Z chromosome
genotypes from the female vcf with missing data using
a custom bash script. Finally, we merged back the males
and females using bcftools v1.9 (Danecek et al. 2021),
and filtered the sites to remove positions with more than
60% missing genotypes.

Restriction-Site-Associated DNA Sequencing

We generated ddRADseq libraries using the Sbfl and
Msel restriction enzymes following the protocol de-
scribed in Brelsford et al. (2016), which includes ele-
ments of two previously published protocols (Parchman
et al. 2012; Peterson et al. 2012). We used 24 barcoded
adapters and 8 indexed primers, which allowed us to
pool 192 samples with equimolar concentrations. We
collected paired-end 2 x 150 nt sequencing reads on an

[lumina HiSeq X Ten platform by Novogene Corpora-
tion Inc.

We cleaned sequencing data with subsequent vari-
ant discovery for each of the two data sets inde-
pendently (data set 1: Uganda/Kenya; data set 2:
Southern Africa). We demultiplexed each pool using
the process_radtags module in Stacks v2.62 (Rochette
et al. 2019), discarded reads with uncalled bases (-
clean). Cleaned demultiplexed reads are available in
dryad (doi:10.5061/dryad.Ocfxpnwb3). We aligned the
paired-end reads to the P. pusillus reference genome
(GCA_015220805.1) using bwa-mem v0.7.1. We filtered
the resulting SAM files to remove reads with low map-
ping qualities (-min-MQ 20) using SAMtools v1.6, and
then we sorted the reads by their genomic coordinates
before converting them to BAM formats. We cataloged
SNP loci using the gstacks module and increased the al-
pha significance thresholds for both SNP discovery (-
var-alpha 0.01) and genotype calling (-gt-alpha 0.01).

Phylogenomic Analyses

We used the WGS data set to reconstruct the phy-
logenetic relationships of the red- and yellow-fronted
tinkerbirds. First, we inferred neighbor-joining (NJ)
phylogenetic trees in nonoverlapping autosomal and
Z chromosome windows using the TopoWindows R
script (https://github.com/rancilhac/TopoWindows/
tree/main) with a Jukes—Cantor 69 model (Jukes and
Cantor 1969). We did not phase SNPs for this analy-
sis, and used windows of 50 SNPs (Martin and Van
Belleghem 2017) as well as 500 SNPs to investigate
the effect of window size on results. Larger windows
may bias the signal toward the commonest topologies,
whereas smaller windows may introduce noise due
to reduced phylogenetic informativeness in individual
windows (Martin and Van Belleghem 2017). All analyses
described below were repeated with both window sizes.
We used the NJ trees to infer a phylogeny while account-
ing for ILS with the software ASTRAL. Because ASTRAL
assumes free recombination across loci, and no within-
loci recombination, we filtered the NJ trees to retain only
those corresponding to windows separated by >10 kb
but <50 kb in size, and used them as input for ASTRAL-
1Iv5.7.8 (Mirarab et al. 2014). We ran this analysis on au-
tosomal and Z chromosome windows separately (birds
have a ZW sex chromosome system; Irwin 2018). The 50-
SNP autosomal window set was too large for ASTRAL
runs to finish in a reasonable time. Thus, we analyzed
five random subsets of 15,000 NJ trees and verified that
they all yielded the same topology.

Next, we investigated patterns of topological vari-
ation using a topology weighting framework, which
quantifies the support of a given gene tree t to the pos-
sible species trees by calculating the proportion of sub-
trees in f, obtained by subsampling a single tip per
species, that supports each species tree. Loci under link-
age disequilibrium can be included in this analysis, but
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within-locus recombination should be avoided. Thus,
we retained all NJ trees corresponding to windows <50
kb in size and calculated weights using the “com-
plete” method in TWISST (Martin and Van Belleghem
2017). We repeated this analysis on four sets of samples
(Supplementary Table S1): 1) all samples; 2) core range
samples (>380 km from the contact zones); 3) samples
from the contact zones or intermediate with core range
(i-e., <300 km from the contact zones); and 4) a set of 14
contact zone samples selected randomly to control vari-
ation because of unequal and small sample sizes. As for
ASTRAL, we ran TWISST on autosomal and Z chromo-
some windows, separately.

We incorporated genome-wide recombination rate
variation to gain further insights with respect to the pro-
cesses underlying gene-tree heterogeneity. Regions of
low recombination rates should yield more support to
the species tree because of reduced local effective pop-
ulation size (N,) in turn reducing the probability of ILS
(Pease and Hahn 2013). Further, in low-recombination
region barrier loci have a broader effect, resulting in an
underrepresentation of introgressed topologies (Martin
etal. 2019). We investigated the relationship between the
weight of the 15 possible topologies and local recombi-
nation rate. We used estimates of the population recom-
bination rate p = 4N, x r (with r the recombination rate
and N, the effective population size) in 100-kb windows
(Sebastianelli et al. 2024; available as supplementary
data) to attribute a recombination rate to each 50- and
500-SNP window. We also used the NJ trees to investi-
gate phylogenetic patterns around the coding sequence
of the gene CYP2]19 (chr8: 2377713-2392689), associated
with red and yellow forecrown coloration by way of di-
etary carotenoid conversion (Kirschel et al. 2020). To in-
vestigate whether the allele coding for the red-fronted
phenotype could have introgressed from one form of
RFT to the other, we investigated the length of branches
separating affinis—uropygialis from pusillus in the NJ trees
from chromosome 8 (Smith and Kronforst 2013). More
specifically, we calculated the average pairwise patristic
distance between all combinations of samples from ei-
ther lineage, which we normalized by dividing with the
tree’s diameter (i.e., largest pairwise patristic distance in
the tree; Mai and Mirarab 2018) to account for general
variations in branch length across loci. We compared the
distributions of patristic distances in 5 tree sets: total 5
trees overlapping CYP2]19 and lending full support to
monophyletic RFT (see results for more details); all 1027
trees lending full support to monophyletic RFT on chro-
mosome 8, and a set of 1027 random trees from chromo-
some 8 as a basis of comparison. We calculated patris-
tic distances using a custom R script based on adephylo
v1.1-13 (Jombart and Dray 2010).

Finally, we inferred genome-wide patterns of intro-
gression by calculating f-branch statistics based on the
autosomal data using Dsuite v0.5r52 (Malinsky et al.
2021) and polarized using the autosomal topology ob-
tained with ASTRAL from low-recombination regions

(cf. results for more details). In order to investigate the
relationship between introgression and recombination
rates, we calculated the fyv statistic (Malinsky et al.
2015) in nonoverlapping windows of 50 SNPs for two
taxa trios that minimized the likelihood of introgres-
sion between both P2-P3 and P1-P3: ((P1 = pusillus,
P2 = chrysoconus—xanthostictus), P3 = extoni) (our results
suggest minimal or nonexistent introgression between
the latter two) and ((P1 = affinis—uropygialis, P2 = pusil-
lus), P3 = chrysoconus—xanthostictus) (geographic ranges,
and our genomic analyses, support no introgression be-
tween the latter two).

Analyses of Contact Zones

To better understand patterns of introgression, we
performed geographic cline analyses across the P. c.
chrysoconus versus P. p. affinis and P. c. extoni versus P.
p. pusillus contact zones using the ddRADseq data sets.
We first investigated changes in genome-wide individ-
ual ancestry-proxies along geographic gradients across
the contact zones. Lines best representing the center of
the contact zones were drawn in ArcGIS v10.7 based
on where the two forecrown feather color phenotypes
were in approximately equal frequency, and the short-
est distance to the line was calculated for each sample.
By convention, we considered the contact line as the “0
km” point in the geographic gradient, and negative ge-
ographic distances in the RFT side of the contact zone
(i.e., either P. p. affinis or P. p. pusillus). For each sam-
ple, we estimated genome-wide ancestry-proxies using
ADMIXTURE v1.3 (Alexander et al. 2009) with default
parameters and two assumed ancestral parental popu-
lations (K = 2). For this analysis, we used the populations
module in Stacks to generate vcf files from the outputs
of gstacks. We filtered SNP loci with vcftools v0.1.16 to
keep only biallelic sites with an MAF > 0.05, a mini-
mum depth of coverage of 3x, a mean maximum depth
of coverage of 24x, and less than 30% missing data (-
min-alleles 2 -max-alleles 2 —-maf 0.05 -minDP 4 —-max-
meanDP 24 —-max-missing 0.7). We used HZAR v0.2-5
(Derryberry et al. 2014) to fit sigmoid clines to the tran-
sition in individual RFT ancestry-proxies along the geo-
graphic gradient. We tested four cline models differing
by the presence of introgression tails modeling neutral
gene flow: 1) tails on either side of the cline, which can
be asymmetrical; 2) a single tail on the left side; 3) a sin-
gle tail on the right side; or 4) no tail at all. As the pop-
ulations most distant from the contact zones were not
admixed (i.e., RFT ancestry = 0.0 or 1.0), we did not test
models with free maximum and minimum ancestry. We
also tested a null model corresponding to no changes in
ancestry. We used the corrected Akaike information cri-
terion to determine the best-fit models. We repeated this
analysis for each of the contact zone data sets. We next
estimated per-SNP clines based on allele frequencies to
test whether the variation in phylogenetic signal across
the genome could be linked to variations in the rates of


https://doi.org/10.5061/dryad.0cfxpnwb3
https://doi.org/10.5061/dryad.0cfxpnwb3
https://doi.org/10.5061/dryad.0cfxpnwb3

940 SYSTEMATIC BIOLOGY VOL. 74
a) Autosomes Z chromosome
P. c. chrysoconus| EELFLL R
' peecld 2232225‘19 c. chrysoconus
11010216
J31320
pr—— AS53106
9 AS39373
AS32069
P. c. xanthostictus ‘,:2232‘;3 P. c. xanthostictus
AS32040 -
AS32059
- [r—— S G327 1
AS63245
P. p. affinis FASSHO&
J31326
pr—— 31340 .
— 131315 P. p. affinis
P———— (132482

J31330
K38705

AS32044
AS32046
1 — AS32089
P. p. uropygialis AS32088
AS32086

P. p. uropygialis

I_ Isose
R1 —
P. p. pusillus RI‘; P. p. pusillus
—] 0.98
[ AS63282 A563269ﬁ
AS63269 AS63282
K69305 R4
R4 N K69305
R2 P o P. c. extoni R2
AS39211 - C. extoni AS39211
AS39210 AS39210
AS32032 AS32032
AS39284 AS39284
AS39277 AS39277:
b) Branch lengths
— p—
I 07 chrysoconus
chrysoconus L‘
pusillus pusillus
0.99
— extoni extoni —_ }—1

FIGURE 2. Species trees estimated using ASTRAL based on NJ trees reconstructed in nonoverlapping sliding windows of 50 SNPs using
a) autosomal (left; 15,000 randomly selected trees) and Z chromosome (right; 8523 trees) data from all samples and b) autosomal (left; 15,000
randomly selected trees) and Z chromosome (right; 8524 trees) data from “core range” samples only. All internal nodes received a PP = 1.0,
except for two nodes in the Z chromosome phylogenies, for which the PP is indicated. Support for nodes within each lineage is not represented
for improved clarity. The trees were rooted with sequences of P. atroflavus and P. bilineatus, not represented for improved clarity. Branch lengths
reflect coalescence units. Tinkerbird paintings courtesy of del Hoyo et al. (2020).

introgression. Based on the output of gstacks, we used
the population module in Stacks to retain only a single
SNP per RAD locus (—write-random-snp) and report al-
lele frequencies at each locality (~hzar). Because estimat-
ing allele frequencies requires several individuals, local-
ities represented by single samples were lumped with
neighboring localities. We obtained sets of 97,501 and
97,536 SNPs in the southern and northern hybrid zones,
respectively. We subsequently filtered them to keep only
those that 1) were genotyped in at least two samples in
each locality and 2) were differentially fixed in the two
extreme localities of the geographic gradient (diagnostic
SNPs), resulting in 1852 SNPs for the southern hybrid
zone and 5378 for the northern hybrid zone. We used
the resulting SNP sets to model changes in allele fre-
quencies across geographic gradients crossing the con-

tact zones at each locus using the same approach as de-
scribed above.

REsuULTS

Pervasive Gene-Tree Heterogeneity in the Red- and
Yellow-Fronted Tinkerbird Radiation

We first inferred evolutionary relationships of the red-
and yellow-fronted tinkerbirds using the WGS data. We
inferred gene trees in nonoverlapping windows and re-
constructed the species relationships separately for au-
tosomal and Z chromosome windows while accounting
for ILS. Analyses of autosomal windows of both 50 and
500 SNPs yielded a fully supported topology (posterior
probability [PP] of all internal nodes = 1.0) (Fig. 2a and
Supplementary Fig. Sla) dividing the red- and yellow-
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fronted tinkerbirds into four main lineages: P. c. chryso-
conus (with P. c. xanthostictus nested within), P. c. extoni,
P. p. affinis (with P. p. uropygialis nested within), and P.
p. pusillus. Because species limits do not seem to agree
with the traditional two-species taxonomy (Kirschel et
al. 2021; this study), we hereafter refer to them as
chrysoconus—xanthostictus, extoni, affinis—uropygialis, and
pusillus, to refer to the northern and southern forms
of YFT and RFT, respectively. The autosomal topology
placed chrysoconus—xanthostictus as sister to the other lin-
eages and affinis—uropygialis as sister to a monophyletic
pusillus + extoni. Both uropygialis and xanthostictus were
monophyletic within their respective clade and sepa-
rated by relatively long branches. We repeated this anal-
ysis with a subset of 14 samples from core range lo-
calities (i.e., >380 km away from contact zones; here-
after “core range” samples) and found the same rela-
tionships (Fig. 2b and Supplementary Fig. S1b). Con-
trastingly, the Z chromosome produced two different
topologies, depending on whether windows of 50 or 500
SNPs were used. In the former, northern (chrysoconus—
xanthostictus and affinis—uropygialis) and southern (extoni
and pusillus) taxa formed two reciprocally monophyletic
groups (Fig. 2a), whereas in the latter, pusillus was sister
to the northern taxa (Supplementary Fig. S1a), although
with low support. When analyzing only “core range”
samples, however, both window sizes yielded the for-
mer topology, with reciprocally monophyletic northern
and southern taxa (Fig. 2b and Supplementary Fig. S1b).
All of our reconstructed topologies were discordant with
the mtDNA relationships inferred by Nwankwo et al.
(2019).

Next, we explored the extent to which gene-tree het-
erogeneity exists in the red- and yellow-fronted tinker-
bird genomes using a topology weighting approach.
Based on our genome-wide phylogenetic reconstruc-
tions, we merged the uropygialis subspecies with affinis
and separately the xanthostictus subspecies with chryso-
conus to reduce the space of possible species trees. Thus,
there are 15 possible rooted species tree topologies, here-
after referred to as topologies T1-T15 (Supplementary
Table S2). We hereafter described results based on win-
dows of 50 SNPs, and those based on windows of
500 SNPs are presented in the supplementary mate-
rial. We also provide information about the size and
number of windows in each set in Supplementary
Table S3. For both autosomes and Z chromosome, we
uncovered important topological heterogeneity with
all 15 possible topologies supported (Fig. 3a and
Supplementary Table S2). In autosomal windows, five
topologies had an average weight >8% in decreasing
order of frequency: the topology obtained from the
autosome-based phylogenetic inference (T15, 15.98%);
((affinis—uropygialis, chrysoconus—xanthostictus), (extoni,
pusillus)) (T3, 10.11%); (((affinis—uropygialis, chrysoconus—
xanthostictus), extoni), pusillus) (T1, 9.62%); (chrysoconus—
xanthostictus, (pusillus, (affinis—uropygialis, extoni))) (T5,
9.52%); and (chrysoconus—xanthostictus, (extoni, (pusillus,

affinis—uropygialis))) (T8, 9.35%). These topologies all
support pairs of monophyletic lineages that also have
a contact zone, except for T8 in which RFT is mono-
phyletic (Supplementary Table S2).

Plumage colouration appeared to be a poor predic-
tor of phylogenetic relationships. The topologies that
supported RFT as monophyletic had relatively low fre-
quencies (T7, T8, and T9; cumulative average weight
of 16.94%) and YFT was even less supported as mono-
phyletic (T9, T12, and T13; cumulative average weight
of 9.25%). Topological variation on the Z chromosome
was very distinct from that of autosomes (Fig. 3a).
There, the most commonly supported topologies were
T1 (10.39%), T3 (9.41%), and (extoni, (pusillus, (affinis—
uropygialis, chrysoconus—xanthostictus))) (12, 8.35%). All
three of these topologies supported affinis—uropygialis
as sister species to chrysoconus—xanthostictus. Topology
T15 (8.09%) was the only other topology with an av-
erage weight >8.00% on the Z chromosome. The most
striking difference between the autosomes and the Z
chromosome was the support for T15, which dropped
from 15.98% in the former to 8.09% in the latter. As in
the autosomes, the topologies where RFT was mono-
phyletic were more frequent than those where YFT was
monophyletic (cumulative average weights of 20.09%
vs. 13.47%, respectively).

In the autosomes, we did not find large contiguous
blocks of windows supporting the same topology. In-
stead, these windows were dispersed along the chro-
mosomes, interspersed with windows supporting other
topologies (Fig. 4a and Supplementary Fig. S2). Con-
trastingly, on the Z chromosome, we identified four con-
tiguous blocks of windows spanning 2.70-6.40 Mb with
a high support for T1 and T3 (Supplementary Fig. S2).
The cumulative support for monophyletic RFT topolo-
gies was also higher on the Z chromosome compared
with the autosomes, especially within a 3.50-Mb block
where they were the most supported topologies.

We classified 1) whether the topologies were con-
cordant according to forecrown plumage coloration
or 2) whether at least one pair of taxa with a con-
tact zone were sister lineages (hereafter “geography”)
(Supplementary Table S2). The “geography” category
dominated the signal with cumulative average weights
of 68.39% and 59.78% in the autosomes and Z chro-
mosome, respectively (Fig. 3b and Supplementary Figs.
S3 and S4). To determine whether these levels of het-
erogeneity could be recovered even when considering
only samples from localities far away from the contact
zones, we partitioned the data set into two subsets, “core
range” (14 samples) and “contact zones” (29 samples),
and repeated the analysis. Considering the imbalance
in sample size where most samples were located proxi-
mal to the contact zones, we also generated a “control”
subset of 14 samples from the contact zones to match
the sample size of the “core range” subset. The “contact
zones” subset produced nearly identical results as the
complete set; however, two monophyletic RFT topolo-
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FIGUure 3. Results of topology weighting analyses. a) Average weight for each of the 15 possible species trees in the autosomes (top bars)
and Z chromosome (bottom bars). The topologies are ordered based on their support in the autosomal analysis, and the nine with the highest
average weight are illustrated. b) Autosomal results based on two sample subsets: all samples (left barplot, same as red bars in panel a) and
14 “core range” samples collected far from the contact zones. The topologies are colored according to one of five categories defined based on
the taxa supported as monophyletic (see Supplementary Table S2 for more details). ¢) Variation of the average weigh in autosomal windows
t at each topology depending on the recombination rate (represented here as the population recombination rate, rho). Windows were divided
into five categories corresponding to the 0-5%, 5-20%, 20-80%, 80-95%, and 95-100% quantiles of the recombination rate distribution. Symbols

above the bars denote topologies that either increase (+) or decrease (—

) in support with increasing recombination rate. d) Association between

introgression (measured with the fqy statistic) and recombination rates. Dendrograms on the right show the trios being tested (P1, P2, and P3
ordered from top to bottom). A negative f4 means introgression between P1 and P3 (shown as a red arrow in the dendrograms).

gies (T7 and T8) in the “core range” subset increased
substantially in frequency in both autosomal and Z chro-
mosome analyses (Fig. 3b and Supplementary Fig. S3).
The “contact zones” control subset showed that with a
reduced sample size, even when using samples from the
contact zones, T7 and T8 were more frequent than when
using all the samples (Supplementary Figs. S3 and S4).

Importantly, the mean weight of T7 and T8 was signifi-
cantly higher when using the “core range” samples com-
pared with the control subset (Wilcoxon rank sum test
P <2.20 x 107® in both cases). Despite these differences,
T15 was the dominant topology in the autosomes and
T1 and T3 in the Z chromosome data, with considerable
gene-tree heterogeneity in all analyses.
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FiGUre 4. Phylogenetic signal on chromosome 8. a) Distribution of the weights of the four commonest topologies (T1, T3, T5, and T15) as well
as cumulative weights of the topologies where red-fronted tinkerbirds are monophyletic (T7, T8, and T9) along chromosome 8. The weights were
smoothed using a local regression with a span of 0.01. b) Zoom into the region surrounding the gene CYP2J19 (gray rectangle shows the gene),
with the horizontal bars representing the cumulative weight of T7, T8, and T9 in each 50-SNP window. c) Distribution of the length of branches
separating affinis—uropygialis from pusillus in 1027 random NJ trees supporting any topology (black line), all 1027 trees with a cumulative weight
for T7,T8,T9 = 1.00 on chromosome 8 (solid red line), and the 5 trees overlapping CYP2J19 with a cumulative weight for T7,T8,T9 = 1.00 (dashed
red line). Branch length is represented as the average pairwise patristic distance between all samples of either RFT lineages, normalized by the
diameter of the tree. d) Example of a NJ phylogenetic tree from a window overlapping CYP2J19. Tinkerbird paintings courtesy of del Hoyo et

al. (2020).

Monophyly among Parapatric Lineages Overrepresented in
High Recombination Rate Regions

When considering only regions with very low recom-
bination rate (population recombination rate [p] < 6.30,
corresponding to the 5% quantile of p), the mono-
phyletic RFT topologies T7 (sister to chrysoconus) and
T8 (sister to extoni) were the most common (average
weights of 14.4% and 11.2%, respectively; Fig. 3c). With
increasing recombination rate, their proportion rapidly
decreased, whereas some topologies that included ge-
ographically proximate populations increased (e.g., T1
with northern affinis and chrysoconus sister, T3 with both
northern and southern geographically proximate RFT
and YFT sister taxa, and T10 and T15 with extoni and
pusillus sister). For four topologies, support decreased
with increasing recombination rate: T7, T8, T9, and
T14. T2 also decreased in the first three categories, but

slightly increased in the highest recombination rate cat-
egories. Topologies T7, T8, and T9 supported RFT as
monophyletic, and topologies T2, T7, and T14 supported
extoni as sister to the remaining taxa. On the contrary,
three topologies showed a strong increase in frequency:
T1, T3, and T15. These all supported pusillus + extoni,
affinis—uropygialis + chrysoconus—xanthostictus, or both, as
monophyletic. We subsequently used windows with the
lowest recombination rate for phylogenetic reconstruc-
tion and found that topology T7 was fully supported
(Supplementary Fig. S5), which is concordant with mito-
chondrial relationships (Nwankwo et al. 2019; Kirschel
et al. 2021) and suggests a monophyletic RFT.
Introgression analysis using the f-branch statis-
tic based on topology T7 (Supplementary Fig. S6)
supported significant introgression between affinis—
uropygialis and chrysoconus—xanthostictus (f, = 0.08, Z
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score = 80.70) as well as between extoni and the ances-
tral branch of RFT (f, = 0.29, Z score = 114.45). We at-
tribute the latter to parallel introgression between extoni
and both affinis and pusillus through the hybrid zones in
Tanzania and South Africa, respectively. Furthermore, in
the trios ((P1 = pusillus, P2 = chrysoconus—xanthostictus),
P3 = extoni) and ((P1 = affinis—uropygialis, P2 = pusillus),
P3 = chrysoconus—xanthostictus), we found that the fqu
statistic was negatively correlated with recombination
rate (Fig. 4d and Supplementary Fig. S7; Spearman rank
correlation test P < 2.20 x 1071, p = —0.35 and —0.21,
respectively). A negative fqy indicates introgression be-
tween P1 and P3.

We explored the phylogenetic signal around the
gene CYP2]19, underlying red and yellow colorations
(Kirschel et al. 2020), to investigate whether it supported
a single origin of red forecrown, as suggested by our pre-
ferred species tree hypothesis. We found that 7 of the 9
windows overlapping CYP2]19 (chr8: 2377713-2392689)
supported monophyletic RFT (i.e., cumulative weight
of T7, T8, and T9 > 0.9). Contrastingly, 174 out of 194
windows flanking the gene (i.e., 250 kbp downstream
or upstream the coding region) supported paraphyly for
RFT (Fig. 4b). Only 10 windows upstream and 13 down-
stream carried a weight >0.80 for T7, T8, and T9 consid-
ered together. Samples of affinis—uropygialis and pusillus
were separated by long branches in the windows sup-
porting monophyletic RFT overlapping CYP2J19 com-
pared with other windows on chromosome 8, suggest-
ing an old divergence at this locus rather than recent in-
trogression (Fig. 4c).

Topology weighting analyses of 500-SNP win-
dows yielded similar patterns, although support
for the commonest topologies was proportionally
increased, and vice versa for the rarest ones, consis-
tently with a reduction of phylogenetic noise owing
to increased informativeness of individual windows
(Supplementary Figs. S8-5S11). This was also verified
when considering the proportion of fully resolved win-
dows (i.e., lending a weight = 1 to a given topology),
a more stringent measure of phylogenetic support
compared with mean weight.

Levels of Introgression across Contact Zones Are Associated
with Phylogenetic Signal

Our analyses suggest that RFT taxa pusillus and
affinis—uropygialis are sister lineages, and that introgres-
sion between parapatric lineages generated high levels
of phylogenetic heterogeneity. It remains unclear, how-
ever, whether these patterns of introgression are the
legacy of ancestral (i.e., at the first stage of contact) or
contemporary gene flow. To clarify this, we used the
ddRADseq data set to study transitions in genomic an-
cestry and allele frequencies along geographic gradi-
ents that cross two contact zones: between chrysoconus
and affinis (in Uganda and Kenya), and between ex-

toni and pusillus (in Southern Africa). Summary statis-
tics of the two data sets are given in Supplementary
Table S4. Clines fitted to ancestry-proxies (i.e., Q val-
ues) were narrow (Fig. 5a,b; cline parameters are de-
tailed in Supplementary Table S5), with widths of 10.00
km (95% CI [6.80, 15.60]) for the chrysoconus versus
affinis cline in the north and 4.30 km (95% CI [1.20,
14.20]) for the extoni versus pusillus cline in the south.
However, we inferred bidirectional introgression tails
in the latter, which suggested neutral introgression,
with admixed individuals found >30 km from the con-
tact zone. By contrast, the northern contact zone was
best modeled by a simple cline without introgression
tails.

We next fitted sigmoid clines to the transitions in al-
lele frequencies at diagnostic SNPs (i.e., SNPs that are
differentially fixed in the populations most distant from
the contact zone) and tested whether some topologies
were associated with wider clines than others. If pat-
terns of gene-tree heterogeneity are the result of con-
temporary gene flow, we predict that genomic regions
supporting taxa with a contact zone as monophyletic
would also harbor SNPs with wider clines. Conversely,
clines should be narrower in regions supporting the pu-
tative species tree topology (with affinis—uropygialis and
pusillus as sister lineages). In Southern Africa (extoni vs.
pusillus transition), the mean width of single-locus clines
was 65.23 = 144.09 (SD) km (range = 1.30-999.80 km)
(Fig. 5c). We compared cline widths at SNPs located
in genomic regions that supported three categories of
topologies: extoni + pusillus as sister taxa (topologies T3,
T10, and T15); any other taxa pair as sister taxa (i.e., all
other topologies except the aforementioned three); and
specifically affinis—uropygialis and pusillus as sister taxa
(topologies T7, T8, and T9, also included in the previ-
ous category). We found that SNPs in the extoni + pusil-
Ius category followed significantly wider clines (mean
width = 63.81 km) than those in the other two cat-
egories (width = 43.80 and 33.66 km; Wilcoxon rank
sum test P = 2.50 x 107° and 7.43 x 107°, respec-
tively), even when we removed outlier loci (i.e., clines
with a center >100 km away from the contact zone or a
width >300 km) (Fig. 5e and Supplementary Fig. 512).
Across the Uganda/Kenya contact zone (chrysoconus vs.
affinis transition), single-locus clines were significantly
narrower (mean 25.39 + 67.43 [SD] km, range = 0.30-
1080.80 km) than in Southern Africa (Wilcoxon rank
sum test P < 2.20 x 10~10) (Fig. 5d). Again, we divided
the SNPs in three categories depending on local phy-
logenetic support (chrysoconus + affinis: topologies T1,
T2, and T3; all other topologies; and affinis + pusillus
only). SNPs in the chrysoconus + affinis category did
not follow significantly wider clines than those in the
“all other topologies” category (mean widths = 23.86
and 22.84 km, Wilcoxon rank sum test P = 0.24) (Fig.
5f and Supplementary Fig. S13); however, clines in
the affinis + pusillus category were narrower (mean
width = 22.27 km, P = 0.025). In both contact zones,
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we found similar associations when using weights cal-
culated in 500-SNP windows (Supplementary Figs. S14—
516). The major difference was that in the chrysoconus
versus affinis transition, SNPs in the chrysoconus + affi-
nis category had significantly wider clines than SNPs
in the “all other topologies” and affinis + pusillus cat-
egories (Supplementary Fig. S16). Finally, we found a
positive correlation between cline width and recom-
bination rate in both contact zones (Spearman rank
correlation test P < 2.20 x 1071, p = 0.28 and 0.47)
(Supplementary Fig. S17).

DiscussioN

Gene flow and admixture have a crucial role in
evolution, both as forces counteracting local adapta-
tion and divergence (Kawecki and Ebert 2004) and as
sources of novel allele combinations fueling diversifica-
tion (Meier et al. 2023). The temporal stage at which such
genetic exchange occurred is critical to understanding
how barriers to gene flow evolve and shape genome-
wide divergence. In this study, we investigated intro-
gression in red- and yellow-fronted tinkerbirds (Pogo-
niulus pusillus—chrysoconus species group), a complex of
closely related barbets with intricate secondary contact
zones across Africa (Nwankwo et al. 2019; Kirschel et
al. 2020; Kirschel and Sebastianelli 2022; Sebastianelli
et al. 2024), by characterizing patterns of phylogenomic
variation. We analyzed genome-wide SNPs in a frame-
work accounting for ILS and generated an initial phylo-
genetic hypothesis where neither currently recognized
species was monophyletic. Instead, the yellow-fronted
P. c. chrysoconus split earliest in the radiation, followed
by the red-fronted P. p. affinis, which was sister to two
forms from Southern Africa (red-fronted P. p. pusil-
lus and yellow-fronted P. c. extoni) that are geographi-
cally adjacent to one another. The subspecies P. c. xan-
thostictus and P. p. uropygialis were nested within P.
c. chrysoconus and P. p. affinis, respectively. Although
this topology was fully supported, the phylogenetic
relationships of these four lineages varied across the
genome. Topologies placing taxa with a secondary con-
tact zone as sister to each other (e.g., chrysoconus + affi-
nis, extoni + affinis, and extoni + pusillus) were sup-
ported by 80% of the genomic windows. The only ex-
ception was the pair of yellow-fronted chrysoconus + ex-
toni, which presumably have been in recent contact
in Uganda (Kirschel and Sebastianelli 2022) yet were
seldom monophyletic (cumulative average weight of
9.25%). By contrast, RFT were more frequently recov-
ered as monophyletic. This discord between phenotypic
similarity and genome-wide phylogenetic signal sug-
gests either parallel evolution of red and yellow fore-
crown coloration or a genome-wide erosion of the phy-
logenetic support for the species tree, i.e., due to intro-
gression.

Neutral Gene Flow through Narrow Hybrid Zones Shapes
Gene-Tree Heterogeneity

The extent of phylogenetic heterogeneity across the
genome as a consequence of introgression depends on
the biogeographic history of the populations, as well
as processes acting on the genome, in particular natu-
ral selection and genetic recombination (Burbrink and
Gehara 2018; Musher et al. 2024; Thom et al. 2024). The-
ory predicts that a positive correlation between intro-
gression and recombination rate is produced when in-
trogressed alleles are purged by selection (Schumer et
al. 2018; Martin et al. 2019; Duranton and Pool 2022).
Such a correlation has been used to identify local phy-
logenetic signals that likely result from introgression
(Li et al. 2019; Hennelly et al. 2021; Foley et al. 2024;
Jiang et al. 2024). We found that the phylogenetic re-
lationships across RFT and YFT were strongly associ-
ated with recombination rate, where genomic windows
of lower recombination rates supported the monophyly
of RFT. By contrast, three of the dominant topologies in
the genome-wide analyses (T1, T3, and T15) were rela-
tively rare in windows characterized by low recombina-
tion rates, and their frequencies were strongly positively
correlated with recombination rate. It should be noted
that a negative relationship between introgression and
recombination rate could potentially arise, particularly
when the introgressed alleles are under positive selec-
tion (Duranton and Pool 2022; Feng et al. 2024). How-
ever, our data showed a positive correlation, support-
ing that introgressed variants are mostly neutral or se-
lected against. Regions of low recombination supported
a topology where P. c. extoni splits first, and chrysoconus—
xanthostictus are sister to a monophyletic RFT. We be-
lieve this best represents the red- and yellow-fronted tin-
kerbirds species tree and introgression between parap-
atric lineages drives gene-tree heterogeneity, even in ge-
ographically distant core populations.

We modeled changes in genome-wide ancestry-
proxies (Q values) for two of the contact zones and esti-
mated cline widths of 4-10 km, with such narrow tran-
sition zones comparable to other avian systems where
strong reproductive isolation has been inferred (Price
2008; Grossen et al. 2016; Pulido-Santacruz et al. 2018).
As cline width depends on dispersal rates and selec-
tion against hybrids, a narrow cline reflects strong re-
productive isolation (Barton and Hewitt 1985; Payseur
2010; Dufresnes et al. 2021). Despite that, we detected
introgressed alleles hundreds of kilometers away from
both contact zones. As reproductive barriers build up
across a genome, the distribution of cline width at in-
dependent loci is expected to change from a normal
distribution to a Poisson distribution, and finally a bi-
modal distribution where many loci are impermeable to
gene flow (Dufresnes et al. 2021). Here, we report dis-
tributions of cline widths similar to Poisson distribu-
tions, with the emergence of two modes at lower widths.
Furthermore, a model with introgression tails best
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represented the extoni versus pusillus transition, consis-
tent with neutral introgression far from the contact zone
(Szymura and Barton 1986). Thus, despite narrow tran-
sitions in ancestry-proxies, tinkerbird hybrid zones ap-
pear porous to neutral introgression, a conclusion that is
further supported by the positive relationship between
cline width and recombination rate (Duranton and Pool
2022). Introgression dynamics differed across the two
contact zones analyzed. The absence of introgression
tails in the chrysoconus versus affinis genome-wide analy-
sis and relatively narrower single SNP cline widths sug-
gests an overall lower rate of introgression in their con-
tact zone, consistent with the phylogenetic analyses that
support extoni and pusillus as sister lineages.

Phylogenetic Signal for the Species Tree Is Conserved in
Small, Interspersed Genomic Regions

In both contact zones, the genomic regions that sup-
ported parapatric taxa as monophyletic also produced
wider transitions in allele frequencies. Because we con-
sidered markers that are differentially fixed in allopatric
populations on both sides of the contact zone, intermedi-
ate allele frequencies along the transect are maintained
by ongoing gene flow rather than ancient admixture.
Further support is that topology T15 remains dominant
even when only allopatric samples were considered,
with the extoni versus pusillus ancestry cline revealing
broad introgression tails. Thus, our phylogenomic and
geographic cline analyses draw a coherent picture where
the dominant phylogenetic signal results from contem-
porary introgression across contact zones, whereas sup-
port for the species tree is conserved in small and in-
terspersed genomic regions. In the chrysoconus versus
affinis contact zone, two topologies that do not support
chrysoconus—xanthostictus + affinis—uropygialis as mono-
phyletic (T5 and T15) were associated with wide clines;
however, these topologies are overrepresented in re-
gions of medium or high recombination rate, respec-
tively, which are more permeable to introgression in
general. Considering that there are several parallel RFT
and YFT hybrid zones across Africa, phylogenetic signal
at a given locus must depend on the relative strength
of introgression in the different hybrid zones. In this
specific case, T5 supports extoni + affinis—uropygialis as
monophyletic, and T15 extoni + pusillus. Although we
did not focus specifically here on the extoni versus affi-
nis transition, we found that introgression between ex-
toni and pusillus was stronger than between chrysoconus
and affinis, consistent with the hypothesis that T15 over-
rides phylogenetic signals in many regions with high
recombination rate. Finally, one limitation of our ap-
proach is that we could not take recombination break-
points into account when inferring trees; thus, these lo-
cal phylogenies may not accurately represent the evo-
lutionary relationships of haplotypes (Martin and Van
Belleghem 2017). Consequently, a given local phylogeny
likely reflects the dominant signal of introgression in the

corresponding genomic window if it overlaps several
haplotypes. This may also result in an underestimation
of ancient introgression compared with contemporary
gene flow as recombination gradually breaks down in-
trogressed haplotypes (Racimo et al. 2015). However, the
overall concordance of results based on windows of 50
and 500 SNPs supports that window size does not affect
our main conclusions.

Introgression across species is commonly reported in
phylogenomic studies (Mallet et al. 2016; Hibbins and
Hahn 2022), including cases where the dominant phy-
logenetic signal results from introgression (Fontaine et
al. 2015; Zhang et al. 2021). Here, we show that neutral
introgression through narrow secondary contact zones
contributes to gene-tree heterogeneity, to a point that in-
trogressed topologies are vastly dominant, even in the
species’ core ranges. This is consistent with a study on
the suboscine bird radiation (Singhal et al. 2021), where
range overlap was among the main predictors of the
levels of introgression. However, there are examples of
closely related, parapatric lineages that do not show in-
trogression (Pulido-Santacruz et al. 2020; Sarver et al.
2021; Khan et al. 2024), whereas deeply diverged para-
patric lizard species do (Caeiro-Dias et al. 2021). In that
context, the nature of reproductive barriers may be the
most important factor constraining introgression, and
thus shaping the genomic landscape of gene-tree het-
erogeneity. Because of that, introgression must be care-
fully taken into account when reconstructing the phylo-
genetic relationships of species with range overlap, par-
ticularly bearing in mind that the most common topol-
ogy genome-wide may not represent the species tree. Al-
though the identification of the species tree in these con-
ditions remains challenging, systematic investigations
of genome-wide phylogenetic variation in light of re-
combination rate may yield more accurate phylogenetic
reconstructions and a better understanding of the factors
underlying gene-tree heterogeneity.

Red- and Yellow-Fronted Tinkerbirds Maintain Phenotypic
Integrity Despite Gene Flow

One important implication of our results is that RFT
and YFT lineages can withstand very high levels of in-
trogression across their whole ranges while maintain-
ing their phenotypic integrity and genome-wide differ-
entiation. Previous investigations of extoni and pusil-
lus in Southern Africa suggest that variation in fore-
crown color and song rhythm might instigate assorta-
tive mating (Kirschel et al. 2020; Sebastianelli et al. 2024).
In this hybrid zone, the phenotypic and genome-wide
transitions are similarly sharp (Nwankwo et al. 2019;
Sebastianelli et al. 2024), demonstrating that introgres-
sion does not compromise the phenotypic integrity of
pusillus and extoni. The levels of gene-tree heterogene-
ity that we report across the whole species complex sug-
gest that similar mechanisms play out in the other con-
tact zones. The genetic architecture of forecrown color
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and song rhythm appears relatively simple, with re-
spectively 1 and 4 genes specifically identified so far
(Kirschel et al. 2020; Sebastianelli et al. 2024). Thus, it
is possible that reduced introgression at these loci com-
bined with assortative mating contribute to maintaining
phenotypic integrity in allopatric populations, whereas
the genomic background is largely introgressed. Un-
der this hypothesis, recombination would break the as-
sociation between alleles associated with phenotypic
traits and introgressing neutral variants (Barton and
Bengtsson 1986; Martin and Jiggins 2017; Schumer et
al. 2018), which is consistent with the genomic distribu-
tion of topology weights in our analysis, where many
small windows that support RFT monophyly are inter-
spersed across the genome. Particularly, 5 such windows
overlap the gene CYP2J19 on chromosome 8, which
has been identified as the ketolase that catalyzes the
conversion of dietary yellow carotenoids to red keto-
carotenoids and thus explains differences in forecrown
coloration (Kirschel et al. 2020). This finding lends fur-
ther support to the hypothesis that genes underlying
phenotypic traits involved in reproductive isolation re-
sist introgression, and are decoupled from introgressed
variants by recombination. Other studies have reported
sympatric or parapatric bird lineages where genomic di-
vergence is concentrated in small genomic regions as-
sociated with phenotypic traits involved in assortative
mating, whereas most of the genome flows freely (e.g.,
Toews et al. 2016; Campagna et al. 2017; Wang et al. 2020;
Funk et al. 2021; Turbek et al. 2021). This, together with
a growing body of evidence for widespread introgres-
sion across avian species ( Ottenburghs et al. 2017 ), sug-
gest that the maintenance of phenotypic integrity driven
by a few genomic loci in the face of widespread gene
flow may be a common phenomenon in birds. It should
be noted, however, that the presence of loci with nar-
row clines throughout the genome, as well as the pos-
itive correlation between introgression and recombina-
tion rates, suggests a polygenic basis for reproductive
isolation between YFT and RFT. Although loci coding
for sexual signaling traits may play an important role in
isolation, our results imply the existence of many small-
effect barrier loci, potentially associated with local adap-
tation, and/or other phenotypic differences that could
play a role in assortative mating, including in supercil-
ium and wing-covert color (Kirschel et al. 2020). The lack
of introgression between the yellow-fronted chrysoconus
and extoni further supports the existence of other barri-
ers to gene flow than forecrown coloration.

Although our results shine a new light on specia-
tion mechanisms and the evolutionary history of red-
and yellow-fronted tinkerbirds, several phenomena re-
main unexplained. Our topology weighting analyses
revealed contrasting patterns in the autosomes and
the Z chromosome. In the latter, the phylogenetic sig-
nal for a monophyletic extoni + pusillus was reduced,
whereas several large clusters of windows supported
monophyly in either the northern taxa chrysoconus—
xanthostictus + affinis—uropygialis or the red-fronted taxa

affinis—uropygialis + pusillus. This pattern suggests differ-
ential introgression on the Z chromosome across the dif-
ferent hybrid zones. Sex chromosomes play a major role
in speciation, because their reduced recombination fa-
cilitates the emergence of reproductive incompatibilities
(Irwin 2018). Because of that, sex chromosomes are gen-
erally considered to be less permeable to gene flow com-
pared with autosomes (Muirhead and Presgraves 2016;
Fraisse and Sachdeva 2021), and have been used to iden-
tify the correct species relationships in the presence of
introgression (Fontaine et al. 2015; Johnson et al. 2023;
Jiang et al. 2024). However, cases of sex chromosome in-
trogression have also been reported (Li et al. 2016; Jensen
et al. 2024; Rancilhac et al. 2024). Further investigations
will be required to clarify the role of sex chromosomes
in tinkerbird speciation. Another puzzling aspect is the
maintenance of ecological differences in the face of gene
flow, as the four RFT and YFT lineages occupy distinct
habitats and occur along ecological gradients (Kirschel
et al. 2021; Sebastianelli et al. 2024). Nevertheless, intro-
gression can be deleterious by acting against local adap-
tation (Kawecki and Ebert 2004). Similarly to phenotypic
traits, the genetic architecture of local adaptation likely
plays a key role in its maintenance in the face of gene
flow (Tigano and Friesen 2016).

CONCLUSION

In this study, we combined phylogenomics and hy-
brid zone analyses in a group of closely related, parap-
atric bird species to understand the contribution of con-
temporary gene flow to gene-tree heterogeneity, and its
relevance to understanding speciation mechanisms. Our
results highlight that the genomes of red- and yellow-
fronted tinkerbirds are mosaics of regions supporting
different topologies as a result of introgression. Partic-
ularly, we demonstrate that contemporary gene flow
through hybrid zones contributes to this pattern. Using
genomic regions with the lowest recombination rate ap-
pears to be a relevant approach to identify the species
relationships in the face of introgression.

Red- and yellow-fronted tinkerbirds appear to repre-
sent one more example where introgression results in
the dominant phylogenetic signal being discordant with
the species tree. This conclusion is especially impor-
tant when investigating the evolution of forecrown col-
oration: although the genome-wide topology suggests
parallel evolution of red and yellow forecrowns, our re-
sults support a single origin of red feather color. Thus,
our study further demonstrates the relevance of phylo-
genetic analyses of whole-genome data to understand
the evolution of phenotypic traits and, consequently, re-
productive isolation.
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