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1  |  INTRODUC TION

The old syngameon concept coined by Lotsy (1925) has been revital-
ized in recent years (Bog et al., 2017; Cannon & Lerdau, 2015; Cannon 
& Petit, 2020; Larson et al., 2021). As developed by Grant (1981), 

the term refers to ‘the most inclusive unit of interbreeding in a hy-
bridizing species group’, or, in other words, to a group of otherwise 
distinct species interconnected by limited gene exchange (Suarez-
Gonzalez, Lexer, & Cronk, 2018). The term syngameon is related to 
coenospecies (Turesson, 1922), which Grant (1981) considered an 
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Abstract
Syngameons represent networks of otherwise distinct species connected by limited 
gene exchange. Although most studies have focused on how species maintain their 
cohesiveness despite gene flow, there are additional relevant questions regarding the 
evolutionary dynamics of syngameons and their drivers, as well as the success of their 
members and the network as a whole. Using a ddRADseq approach, we analysed 
the genetic structure, genomic clines and demographic history of a coastal hybrid 
zone involving two species of the Armeria (Plumbaginaceae) syngameon in southern 
Spain. We inferred that a peripheral population of the sand dune-adapted A. pungens 
diverged from the rest of the conspecific populations and subsequently hybridized 
with a locally more abundant pinewood congener, A. macrophylla. Both species display 
extensive plastid DNA haplotype sharing. Genomic cline analysis identified bidirec-
tional introgression, but more outlier loci with excess A. pungens than A. macrophylla 
ancestry, suggesting the possibility of selection for A. pungens alleles. This is consist-
ent with the finding that the A. pungens phenotype is selected for in open habitats, 
and with the strong correlation found between ancestry and phenotype. Taken to-
gether, our analyses suggest an intriguing scenario in which bidirectional introgression 
may, on the one hand, help to avoid reduced levels of genetic diversity due to the small 
size and isolated location of the A. pungens range-edge population, thereby minimizing 
demographic risks of stochastic extinction. On the other hand, the data also suggest 
that introgression into A. macrophylla may allow individuals to grow in open, highly 
irradiated, deep sandy, salt-exposed habitats.
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evolutionarily less inclusive term that he associated with biological 
species, whereas he associated syngameon with comparium. The 
syngameon model has been advocated as a likely explanation for 
how rare tropical tree species with nonspecific pollinators avoid re-
duced levels of genetic diversity and the Allee effect, which is a de-
mographic challenge (Cannon & Lerdau, 2015, 2019). Evolutionary 
advantages of the syngameon have also been proposed for the most 
diverse northern temperate tree genus, Quercus, in which episodic 
exchange of genetic material is interpreted as a strategy for adapta-
tion to changing environmental conditions (Cannon & Petit, 2020). 
Advantages for island colonization have also been attributed to 
these networks of interfertile species (Caujapé-Castells et al., 2017).

The structure of syngameons is not homogeneous. Using sim-
ulation studies, Boecklen (2017) found nonrandom variation in the 
propensity to hybridize, meaning that some species hybridize more 
frequently than others, which is consistent with the classical com-
pilospecies concept, in which one species captures parts of the 
genome of several other sympatric species through introgression 
(Fuertes et al., 1999a; Harlan & De Wet, 1963; Stebbins, 1971).

The question of how species maintain their cohesiveness despite 
frequent or occasional gene flow has focused most of the attention 
regarding syngameons (Kremer & Hipp, 2020). In the Symphonia 
tropical tree syngameon for example, empirical data suggest an in-
terplay of within-species adaptive processes and between-species 
differential adaptation, with relaxed competition at species niche 
margins, to explain coexistence of its species and the overall evo-
lutionary success of the syngameon (Schmitt et al., 2020, 2021). 
However, persistent hybrid lineages with evolutionary potential may 
also form within these networks, as in the Lousiana Iris syngameon 
(Arnold et al., 2004). Accordingly, syngameons can also be consid-
ered as networks of interbreeding species that can provide different 
benefits to their members and thus lead to different evolutionary 
outcomes. This raises the question of what factors favour the evolu-
tionary fate of hybrid populations within syngameons.

Assessing evolutionary scenarios within syngameons requires 
accurate inference of introgression, the transfer of genes between 
species mediated primarily by backcrossing (Anderson, 1949; 
Heiser, 1973). Past introgression has traditionally been inferred 
from incongruence between nuclear and organellar phylogenies 
(Rieseberg & Wendel, 1993; Wendel et al., 1995) and, more reliably, 
using phylogenomic approaches (Hibbins & Hahn, 2022). As a result, 
introgression is essentially known from its genetic consequences 
rather than from the ongoing process itself and its driving factors 
(Hamlin et al., 2020; Pfennig, 2021). Understanding the genetic, de-
mographic, and ecological factors that influence the early and inter-
mediate stages of introgression, where backcrossing leads to allele 
transfer (Abbott et al., 2016; Suarez-Gonzalez, Hefer, et al., 2018), 
could shed light on evolutionary scenarios within syngameons and 
on their long-term consequences. Thus, focusing on groups where 
both past and current hybridization occur, and where different out-
comes of hybridization have been recorded, can potentially help fill 
the knowledge gap between patterns and drivers of hybridization 
and introgression through time.

Armeria (Plumbaginaceae) is a primarily Mediterranean genus 
consisting of c. 100 strictly outcrossing species (Baker, 1966) with 
generalist pollinators (García-Camacho et al., 2009; Herrera, 1987) 
and can be considered a syngameon. There is abundant evidence 
of current and past hybridization within this genus. Numerous 
cases of recent or ongoing introgression have been reported 
(Baumel et al., 2020; Fuertes et al., 1999b; Lefèbvre, 1969, 1974; 
Nieto Feliner et al., 2019; Philipp et al., 1992; Piñeiro et al., 2011; 
Tauleigne-Gomes & Lefèbvre, 2005, 2008). In addition, there is evi-
dence that hybridization was involved in the origin of taxa such as A. 
carratracensis (Nieto Feliner et al., 1996, 2002), A. salmantica (Nieto 
Feliner, 1997), A. trianoi (Nieto Feliner et al., 2001), and there is eco-
morphogeographical evidence for many others (Nieto Feliner, 1990). 
At the multispecies level, sharing of molecular variants across spe-
cies due to hybridization, i.e., species-independent geographically 
structured patterns of variation, has been found at both large and 
fine spatial scales for nrDNA ITS (Fuertes et al., 1999a; Fuertes & 
Nieto Feliner, 2003; Nieto Feliner et al., 2004) and plastid DNA 
sequences (Gutiérrez Larena et al., 2002). Applying the term syn-
gameon to the entire genus may seem excessive since not all Armeria 
species throughout the genus range are currently connected by gene 
flow in a single network of interfertile species. However, almost all 
attempts to create synthetic hybrids, including our own involving 20 
taxa, have produced fertile F1 progeny (Nieto Feliner, 1997; Nieto 
Feliner et al., 1996), and the Iberian Peninsula, where two thirds of 
the species are concentrated (Nieto Feliner, 1990), has probably 
been a suitable arena for hybridization resulting from episodic or re-
current contacts between species ranges.

This study focuses on a hybrid zone between Armeria pungens 
and A. macrophylla. Armeria pungens is a coastal sand dune spe-
cies restricted to the southwestern Iberian Peninsula and to two 
smaller disjunct areas, an offshore island in NW Spain and Corsica–
Sardinia (Piñeiro et al., 2007). The species exhibits evidence of 
past or ongoing introgression from subcoastal Armeria species 
at the northern and southern edges of its core distribution range 
(Piñeiro et al., 2011). In our study area in the southernmost part 
of its range, introgression toward A. pungens from a pinewood and 
shrubland congener, A. macrophylla, was revealed based on nrDNA 
ITS and plastid DNA (trnL-trnF) sequences, and this interpretation 
is consistent with genome size, 45S and 5S rDNA locus-FISH data, 
nrDNA IGS sequences, AFLP and morphometric data (Nieto Feliner 
et al., 2019; Piñeiro et al., 2007, 2011). Armeria macrophylla occurs 
along a subcoastal fringe in the southwest of the Iberian Peninsula 
(Nieto Feliner, 1990). The hybrid zone is located in Punta Camarinal, 
a coastal site bordering the Gibraltar Strait. It exhibits a single plastid 
haplotype, based on sequences from three noncoding regions that 
are shared by both species and not found elsewhere (Nieto Feliner 
et al., 2019), strongly suggesting a plastid capture event (Acosta & 
Premoli, 2010; Rieseberg, 1995). Genetic and morphometric varia-
tion and the spatial distribution of the two species in the area point 
to a hybrid zone in which habitat seems to be a better predictor of 
the morphological phenotype of each individual than ITS sequences. 
Overall, this hybrid zone appears to be a very interesting system in 
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which the genomic and geographic structure of hybridization and 
introgression and their driving factors are insufficiently understood.

The overarching questions of this study are (1) whether and how 
different evolutionary outcomes occur within syngameons and (2) 
whether the study of a hybrid zone within a syngameon can pro-
vide insights for interpreting its complex reticulate phylogenetic 
patterns. To address these questions, we focus on the hybrid zone 
between A. pungens and A. macrophylla and formulate the following 
specific objectives. What are the levels, direction(s), and drivers of 
introgression? Are there signatures of selection, suggesting adapta-
tion to environmental factors? What is the demographic history of 
the populations of the two species? Can we confirm a plastid capture 
at the study site, as suggested by Sanger sequencing evidence? We 
investigated these questions using ddRAD data and reconstructed 
the evolutionary history of this hybrid zone.

2  |  MATERIAL S AND METHODS

2.1  |  Study system

The study site, Punta Camarinal, is a small coastal headland in the 
Gibraltar Strait area near Tarifa, Atlantic Ocean (Cádiz, Spain), 
flanked by two beaches, El Cañuelo to the west and Bolonia to the 
east, the latter forming a 30 m high dune that enters into the head-
land (Figure 1a). Most of the site is covered by a Pinus pinea pinewood 
planted in the late 1950s to stabilize this dune, but the area was 
previously dominated by macchia shrubland, with patches of pine-
woods. Macchia shrubland currently borders the pinewood along 
the coast, especially to the west, and is separated from the beach by 
a narrow strip of highly exposed open vegetation that extends inland 
in the southern part. This open vegetation grows on loose sand or 
fossil dunes, but all three habitats ―pinewood, shrubland and open 
vegetation― occur on sandy soils. Sampling undertaken in 2017 and 
2018 included 115 individuals from Punta Camarinal covering the 
three habitats as well as 20 individuals from each of the two near-
est populations of the hybridizing species (Cape Trafalgar for A. pun-
gens and Barbate for A. macrophylla; Table S1; Figure S1). In addition, 
three individuals of A. hirta from a close (c. 2 km away) population 
were sampled as an outgroup. In total, we collected fresh leaves in 
silica gel and flowering fragments from specimens for morphometric 
analysis from 158 individuals, all of which were georeferenced and 
photographed.

2.2  |  Morphometric analysis

To assess phenotypic variation across the study site and in the clos-
est populations of the two hybridizing species, we performed a mor-
phometric analysis on the same individuals (n = 155) sampled for the 
genomic study. Sixteen quantitative variables were used, following 
Piñeiro et al. (2011) (Table S2). Three of them are ratios. To maximize 
independence of variables, we kept only one of the two variables 

used in each ratio for the analyses. Principal component analysis 
(PCA) was performed to reduce the dimensionality of the data and 
to explore morphometric variation relative to genomic patterns, es-
pecially hybrid classes.

Nonparametric Spearman's rho correlation tests were performed 
on the Camarinal samples to examine the association between habi-
tat, categorically defined as open versus pinewood or shrubland, and 
phenotype, represented by the scores for PC1 from the morphomet-
ric PCA (A. pungens phenotype with PC1 < 0, A. macrophylla pheno-
type with PC1 > 0). The correlation between habitat and ancestry, 
as estimated from STRUCTURE (see below), was also estimated to 
assess whether plasticity played a role. To control for potential bias 
due to the higher number of A. macrophylla samples, these two tests 
were performed on a subsampled dataset containing equal numbers 
of genetically pure A. macrophylla and A. pungens, but all admixed 
samples. Analyses were performed using IBM SPSS Statistics for 
Windows version 28.0 (IBM, Armonk, NY, USA).

2.3  |  DNA sequencing and bioinformatics analysis

Genomic data were generated for all 158 individuals of A. pungens, 
A. macrophylla, hybrid individuals and A. hirta. Total DNA was ex-
tracted from dried leaves following the CTAB protocol (Doyle & 
Doyle, 1987) and processed to obtain genomic libraries using a 
low-cost double-digest restriction site-associated DNA sequenc-
ing approach (low-cost ddRADseq) based on Kess et al. (2016). 
Paired-end libraries were quantified using the Qubit dsDNA HS 
Assay (Thermo Fisher Scientific) and sequenced on an Illumina 
HiSeq X PE150 platform. Demultiplexed reads were inspected using 
FastQC 0.11.5 (Andrews, 2010) for quality control, and filtered 
with Trimmomatic 0.36 (Bolger et al., 2014) to remove adapters 
(ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10).

High-quality ddRADseq reads from 155 samples of A. pungens, 
A. macrophylla and hybrid individuals were de novo assembled using 
ipyRAD v. 0.7 (Eaton & Overcast, 2020) on the high-performance 
computing cluster Trueno (SGAI-CSIC, Madrid, Spain). The similarity 
threshold for individual sequence assemblies was set at 88%, both 
within and between samples, considering only loci with a maximum 
of two alleles per sample, with a minimum sequence depth of 8. Loci 
present in at least 90% of the samples were retained, and the re-
mainder were discarded. Because different genetic regions may be 
exchanged at different rates between hybridizing species, individu-
als from a hybrid zone could accumulate higher heterozygosity than 
expected under random mating. Accordingly, to account for a hybrid 
zone scenario, several assemblies were built with different thresh-
olds for heterozygous genotypes per site and per ddRADseq locus 
across the dataset (0%, 20%, 40%, 60%, 80%). For example, if a given 
site at a given locus was heterozygous in 25% of the samples, that 
locus would be eliminated in the assembly with the 20% heterozy-
gosity threshold but retained in the assembly with the 40% thresh-
old. To select the most appropriate assembly, we plotted the number 
of loci retained in each assembly and selected the one in which the 
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number of loci plateaued (Scott et al., 2019), which turned out to 
be the assembly with the 60% heterozygosity threshold (Figure S2). 
With these parameters, we generated an assembly and genotyping 
matrix of 4412 biallelic SNPs from the 155 samples, referred to as 

the whole dataset (WD), i.e., including the two external populations 
of A. pungens and A. macrophylla, and all the samples from the study 
site (Camarinal). The Camarinal only (CO) subset of the genotyping 
matrix was restricted to the 115 samples from Camarinal (Table S1).

F I G U R E  1  (a) Sampling of 115 specimens of Armeria in a hybrid zone between A. pungens and A. macrophylla in Punta Camarinal (Cádiz, 
Southern Spain), labelled by genotypic classes according to NewHybrids analysis of the Camarinal only (CO) dataset. Colour code represents 
the genotypic class to which the individual had the highest posterior probability of being assigned. (b) Field taxonomic identification 
of the 155 samples (A. pungens, A. macrophylla, hybrid). (c) Bayesian genetic clustering using STRUCTURE of 155 samples including two 
geographically close populations (A. pungens from Cape Trafalgar; A. macrophylla from Barbate); optimal (K = 2) and suboptimal (K = 4) 
partitions. (d) Assessment of genotypic classes using NewHybrids of 155 samples (whole dataset, WD) and 115 samples (CO).

(a)

(b)

(c)

(d)
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    |  5VILLA-MACHÍO et al.

2.4  |  Population genetic structure and diversity

To visualize the distribution of genetic diversity of A. pungens and 
A. macrophylla, a PCA was performed on the WD dataset using the 
‘adegenet’ package (Jombart & Ahmed, 2011) in the R environment 
(R Core Team, 2015). Evolutionary relationships between individuals 
were also assessed, taking into account uncertainty due to hybridi-
zation, using a Neighbour-Net analysis based on uncorrected p-
distances performed in SplitsTree V4.16.1 (Huson & Bryant, 2006). 
Population genetic structure was inferred using a Bayesian model-
based genetic clustering approach in STRUCTURE v2.3.4 (Pritchard 
et al., 2000) under an admixture model with correlated allele fre-
quencies, based on one SNP per locus, for a total of 614 SNPs. Each 
number of genetic clusters K (1–6) was assessed five times, running 
106 iterations, in addition to 105 as burn-in, and the results combined 
in the online application CLUMPAK (http:// clump  ak. tau. ac. il/). The 
optimal partition was estimated using the Evanno criterion (Evanno 
et al., 2005) implemented in Structure Harvester (Earl, 2012). To ob-
tain a finer estimate of hybrid classes, we used NewHybrids v1.1 
(Anderson & Thompson, 2002), which computes the posterior prob-
ability distribution that each sample falls into one of six genotypic 
classes: parental classes P1 and P2, first and second-generation 
hybrids F1 and F2, and backcrosses to both parental classes, BC1 
and BC2. Due to computational limitations of NewHybrids, we used 
the gl.nhybrids function in the dartR package (Gruber et al., 2018) 
to downsample the two datasets by selecting a reduced number of 
suitable unlinked loci, resulting in 151 SNPs being retained for the 
two datasets. We did not use any prior information on sample as-
signment to parental classes (P1, P2) in NewHybrids and performed 
an analysis with default parameters and 50,000 MCMC steps after 
10,000 burn-in steps on each of the two datasets (WD and CO). For 
some downstream analyses, five groups of individuals were defined 
based on the NewHybrids analysis of WD: pure A. pungens from 
Trafalgar, pure A. pungens from Camarinal, pure A. macrophylla from 
Barbate, pure A. macrophylla from Camarinal, and a single group of 
hybrids consisting of all individuals of the hybrid classes F1, F2, BC1, 
and BC2 from Camarinal. Nucleotide diversity within and pairwise 
differentiation between these groups (FST) were estimated using 
the Popgenome package (Pfeifer et al., 2014) in the R environment. 
In addition, expected heterozygosity per group (He) was estimated 
using vcftools (Danecek et al., 2011).

2.5  |  Genomic introgression

To investigate differential patterns of introgression across the ge-
nome in the hybrid zone, we used the Bayesian genomic cline model 
implemented in bgc (Gompert & Buerkle, 2011), which quantifies 
locus-specific patterns of introgression and identifies outlier loci 
that show an excess of introgression relative to the genomic aver-
age. The α parameter indicates the direction of introgression. For 
each locus, it denotes an increase (for positive values) or decrease 
(for negative values) in the probability of A. macrophylla ancestry 

relative to the expectation, i.e., the individual's hybrid index. The β 
parameter estimates the rate of change per locus, i.e., it describes an 
increase (steeper cline) or decrease (wider cline) in the rate of tran-
sition from A. pungens to A. macrophylla ancestry along the hybrid 
index or genome-wide admixture gradient. Genomic cline analyses 
were performed on the two datasets, filtering to discard loci with 
minor allele frequency <0.05 and retaining only one SNP per as-
sembled RADseq locus, resulting in 553 SNPs. For WD, we fitted 
the bgc model for 115 individuals from the Camarinal hybrid zone, 
using A. pungens from Trafalgar (N = 20 samples) and A. macrophylla 
from Barbate (N = 20 samples) as parental reference populations. For 
the CO dataset, we fitted the bgc model for 45 admixed individu-
als from Punta Camarinal, using as parental references non-admixed 
samples according to the analysis of the WD dataset, i.e., A. pun-
gens (P1, n = 7), A. macrophylla (P2, n = 63), which is more stringent 
in identifying a sample as pure. A genotype uncertainty model was 
used as recommended for next-generation sequence data (Gompert 
& Buerkle, 2011), with the sequencing error rate estimated previ-
ously by the ipyRAD software (0.003). The models were fitted with 
five chains of MCMC, each with 25,000 iterations, a 5000-iteration 
burn-in, and a thinning interval of 5. The five chains were combined 
after checking the convergence of the MCMC chains. Loci were con-
sidered outliers if they met the two criteria described by Gompert 
and Buerkle (2011), namely that the 95% credible intervals for α or 
β did not overlap zero and that the median of the posterior distri-
bution was not contained in the interval bounded by the 1–0.95/2, 
0.95/2 quantiles of the probability distribution. The bgc output was 
visualized using the ClineHelpR package (Martin et al., 2021) in the R 
environment. Outlier loci were annotated using blastn on the NCBI 
website (https:// blast. ncbi. nlm. nih. gov/ Blast. cgi).

We tested for the possibility of non-recent introgression that 
may have gone undetected with the four-taxon D-statistic metric 
(Durand et al., 2011), as integrated in the ABBA-BABA ipyrad anal-
ysis toolbox v.0.9.81 (Eaton, 2014; Eaton & Ree, 2013), using only 
those samples identified as nonhybrid by the NewHybrids analysis 
of WD. In a four-taxon pectinate tree [(((P1, P2), P3), P4)], where A 
and B represent ancestral and derived alleles, respectively, the P3 
taxon is expected to share derived alleles with either sister spe-
cies, P1 (BABA) or P2 (ABBA) in the same proportion. An excess of 
BABA or ABBA patterns is interpreted as evidence of ancient ad-
mixture between lineages. Two scenarios were tested (Figure S3) 
after inferring a maximum likelihood tree using the ipa.raxml 
module of ipyrad and rapid bootstrap support estimated from 10 
replicate searches using the GTRGAMMA nucleotide substitution 
mode: the first with P1 = A. pungens (Trafalgar), P2 = A. pungens 
(Camarinal), P3 = A. macrophylla (Camarinal), P4 = A. hirta, and the 
second with P1 = A. macrophylla (Barbate), P2 = A. macrophylla 
(Camarinal), P3 = A. pungens (Camarinal), P4 = A. hirta. For the in-
trogression test, we generated 60 replicates for each of the two 
scenarios, where each replicate (test) combined different samples 
from P2 and P3 representing the same terminal taxon with the 
same set of P1 samples. Significance was assessed through 1000 
bootstrap replicates for each test, and the Z-score was calculated 
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to measure the number of bootstrap standard deviations where 
the D-statistic deviates from zero. Tests were considered signifi-
cant for a Z-score >2.58, corresponding to a conservative cutoff of 
α = 0.01 after correcting for multiple comparisons using the Holm–
Bonferroni correction (Eaton & Ree, 2013).

2.6  |  Demographic analyses

To investigate the origin of the hybrid zone, we used coalescent 
modelling to infer the demographic history of the hybridizing spe-
cies, focusing on non-hybrid individuals at the study site and external 
populations. We used two complementary approaches based on the 
site frequency spectrum (SFS) to infer the demographic history of A. 
pungens and A. macrophylla in the region, focusing on the 108 non-
hybrid individuals resulting from the NewHybrids analysis of WD. 
Samples were divided into four groups: 20 A. pungens from Trafalgar, 
20 A. macrophylla from Barbate, and 7 A. pungens and 61 A. mac-
rophylla from Camarinal. The resulting dataset was pruned of vari-
ants that could be in linkage using plink v1.90p (Purcell et al., 2007) 
with the following arguments: a window size of 50 kb, a window step 
size of 10 bp, and a linkage threshold r2 of 0.1; that is, for any pair 
of variants with r2 greater than 0.1, only one variant was retained. 
After this pruning, the dataset contained 1271 SNPs. To construct 
the folded SFS, we used easySFS (https:// github. com/ isaac overc 
ast/ easySFS) and downsampled our dataset to a smaller number of 
samples per group (7 samples, i.e., 14 alleles) to allow for balanced 
sample sizes across groups.

The first approach was to estimate changes in population size 
over time in each of the four genetic groups, particularly recent 
events of population expansion or decline. To do this, we gen-
erated Stairway plots (Liu & Fu, 2015). Singletons were ignored, 
and the default parameter values were used (200 SFS input files 
and 67% of sites used for training). We used a mutation rate of 
5.265 × 10−9, the average evolutionary rate of eight angiosperm 
families calculated by De La Torre et al. (2017), and a generation 
time of 5 years.

The second approach aimed to reconstruct the population de-
mographic history of the two hybridizing species in the study re-
gion, and to analyse and describe their changes over time through 
hypothesis-driven demographic simulations. For this purpose, we 
used Fastsimcoal2 version 2.6.0.3 (Excoffier et al., 2013). Five de-
mographic models exploring interspecific gene flow were simu-
lated (Figure S4), considering: (1) continuous gene flow since the 
onset of divergence between A. pungens and A. macrophylla (only 
two genetic pools, i.e., populations of each of the two species 
merged); (2) four groups with no gene flow; (3) recent gene flow 
between A. pungens and A. macrophylla at the Camarinal site since 
population divergence in A. macrophylla (Barbate vs. Camarinal); 
(4) early gene flow between A. pungens and A. macrophylla at the 
Camarinal site since population divergence in A. pungens (Trafalgar 
vs. Camarinal site); (5) same scenario as 4 but including a bottle-
neck event in the Camarinal population of A. pungens, specifically, 

an instantaneous population size reduction starting at TBOT and 
lasting 500 generations into the past. The last model was added, 
despite the fact that such a bottleneck remained undetected in 
Stairway plots (see Results), because models 3 and 4 consistently 
yielded Ne estimates for A. pungens that were an order of mag-
nitude smaller in Camarinal than in Trafalgar. Several parameters 
were estimated such as population size, divergence times, and 
migration rates between populations in Punta Camarinal. Each 
model was run 40 times, using 500,000 coalescent simulations to 
calculate the composite likelihood and 60 cycles of expectation–
conditional maximization (ECM). Runs with the highest likelihood 
in each model were retained and the Akaike Information Criterion 
(AIC) was calculated to determine the probability of each model. 
These values were compared to determine the most likely de-
mographic model (Excoffier et al., 2013). Point estimates of the 
demographic parameters for the selected model were extracted 
from the run with the highest likelihood. To estimate the confi-
dence intervals for these parameters, 150 SFS from the run with 
the highest composite likelihood were simulated, with 20 runs per 
simulated SFS. Runs with the highest maximum likelihood for each 
simulated SFS were used to define the 95% CI values.

2.7  |  Plastid genome analysis

To investigate the occurrence of plastid capture at the study site, 
we first sequenced the plastome of a sample of A. pungens from the 
Trafalgar population. Library construction and assembly were per-
formed at AllGenetics & Biology SL (A Coruña, Spain). A total DNA 
library was constructed using the Nextera XT DNA Sample Prep kit 
(Illumina) according to the manufacturer's instructions. The library 
was sequenced on a fraction of a lane on an Illumina MiSeq instru-
ment, yielding paired-end 300 bp reads. The raw fastq files were 
quality checked in FastQC 0.11.3, and duplicated reads were re-
moved using the clumplify.sh script from the BBmap package 37.00. 
Trimmomatic 0.36 (Bolger et al., 2014) was used to remove adapters 
and low quality regions. A de novo assembly was generated by using 
SPAdes 3.11 (Bankevich et al., 2012), which was compared against 
the NCBI nt nucleotide database using blastn, a BLAST+ 2.6.0 pro-
gram (Camacho et al., 2009), with the following parameters: e-value 
1e-4, max target seqs 50, max hsps 1. Scaffolds with at least 80% 
of hits to plastid DNA were listed and extracted from the assembly. 
QUAST 4.4 (Gurevich et al., 2013) was used to check the assembly 
quality of the plastid scaffolds. Then, complete plastid genome ref-
erences which had high blastn similarity to the A. pungens plastome 
scaffolds were identified from NCBI.

Plastid DNA polymorphism was analysed in n = 158 samples, in-
cluding the three samples of A. hirta. ddRADseq data were mapped 
against the plastid reference genome of A. pungens, using the mem 
algorithm of BWA (Li & Durbin, 2009) with default settings. Mapped 
reads were filtered using SAMtools (Li et al., 2009) view and sort with 
default parameters. SNPs were called using SAMtools mpileup and 
VarScan2 mpileup2snp (Koboldt et al., 2012) with minimum variant 

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.17167 by Inrae - D
ipso, W

iley O
nline L

ibrary on [15/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://github.com/isaacovercast/easySFS
https://github.com/isaacovercast/easySFS


    |  7VILLA-MACHÍO et al.

allele frequency threshold of 0.5, minimum base quality of 30, min-
imum read frequency of 0.5 to call homozygotes and minimum read 
depth of 3. Plastid SNPs were filtered and cleaned using VCFtools 
(Danecek et al., 2011) to retain only SNPs with a minimum read depth 
of 5, a minimum genotype quality of 10, a maximum of 30% missing 
data, and only biallelic sites. All indels were removed. Missing data 
were imputed using Beagle (https:// facul ty. washi ngton. edu/ brown 
ing/ beagle/ beagle. html; Browning & Browning, 2007). The number 
of haplotypes, and a median-joining haplotype network showing the 
relationships between them, were analysed using PopART (Leigh & 
Bryant, 2015).

3  |  RESULTS

3.1  |  Morphometric analysis

The PCA of the morphometric variables in the whole dataset re-
sulted in five PCs with eigenvalues greater than one. The first two 
explained 51.95% of the variance (28.09% and 23.86%, respec-
tively). Variables contributing more to the first PC included both 
vegetative and reproductive traits related to the scape (stems), 
involucral bracts, and calyces (Table S2). In the scatterplot against 
the first two PCs, the samples were distributed on either side 
of the bidimensional space with some discontinuity (Figure S5). 
Negative values for PC1 corresponded to an A. pungens pheno-
type, whereas positive values corresponded to an A. macrophylla 
phenotype. Labeling of samples based on the NewHybrids classi-
fication of WD showed that the A. pungens morphospace included 
all six genotypic classes, even non-admixed A. macrophylla (P2) 
samples. In contrast, the A. macrophylla morphospace included 
mostly P2 samples, in addition to five backcrosses (BC2) and four 
F2s. In the Camarinal site, phenotype was significantly correlated 
with habitat (rs = − 0.458, p < .01), such that plants growing in open 
habitats mostly exhibited an A. pungens phenotype whereas those 
occurring in pine or shrubland understory mostly exhibited an A. 
macrophylla phenotype (Figure S6). Ancestry was also strongly 
correlated with habitat (rs = 0.477, p < .01).

3.2  |  Assembly and bioinformatic filtering of 
genomic data

In total 173,861,569 raw reads were obtained from 155 samples of 
the whole dataset WD, with an average of 1,121,687.54 raw reads 
per sample (253,428–2,369,788 reads). WD included 614 loci (tags) 
with 4412 biallelic SNPs.

3.3  |  Population genetic structure

In the PCA based on 4412 biallelic SNPs, the first two PCs ac-
counted for 51.23% of the total variance (43.5% and 7.73, 

respectively, Figure 2). The scatterplot of the samples against the 
first two PCs, labelled according to the NewHybrids results of 
WD, showed that non-admixed A. pungens from Camarinal (n = 7 
samples) were genetically distinct from those of the Trafalgar 
population. This was in contrast to A. macrophylla, where samples 
from both sites (Barbate, Camarinal) were very close to each other 
in the bidimensional space. The remaining samples, consisting of 
hybrid classes from the hybrid zone, showed considerable variabil-
ity, mainly along PC1.

The evolutionary relationships identified in the Neighbour-
Net analysis were consistent with the PCA results. The WD net-
work showed A. pungens from Trafalgar far apart from all other 
samples, while all A. macrophylla from both sites clustered to-
gether (Figure 3). As with the PCA, this analysis highlighted the 
close genetic relatedness of individuals within the two external 
sites compared to individuals from Camarinal. The placement of 
the hybrid classes was consistent with expectations, e.g., back-
crosses were close to their recurrent progenitors, F1 and F2 were 
in intermediate positions. Also consistent with the hybrid zone 
are a number of parallel edges that reflect phylogenetic uncer-
tainty and coincide with the placement of the hybrid samples 
(Figure 3).

Bayesian clustering analysis of 614 unlinked SNPs from 155 
samples with STRUCTURE identified K = 2 as the optimal partition 
followed by K = 4. Both partitions revealed substantial admixture 
limited to the Camarinal site (Figure 1c). The two genetic groups 
identified in K = 2 corresponded to the two species. The first group 
reached Q values close to 1 only in the Trafalgar site whereas the 
second group reached Q values close to 1 in both Barbate and 
Camarinal. Admixed individuals were present, with varying propor-
tions of the two genetic groups. For K = 4, each of the genetic groups 
from K = 2 was split into two groups, separating Camarinal from both 
external populations. Seven samples from Camarinal had Q > 0.95 
for A. pungens for K = 4 (dark grey in Figure 1c), compared to only 
one sample for K = 2, with other Camarinal individuals having vary-
ing admixture proportions.

NewHybrids analysis of the WD dataset based on 151 unlinked 
SNPs provided a similar but more detailed picture of the hybrid zone 
(Figure 1d). In the two external sites, all samples were assigned to P1 
or P2 with posterior probability = 1. In Camarinal, PP >0.95 was found 
in 7 samples for P1 (A. pungens) and in 61 samples for P2, as well as 
for F1 (n = 3), F2 (n = 17), BC1 (n = 2), or BC2 (n = 10). Additional hybrid 
samples (n = 15) could not be unambiguously assigned to a single geno-
typic class (PP <0.95; Figure S1). Analysis of the CO dataset (115 sam-
ples based on 151 SNPs) showed a similar representation of genotypic 
classes: P1 (n = 10), BC1 (n = 9), F1 (n = 7), F2 (n = 6), BC2 (n = 8), and P2 
(n = 61) with PP >0.95 (Figure 1d). Fourteen additional samples had 
PP <0.95. The number of samples assigned with confidence to P1 (A. 
pungens), F1, or BC1 was higher in CO than in WD, probably because 
the reference A. pungens progenitor of Camarinal is genetically closer 
to the genotypes found in the hybrid zone (Figure 3).

Spatially, admixed individuals were restricted to a narrow hy-
brid zone that runs parallel to the coastline. Its width, estimated 
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considering only genotyped hybrid individuals and measured per-
pendicular to the coastline, is c. 18–50 m (Figure 1a).

The highest nucleotide diversity within groups was found in the 
hybrid group from Camarinal (π = 0.053) and the lowest in A. pun-
gens population from Trafalgar (π = 0.019, Table S3). Regarding FST, 
the highest genetic differentiation occurred between the two ex-
ternal populations, Trafalgar A. pungens vs. Barbate A. macrophylla 
(FST = 0.776, Table S4). The lowest occurred between A. pungens P1 
from Camarinal and the hybrid group from that site (FST = 0.167). 
When considering the FST between allopatric populations of the 
same species, the FST between the Trafalgar and Camarinal sites of 
A. pungens was higher (FST = 0.452) than that between the Barbate 
and Camarinal sites of A. macrophylla (FST = 0.176, Table S4). The 
group containing all hybrid classes showed the highest expected 
heterozygosity (He = 0.148), followed by A. pungens from Camarinal 
(0.084) and A. macrophylla from Camarinal (He = 0.082, Table S3). 
The lowest heterozygosity was found in the populations of A. pun-
gens from Trafalgar (He = 0.049) and A. macrophylla from Barbate 
(He = 0.075).

3.4  |  Genomic introgression

Genomic cline analyses of WD based on 553 SNPs, i.e., one SNP 
per locus with MAF >0.05, yielded hybrid indices between 0.228 
and 0.919 for samples from Camarinal (Figure S7). For α, there 
was considerable variability across loci, indicating rather differ-
ent proportions of P1 and P2 ancestries depending on the locus. 
Outliers for α (n = 171) included 116 loci with excess A. pungens 
ancestry (−4.248 ≤ α ≤ −0.827) and 55 with excess A. macrophylla 
ancestry (1.789 ≤ α ≤ 4.330, Table S5). With respect to β, genomic 
clines for several loci were steep, suggesting limited introgres-
sion between A. pungens and A. macrophylla (e.g., locus 23,710, 
β = 1.353, Table S5), whereas higher rates of introgression were 
detected for other loci (e.g., locus 27,539, β = −1.438, Table S5). 
Four loci were identified as β outliers. All had negative values 
for this parameter in the admixed population (−0.868 to −0.757), 
consistent with wider than expected genomic clines and thus a 
gradual change in allele frequencies between A. pungens and A. 
macrophylla (Table S5). Restricting the genomic cline analysis to 

F I G U R E  2  Principal component analysis of 155 Armeria samples based on 4412 SNPs, labelled by genotypic classes according to 
NewHybrids analysis of the WD dataset; the first two PCs accounted for 51.23% of the total variance (43.5% and 7.73%, respectively). 
Colour code represents the genotypic class to which the individual had the highest posterior probability of being assigned. Hybrid classes 
F1, F2, BC1 and BC2 were pooled into a single group.
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    |  9VILLA-MACHÍO et al.

Camarinal (CO dataset) and the same 553 sampled loci resulted 
in hybrid indices between 0.089 and 0.812 (Figure S8). Compared 
to WD, for both parameters but especially for β, the range of val-
ues for each locus across samples was narrow and homogeneous, 
likely because the progenitors used in this dataset are genetically 
closer to the genotypes found in the hybrid zone. Four loci were 

identified as α outliers in the admixed population, all indicating 
an excess of A. pungens ancestry. No outliers were identified for 
β (Table S6).

Tests for non-recent introgression resulted in an excess of the 
ABBA pattern for both scenarios, indicating introgression between 
A. macrophylla and A. pungens from the Camarinal site. Specifically, 

F I G U R E  3  Neighbour-Net diagram showing relationships among 155 Armeria samples based on 4412 SNPs. Colour-code follows 
NewHybrids genotypic classes. (a) In admixed samples with PP <0.95 of belonging to one of the genotypic classes, two are shown, the left 
one corresponding to the class with the highest posterior probability. (b) Genotypic class shown for each individual is that with the highest 
PP, as in Figure 2, with hybrid classes F1, F2, BC1 and BC2 pooled into a single group and samples from the external populations specifically 
labelled.
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for the first scenario, all 60 tests were significant, whereas for the 
second scenario, 32 out of 60 (53.3%) were significant, identified by 
Z-scores ≥ 2.58 (Table S7). The D-statistic values ranged from 0.34 
to 0.59 for the first scenario, and from 0.04 to 0.45 for the second. 
On average, 532.1 loci were used per test.

3.5  |  Demographic history

Effective population size (Ne) over time based on 1271 linkage-
pruned but not MAF-filtered SNPs, visualized in Stairway plots, 
did not show dramatic changes in any of the four non-introgressed 
populations; old expansions (between 200,000 and 20,000 years 
ago) occurred in all groups, showing similar demographic patterns 
(Figure S9). The most probable demographic scenario involving all 
four gene pools, as inferred by Fastsimcoal2, was model 4, which 
included gene flow between the A. pungens and A. macrophylla popu-
lations from the Camarinal site since the divergence of the two A. 
pungens populations (Figure 4). This model had the highest likelihood 
as well as the best AIC value of the four models that included four 
gene pools (Table 1). Confidence intervals for parameter estimates 
in this model failed to include some of the parameter point esti-
mates despite performing 50% more simulations than recommended 
(Table S8). According to this model, the split between the two A. pun-
gens populations is estimated to have occurred during the Holocene 
c. 1842 (95% CI: 1939.18–2070.91) generations ago (Table S8). The 
split between the two A. macrophylla populations is estimated to have 
occurred c. 82 (95% CI: 315.78–350.14) generations ago whereas 
the split between the two species may have occurred c. 6433 (95% 
CI: 6267.65–6465.34) generations ago. Estimates of population size 
(Ne) range from 107 (95% CI: 395.24–436.51) for A. macrophylla from 
Barbate to 23,641 (95% CI: 23,271.00–25,023.34) for A. pungens 
from Trafalgar, with Ne = 501 (95% CI: 461.55–500.28) for A. pun-
gens from Camarinal and Ne = 2504 (95% CI: 10,992.40–12,574.29) 

for A. macrophylla from Camarinal with between. At the Camarinal 
site, Fastsimcoal migration rates indicated that any gene copy in A. 
pungens had a probability of 2.20e-05 of being a migrant from A. 
macrophylla, whereas any gene copy in A. macrophylla had a probabil-
ity of 3.38e-04 of being a migrant from A. pungens. These estimates 
are small overall, but suggest a higher rate of forward migration to-
ward A. macrophylla (Table S8).

3.6  |  Plastid genome analysis

A total of thirty-five scaffolds were identified from the A. pungens 
plastid genome. After assembly, filtering and imputation of miss-
ing data, 41 SNPs were recovered from the ddRADseq data in 158 
samples. Thirty-four haplotypes were identified, a large number of 
which (21 haplotypes) were singletons occurring in 11 individuals 
from the Camarinal site, six in A. pungens from Trafalgar, and four in 
A. macrophylla from Barbate (Figure S10, Table S9). Three frequent 
haplotypes were shared among species and genotypic classes. One 
(# 7) occurred in 58 samples from Camarinal from all genotypic 
classes and in one sample from the geographically close population 
of A. hirta; the second most frequent haplotype (# 9) occurred in 
31 samples from Camarinal and in one sample of A. pungens from 
Trafalgar. The third (# 3) occurred in 11 A. macrophylla from Barbate, 
in six A. pungens from Trafalgar and in the other two samples of A. 
hirta. The haplotype distribution shows a clear geographical struc-
ture, where all twenty haplotypes detected in Camarinal are not 
found elsewhere, with two exceptions, for # 7 (one individual of 59 
carrying this haplotype) and # 9 (one of 33; Table S9).

4  |  DISCUSSION

This study highlights the difficulty of integrating results of multiple 
analyses of hybrid zones to derive evolutionary processes within syn-
gameons, especially when the drivers of bidirectional introgression 
differ in each direction. This complexity is exacerbated in non-model 
systems where it is difficult to integrate empirical observations with 

F I G U R E  4  Best demographic model for the history of the 
studied hybrid zone inferred with Fastsimcoal2 (Excoffier 
et al., 2013) using four groups (progenitors from Camarinal site 
and external populations), and excluding hybrids as identified by 
NewHybrids (WD dataset). N, effective population size; TDIV1, 
TDIV2, TDIV3, divergence times; MIG1, MIG2, migration rates. See 
Table S8 for point estimate values for these parameters.

TA B L E  1  Likelihood and Akaike information criterion (AIC) 
values for demographic models selection tested with Fastsimcoal2.

Model
Log 
likelihood deltaL AIC ∆AIC

Model 1 −1613.92 101.097 3718.187 a

Model 2 −9526.90 515.31 43894.98 −175.16

Model 3 −9517.48 505.89 43855.61 −135.79

Model 4 −9487.99 476.40 43719.82 0.00

Model 5 −9501.34 489.75 43783.28 −63.46

Note: See text and Figure S4 for description of scenarios.
aNote that model 1 involves two genetic pools whereas 2–5 involve 
four. Model 1 is poorly informative for reconstructing the demographic 
history of the hybrid zone and comparison with the other four is not 
meaningful.
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    |  11VILLA-MACHÍO et al.

theory (Butlin & Ritchie, 2013; Edwards et al., 2016; Nieto Feliner 
et al., 2017, 2020; Sætre, 2013). Using multiple lines of evidence is 
crucial for reconstructing complex evolutionary scenarios in such 
systems (Cruzan et al., 2021; Janzen et al., 2019; Ortego et al., 2018; 
Zhang et al., 2022; this study). Determining the genetic structure 
and inferring the demographic history of populations, performing 
genomic cline analysis and introgression tests, and examining asso-
ciations between habitat, phenotypes and genetic groups, have all 
revealed pertinent insights into the history and drivers of the hybrid 
zone under investigation. Our analyses shed light on the discrepan-
cies between phenotypic and genomic patterns in the hybrid zone 
and the causes of the genetic distinctiveness of the peripheral A. 
pungens population. This distinctiveness is due to recent and non-
recent introgression, as well as to divergence resulting from isola-
tion and genetic drift. Our study also revealed ancient introgression 
between the two species and that there are twice as many outlier 
loci with excess A. pungens ancestry than loci with excess A. mac-
rophylla ancestry. Despite these significant findings in the system, 
some questions on the evolutionary processes remain unanswered.

4.1  |  Plastid introgression and capture

Organellar DNA loci are critical alongside nuclear loci to interpret 
complex introgression scenarios, as they can elucidate processes 
that differentially affect both genomic compartments, such as dif-
ferent dispersal via pollen or seeds (Petit & Excoffier, 2009). Plastid 
capture has been inferred in systems that display a geographic 
rather than a taxonomic pattern of plastid variation (Acosta & 
Premoli, 2010; Boom et al., 2021; Chen et al., 2022; Folk et al., 2017; 
Vitelli et al., 2017). A possible factor contributing to plastid intro-
gression in certain species could be selection (Lee-Yaw et al., 2019). 
Selection has been attributed a role in the sole theoretical model cur-
rently available for plastid capture (Tsitrone et al., 2003). However, 
the prevailing view that plastid variation is largely neutral has not 
been seriously challenged (Bock et al., 2014). Under non-adaptive 
plastid variation, demographic factors should drive plastid introgres-
sion and capture. This is supported in Currat et al.'s (2008) model for 
invasion scenarios, where an initial demographic imbalance between 
the invading and resident populations leads to massive introgression 
of the invader by the local population.

Assuming that there is no selection pressure on plastid varia-
tion, it is possible that there was a plastid capture at our study site, 
which aligns with the scenario presented by Currat et al. (2008). 
Abundance of habitat suitable for A. macrophylla and a larger esti-
mated Ne in this species suggest that in Camarinal, A. macrophylla 
was the original species while a few A. pungens founders arrived 
later and captured the local A. macrophylla plastome. This process 
was likely driven by a demographic imbalance in the early stages of 
A. pungens colonization, pollination of A. macrophylla by A. pungens, 
and backcrossing to A. pungens in dune environments. Furthermore, 
previous Sanger sequencing data focusing on non-coding plastid re-
gions throughout the A. pungens range identified a haplotype private 

to the Camarinal site (Piñeiro et al., 2011). Our observations of bidi-
rectional introgression at nuclear loci and an enrichment of outlier 
loci with A. pungens ancestry in this site with harsh environmental 
conditions are consistent with theory in which loci under strong 
positive selection in A. pungens have resisted introgression (Kane 
et al., 2009; Parchman et al., 2013).

Plastid sharing patterns observed outside of the study site, spe-
cifically between A. pungens from Trafalgar and A. macrophylla from 
Barbate, could be attributed to ancient sharing of ancestral haplo-
types (haplotypes #3 and #4), as these two species share Sanger 
sequencing-based haplotypes along the Gulf of Cadiz (Nieto Feliner 
et al., 2019). Thus, extensive haplotype sharing across species and 
genotypic classes highlights a clear geographic signal for plastid DNA 
variation, which is consistent with introgression and plastid capture.

4.2  |  Different introgression drivers for the two 
hybridizing species

Our study provides a microevolutionary perspective that com-
plements previous macroevolutionary studies in the Armeria 
syngameon (see Introduction) and may help to understand how hy-
bridizing species interact within other syngameons. Our proposed 
microevolutionary scenario can be summarized as follows: (1) Sp1 (in 
our study, A. pungens) typical of a challenging environment (e.g., high 
solar radiation, saline influence, and deep sandy soils) disperses to 
a peripheral location where it suffers low effective population size, 
Ne, due to the founder event. (2) The Ne of Sp1 increases because of 
introgression from an abundant congener, Sp2 (A. macrophylla), that 
occurs in an adjacent less challenging environment (e.g., pinewood 
or macchia shrubland understory), belongs to the same syngameon, 
shares generalist pollinators, and has the same self-incompatibility 
system. (3) Adaptive alleles from Sp1 facilitate the survival of intro-
gressed Sp2 individuals in harsher environments.

Evidence for beneficial effects of introgression is accumulat-
ing for a variety of organisms and evolutionary scenarios (Hübner 
et al., 2019; Leroy et al., 2020; Mostert-O'Neill et al., 2021; Wang 
et al., 2019), including for bottlenecks resulting from colonization 
events (Besnard et al., 2014). The peripheral A. pungens population 
in our study is also consistent with a commonly reported conse-
quence of introgression ―range and/or niche expansion and sur-
vival at range edges (Chhatre et al., 2018; Pfennig et al., 2016)―, 
which may have been important in postglacial colonization scenar-
ios (Kremer & Hipp, 2020; Petit et al., 2004). At the northern range 
edge of A. pungens, on an offshore island located hundreds of kilo-
metres away from the nearest conspecific population, this species 
forms another hybrid zone with A. pubigera (Piñeiro et al., 2011). 
The two recognized hybrid zones in which A. pungens is involved 
illustrate the tendency of species within syngameons to hybridize 
at the range edges.

Our proposed scenario fits all the evidence, with a few caveats. 
A search for outlier loci using the most stringent selection method 
indicates that those enriched in A. pungens ancestry are twice 
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as frequent as those enriched in A. macrophylla ancestry. While 
not all of these outliers are necessarily products of selection, it 
is likely that some are (Gompert & Buerkle, 2011) and follow the 
same enrichment proportions. However, annotation of these loci 
did not identify specific candidates that aid survival under harsh 
conditions, except for one related to beta-galactosidase, which is 
associated with organ growth and matches a greater biomass in 
A. pungens compared to A. macrophylla. This could be due to the 
use of a reduced representation genomic approach, ddRADseq, 
and the polygenic nature of traits coping with environment (Leroy 
et al., 2020). Another caveat is that we did not estimate fitness 
or analyse Bateson–Dobzhansky–Muller incompatibilities in hy-
brid classes, both of which are beyond the scope of this study. 
However, we do have indirect evidence from 36 healthy synthetic 
hybrids — obtained from crosses between three populations (A. 
pungens and A. macrophylla from Camarinal, and A. pungens from 
Trafalgar) — and grown for years under greenhouse conditions 
(Nieto Feliner et al., 2019). A third caveat is the difficulty in es-
timating confidence intervals for the parameters of the best de-
mographic model. This may suggest that the scenarios we tested 
are complex and involve many parameters, and that in our attempt 
to infer non-recent gene flow by selecting pure individuals, we 
may have assumed as pure some samples that are actually intro-
gressed. Past gene flow is supported by our ABBA-BABA tests, 
and by the best demographic model inferred from the data, which 
includes gene flow since the split of the two A. pungens popula-
tions. The difficulties in estimating parameter confidence intervals 
in this model, possibly due in part to old unaccounted gene flow, 
highlight the caution that should be taken when performing co-
alescence modelling in syngameons.

Even with these caveats, the best interpretation of the available 
data from this hybrid zone is that the peripheral population of A. 
pungens experiences gene flow with A. macrophylla avoiding reduced 
levels of genetic diversity due to its small size and isolated location, 
and ensuing demographic risks, and A. macrophylla is expanding its 
niche into open harsh habitats thanks to adaptive introgression.

4.3  |  Prospects

Predicting the medium- and long-term consequences of the current 
scenario is relevant to our overarching goal of linking early stages of 
hybridization with the currently observed diversity in Armeria, which 
is partly the result of ancient hybridization, i.e., linking recent with 
ancient hybridization in this genus. However, the long-term conse-
quences will depend on the interaction of several factors. If A. mac-
rophylla continues to colonize open habitats through hybridization 
with A. pungens, in the long run there will be an introgressed popula-
tion that will look more like A. macrophylla than it does now. Whether 
this projection involves the genetic assimilation of A. pungens into A. 
macrophylla (swamping of A. pungens) depends on how large and ge-
netically isolated the Camarinal population of A. pungens will remain. 
A. pungens may have long resisted this swamping, conserving typical 

A. pungens morphological traits in pure samples near the coastline 
despite long-lasting interspecific gene flow (for 1842 generations 
according to our simulations) and possible plastid capture (of A. 
macrophylla plastome). A possible explanation for this resistance to 
swamping is the harsh environmental conditions in which A. pungens 
grows. Another factor could be the presence of recombination cold 
spots, inversions or chromosomal rearrangements that prevent in-
trogression from A. macrophylla (Huang & Rieseberg, 2020), and if 
true, A. pungens could persist at this site in the future. Another factor 
to consider is whether the planting of a pinewood c. 60 years ago has 
altered the dynamics of this hybrid zone by extending the contact 
between the habitats of the two species.

Our inference of these possible bidirectional beneficial effects 
of introgression is relevant in the context of the evolutionary dy-
namics of syngameons as networks that are ‘more than the sum of 
their parts’ (Cannon & Petit, 2020). Although bidirectional introgres-
sion has been reported in various contexts (Brubaker et al., 1993; 
Marburger et al., 2019), reported cases typically focus on the direc-
tionality of benefits to one of the hybridizing species.

We consider that the scenario inferred here should be consid-
ered when studying interactions between species within a syn-
gameon. Given the abundant evidence of ancient hybridization in 
the Armeria syngameon based on macroevolutionary approaches 
(Fuertes et al., 1999a; Fuertes & Nieto Feliner, 2003), we also high-
light the dynamic nature of syngameons over evolutionary time 
(Cronk & Suarez-Gonzalez, 2018).
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