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ARTICLE INFO ABSTRACT

Keywords: Oceanic archipelagos are excellent systems for studying speciation, yet inference of evolutionary process requires
Islands that the colonization history of island organisms be known with accuracy. Here, we used phylogenomics and
Phylogenomics patterns of genetic diversity to infer the sequence and timing of colonization of Macaronesia by mainland
ls’lgziri)ag;giraphy common chaffinches (Fringilla coelebs), and assessed whether colonization of the different archipelagos has
Species delimitation resulted in a species-level radiation. To reconstruct the evolutionary history of the complex we generated a
Systematics molecular phylogeny based on genome-wide SNP loci obtained from genotyping-by-sequencing, we ran ancestral

range biogeographic analyses, and assessed fine-scale genetic structure between and within archipelagos using
admixture analysis. To test for a species-level radiation, we applied a probabilistic tree-based species delimitation
method (mPTP) and an integrative taxonomy approach including phenotypic differences. Results revealed a
circuitous colonization pathway in Macaronesia, from the mainland to the Azores, followed by Madeira, and
finally the Canary Islands. The Azores showed surprisingly high genetic diversity, similar to that found on the
mainland, and the other archipelagos showed the expected sequential loss of genetic diversity. Species delimi-
tation methods supported the existence of several species within the complex. We conclude that the common
chaffinch underwent a rapid radiation across Macaronesia that was driven by the sequential colonization of the
different archipelagos, resulting in phenotypically and genetically distinct, independent evolutionary lineages.
We recommend a taxonomic revision of the complex that takes into account its genetic and phenotypic diversity.

1. Introduction

Oceanic archipelagos are excellent model systems to study evolution
and have been crucial in advancing our understanding of species
diversification and ecosystem assembly processes (Emerson, 2002; Losos
and Ricklefs, 2009; Warren et al., 2015; Patino et al., 2017; Whittaker
et al., 2017)(Leroy et al., 2021). According to island biogeography
theory, the number of species that can colonize and thrive on an oceanic
island is a dynamic process primarily determined by the size of the is-
land and its distance from the mainland (MacArthur and Wilson, 1967;
Valente et al., 2017, 2020). Upon arrival, the original colonizers would
start diverging from their mainland ancestors through neutral and/or
selective processes (Warren et al., 2015). In many cases, the colonization
of an archipelago is accompanied by an acceleration of net diversifica-
tion rates (e.g. Delmore et al., 2020). This leads to species radiations in
which phenotypic diversification could be driven either by adaptation to
vacant ecological niches and available resources in the different islands

(Schluter, 2000; Grant and Grant, 2008; Blanco et al., 2014), or by ge-
netic drift and sexual selection in geographic isolation (Rundell and
Price, 2009), although both types of processes can be at work within a
single radiation (Gillespie et al., 2020).

Although evolutionary history is often simplified in oceanic archi-
pelagos relative to continents, island colonization can be a complex
process that can include multiple colonization and extinction events,
back colonizations, as well as the maintenance of gene flow within and
between archipelagos, and even with the continent (Illera et al., 2012;
Morinha et al., 2020). When inferring the colonization history of oceanic
archipelagos, it has been usually assumed that the original settlers
originated from the closest mainland area (Grant, 1979; Thornton,
2007), subsequently following a chronological sequence of colonization
consistent with a “stepping-stone model” (Funk and Wagner, 1995; Juan
et al., 2000; Beheregaray et al., 2004; VanderWerf et al., 2010). How-
ever, this basic model is one of many possible ones (Sanmartin et al.,
2008), and molecular phylogenetic analyses using exhaustive regional

* Corresponding author at: Museo Nacional de Ciencias Naturales, Calle José Gutiérrez Abascal 2, Madrid 28006, Spain.

E-mail address: mariarecuerdacarrasco@gmail.com (M. Recuerda).

https://doi.org/10.1016/j.ympev.2021.107291

Received 13 January 2021; Received in revised form 28 July 2021; Accepted 5 August 2021

Available online 9 August 2021
1055-7903/© 2021 The Author(s).

(http://creativecommons.org/licenses/by-ne-nd/4.0/).

Published by Elsevier Inc.

This is an open access article under the CC BY-NC-ND license


mailto:mariarecuerdacarrasco@gmail.com
www.sciencedirect.com/science/journal/10557903
https://www.elsevier.com/locate/ympev
https://doi.org/10.1016/j.ympev.2021.107291
https://doi.org/10.1016/j.ympev.2021.107291
https://doi.org/10.1016/j.ympev.2021.107291
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ympev.2021.107291&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Recuerda et al.

sampling are increasingly reporting counterintuitive colonization
routes, suggesting that long distance migration events could be dis-
rupted by a diverse range of factors (Emerson et al., 1999; Nathan, 2006;
Felicisimo et al., 2008; Sequeira et al., 2008; Illera et al., 2012;
Stervander et al., 2015; Morinha et al., 2020). Hence, in order to un-
derstand the evolutionary divergence of island biota, it is essential to set
a robust phylogenetic framework to identify the closest living mainland
relative, the phylogenetic relationships among insular species and
populations, the timing and sequence of colonization (i. e., the order in
which different islands were occupied), and the history of gene flow
among insular populations within and between archipelagos (Whittaker
and Fernandez-Palacios, 2007; Losos and Ricklefs, 2009; Warren et al.,
2015).

The common chaffinch (Fringilla coelebs) complex represents a sound
system to study speciation processes on oceanic islands, as its broad
geographic range includes Eurasia, Northern Africa, and the Atlantic
Ocean archipelagos of Macaronesia, including Azores, Madeira and the
Canary Islands, but not the Selvagens and Cabo Verde (Shirihai and
Svensson, 2018). Common chaffinches on the mainland and the archi-
pelagos differ genetically and in color pattern, morphology, and vocal-
izations (Grant, 1979; Lynch and Baker, 1994; Illera et al., 2018;
Samarasin-dissanayake, 2010; Lachlan et al., 2013). Insular common
chaffinches have characteristic dark blue-gray dorsal plumage, a larger
body mass, shorter wings, as well as longer tarsi and bills compared to
continental specimens (Grant, 1979). In addition, there are notable ge-
netic and phenotypic differences among populations between and
within the different archipelagos (see below). Although all common
chaffinches are currently classified as a single species with several
subspecific taxa, it has been suggested that mainland populations and
the different archipelago radiations could be part of a multi-species
complex (Illera et al., 2016).

Early proposals for the origin of Macaronesian chaffinches assumed
the independent colonization of each archipelago from its nearest
mainland, with phenotypic similarities among insular populations
resulting from evolutionary convergence (Grant, 1979). In contrast,
more recent studies based on mitochondrial DNA sequence data favored
a single wave of colonization starting from Europe to Azores, Madeira,
and finally the Canary Islands (Marshall and Baker, 1999), though
limited genetic sampling and weak phylogenetic signal provided only
tentative support for this hypothesis. Here, we tested these alternative
hypotheses on the timing and colonization route of the common chaf-
finch radiation by building a robust phylogeny based on thousands of
genome-wide loci. Genome-wide datasets based on SNP (single nucle-
otide polymorphism) loci have proven useful in resolving phylogenetic
relationships at various evolutionary timescales, from deep nodes
(Sackton et al., 2019) to very recent radiations (Stervander et al., 2015;
Friis et al., 2016; Kozak et al., 2018; Meier et al., 2018). Based on a well-
resolved phylogeny, we used biogeographical inference to estimate
ancestral ranges using a dispersal-cladogenesis-extinction model that
takes founder-event speciation into account and is thus particularly
suited for oceanic island systems (de Queiroz, 2005; Gillespie et al.,
2012; Matzke, 2013). Finally, in order to determine whether the colo-
nization of oceanic archipelagos has resulted in a species-level radiation,
we took an integrative taxonomy approach to determine the number of
species in the complex according to different methods of species de-
limitation. This exercise has clear evolutionary and taxonomic impli-
cations, but also potentially major conservation impact for the taxa
involved, most of which have restricted ranges and small population
sizes (Whittaker et al., 2005).

2. Materials and methods
2.1. Study system and sample collection

The common chaffinch is currently considered to be a polytypic
species composed of about 16 subspecies (Clement, 2020) which can be
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divided into three main geographic groups: a Eurasian group that in-
cludes the nominate form (coelebs) and related subspecies; a North Af-
rican group that includes forms africana, spodiogenys and harterti
(Svensson, 2015); and a Macaronesian group that includes moreletti from
the Azores, maderensis from Madeira, and four subspecies on the Canary
Islands, canariensis on Tenerife and La Gomera, palmae on La Palma,
ombriosa on El Hierro, and the recently described bakeri on Gran Canaria
(Martin and Lorenzo, 2001; Suarez et al., 2009; Illera et al., 2018).

For the present study we obtained blood samples from wild pop-
ulations in Europe (Segovia, Spain), North West Africa (Ceuta, Spain),
the Azores, Madeira and the Canary Islands, so that subspecies included
were coelebs, africana, moreletti, maderensis, canariensis, palmae, ombriosa
and bakeri (Fig. 1, Table S1). Birds were captured in the field using mist
nets, and each individual was marked with a uniquely numbered Por-
tuguese or Spanish aluminium band to avoid resampling. Birds were
captured during the breeding season. Blood samples were obtained by
venipuncture of the brachial vein and stored in absolute ethanol at
—20 °C in the laboratory until DNA extraction.

2.2. SNP genotyping and analysis

High quality genomic DNA was extracted using a QIAGEN Blood and
Tissue kit (Qiagen, Valencia, CA) following the manufacturer’s protocol.
SNP discovery was done using a genotyping-by-sequencing approach
(Elshire et al., 2011) with restriction enzyme Pstl, and sequencing was
carried out on an Illumina Hiseq X Ten platform. Forward raw reads
were trimmed to remove low quality ends using TrimGalore! V, 0.4.4
(http://www.bioinformatics. ~ babraham.ac.uk/projects/trim_galore).
We aligned the reads against the first version of the high-quality com-
mon chaffinch reference genome (GCA_015532645.1, Recuerda et al.,
2021) using BWA 0.7.16 (Li and Durbin, 2009), using the “~mem” al-
gorithm and default parameters. The reference genome was mapped
against the zebra finch (Taeniopygia guttata) genome v87 available in
Ensembl (Yates et al., 2016). We used the Chromosembler tool available
in Satsuma (Grabherr et al., 2010) obtaining a final assembly 906.9 Mb
in length and an N50 of 69.09 Mb. Variant calling was performed with
GATK 3.6 HaplotypeCaller and GenotypeGVCFs tools (McKenna et al.,
2010), calling all samples together with a minimum base and mapping
quality score of 30. The variant dataset obtained was filtered using
VCFtools version 0.1.15 (Danecek et al., 2011) keeping biallelic sites
with a depth ranging between 4 and 60, a phred quality score over 30,
and a minor allele frequency over 0.018. Indels were also removed along
with sites with over 75% missing data and showing significant deviation
from Hardy-Weinberg equilibrium (p-value < 10~%). To recover the
chromosomal coordinates of the scaffolds obtained with HiRiseTM, we
mapped and oriented them against the zebra finch (Taeniopygia guttata)
genome v87 available in ensembl (Yates et al., 2016). We used the
Chromosembler tool available in Satsuma (Grabherr et al., 2010)
resulting in a final genome assembly 955.9 Mb length and a N50 of
71.46 Mb.

In order to separate neutral loci from loci under divergent selection
we used BayeScan v2.1 (Foll and Gaggiotti, 2008) to detect outlier loci in
an Fgy distribution. We ran the program on a dataset of 159,534 loci with
the default sample size of 5,000, a thinning interval of 200, a total of 20
pilot runs of 10,000 iterations each, and a burn-in of 100,000. We
checked for convergence and set the false discovery rate (FDR) param-
eter at 0.1, obtaining 157,366 neutral SNPs and 2168 outliers. We
filtered the neutral dataset for linkage disequilibrium (LD) using the
snpgdsLDpruning function from the {SNPRELATE} package (Zheng
et al., 2012) in R version 3.4.3 (R Core Team, 2017), resulting in a final
dataset of 100,166 neutral SNPs.

2.3. Genetic diversity

Our final SNP dataset was composed of 81 individuals of the common
chaffinch divided into two mainland and seven insular populations
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Fig. 1. Distribution map of the common chaffinch in the study area. Note the species is absent in the eastern Canary islands of Fuerteventura and Lanzarote. Red dots
correspond to sampling sites and sample sizes are indicated in parentheses. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

Table 1

Descriptive genetic statistics of the common chaffinch populations obtained
with 159,534 SNPs: Locality, sample size (n), nucleotide diversity (x), observed
heterozygosity (H,) and expected heterozygosity (He). All Fig values were sig-
nificant (one sample t-test, p < 0.0001).

Region/Locality n T H, H.
Mainland 21 0.193 0.160 0.187
Africa (Ceuta) 8 0.177 0.160 0.165
Europe (Segovia) 13 0.188 0.159 0.177
Macaronesia 60 0.075 0.049 0.074
Azores (Terceira) 10 0.140 0.116 0.130
Madeira 9 0.051 0.047 0.048
Canary Islands 41 0.045 0.034 0.045
Gran Canaria 9 0.035 0.033 0.033
Tenerife 8 0.032 0.030 0.030
La Gomera 6 0.041 0.039 0.038
La Palma 10 0.031 0.031 0.029
El Hierro 8 0.042 0.039 0.039

(Table 1). Using the complete SNP dataset (159,534 loci), we calculated
for each population: nucleotide diversity (), the expected and observed
heterozygosities (He and H,) and pairwise Fsy among populations. All
statistics were calculated using STACKS v 1.47 (Catchen et al., 2013). A
one-sample t-test was used to determine whether the mean Fig score in
each population was statistically different from zero using R version
3.4.3 (R Core Team, 2017).

For comparative purposes, we also estimated genetic diversity and
demographic parameters using coding regions from the mitochondrial
genome (900 bp of the atp8 and atp6 genes, and 835 bp of the nad2

gene), both individually and as a concatenated dataset (1,735 bp). The
mitochondrial genes were amplified using primers L5215 (5'-
TATCGGGCCCATACCCCGAAAAT-3') (Hackett, 1996) and H6313 (5'-
CTCTTATTTAAGGCTTTGAAGGC-3') (Sorenson et al., 1999) for nad2
and L8929 (5-GGACAATGCTCAGAAATCTCGCGG-3') (Eberhard and
Bermingham, 2005) and H9855 (5-ACGTAGGCTTGGATTATKGC-
TACWGC-3') (Sorenson et al., 1999) for atp8 and atp6. PCR products
were purified with an ethanol precipitation and sequenced by Sanger
sequencing. Sequences were aligned using Sequencher 4.1.1 (Gene-
codes Inc., Ann Arbor, MI, USA) and the accuracy of variable sites was
checked visually on the chromatograms. We calculated haplotype (h)
and nucleotide (x) diversity indices per population, pairwise genetic
distances and performed Fu’s neutrality test (designed to detect changes
in population growth; Fu, 1997) using Arlequin v. 3.5 (Excoffier and
Lischer, 2010).

2.4. Phylogenetic analysis and estimation of divergence times.

To infer the evolutionary history of common chaffinches in the
Macaronesian region we reconstructed a phylogenetic tree based on the
neutral SNP dataset (100,166 loci), including a Tenerife blue chaffinch
(Fringilla teydea) as outgroup. We built a maximum-likelihood (ML) tree
using RAXML v8.1.16 (Stamatakis, 2014), using a GTR + GAMMA
substitution model with the Lewis ascertainment bias correction as
recommended. We implemented the rapid bootstrap algorithm (Sta-
matakis et al., 2008) and evaluated node support with 1000 replicates.

To estimate the timing of island colonization, we used three mito-
chondrial genes (nad2, atp8 and atp6, Table S1) to reconstruct a
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chronogram with Bayesian inference in BEAST v 1.8.4 (Drummond
et al., 2012), using the CIPRES Science Gateway (Miller et al., 2010) and
excluding the outgroup to avoid long-branch effects (Drummond and
Bouckaert, 2015). We concatenated all genes (1,735 bp) and selected the
best-fitting substitution model with Partitionfinder 2.1.1 (Lanfear et al.,
2016), using the Akaike Information Criterion (AIC). The model selected
for all markers and all codon positions was GTR + L. Based on results
from preliminary runs, we implemented a strict molecular clock with a
lognormal distribution of the mutation rate, setting mean values of
0.029 and 0.019 substitutions/site/My for nad2 and atp8&6 genes,
respectively (Lerner et al., 2011). The haplotype networks for nad2 and
atp8&6 genes were generated using Hapview (Salzburger et al., 2011)
with maximum likelihood trees constructed using Geneious 10.2.2
(https://www.geneious.com) with default parameters.

We also estimated divergence times from a Bayesian phylogenetic
tree using SNAPP, a template within BEAST version 2.5.1 (Bouckaert
et al., 2018) using the CIPRES Science Gateway (Miller et al., 2010,).
SNAPP infers the species tree from biallelic SNPs integrating over all
possible gene trees by the implementation of the multispecies coalescent
model. We used the neutral SNP dataset restricted to two individuals per
population and allowing 5% of missing data, which resulted in 15,836
SNP loci. We used the script “snapp_prp.rb” (Stange et al., 2018) to
generate the XML input file keeping the original settings, except that the
MCMC chain was set to 2,000,000 generations. We used the RAXML tree
as starting tree and set four constraints: (1) The monophyly of North
Africa; (2) the monophyly of Europe; (3) the monophyly of the clade
including all the insular populations; and (4) given the lack of common
chaffinch fossil records in Macaronesia, we used a secondary calibration
point based on our dating of the common chaffinch colonization of
Macaronesia with mtDNA. We set a lognormal distribution for the
divergence time of the insular clade with mean at 0.83 Ma (offset = 0,
standard deviation = 0.1). A previous study based on a standard cyt-b
calibration of 0.01 subs/site/lineage/ma obtained a similar date of 0.82
ma (Illera et al., 2018).

For both Bayesian analyses we checked for convergence using Tracer
v 1.6 (Rambaut et al., 2014), ensuring that the estimated sample sizes
(ESS) were over 200. Node ages and credible intervals (95% highest
posterior density, HPD) were estimated, the best tree was generated
using TREEANNOTATOR v1.8.4. (Drummond et al., 2012) and was
displayed using FigTree v.1.4.3 (Rambaut, 2017).

2.5. Ancestral range estimation

Ancestral range estimation for the common chaffinch across Maca-
ronesia was performed with the SNAPP phylogeny using the Bio-
GeoBEARS package in R (Matzke, 2013). Among the dispersal-
extinction-cladogenesis (DEC) models, we selected the DEC + J model.
The “j” parameter allows for “founder-event speciation”, which assumes
that upon colonization of a remote locality, the founding population
becomes instantly genetically distinct from the ancestral population
(Matzke, 2014), a model that is appropriate for oceanic island systems,
in which speciation takes place relatively quickly following colonization
(De Queiroz, 2005; Cowie and Holland, 2006; Gillespie et al., 2012).
Even though the DEC + J model may have a tendency to underestimate
anagenetic events of dispersal and local extinction, which are probabi-
listic with respect to time, while inflating cladogenetic events of range
expansion which are not time related (Ree and Sanmartin, 2018), we
selected this model as the most biologically appropriate for our island
scenario, where each taxon occupies a unique area that was likely
sequentially colonized. We did not compare different models because
according to Ree and Sanmartin (2018), their likelihoods are not sta-
tistically comparable, so that biological considerations are recom-
mended for model selection instead. We set nine locations
corresponding to the two continental areas (Europe and North Africa),
which are also separated by sea, and the seven insular populations
(Terceira in the Azores, Madeira, Gran Canaria, Tenerife, La Gomera, La
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Palma and El Hierro).
2.6. Genetic structure

To assess patterns of genetic structure and admixture between and
within archipelagos, we used the program Strucrure (Pritchard et al.,
2000) with the neutral SNP dataset, excluding the outgroup and filtered
for missing data (5%), which resulted in a total of 16,416 loci. We used
PGDSPIDER (Lischer and Excoffier, 2012) to convert the vef file to the
Strucrure format, ran preliminary analyses to infer the lambda value,
and then ran analyses five times per K value, each one including 100,000
iterations and a burn-in of 50,000 iterations. The first analysis included
individuals from all localities, with K values ranging from 2 to 9. To
improve resolution in specific areas, we also ran separate region-specific
analyses of the two mainland populations (K = 2-5), and the Canary
Islands (K = 2-5). The structure plots were generated using CLUMPAK
(Kopelman et al., 2015). The optimal K value was determined by the
natural logarithm of the probability of the data [In(Pr(X|K)] as described
in the Structure manual. In order to check the robustness of results, we
performed the same three analyses of population structure with Apmix-
Ture v1.3.0 (Alexander et al., 2009) using the complete dataset of neutral
SNPs (100,166 loci) with 200 bootstrap replicates.

To estimate fine-scale population structure and quantify the ancestry
sources of each common chaffinch population, we used fineR-
ADstructure (Malinsky et al., 2018), which uses information on haplo-
type linkage and common ancestry among individuals to produce a
summary of nearest-neighbor haplotype relationships in the dataset in
the form of a co-ancestry matrix. We converted the vcf file of neutral
SNPs into fineRADstructure format using radiator (Gosselin, 2019) and
we ran the pipeline using default parameters with 100,000 MCMC
generations, sampling every 1,000 steps, and a burn-in of 100,000 steps.
The tree was constructed with the fineSTRUCTURE algorithm (Lawson
etal., 2012) with 10,000 iterations. The results obtained were plotted in
R by adapting the scripts provided in http://cichlid.gurdon.cam.ac.uk/fi
neRADstructure.html.

2.7. Species delimitation

To estimate the number of species in the common chaffinch radia-
tion, we applied the multi-rate Poisson Tree Processes (mPTP) method
for species delimitation (Kapli et al., 2017). The mPTP method is based
on a rooted phylogenetic tree obtained by probabilistic methods, and it
attempts to differentiate speciation from coalescence processes, allow-
ing different intraspecific coalescent rates and a constant speciation rate,
assuming that branching events within species are more frequent than
between species. For input, we used the RAXML tree based on neutral
SNPs, and we ran 10 independent MCMC chains of 10° steps, logged
every one million generations, with a burn-in of two million steps. We
used the “-multi” option to allow variance in coalescent rates among
species, and the minimum branch length used was 0.001831, as calcu-
lated with the tool “minbr_auto”. Average node support values (AVS)
were generated for each clade by the MCMC method, with values close
to one indicating a robust ML delimitation. We set a conservative
threshold for support values over 75 to consider clusters as different
candidate species (Kapli et al., 2017). We ensured chain convergence
using the Average Standard Deviation of Support Values (ASDDSV),
which quantifies the similarity among independent MCMC runs.

In addition to the mPTP analysis we applied an integrative taxo-
nomic approach to species delimitation (Padial et al., 2010). In addition
to the genetic data, we took into account differences in plumage color-
ation (Fig. 7) as well as previously published morphological data (Grant,
1979) and bioacoustic data (Lachlan et al., 2013). Finally, we applied a
scoring system for avian species delimitation proposed by Tobias et al.
(2010) which is based on phenotypic and geographic data, and has been
adopted by some major avian taxonomic systems (del Hoyo et al., 2020;
Handbook of the Birds of the World and BirdLife International, 2019).
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The method scores and combines the strongest differences in five types
of avian traits: morphology, acoustics, plumage, ecology, behavior, and
geographical relationships, and assigns species status if the total score
reaches or exceeds an arbitrary threshold value (See supplementary
Methods, File S1). This points-based scoring system has received some
criticism due to the subjectivity involved in the scoring itself, and
because the quantitative criteria are based on fairly arbitrary magni-
tudes of difference that are broadly applied across taxa (Winker, 2010b).
However, the method has demonstrated to be useful when used for
taxonomical purposes (Winker, 2021) and its performance has been
found to be high when tested against recently accepted splits (Tobias
et al., 2021).

3. Results
3.1. SNP genotyping

We obtained 27,052,300 reads from GBS, which resulted in
15,506,115 reads after trimming. The mapping using BWA resulted in
207,339,592 primary aligned reads mapped to the common chaffinch
reference genome. The variant calling with GATK generated 1,988,317
variants and after filtering with VCFTOOLS we obtained 159,534 vari-
ants with an average depth per site of 16.5.

3.2. Genetic diversity and differentiation

Genetic diversity indices were lower on islands than on the mainland
(Table 1). Nucleotide diversity and heterozygosity were highest in
mainland populations, followed by Azores and Madeira, with the Canary
Islands showing the lowest values (Table 1). Pairwise Fgr values among
populations ranged from 0.07 to 0.16, with an average of 0.13 (Table 2).
The lowest differentiation was found among the common chaffinches of
Europe and North Africa, the latter being more differentiated from all
insular populations than the former. The Azores population showed the
lowest differentiation from mainland populations, and both Azores and
Madeira showed similar values of differentiation with respect to the
Canary Islands. Within the Canary Islands, Fst values were generally
consistent with geographic proximity among islands, with values
ranging from 0.09 between Tenerife and La Gomera, and 0.14 between
Gran Canaria and the other islands. Genetic distances calculated with
the mtDNA dataset showed a similar pattern to that found for SNP
markers (Tables 4, S3).

3.3. Phylogenetic analysis, colonization route and divergence times

The ML phylogenetic tree based on 100,166 neutral SNPs was highly
resolved, with maximal node support for clades separating the different
archipelagos and the different islands within the Canary archipelago
(Fig. 2). The phylogenetic tree based on mitochondrial markers showed
a similar topology to the genome-wide phylogeny, except for two re-
lationships, which were not highly supported: (1) the two mainland
populations (Europe and North Africa) formed a single clade (Fig. 3a);

Table 2
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(2) the population of Gran Canaria was sister to a clade including two
sister subclades: (a) the westernmost islands of La Palma and El Hierro,
and (b) the geographically close islands of Tenerife and La Gomera.
Individuals within the Tenerife-La Gomera clade showed an incomplete
sorting of haplotypes despite a higher proportion of private haplotypes
per island (Fig. 3a). Haplotype networks revealed that the nad2 gene
showed higher diversity than the atp8&6 genes except in Madeira and La
Palma, and showed better sorting of haplotypes between the two
mainland populations and the Tenerife/La Gomera clade, yet neither
marker showed complete lineage sorting relative to the genome-wide
phylogeny (Fig. 3b,c, Tables 3 and S2), which provided higher phylo-
genetic resolution than the mtDNA data.

Dating estimates indicated that insular populations diverged from
the mainland around 0.83 million years ago (HPD: 0.38-1.48 Ma),
Madeira diverged from the Canary Islands about 0.70 Ma ago (HPD:
0.34-1.28), and the Canary Islands differentiated from each other within
the last half million years (Fig. 3a).

The SNAPP phylogenetic tree recovered the same topology as the
mitochondrial phylogenetic tree but separated the insular populations of
Tenerife and La Gomera (Fig. 4). The ancestral range estimation
confirmed that colonization of the Atlantic Islands started in Azores,
then Madeira, and finally the Canary Islands (Fig. 4). However, the
mainland starting point was not clear, with both Europe and North Af-
rica showing similar probabilities. Within the Canary Islands, the anal-
ysis suggested that the first island to be colonized was Gran Canaria, but
the ancestral range of the remaining islands was not resolved.

3.4. Genetic structure and admixture analysis

The Strucrure analysis based on the genome-wide SNP dataset
revealed marked genetic structure across the region that was consistent
with the ML phylogeny. The optimal number of genetic clusters was K =
6, with clusters corresponding to North Africa, Europe, Azores, Madeira,
Gran Canaria and the remaining Canary Islands, respectively (Fig. 5a).
An analysis restricted to the mainland individuals confirmed the sepa-
ration of both populations as the best clustering (Fig. 5b, Fig. S2,
Fig. $3), and a separate analysis of the Canarian archipelago yielded five
clusters with high posterior probability of assignment of all individuals
to each of the five islands at K = 5 (Fig. 5c¢). In the latter analysis, K = 2
separated Gran Canaria from the rest, K = 3 additionally separated the
western islands (La Palma and El Hierro) and the central islands (Ten-
erife and La Gomera), and K = 4 and K = 5 separated these two pairs of
islands from each other, although La Gomera showed a small proportion
of admixture with Tenerife. The Apmixture results were generally
consistent with the Structure analysis, with the same optimal number of
clusters but some differences in the sequence of population separation
(Fig. S2, Table S4). In both analyses, the Azores shared some variance
with the mainland at K = 2, and Gran Canaria shared some variance with
Madeira, being the first island to separate from the rest within the Ca-
nary archipelago.

The FiINeRADstrucTure analysis showed consistent results with pre-
vious analyses and divided individuals into the same nine populations

Fixation index (Fsy) values among populations of the common chaffinch obtained with 159,534 SNPs. EUR (Iberian Peninsula), AFR (North Africa), AZO (Azores),
MAD (Madeira), GCA (Gran Canaria), TEN (Tenerife); GOM (La Gomera), HIE (El Hierro) and PAL (La Palma).

EUR AZO MAD GC TEN GOM PAL HIE
AFR 0.069 0.127 0.152 0.148 0.150 0.133 0.152 0.143
EUR 0.094 0.113 0.109 0.111 0.097 0.113 0.105
AZO 0.155 0.157 0.159 0.143 0.161 0.151
MAD 0.159 0.163 0.147 0.158 0.150
GCA 0.135 0.127 0.140 0.136
TEN 0.089 0.134 0.126
GOM 0.118 0.113
PAL 0.096
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Fig. 2. Maximum likelihood phylogenetic tree based on 100,166 genome-wide neutral SNP loci performed using RAXML with 1000 rapid bootstraps and using the
blue chaffinch (Fringilla teydea) as the outgroup. Figures in black are node support values. Figures in red correspond to Average support values (AVS) from the mPTP
species delimitation method. Sketches on the right depict the main phenotypic differences between forms, with chaffinches from the Canary Islands represented by
subspecies palmae. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

a)
B Hierro El Hierro
B LaPama 1] 0.096
B Tenerife [0.032-0.21
Hl LaGomera La Palma
B Gran Canaria 0.86] 0.40
i 0.17-0.73]
Madeira [ ] '_‘—é Tenerife
W Azores i
I Europe 1 1ot ‘LaGgmera
0.48 .085-0. ]
North Afica 0% ose) lpseasn ————5
|—|_E|£ Gran
0.92] 0.70 Canaria
[0.31-1.25]
0.54|0.77 i
[0.36-1.38] 1|—'3~17—| E Madeira
[0.056-0.34]
1]0.18 Azores
0.07-0.3¢
1] 0.83
o =
. North Africa
L &
1[031 |  Europe
[013-057)
0.09
0,9 0,8 0,7 0,6 0,5 04 0,3 0,2 0,1 0
Ma
b) A nad2 0 A atp8&6
51020 510

e

Fig. 3. (a) Ultrametric Bayesian tree based on three mitochondrial genes (atp8, atp6 and nad2,) obtained with BEAST. Values on the left of each node represent
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Table 3

Genetic diversity and population expansion indices of common chaffinch pop-
ulations. MtDNA genes used include atp8 and atp6 genes (900 bp), nad2 (835 bp)
concatenated (1,735 bp). Included are DNA marker, geographic region, sample
size (n), number of haplotypes (No. haps), haplotype diversity (h), nucleotide
diversity (z), Fu’s neutrality test (Fs). Statistical ignificance of F values is
indicated by asterisks (* p = 0.05, ** p = 0.01 and ***, p = 0.001). EUR (Iberian
Peninsula), AFR (North Africa), AZO (Azores), MAD (Madeira), GCA (Gran
Canaria), TEN (Tenerife); GOM (La Gomera), HIE (El Hierro) and PAL
(La Palma).

DNA marker Region n No. haps. h + SD n+ SD Fs
atp8&6 +
nad2

AFR 8 6 0.93 + 0.084 0.0043 + 0.0405 0.33
EUR 11 11 1.00 + 0.039 0.0045 + 0.0394 —5.10 **
AZO 9 4 0.69 + 0.15 0.0036 + 0.0430 3.27
MAD 9 7 0.94 £ 0.07 0.0024 + 0.0261 —1.67
GCA 8 6 0.90 £ 0.11 0.0009 =+ 0.1912 —3.44 ***
TEN 8 7 0.96 + 0.08 0.0024 + 0.0293 —2.32
GOM 6 4 0.87 +£0.13 0.0039 + 0.0408 1.78
PAL 10 4 0.89 + 0.08 0.0005 + 0.0145 —1.02
HIE 10 1 0.00 £ 0.00 0.0000 £+ 0.0000 0.00

(Fig. 6). The plot also showed clear regional structure among pop-
ulations with two main clusters, one formed by the continental in-
dividuals along with Azores, and the other including the remaining
insular populations. Coancestry relationships among populations
revealed that the Azores shares more ancestry with Europe than with
North Africa. Within the insular cluster, two pairs within the Canary
Islands show high coancestry (Tenerife and La Gomera, and La Palma
and El Hierro, respectively).

3.5. Species delimitation

The 10 independent MCMC runs of mPTP suggested species-level
designation for the five main clades in the ML phylogeny, correspond-
ing to Europe, North Africa, Azores, Madeira and the Canary Islands,
with support values ranging from 0.79 to 1 (Fig. 2, values in red). In
addition, mPTP suggested one additional clade within Europe, with a
support value of 0.84.

We integrated the molecular data from the mPTP analysis with
phenotypic data and all five clades identified by mPTP showed
congruent differentiation in phenotypic traits, mainly in terms of
plumage color but also morphology and bioacoustics. When scoring
differences in plumage coloration (Fig. 7) and morphology (Table S6)
among pairs of subspecies using the five most prominent traits (Tobias
etal., 2010), all comparisons reached the minimum threshold for species
designation (Table S5).

Table 4
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4. Discussion
4.1. Colonization history in the common chaffinch radiation

Our results from molecular phylogenies, ancestral range estimation,
and coancestry analyses, provide strong and consistent support for a
colonization of Macaronesia by the common chaffinch that took place
from the mainland, via the Azores and Madeira to the Canary Islands,
and resulted in a rapid species-level radiation. This circuitous coloni-
zation route seems counterintuitive from a biogeographic perspective,
given the large distance separating the Azores from the mainland (ca.
1300 km) compared to the other archipelagos, and suggests that factors
other than mere geographic distance were at play in the common
chaffinch radiation. Although the topologies of the phylogenetic trees do
not allow determining whether the original colonizers of the Azores
came from Europe or North Africa, the coancestry analysis with fineR-
ADstructure, along with the genetic distances based on both datasets,
suggests that a European origin is more likely. The estimation of the
colonization time of these Atlantic islands by the common chaffinch
obtained with BEAST coincides with previous estimates of about one
million years before present (Illera et al., 2018), which is relatively
recent compared to the age of most of the islands (Illera et al., 2012). The
estimated colonization time falls within the last 3 million years, a period
found to include most colonization events by Macaronesian bird taxa
(Valente et al., 2017). This period coincides with the establishment of
most Macaronesian laurel forests in the Plio-Pleistocene (2.6 Ma), and
with the movement of the trade wind zone over the islands during the
Pleistocene (2.6-0.01 Ma), which provided sufficient precipitation and
moisture (Kondraskov et al., 2015). The phylogenomic tree obtained
with ~ 100,000 neutral SNPs provided enough resolution to reveal
independently evolving, monophyletic lineages of the common chaf-
finch on each archipelago. Results also suggest shared ancestry of all the
Macaronesian islands, followed by divergence with restricted gene flow
among islands. This single-wave colonization history is supported by
shared phenotypic characters among insular populations. Macaronesian
chaffinches show plumage patterns with blue-gray dorsal coloration and
reduced green and red patches (Grant, 1980); longer tarsi and shorter
wings than their mainland counterparts (Grant, 1979; Dennison and
Baker, 1991), as documented for other passerines (Wright et al., 2016);
and decreasing song complexity after each colonization event (Lynch
and Baker, 1994; Lachlan et al., 2013). Overall, this pattern of shared
traits among all insular populations is more consistent with common
ancestry than convergence following independent colonizations from
the nearest mainland (Marshall and Baker, 1999). Given the phyloge-
netic relationships among all insular populations, common ancestry is
more parsimonious than the alternative hypothesis of repeated, inde-
pendent evolution of these traits on each island under common selective
pressures.

Genetic distances between the different lineages of the common chaffinch using the atp8 and atp6 genes (900 bp) and nad2 (835 bp) concatenated (1,735 bp). Above
the diagonal: average number of pairwise differences between populations. Below the diagonal: corrected average pairwise differences. Along the diagonal (in italics):
average number of pairwise differences within populations. EUR (Iberian Peninsula), AFR (North Africa), AZO (Azores), MAD (Madeira), GCA (Gran Canaria), TEN

(Tenerife); GOM (La Gomera), HIE (El Hierro) and PAL (La Palma).

AFR EUR AZO MAD GCA TEN GOM PAL HIE

atp8&6 + nad2

AFR 7.46 8.38 59.75 52.13 48.13 48.31 48.88 36.92 36.13
EUR 0.76 7.76 61.86 53.33 49.36 50.53 50.88 39.24 38.55
AZO 52.91 54.87 6.22 50.78 50.22 46.46 47.85 40.92 40.22
MAD 46.31 47.37 45.58 4.17 39.00 37.35 38.80 31.91 31.11
GCA 43.64 44.73 46.36 36.17 1.50 26.38 28.00 18.80 18.00
TEN 42.37 44.43 41.13 33.05 23.41 4.43 8.92 15.18 14.38
GOM 41.74 43.60 41.34 33.31 23.85 3.30 6.80 16.80 16.00
PAL 32.72 34.89 37.34 29.36 17.58 12.49 12.93 0.93 0.80
HIE 32.39 34.66 37.11 29.03 17.25 12.16 12.60 0.33 0.00
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Fig. 5. STRUCTURE analysis plots for (a) all chaffinch populations with K
ranging from 2 to 7 (plots for K = 8 and 9 are not shown as they do not differ
from K = 7), (b) mainland populations only for K = 2, and (c) Canary Islands
populations only with K ranging from 2 to 5. EUR (Iberia), AFR (North Africa),
AZO (Azores), MAD (Madeira), GCA (Gran Canaria), TEN (Tenerife); GOM (La
Gomera), HIE (El Hierro) and PAL (La Palma). Asterisks (*) mark the optimal K
value for each analysis.

Unlike the Azores, where gene flow appears to have prevented the
differentiation of common chaffinch populations among islands (Baker
et al., 1990; Rodrigues et al., 2014), those in the Canary Islands have
diverged markedly from each other, giving rise to a range of phenotypes

currently grouped into four different subspecific taxa (Illera et al.,
2018). Partly because of this recent inter-island differentiation, inferring
the specific order in which the Canary Islands were colonized is chal-
lenging (Marshall and Baker, 1999). The absence of the common chaf-
finch in the eastern-most islands of Lanzarote and Fuerteventura may be
due to the current lack of suitable habitat, which is known to have varied
widely over time due to the frequent extinction-recolonization events of
their flora (Garcia-Verdugo et al., 2019), but whether or not the com-
mon chaffinch was present there in the past cannot be determined from
available data. For the islands where the common chaffinch is present,
we obtained conflicting results and found evidence consistent with both
an east-to-west and a west-to-east pattern of colonization. On one hand,
our results support the eastward colonization because La Palma is closest
to Madeira in the haplotype networks and shows lower genetic distance
with Madeira than Gran Canaria. This route may have been favoured by
the wind patterns that blow south-eastwards from the Azores in winter
(Grant, 1980), as previously proposed (e.g., Grant, 1980; Marshall and
Baker, 1999; Suarez et al., 2009; Lachlan et al., 2013). On the other
hand, the mitochondrial DNA tree, the ancestral range estimation and
the population structure analysis are more consistent with a westward
colonization starting from Gran Canaria. More research will be needed
to disentangle the specific common chaffinch colonization within the
Canary Islands, an archipelago with a diverse range of avian coloniza-
tion histories given its proximity to neighboring archipelagos and
mainland (Illera et al., 2012; Morinha et al., 2020).

The progressive reduction of genetic diversity from the Azores to the
Canary Islands is also consistent with the colonization route, and ex-
pected when islands are sequentially colonized from other islands by
small groups of individuals from source populations of progressively
smaller effective population size (Clegg et al., 2002). Genetic diversity in
the Azores was similar to that found on mainland populations and an
order of magnitude higher than that found on other archipelagos. This
suggests that a relatively large group of original colonizers (or multiple
colonization events in a short period of time), arrived to Azores,
avoiding a major founder event (James et al., 2016), but also that
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effective population size was maintained relatively large over time.
Indeed, in addition to the magnitude of potential founder events, the
surface area of suitable common chaffinch habitat in the different
islands and the presence of gene flow among them are also likely to have
influenced present levels of genetic diversity. Except for La Palma,
where common chaffinches have stable breeding populations in dry pine
forests, Macaronesian common chaffinches are largely restricted to
monteverde humid habitats, from cloud forest to moist heaths, and the
geographic area of these habitat types varies widely among islands
(Martin and Lorenzo, 2001). While most of the Azores are humid enough
to sustain common chaffinch populations, suitable habitat decreases
markedly with latitude, becoming less abundant in Madeira, and
restricted to small “islands within islands” in the Canaries, where humid
habitats are more restricted than in the other archipelagos (Fernandez-
Palacios, 2009). In turn, gene flow among the Azores, which has pre-
vented genetic differentiation among islands (Rodrigues et al., 2014),
has favored the maintenance of high population sizes and genetic

diversity, in contrast to the Canary Islands, where populations have
become isolated from each other due to highly restricted gene flow.
The chaffinch taxa produced in the Macaronesian archipelagos differ
from each other mostly in plumage coloration, and to a much lesser
degree in morphological characters. This is similar to what has been
observed in non-adaptive avian radiations, such as those in South
American capuchino seedeaters (Campagna et al., 2012), North Amer-
ican juncos (Friis and Mild, 2020), or European wagtails (Odeen and
Bjorklund, 2003), where taxa differ in color traits with a simple genetic
basis (Campagna et al., 2017; Abolins-Abols et al., 2018), yet are rela-
tively uniform in morphology. This suggests that drift and sexual se-
lection have been the main drivers of the phenotypic diversification,
with morphological adaptation to local ecological conditions playing a
relatively minor role (Rundell and Price, 2009), likely due to the
ecological similarity between Macaronesia and its mainland. This is in
contrast to well-studied adaptive radiations such as that of the Darwin’s
finches in the Galapagos Islands (Grant and Grant, 2008; Lamichhaney
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et al.,, 2015), or the honeycreepers in Hawaii (Lerner et al., 2011).
Within a similar time frame to that of the chaffinch diversification, these
two radiations gave rise to markedly diverse beak morphologies as
populations of the original colonizers adapted through strong direc-
tional selection to the food resources available in the different islands. In
the case of the honeycreepers, which belong to the same family Frin-
gillidae as chaffinches, morphological divergence was accompanied by a
stunning diversification in color patterns and other ornamental traits
(Freed et al., 1987), suggesting the combined action of natural and
sexual selection (Gillespie et al., 2020). Even though the common
chaffinches have not diversified bill morphology to that extent, natural
selection has likely played a role in modifying their morphology, espe-
cially the size and shape of their beaks (Grant, 1979).

4.2. Systematics and taxonomy of the chaffinch radiation

Our species delimitation analyses suggest that the common chaffinch
radiation has resulted in several species-level taxa. The genome-wide
analysis of genetic variation revealed the existence of several distinct
evolutionary lineages evolving independently from each other, and
species delimitation analyses provided support for the existence of at
least five different species within the complex. The mPTP method pro-
vided support for the five nodes corresponding to North Africa, Europe,
Azores, Madeira and Canary Islands, respectively. The additional sup-
ported clade within Europe could be due to high genetic diversity of the
European population, and does not seem to be associated with pheno-
typic differences or geographical limits. The Structure and ADMIXTURE
analyses for the continental clades showed that for K > 2, some in-
dividuals of the Iberian population show some divergence, but do not
correspond to the clades in the phylogenomic tree (Fig. S3). Marked
phenotypic divergence among major lineages was confirmed by Tobias’
et al. (2010) delimitation method, which was also consistent with the
five-species hypothesis. Even though, plumage coloration and morpho-
logical differences among F. c. moreletti and F. c. maderensis were less
prominent than between other members of the complex, they are known
to differ in other characters relevant to reproductive isolation like ter-
ritorial male song (Lachlan et al., 2013), that were not included in our
analysis.

We concur with previous studies on this system (Marshall and Baker,
1999; Suarez et al., 2009; Rodrigues et al., 2014; Illera et al., 2016;
Perktas et al., 2017; Clement, 2018), on the need for a taxonomic revi-
sion of this group, and based on their and our results, we propose that
the common chaffinch be divided into five different species, corre-
sponding to Eurasia (Fringilla coelebs), North Africa (Fringilla spodiog-
enys/africana), Azores (Fringilla moreletti), Madeira (Fringilla maderensis)
and the Canary Islands (Fringilla canariensis). F. coelebs would include all
subspecies closely related and phenotypically similar to F. c. coelebs
found across continental Eurasia. Although populations on the different
Canary Islands are genetically distinct, their phenotypic differentiation
is relatively minor, and we propose to maintain their current subspecific
status within F. canariensis. Such a subspecific classification would be as
follows: F. canariensis canariensis on Tenerife and La Gomera,
F. canariensis palmae on La Palma, F. canariensis ombriosa on El Hierro,
and F. canariensis bakeri on Gran Canaria.

North African subspecies spodiogenys and harterti were not included
in this study, yet they are phenotypically similar to africana (Svensson,
2015; Perktas et al., 2017). The early molecular study by Marshall and
Baker (1999) reported spodiogenys as a divergent lineage that was basal
to the Fringilla coelebs complex in a mtDNA phylogeny, yet more recent
molecular analyses using nuclear DNA markers indicate that the two
North African subspecies are indeed closely related sister taxa (Samar-
asin-Dissanayake, 2010). This result is consistent with both phenotype
and geography, and suggests that mtDNA may not be suitable to recover
the evolutionary history of these taxa. Based on this evidence, and since
spodiogenys Bonaparte 1841 was described before africana Levaillant
1850 and harterti Svensson 2015, we recommend recognizing species
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Fringilla spodiogenys with three subspecies (F. spodiogenys spodiogenys,
F. spodiogenys africana, and F. spodiogenys harterti).

Recognizing the new proposed species should be consistent with
most species concepts that take into account evidence for independent
evolving lineages and phenotypic differentiation (De Queiroz, 2007;
Sangster, 2013; Gill, 2014). The taxonomic upgrade from subspecies to
species is likely to have important conservation implications, as species
tend to receive more conservation attention than subspecies (Winker,
2010a, 2010b; Sangster et al., 2016). Specifically, species status would
guarantee that the conservation status of each chaffinch taxon is eval-
uated by the International Union for Conservation of Nature (IUCN),
taking into account their distribution area and population size inde-
pendently, making the difference especially for the more restricted
insular populations (Martin, 2009). Hence, conservation biogeography
(Whittaker et al., 2005), which includes the distribution of taxa in the
conservation criteria by applying biogeographical analysis is important
for the improvement of biodiversity conservation. This may in turn help
preserve the genetic diversity of the species complex, which is crucial for
the resilience to environmental change in the current scenario of climate
change, especially given the reduced genetic variability found across the
region.

4.3. Conclusions

The colonization of Macaronesia by the common chaffinch has
resulted in an evolutionary radiation as populations differentiated
phenotypically and genetically in the different archipelagos, and even
between islands within the Canary archipelago. The molecular phylog-
eny was instrumental in revealing a circuitous colonization route from
the mainland to the faraway Azores, and then south to Madeira and the
Canary Islands. Relatively minor differences in morphology between
insular and mainland chaffinches compared to differences in coloration,
suggest that drift due to founder events, along with sexual selection
acting on plumage coloration and song, are likely the major factors
driving the common chaffinch radiation in Macaronesia. The sequential
colonization of three Atlantic archipelagos and Northern Africa has led
to the formation of at least four new species-level taxa in the genus
Fringilla, and our results should help further our understanding of the
evolutionary processes involved.
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