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Abstract This study addresses for the first time the issue of
pigeon (genus Columba) phylogeny within the archipelagos of
Madeira (Columba trocaz) and Azores (C. palumbus azorica),
located in the singular biogeographic area of Macaronesia.
The phylogeny of these endemic pigeons was inferred based
on mitochondrial (cytochrome b and cytochrome c oxidase I)
and nuclear (B-fibrinogen intron 7) genetic markers through
multiple approaches. Despite the non-monophyletic pattern
for the insular endemic species recovered in the phylogenies,
topology tests presented somewhat different results. C. trocaz,
the Madeiran endemic species, clustered strongly with the
Canarian endemic C. bollii, and these two are thus more clo-
sely related to each other than C. bollii to C. junoniae, the other
endemic species of Canary Islands, which seems to have
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diverged independently. Moreover, C. trocaz was found to be
phylogenetically closer to C. bollii than to C. palumbus from
mainland Europe and Azores Islands. No genetic differentia-
tion was found between the continental C. p. palumbus and the
endemic C. p. azorica, which suggests a relatively recent
colonisation event of the Azores Islands.
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Zusammenfassung

Phylogenetische Urspriinge endemischer Taubenarten
auf Madeira (Columba trocaz) und den Azoren (Co-
lumba palumbus azorica)

Diese Studie untersucht erstmalig phylogenetische Fragen
bei Tauben (Gattung Columba) auf den Inselgruppen
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Madeira (Columba trocaz) und Azoren (C. palumbus azo-
rica) in der biogeografischen Region Makaronesien. Die
Phylogenie dieser endemischen Taubenarten wurde mittels
multipler Ansidtze auf der Grundlage mitochondrialer
(Cytochrom b und Cytochrom-c-Oxidase I) und nukleérer
(B-Fibrinogen Intron 7) genetischer Marker rekonstruiert.
Obwohl sich in den Phylogenien ein nicht-monophyleti-
sches Muster fiir die endemischen Inselarten zeigte, fiihrten
die Topologie-Tests zu etwas abweichenden Ergebnissen.
C. trocaz, die fir Madeira endemische Art, war eng mit
dem kanarischen Endemiten C. bollii gruppiert; somit sind
diese beiden niher miteinander verwandt als C. bollii und
C. junoniae, der anderen endemischen Art der Kanaren,
welche sich unabhingig davon entwickelt zu haben scheint.
AuBlerdem zeigte sich, dass C. trocaz phylogenetisch C.
bollii nédher steht als C. palumbus des Europédischen Fest-
landes und der Azoren. Es gab keine genetische Differen-
zierung zwischen der Festlandform C. p. palumbus und
dem endemischen Taxon C. p. azorica, was fiir eine erst
relativ kiirzlich erfolgte Besiedlung der Azoren spricht.

Introduction

Oceanic islands provide model systems to study the evo-
lution, following colonisation, dispersal and isolation, of a
variety of organisms, such as birds (Gill 1995). They are
frequently characterised by ecological changes resulting
from geological activity and distance to the mainland,
being relatively simple systems isolated by barriers that
reduce genetic interchanges with the continent; thus, both
patterns of dispersal and speciation can be more easily
assessed than in continental systems (e.g. Keogh et al.
2008; Rubinoff 2008; Schmitz et al. 2008; Sota and Nagata
2008; Su and Saunders 2009; Meik et al. 2010; Thorpe
et al. 2010).

All the islands of the Macaronesian region—which is
comprised of the Azores, Madeira, Salvages, Canaries and
Cape Verde archipelagos—emerged due to volcanic
activity during the Tertiary and Quaternary Periods and
exhibit a broad range of geological ages (Carracedo 1994;
Carracedo et al. 2002; Oromi 2004; Ferreira 2005; Sa-Pinto
et al. 2008; Fernandez-Palacios et al. 2011). Additionally,
the Macaronesian biota has been linked the fauna and flora
that spread from the Mediterranean basin in the late Mio-
cene and Pliocene (Bramwell 1972; Juan et al. 2000).
These features may have contributed to a variety of dis-
persal patterns, colonisation and diversification, and con-
sequently to relatively high levels of genetic variation,
endemism and speciation compared to other oceanic
islands (Adler et al. 1995; Francisco-Ortega et al. 2000),
representing one of the world’s biodiversity hotspots, the
Mediterranean Basin (Myers et al. 2000).
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Many authors have studied dispersion, colonisation and
speciation events in many islands, moreover phylogeo-
graphic patterns and ecology of some species (e.g. Adler
et al. 1995; Coyne and Price 2000; Clegg et al. 2002;
Warren et al. 2003; Russell et al. 2006; Stracey and Pimm
2009), but few have analysed the endemic species of the
Madeira (e.g. flora; Pifieiro et al. 2009) and Azores archi-
pelagos (e.g. land snails; Van Riel et al. 2005; Jordaens
et al. 2009), particularly the genus Columba (e.g. Oliveira
et al. 2002, 2006; Marrero et al. 2004; Martin et al. 2000;
Marrero 2009; Gonzalez et al. 2009; Nogales et al. 2009).
Concerning this genus in Macaronesia, most published
work has focused on ecological and conservation aspects
(e.g. Hernandez et al. 1999; Oliveira et al. 2002, 2006;
Marrero et al. 2004).

The genus Columba comprises 35 living species (Inte-
grated Taxonomic Information System online database,
http://www.itis.gov), with some of them present in Europe
and the Macaronesian region. C. palumbus Linnaeus, 1758
is found in Europe and western Asia, C. frocaz Heineken,
1829 is endemic to the Madeira archipelago (Bannerman
and Bannerman 1965), and C. junoniae Hartert, 1916 and
C. bollii Godman, 1872 are both endemic to the Canary
Islands (Bannerman 1963). Moreover, a subspecies of
C. palumbus, C. p. azorica Hartert, 1905, is endemic to the
Azores (Bannerman and Bannerman 1966), while C. p. pa-
lumbus Linnaeus, 1758 is found in mainland Europe (Cabral
et al. 2005). The importance of these species also lies in their
ecological significance, since they inhabit the relictual laurel
forests of Macaronesia (Whittaker and Fernandez-Palacios
2007). However, little is known about the phylogenetic
relationships of these species, since molecular phylogenetic
studies on Columbiformes have focused on the macroevo-
lution of the entire order and did not include the Macarone-
sian endemic species (Johnson and Clayton 2000; Johnson
et al. 2001). Only recently has Gonzalez et al. (2009) found
strong support for a close relationship between C. bollii and
C. p. palumbus using mitochondrial and nuclear genes. This
phylogenetic relationship has long been proposed by zool-
ogists (Stresemann 1927-1934), but also including other
species, namely C. trocaz.

The first aim of this study was to access the phylogenetic
relationship and understand the evolutionary history of the
species C. trocaz (Madeira) and the subspecies C. palum-
bus azorica (Azores) in relation to the mainland subspecies
C. p. palumbus and other Macaronesian species, specifi-
cally C. junoniae and C. bollii. The second goal was to
reveal the genetic differentiation between the insular sub-
species C. p. azorica and the mainland C. p. palumbus. In
order to achieve these proposed goals, molecular phyloge-
netic analyses across different methodologies were per-
formed using multi-locus molecular data: one nuclear gene
region (B-fibrinogen intron 7—Fib7) and two mitochondrial
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genes (cytochrome b—Cyt b, and cytochrome ¢ oxidase I—
COD).

Methods
Sampling and laboratory procedures

Samples from feathers, liver and muscle tissue of C. trocaz,
C. p. azorica, C. bollii, C. junoniae and C. p. palumbus,
were obtained from several locations (Fig. 1; ESM
Table 1) and preserved in 96 % ethanol.

Genomic DNA was extracted from feathers using a
NucleoSpin C+T Extraction Kit (Macherey-Nagel, Ger-
many) following the manufacturer’s instructions. For liver
and muscle tissue samples, standard protocols requiring
incubation with SDS and digestion with proteinase K,
followed by a phenol-chloroform DNA extraction, were
performed (Sambrook et al. 1989).

One nuclear and two mitochondrial fragments were
targeted for amplification and sequencing. Polymerase
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chain reactions were carried out with 250 ng of template
DNA in a total volume of 25 pl, containing a final con-
centration of 1x reaction buffer (Fermentas, Canada),
2.5 mM (Fib7 and COI) or 3 mM (Cyt b) of MgCl,,
0.2 mM of each dNTP and 1 U of Tag DNA polymerase
(Fermentas). Fib7 was amplified with the primers FIB-
BI7L and FIB-BI7U (Prychitko and Moore 1997) at 0.3
UM each, following the PCR conditions: 5 min at 92 °C,
30 cycles of 94 °C (40 s), 57 °C (45 s) and 72 °C (45 s),
and a final extension at 72 °C for 10 min. COI gene was
amplified using the primer pair BirdF1 (Hebert et al. 2004)
and H7005 (Hafner et al. 1994) at 0.5 pM each, under the
following conditions: 5 min at 94 °C, 5 cycles of 94 °C
(1 min), 47 °C (90 s) and 72 °C (90 s), 30 cycles of 94 °C
(1 min), 53 °C (90 s) and 72 °C (90 s), and a final exten-
sion step during 5 min at 72 °C. Cyt b was amplified using
the primer pair H4a (Harshman 1996) and L14841 (Kocher
et al. 1989) at 0.3 uM each, following the PCR conditions:
5 min at 94 °C, 5 cycles of 94 °C (1 min), 45 °C (90 s)
and 72 °C (90 s), 30 cycles of 94 °C (1 min), 51 °C (90 s)
and 72 °C (90 s), followed by a final extension at 72 °C for
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Fig. 1 The sampling locations for this study: / Azores Islands, 2 Madeira Island, 3 Canary Islands, 4 Portugal, 5 Spain, 6 France, 7 Germany, 8

Sweden, 9 Hungary, /0 Lithuania, // Latvia, /2 Finland
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5 min. For C. bollii, the amplification of Cyt b was only
successful with the primers L14764 (Sorenson et al. 1999)
and H15646 (Sorenson et al. 1999) at 0.3 uM each and
5 min at 92 °C, 35 cycles of 94 °C (30 s), 50 °C (45 s) and
72 °C (45 s), and a final extension for 10 min at 72 °C.

PCR products were verified through 1 % agarose gels
and purified by using Quick Clean (Bioline, UK).
Sequencing was carried out in both directions in an ABI
Prism® 310 Genetic Analyzer (Applied Biosystems, USA)
with the same primers used for amplification. Sequences
were deposited in GenBank (ESM Table 1).

Data analysis

In addition to the obtained sequences, 10 Cyt b fragments
from our previous work (Grosso et al. 2006) and several
sequences from GenBank (see accession numbers in ESM
Table 1) were added to our datasets.

Sequences were edited using BioEdit v.7.0.5.2 (Hall
1999), aligned with ClustalX v.2.1 (Thompson et al. 1997)
and manually realigned whenever necessary. Sequences
identity was confirmed using the BLAST tool from the
NCBI website. A published sequence from chicken
mtDNA (Gallus gallus—accession number X52392) was
used to infer the position of our mtDNA sequences in
relation to the avian genome.

In the mtDNA chromatograms, no double peaks or stop
codons were found. However, nucleotide ambiguities of
similar peak size were detected in chromatograms of the
Fib7 fragment and were considered heterozygous base
positions, according to the IUPAC nucleotide ambiguity
code. Due to the low number of homozygous Fib7 samples,
it was not possible to accurately infer the phase of each
haplotype with the available software, namely PHASE
(Stephens et al. 2001; Stephens and Scheet 2005). Thus,
analyses on Fib7 were performed considering the phase
that maximises the differences between haplotypes, which
was manually achieved by comparing each heterozygous
base position of each sample with the homozygous posi-
tions in the other samples.

Phylogenetic analyses under parsimony (UP) and max-
imum likelihood (ML) were performed employing PAUP*
v.4.0.b10 (Swofford 2002). Modeltest v.3.7 software
(Posada and Crandall 1998) associated with PAUP* was
used to select the most appropriate evolutionary model for
the different datasets, based on the Akaike Information
Criterion. The most appropriate model for each case was
then used to infer the ML phylogenetic tree (Felsenstein
1988) with a heuristic search with 100 random addition
sequences and tree-bisection-reconnections. The optimal
UP tree was found by a heuristic search with tree-bisection-
reconnection as the branch-swapping algorithm. Initial
trees were obtained via stepwise addition with 100
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replicates of random addition sequence. Bootstrapping with
1,000 pseudo-replicates was performed to evaluate node
robustness of phylogenetic trees. Gaps were treated as
missing data or removed from the analyses.

A Bayesian inference (BI) was undertaken employing
MrBayes v.3.1 (Ronquist and Huelsenbeck 2003). The
posterior probabilities of the phylogenetic trees were esti-
mated by a Metropolis-Coupled, Markov Chain Monte
Carlo sampling algorithm (MCMCMC). The Markov
Chain Monte Carlo (MCMC) procedure ensures that trees
are sampled in proportion to their probability of occurrence
under the given model of gene-sequence evolution, while
the MCMCMC approach ensures that the Markov chain did
not become trapped in local optimum. The conditions for
the Bayesian analysis were previously set up and in order
that the likelihood scores of the trees reach stationarity with
the generation’s time, which was checked by Tracer v.1.5
(Rambaut and Drummond 2007), a total of 1.6 x 10°
generations were sampled every 100 generations with a
“burn-in” of the first 5 % of the trees.

For each dataset, the selection of the appropriate model
was carried out with MrModeltest v.2.2 (Nylander 2004)
and implemented according to the author’s recommenda-
tions. A combined matrix of both mitochondrial genes was
set up and the previously selected models were used to
analyse the data (Nylander et al. 2004). Different partitions
were allowed to evolve at different rates, with unlinked
topology and parameters of the nucleotide models across
partitions. For each model, four runs were carried out using
different random starting seed to assess congruence of the
likelihood values (Huelsenbeck et al. 2002). The model
likelihood values for each analysis were compared, and
then the best one was used to determine the topology
branch length and clade robustness through the Bayesian
posterior probability.

Several datasets were analysed with the described set of
techniques. Each partition dataset was analysed indepen-
dently and the mtDNA genes were concatenated as well as
the nuclear and mitochondrial fragments. Analyses were
carried out for separate and combined datasets after testing
for incongruence. The incongruence length difference test
(ILD) (Farris et al. 1995) was implemented in PAUP* with
all invariant characters removed. Concatenation and data
preparation according to each software requirements were
carried out using Concatenator v.1.1.0 (Pina-Martins and
Paulo 2008). The Philippine Cuckoo Dove Macropygia
tenuirostris Bonaparte, 1854 and the Mackinlay’s Cuckoo
Dove Macropygia mackinlayi Ramsay, 1878 were used as
outgroups for tree rooting.

Topology tests were performed comparing the recovered
optimal phylogenies (see Figs. 2, 3) with alternative con-
straint tree topologies according to different biological
hypothesis. The Shimodaira—Hasegawa test (SH test)
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(Shimodaira and Hasegawa 1999) was implemented in
PAUP*. Two datasets (dataset 1: Cyt b + COI; dataset 2:
Fib7) were studied with three different constraints. Firstly,
it was tested whether C. bollii and C. junoniae could be
considered sister taxa. In the second approach, it was
intended to test whether C. trocaz and C. palumbus could
form a sister taxa. Finally, the third hypothesis demands
that all four Macaronesian species form a monophyletic
clade with C. junioniae as the basal species. One thousand
replicates were carried out in each SH test.

Results
Sequence variation

A total of 53 Cyt b, COI and Fib7 haplotypes were gen-
erated in the present work and submitted to GenBank.
Details regarding sample size and origin of the studied taxa
can be checked in Fig. 1 and ESM Table 1.

Concerning Cyt b, 10 unique haplotypes were identified
for C. palumbus, 4 for C. trocaz, 2 for C. junoniae and 2 for
C. bollii. The COI sequence data revealed 12 unique hap-
lotypes for C. palumbus, 5 for C. trocaz, 1 for C. junoniae
and 1 for C. bollii. Regarding the nuclear data, 18 unique
haplotypes were found for C. palumbus, 2 for C. trocaz, 2
for C. junoniae and 1 for C. bollii.

No gaps or premature stop codons were identified in the
mtDNA sequences, and therefore all represented uninter-
rupted open reading frames, suggesting that they were
functional. Some indels occurred in Fib7; the biggest one
was a deletion of 165 bp, detected in the sequences of Old
World pigeons. Six indels, in which the insertions were only
present in a small number of sequences, were removed from
the analyses, and none were heterozygotic for length vari-
ation. A 10-bp deletion was detected in C. junoniae and it
was kept for the analysis. Almost all C. palumbus sequences
showed potential heterozygous sites, from one to a maxi-
mum of seven; the majority C/T transitions were followed
by few G/A. For C. trocaz, all sequences were identical and
only one potential heterozygous site was detected.

Five datasets were analysed: three representing each
gene individually, one with both mtDNA genes concate-
nated, and another concatenation concerning all fragments.
For the single datasets, only the unique haplotypes were
used. The mtDNA genes dataset includes 12 sequences
from the present work and 19 from GenBank, and the Fib7
dataset comprises 26 and 22, respectively (Table 1; ESM
Table 1).

Variability and phylogenetic model details for each gene
combination analysed can be seen in Table 1.

The »* test of homogeneity of base frequencies across
taxa showed no significant difference for any of the

datasets analysed (mtDNA: y> = 40.248,df = 90,p = 0.99;
Fib7 y* = 9.599, df = 141, p = 1.00; mtDNA and nuclear:
y* = 41.656, df = 96, p = 0.99).

The ILD test for the concatenation of the two mtDNA
genes showed that the generated fragments were not
incongruent (p = 0.88) as well as the concatenation of all
fragments (p = 0.70).

For the concatenated mtDNA dataset, 162 equal parsi-
moniously trees were found with length of 1,039. For the
nuclear dataset, were found 6 equal parsimonious trees
with length of 159. Regarding the concatenation of all
fragments, 630 equally parsimonious trees were found,
with a length of 1,174.

Phylogenetic relationships

Figure 2 shows the phylogram obtained by ML with the
selected evolutionary model for the concatenated mtDNA
dataset (Table 1). The BI method produced a similar topol-
ogy but with different branch support (Fig. 2). Only UP
produced a different topology, with the species C. guinea
being basal to the C. palumbus, C. trocaz and C. bollii clade,
and the species C. junoniae, C. arquatrix, C. rupestris, C.
livia and C. oenas within the same group as a sister clade.

When the same analyses were carried out separately for
each mtDNA gene, similar topologies to the ones with
combined dataset were produced (data not shown). How-
ever, some minor differences were observed in the phylo-
gram inferred for the COI fragment. While in the phylogeny
recovered from the mtDNA dataset Streptopelia spp. form a
basal group to C. trocaz, C. bollii, C. palumbus, C. rupestris,
C. livia, C. oenas, C. livia, C. junoniae and C. arquatrix, in
the COI phylogram, C. arquatrix assumes a basal position
in relation to all the mentioned species. In addition to this,
C. trocaz and C. bollii do not form a clade.

Figure 3 shows the ML tree inferred for the Fib7 dataset
with the more adequate evolutionary model (Table 1).
Trees inferred with different methods produced similar
topologies. Topologies of the main clades were similar to
the one generated by the mtDNA dataset (Fig. 2). The main
difference is the position of C. junoniae, which is basal in
the nuclear gene (Fig. 3) but forms a sister basal clade with
C. arquatrix in the two other analyses (Figs. 2, 4). Data
from Fib7 produced higher support values for the mono-
phyletic relation between C. bollii and C. trocaz than both
mtDNA genes (see Figs. 2, 3).

Regarding the results of the concatenated dataset (Cyt
b + COI + Fib7), the results are similar regardless of the
methodology. Figure 4 shows the ML tree resulting from
the concatenation of both mtDNA genes and the nuclear
fragment, which presents a similar topology to the mtDNA
tree (Fig. 2), but with an overall increase of the branch
support.
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<« Fig. 2 Maximum likelihood phylogenetic tree based on mtDNA
concatenated data. The geographic region from where each sample
was obtained is presented. Names in the terminal nodes refer to the
sample code, as in Table 1 of the ESM. Numbers above branches are
the bootstrap support values (>50 %) obtained from 1,000 pseudo-
replicates from maximum parsimony and maximum likelihood; the
last value corresponds to the Bayesian posterior probability (>0.5)
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Although with minor variations, all phylogenetic results
seem to be congruent, leading to two well-defined and
supported clades. Patagioenas species form a basal clade
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Table 1 Variability and nucleotide substitution model details of each
dataset: number of taxa, fragment size, number of variable and par-
simony informative sites, selected nucleotide substitution model,
shape parameter of the gamma distribution (I), proportion of
invariable sites (/), individual substitution rates and number and
length of maximum parsimony trees

Dataset Cyt b 4+ COI  Fib7 All genes
Taxa 31 48 33
Parameter
Size (bp) 1,756 897 2,653
Variable sites 473 128 583
Informative sites 320 73 385
Model TVM+14+G GTR+G TVM+1+G
r 2.0556 0.3764 0.5698
1 0.6244 0.5397
A-C 4.1219 0.8410 1.2612
G-A 63.0602 3.3252 14.2452
A-T 4.4792 0.5584 1.0476
C-G 0.7110 1.5304 0.5261
C-T 63.0602 4.5933 14.2452
No. UP trees 162 (1,039) 6 (159) 630 (1,174)
(length)

composed of C. livia, C. rupestris, C. oenas and C. gui-
nea. Clade B* is a well-supported group that includes
C. bollii and C. trocaz. Lastly, Clade A* comprises the
subspecies C. palumbus palumbus and C. palumbus azo-
rica, always forming a well-supported clade. In all anal-
yses performed, it was impossible to distinguish C. p.
azorica from C. p. palumbus. Thus, besides the nature of
the genetic markers used (mitocondrial and nuclear DNA),
these two subspecies are genetically undifferentiated.
Moreover, no differentiation was found among the Azores
Islands.

Several topology tests were performed. In the first
hypothesis, in which it was assumed that C. bollii and C.
junoniae are sister taxa, the unconstrained tree is signifi-
cantly better than the constrained tree, not only in the
mtDNA dataset (p = 0.007) but also in the nuclear dataset
(p = 0.000). When C. trocaz and C. palumbus are con-
sidered sister taxa (second hypothesis), different results are
obtained depending on the dataset used. Regarding the
mtDNA dataset, no significant differences were found
between the unconstrained and the constrained tree
(p = 0.409). However, when the nuclear dataset was tes-
ted, a significant difference (p = 0.026) was found. The
third hypothesis implies that all Macaronesian species are a
monophyletic group. For both datasets tested, non-signifi-
cant values were obtained between the unconstrained and
the constrained trees (mtDNA: p = 0.133; nuclear:
p = 0.106).

@ Springer

Discussion

Consistently, species from Canary Islands (C. junoniae and
C. bollii) and Africa (C. arquatrix and C. guinea) are
dispersed in different clades (see Figs. 2, 3, 4), and thus
Macaronesian species do not form a monophyletic clade,
supporting Gonzalez et al. 2009. Nevertheless, a SH test
provided a slightly different result. For instance, in the
hypothesis considering that all Columba from Macarone-
sian region are monophyletic, no significant differences
were detected in relation to the optimal tree. This means
that it is possible that the phylogenies achieved through
different approaches may not be fully correct, implying
that C. junoniae could form a monophyletic group with the
other insular species, instead of forming a clade with an
African species. Thus, although a non-monophyletic rela-
tionship of the studied species was revealed by the phy-
logeny recovered from multiple methodologies, the
alternative monophyletic pattern cannot be entirely
excluded.

A splitting event may have originated two sister clades,
one including C. palumbus from the mainland Europe and
the Azores (Clade A*), and another one comprised of
C. trocaz and C. bollii, endemics to Madeira and Canary
Islands, respectively (Clade B*) (see Fig. 4). A SH test was
performed to determine if C. trocaz and C. palumbus as
sister taxa could be an alternative explanation. Since results
from mitochondrial and nuclear DNA are contradictory, we
cannot rule out the alternative phylogeny; nonetheless,
it implies a less parsimonious biogeographic process, a
higher number of independent colonisations being neces-
sary—an initial colonisation to the Canary Islands that
gave origin to C. bollii, and a second one to Madeira, that
gave origin to C. trocaz. However, considering the geo-
graphic location of the Canaries, Madeira, Azores Islands
and mainland Europe, and also some already known dis-
persal patterns in other species (e.g. Bohle et al. 1996; Kim
et al. 2008), C. trocaz is probably more phylogenetically
related to C. bollii than to C. palumbus, assuming that both
archipelagos of Madeira and Canaries were colonized by
an ancestor of these insular species, which then diverged
due to geographic isolation.

No differentiation was observed between the insular
endemic subspecies C. p. azorica and the continental C. p.
palumbus, despite the large geographic distance separating
the Azores Islands and mainland Europe (about 1,500 km).
This suggests a relatively recent colonisation of the Azores
by the continental C. palumbus. The lack of molecular
support for the taxonomic separation, based on morphology
and geographical range (Cramp et al. 1985), seems to be
related to the nature of the markers used in the present
study.
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Fig. 4 Maximum likelihood phylogenetic tree based on all fragments
concatenated. The geographic region from where each sample was
obtained is presented. Names in the terminal nodes refer to the sample
code, as in Table 1 of the ESM. Numbers above branches are the

Additionally, we found that C. p. palumbus individuals
from different European locations sustain our previous
findings based only on cytochrome b sequences (Grosso

M. mackinlayi

bootstrap support values (>50 %) obtained from 1,000 pseudo-
replicates from maximum parsimony and maximum likelihood; the
last value corresponds to the Bayesian posterior probability (>0.5)

et al. 2006), which did not support the existence of a
geographically-based divergence among C. p. palumbus
populations. This may be related to the migratory
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behaviour of this widespread species, with the northern
populations being migratory, while the southern ones are
essentially sedentary (Elias et al. 1999).

Gonzalez et al. (2009) found that the two species from
the Canary Islands are not closely related. They observed
that C. bollii clusters with C. palumbus, while C. junoniae
was placed at the base of the clade that included other
Columba species; however, they have not included C. tro-
caz in their analyses. We observed that C. junoniae seems
to have evolved from an African stock while C. bollii
appears to have evolved from a European stock, with
C. trocaz as its closest relative and with C. palumbus as a
sister clade. Conversely, we performed a topology test in
which it was considered that C. bollii and C. junoniae are
sister taxa, and significant differences between the uncon-
strained and the constrained trees were obtained between
the two datasets. This means that the optimal trees are more
accurate in explaining the phylogenetic relationships
between these two insular endemic species, and they are
probably not sister taxa.

Although these frugivorous pigeons from the Canaries
currently inhabit the relict laurel forests in sympatry, they
might have distinct genetic origins. In this case, these
results could be explained by an independent colonisation
event from mainland Africa or Europe to the Canary
Islands, originating C. junoniae, and a second colonisation
of the Canary Islands from a common ancestor with
C. palumbus followed by dispersal to Madeira Islands (or
vice versa), which could explain the clustering of C. bollii
and C. trocaz and the species C. palumbus as the sister clade.
These hypotheses are partially supported by the previous
divergence time estimates that point to an old colonisation
event to the Canary Islands around 20 Mya, originating
C. junoniae, and a more recent episode around 5 Mya that
originated the C. bollii pigeons (Gonzalez et al. 2009).

Similar colonisation events have been observed in a
diversity of Macaronesian organisms, such as plants (e.g.
Bohle et al. 1996; Francisco-Ortega et al. 1996; Vargas
et al. 1999; Carine et al. 2004; Kim et al. 2008), reptiles
(e.g. Carranza et al. 2000, 2001) and arthropods (e.g.
Brunton and Hurst 1998; Ribera et al. 2003; Jordall and
Hewitt 2004; Dimitrov et al. 2008; Villacorta et al. 2008).

Further investigation using more nuclear markers and a
more robust sampling will help us to elucidate the origin
and direction of the colonisations among the Azores,
Madeira and Canary Islands, and this is currently
underway.
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