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Abstract We present new insights into the phylogeog-

raphy of the Robin, Erithacus rubecula, from the seven

Azores Islands where it breeds, based on sequences of

mitochondrial and nuclear genes from 35 individuals (five

from each of the seven islands) as well as outgroup/com-

parison samples from Madeira, Canary Islands and Conti-

nental Western Palearctic (Europe and North Africa). To

understand the level of concordance between the genetic

data and morphometric variability, eight morphometric

characters were analysed for 113 birds for the seven Azores

Islands populations. Our results revealed that Robins from

the Azores possess low genetic diversity and share their

most common haplotype with Madeira and the Continental

Western Palearctic Robins, which support the hypothesis of

one recent founder event and a fast range expansion to

most of the Azores Islands. Nevertheless, despite this lack

of neutral genetic differentiation, morphological differ-

ences were found among islands, which could be attributed

to natural selection processes. The morphological data

show that birds from São Miguel had the longest wings and

largest body mass, and that birds from Graciosa had the

smallest bill length. This recent colonisation could be the

reason for the absence of Robins in the westernmost islands

of the Azores.

Keywords Robin � Erithacus rubecula � Azores � Islands �
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Zusammenfassung

Phylogeographie und genetische Diversität des Rot-

kehlchens (Erithacus rubecula) auf den Azoren: Hin-

weise auf eine kürzlich erfolgte Besiedlung

Wir stellen neue Erkenntnisse zur Phylogeographie des

Rotkehlchens (Erithacus rubecula) auf den sieben Azorenin-

seln, auf denen es brütet, vor, die auf den Sequenzen

mitochondrialer und nukleärer Gene von 35 Individuen

(fünf von jeder Insel) sowie Außengruppen-/Vergleich-

sproben aus Madeira, den Kanaren und der kontinentalen

westlichen Paläarktis (Europa und Nordafrika) basieren.

Um das Ausmaß der Übereinstimmung zwischen den ge-

netischen Daten und der morphometrischen Variabilität zu

verstehen, haben wir acht morphometrische Merkmale für

113 Vögel aus den sieben Azoreninselpopulationen analy-

siert. Unsere Ergebnisse zeigten, dass Rotkehlchen von

den Azoren eine niedrige genetische Diversität aufweisen

und den häufigsten Haplotyp mit den Rotkehlchen aus
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Madeira und der kontinentalen westlichen Paläarktis teilen,

was die Hypothese eines kürzlich erfolgten Besied-

lungsereignisses und einer schnellen Ausweitung des

Verbreitungsgebiets auf die meisten Azoreninseln stützt.

Trotz dieses Mangels an neutraler genetischer Differen-

zierung wurden morphometrische Unterschiede zwischen

den Inseln gefunden, die auf natürliche Selektionsprozesse

zurückgeführt werden konnten. Die morphologischen Da-

ten zeigen, dass Vögel aus São Miguel die längsten Flügel

sowie die größte Körpermasse und Vögel aus Graciosa die

kürzesten Schnäbel aufwiesen. Diese erst kürzlich erfolgte

Besiedlung könnte der Grund dafür sein, dass Rotkehlchen

auf den westlichsten Azoreninseln fehlen.

Introduction

Understanding the evolutionary processes in oceanic island

populations has been a central theme in avian evolution. In

the last two decades, several studies about the phyloge-

ography and/or population genetics of avian species

inhabiting the Macaronesian Islands (the Azores, Madeira,

and the Canary Islands) were published, e.g., Stonechats,

Saxicola torquata (Wittmann et al. 1995; Wink et al. 2002)

Berthelot’s pipits, Anthus berthelotti (Arctander et al.

1996), Chiffchaffs, Phylloscopus collybita (Helbig et al.

1996), Chaffinches, Fringilla coelebs (Marshall and Baker

1999; Suárez et al. 2009), Goldcrests, Regulus regulus

(Päckert and Martens 2004; Päckert et al. 2006), Island

Canary, Serinus canaria (Dietzen et al. 2006), and Blue

tits, Cyanistes sp. (Illera et al. 2011). The Robin, Erithacus

rubecula, is one of the west Palearctic species which breeds

from the western Siberia to the Atlantic coast and in the

biogeographic region of Macaronesia (del Hoyo et al.

2006). Three subspecies of Robins are recognized in this

group of Atlantic islands: E. r. superbus in Tenerife, E. r.

marionae in Gran Canaria and the European nominate E. r.

rubecula in the western Canary Islands, Madeira, and the

Azores (Bergmann and Schottler 2001; del Hoyo et al.

2006; Rodrigues et al. 2010).

The phylogeography and the status of the Canary Islands

Robin subspecies were assessed by Dietzen et al. (2003),

who used sequences of the mitochondrial DNA (mtDNA)

Cytochrome-b (CYTB) gene and morphometrics, but the

current taxonomy of the Robin on Madeira and on the

Azores is based only on morphological variation, in par-

ticular the plumage coloration differences, which often are

subjective and poorly defined (Hartert and Olgivie-Grant

1905; Bannerman and Bannerman 1966; Cramp 1988;

Clements 2000). For example, the Robins from Azores,

Madeira and the western Canary Islands (La Gomera, El

Hierro and La Palma) have been formerly regarded as a

different subspecies E. r. microrhynchos (Hounsome 1993;

Martin and Lorenzo 2001), but are presently included in

rubecula (Clements 2000; Clarke et al. 2006). Bannerman

and Bannerman (1966) suggested that the Azorean Robin

could belong to a different race than the continental spe-

cies, due to the more vivid red breast of the former. The

Azorean Robin is a common resident bird that breeds in

forested areas from sea level to about 800 m elevation on

all Azorean islands except the two westernmost ones,

Flores and Corvo, where it does not breed (Clarke et al.

2006; Equipa Atlas 2008).

Molecular genetics provides robust data that are not

impaired by convergent evolution to the same degree as

morphological data. Additionally, it provides a temporal

estimation for each evolutionary step and, consequently,

allows both phylogenetic and geographical analysis of

island biota (Wink et al. 2002). For the first time, we

analysed the phylogeography and genetic structure of the

Azorean Robin populations based on sequences of two

mtDNA and one nuclear gene. To understand the level of

concordance between molecular data and morphometric

variability, eight morphometric characters were measured

and analysed for 113 Robins from the same Azorean

populations.

Materials and methods

Study area

The Azores archipelago is located between latitudes 36�550

and 39�430 North, and longitudes 24�460 and 31�160 West,

about 1,500 km from Europe and 1,900 km from North

America (Fig. 1). The Azores consists of nine islands of

recent volcanic origin (island ages range between 0.3 and 8

million years), which spread over more than 600 km along

a northwest-southeast axis (França et al. 2003). They

geographically cluster into three groups: (1) the western

group (Flores and Corvo); (2) the central group (Faial,

Pico, São Jorge, Terceira and Graciosa); (3) and the eastern

group (São Miguel and Santa Maria). The distribution of

the Robin is restricted to the eastern and central groups.

Field sampling

Live birds were captured with mist nets on the seven

islands of the Azores where this species breeds, during four

consecutive years (2008–2011). Individuals were ringed

and measured, and blood samples were taken from the

brachial vein. The birds were released and the blood

samples preserved in 96 % ethanol for further processing.
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Genetic data

Genomic DNA was extracted from blood samples of 35

Azorean Robins (five from each of the seven islands) as

well as from samples from Madeira and the Continental

Western Palearctic (Europe and North Africa) (see Online

Resource 1 for sample details) using the DNeasy Blood and

Tissue Kit (Qiagen, Netherlands) and following the man-

ufacturer instructions. For each sample, two mtDNA genes,

the NADH dehydrogenase subunit 2 (ND2) and the Cyto-

chrome b (CYTB), and the intron 9 of the Aconitase 1 gene

(ACO1) located on the Z-chromosome, were amplified by

polymerase chain reaction (PCR). Primers and PCR con-

ditions are described in Online Resource 2.

All sequencing reactions were run on a 3730xl Genetic

Analyzer (Applied Biosystems, USA) by Macrogen Europe

(Amsterdam, Netherlands) and results were edited and

assembled in Geneious 5.5 (Biomatters, New Zealand). For

the nuclear loci, we used DnaSP 5.10.01 (Librado and

Rozas 2009) to resolve the haplotypes from the unphased

genotype data when a sequence contained multiple het-

erozygous sites. All sequences were deposited in GenBank

(Accession numbers–ND2: JX170796 to JX170866;

CYTB: JX206831 to 206880; ACO1: JX206881 to

JX206967).

Genetic diversity and phylogenetic analyses

Genetic diversity was quantified for the Azores and sepa-

rately for each island by estimating the number of haplo-

types (H), haplotype diversity (Hd), substitution sites (S),

nucleotide diversity (pn), and theta mutation parameter (h)

corresponding to 4 Nl, where N is the effective population

size and l is the neutral mutation rate per generation

(Nei 1987). Non-parametric Mann–Whitney tests were

used to compare levels of diversity from the Azores with

the outgroups. Using DnaSP 5.10.01 (Librado and Rozas

2009), we tested whether island populations experienced

selection evaluating departures from neutrality using Fu’s

(Fs) (Fu 1997), Fu and Li’s D* (Fu and Li 1993), Tajima’s

(D) (Tajima 1989, 1996) and R2 (Ramos-Onsins and Rozas

2002) neutrality tests. We tested for recent demographic

expansion using pairwise mismatch distributions and the

expected values in a stable population, i.e., population with

constant population size and in growing or declining pop-

ulations. The raggedness statistic, r (Harpending 1994),

was also estimated to test the smoothness of the observed

pairwise differences distribution. The expansion coeffi-

cient (ratio of variable sequence positions relative to the

mean number of pairwise nucleotide differences) was also

calculated based on Peck and Congdon (2004). Recent

Fig. 1 Map and maximum isotopic age of the Azores islands. The Robin Erithacus rubecula is present on Santa Maria, São Miguel, Terceira,

Graciosa, São Jorge, Pico and Faial islands
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population expansion is indicated by large values and

constant long-term population size is indicated by small

values (von Haeseler et al. 1996). We also used a group of

samples of CYTB from the Canary Islands available in

GenBank (see Online Resource 1).

Genetic differentiation was tested using analysis of

molecular variance (AMOVA) and pairwise Fst values

were compared among populations (Azores was divided in

two groups of samples: (1), the Central group and (2), the

Oriental group), performed in Arlequin 2.0 (Schneider

et al. 2000). We used AMOVA to test for differentiation

among the Azores populations and between the Azores and

the more distant populations from Madeira, Canary Islands

(only for CYTB) and Continental Western Palearctic.

Table 1 Samples sizes (N) and gene diversity estimates for the study

Island/region N H Ph Hd ± SD pn ± SD S Tt:Tv K

CYTB (619 sites, 10 variable sites, 3 parsimony informative sites)

Azores 35 2 1 0.1 ± 0.05 0.00009 ± 0.0001 1 1:0 0.1

Faial 5 1 0 0.0 0 0 0 0.0

Pico 5 1 0 0.0 0 0 0 0.0

São Jorge 5 2 1 0.4 ± 0.24 0.00065 ± 0.0004 1 1:0 0.4

Graciosa 5 1 0 0.0 0 0 0 0.0

Terceira 5 1 0 0.0 0 0 0 0.0

São Miguel 5 1 0 0.0 0 0 0 0.0

Santa Maria 5 1 0 0.0 0 0 0 0.0

Madeira 5 3 2 0.8 ± 0.16 0.00258 ± 0.0006 3 3:0 1.6

Canary Islands 53 9 7 0.8 ± 0.02 0.02526 ± 0.0012 40 38:2 15.5

Continental Western Palearctic 15 8 6 0.9 ± 0.07 0.00215 ± 0.0004 7 7:0 1.3

Mann–Whitney (U) 0.00* 0.00* 0.00* 0.00* 0.00*

ND2 (1,041 sites, 10 variable sites, 1 parsimony informative sites)

Azores 35 1 0 0.0 0 0 0 0.0

Faial 5 1 0 0.0 0 0 0 0.0

Pico 5 1 0 0.0 0 0 0 0.0

São Jorge 5 1 0 0.0 0 0 0 0.0

Graciosa 5 1 0 0.0 0 0 0 0.0

Terceira 5 1 0 0.0 0 0 0 0.0

São Miguel 5 1 0 0.0 0 0 0 0.0

Santa Maria 5 1 0 0.0 0 0 0 0.0

Madeira 5 2 1 0.6 ± 0.18 0.00058 ± 0.0002 1 1:0 0.6

Continental Western Palearctic 31 20 19 0.9 ± 0.06 0.00190 ± 0.0003 26 26:0 2.0

Mann–Whitney (U) 0.00* 0.00* 0.00* 0.00* 0.00*

ACO1 (892 sites, 16 variable sites, 9 parsimony informative sites)

Azores 35 5 2 0.7 ± 0.04 0.00399 ± 0.0005 9 6:3 3.5

Faial 5 3 0 0.7 ± 0.16 0.00331 ± 0.0017 8 6:2 2.9

Pico 5 4 0 0.8 ± 0.13 0.00473 ± 0.0014 9 6:3 4.2

São Jorge 5 2 0 0.3 ± 0.22 0.00301 ± 0.0019 8 6:2 2.7

Graciosa 5 2 0 0.4 ± 0.24 0.00316 ± 0.0019 7 5:2 2.8

Terceira 5 3 0 0.7 ± 0.13 0.00516 ± 0.0010 8 6:2 4.6

São Miguel 5 4 0 0.8 ± 0.14 0.00424 ± 0.0014 9 6:3 3.8

Santa Maria 5 5 0 0.8 ± 0.13 0.00548 ± 0.0010 9 6:3 4.9

Madeira 5 2 0 0.5 ± 0.12 0.00484 ± 0.0011 8 6:2 4.3

Continental Western Palearctic 30 12 10 0.8 ± 0.05 0.00609 ± 0.0004 20 8:12 5.3

Mann–Whitney (U) 6.00 6.50 2.00 4.50 2.00

Number of haplotypes (H) and of private haplotypes (Ph), haplotype diversity with standard deviation (Hd ± SD), nucleotide diversity with

standard deviation (pn ± SD), number of substitutions (S) with ratio transitions versus transversions (Tt:Tv) and mean pairwise nucleotide

differences (K)

Mann–Whitney (U) values are shown and significance levels are denoted in bold (P \ 0.05*)
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Genetic structure was visualized with a statistical par-

simony haplotype network that was constructed using TCS

1.21 (Clement et al. 2000). The ND2 and ACO1 networks

were based on samples from the Azores, Madeira and

Continental Western Palearctic. The CYTB network was

also based on samples form the Azores, Madeira and

Continental Western Palearctic (Portugal and Morocco),

and an additional outgroup of samples from the Canary

Islands, Portugal and Germany available in Genbank (see

Online Resource 1 for sample details). Indels were coded

as a single 5th character state regardless of its length.

Morphometrics

We analysed morphological variation in eight morpho-

metric variables among 113 nonmoulting birds. These

characters were measured following Svensson (1992):

wing length (measured as the maximum length of the

flattened and straightened wing), tail length (from the base

of the two central tail feathers to the tip of the longest tail

feathers), tarsus length (measured from the notch of the

intertarsal joint to the lower edge of the last scale), bill

length (from tip to skull), head and bill length (from the tip

to the back of the skull), bill height (from the base of lower

mandible to the top of the upper mandible, at the proximal

top edge of the nostril), bill width (measured perpendicular

to the bill, along the top edge of the nostril) and body mass.

Wing and tail were measured using a ruler (precision

1 mm), bill and tarsus measurements were made with a

calliper (precision 0.1 mm) and body mass was obtained

using a digital scale (precision 0.1 g). All measurements

were taken by the same person (P. Rodrigues).

Due to our reduced number of confirmed females (with

visible incubation patch), it was not possible to distinguish

between sexes, and thus we consider our samples as a

single group (following Pérez-Tris et al. 2000). We used a

MANOVA (Zar 1999), followed by a Tukey post hoc test,

to perform a multivariate analysis of the morphometric

variables among islands. To analyse morphological dif-

ferentiation among island populations, we used Canonical

Discriminant Analysis (CDA) as an exploratory multivar-

iate method (Thompson 1991). The percentages of scores

classified correctly into their respective island were used to

indicate the effectiveness of the CDA. All analyses were

performed with STATISTICA 8.0 (StatSoft Inc. 2007).

Results

Genetic diversity

In general, the diversity parameters, such as number of

haplotypes (H), haplotype diversity (Hd), nucleotide

diversity (pn), substitution sites (S), and nucleotide differ-

ences (K) were always smaller in the Azores populations

than in Madeira, Canary Islands and Continental Western

Palearctic for the mitochondrial genes (Mann–Whitney

U = 0.00, P = 0.05), but were similar for the Z-specific

intron (Mann–Whitney U = 2.00–6.50, P = 0.14–0.88).

All diversity parameters were similar among the Azores

islands. The genetic diversity of the birds from Madeira

was intermediate between those of the Azores and conti-

nental Palearctic while the Canary populations presented

the highest levels of genetic diversity (Table 1).

There was significant evidence for deviation from the

neutrality in the CYTB gene for the Canary Islands sam-

ples, which could reveal population structure, selective

pressures or random drift. The Continental Western Pale-

arctic samples had significant negative values of Tajima’s

D and Fu’s Fs in the ND2 gene, revealing a recent

expansion. For the nuclear loci, the Azores samples had

significant positive values of Tajima’s D and Fu’s Fs, and

Table 2 Expansion indices for the studied populations: expansion coefficient (S/k), Tajima’s D, Fu’s Fs, Fu and Li’s D*, Raggedness r, and

Ramons-Onsins and Rozas R2 values

Gene Region S/k D Fs D* R R2

CYTB Azores 10.00 -1.14 -1.34 -1.73 0.79 0.17

Madeira 1.88 0.70 0.28 0.70 0.12 0.24

Canary Islands 2.65 2.47* 14.41** 1.31 0.09 0.19

Continental Western Palearctic 4.29 -1.49 -4.64 -1.51 0.19 0.09

ND2 Azores – – – – – –

Madeira 1.67 1.23 0.63 1.23 0.40 0.30

Continental Western Palearctic 13.00 22.47** 220.46*** 23.61* 0.05 0.04

ACO1 Azores 2.57 2.07* 6.29* 1.36 0.13 0.20

Madeira 1.86 1.88 6.06* 1.47* 0.79 0.27

Continental Western Palearctic 3.77 0.24 -0.43 -0.30 0.06 0.13

Significance levels are denoted in bold (* P \ 0.05, ** P \ 0.01, *** P \ 0.001)
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the Madeira samples also had positive values of Fu’s Fs

and Fu and Li’s D*, which could indicate balancing

selection and/or a population size decrease in both regions

(Table 2). The pairwise mismatch distribution for the

CYTB gene had a multimodal shape for all regions, indi-

cating two classes of comparison, within and between

regions, while the Azores had a clear unimodal shape, also

observed in ND2 for all the studied regions, typical for

recent population expansions. In the case of ACO1 the

pairwise mismatch distributions had bimodal shapes, cor-

responding to the presence of two haplogroups. This could

indicate some structure resulting from a long-term stable

population size or a bottleneck, most likely before the

arrival of Robins to the Azores (Fig. 2).

Haplotype diversity within the Azores was very low for

all loci. The Azores populations had two different haplo-

types; CYTB_01 which was shared with Madeira, the

Canary Islands and Continental Western Palearctic, and

CYTB_02 which was present in only one individual on São

Jorge. For the ND2 gene, we obtained one unique haplotype

(ND2_01) that was shared with Madeira and Continental

Western Palearctic. For the ACO1 gene, we obtained five

Fig. 2 Pairwise mismatch distributions of DNA genes sequence data

of Erithacus rubecula. Solid lines observed; dashed lines expected in

a constant population size; dotted lines expected in a expansion

population size. In the box, model for expected values in a population

growth/decline: h0—Theta initial; h1—Theta final; T—Tau

894 J Ornithol (2013) 154:889–900
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different haplotypes (ACO1_01, 02, 05, 06 and 07).

ACO1_01 was shared with all the other regions, ACO1_05

was shared with Madeira and Continental Western Pale-

arctic, and ACO1_06 was shared with Continental Western

Palearctic (see Online Resource 1 and 3).

The AMOVA showed that variation among individuals

within populations explained a significant proportion of the

observed variance (Table 3). The same was true for CYTB

and ACO1 when only the Azorean Islands were used in the

AMOVA, and there was no variation in ND2 sequences.

The Fst values (Table 4) between Robin populations from

oriental group and central group of the Azores and between

all the Azores islands and Madeira were not significant for

all the genes. The Azores was significantly different from

the Continental Western Palearctic and from the Canary

Islands; the Azores oriental group was not significantly

different from the western Canary Islands (La Palma, El

Hierro and La Gomera). Madeira was only different from

Gran Canaria and Tenerife, and Continental Western

Palearctic was significantly different from the Canary

Islands. The three groups within the Canary Islands were

also significantly different from each other (Table 4).

Haplotype networks

The CYTB network showed three different populations of

Robins in the Canary Islands: populations from Gran

Canaria and Tenerife are very distant from the rest of the

other populations (more than 20 mutational steps), and

that Azores, Madeira, part of the Canary Islands and

Continental Western Palearctic samples are closely related

to each other (Fig. 3). Both the ND2 and the CYTB genes

showed a similar ‘‘star’’ shape typical of recent expan-

sions, except for Gran Canaria and Tenerife in CYTB

network. Although the structure of the ACO1 network

was more complex, Azorean localities shared common

haplotypes with Madeira and continental Palearctic

populations.

Table 3 Analysis of molecular variance results indicating the percentage of variance among groups and populations. Significant levels are

shown in bold

Gene Source of variation df Sum of

squares

Variance

components

Percentage of

variance

P value F statistics

CYTB Groups: Azores, Madeira, Canary Islands, Continental Western Palearctic

Among groups 4 8.128 0.1343 35 0.008 FCT: 0.3497

Among populations within groups 5 0.160 -0.0544 -14 1.000 FSC: -0.2180

Within populations 98 29.805 0.3041 79 <0.001 FST: 0.2080

Total 107 38.093 0.3841

Only Azores populations

Among populations 6 0.171 0.000 0 1.000 FST: \ 0.001

Within populations 28 0.800 0.0286 100

Total 34 0.971 0.0286

ND2 Groups: Azores, outgroup (Madeira, Continental Western Palearctic)

Among groups 1 3.492 0.1188 38 0.003 FCT: 0.385

Among populations within groups 6 0.000 -0.0474 -15 0.470 FSC: -0.250

Within populations 63 14.917 0.2368 77 <0.001 FST: 0.232

Total 70 18.408 0.3082

Only Azores populations

Among populations 6 0.000 0.000 0 1.000 FST: 0.000

Within populations 28 0.000 0.000 0

Total 34 0.000 0.000

ACO1 Groups: Azores, outgroup (Madeira, Continental Western Palearctic)

Among groups 1 1.780 0.0250 6 0.232 FCT: 0.061

Among populations within groups 6 2.905 0.0173 4 0.146 FSC: 0.045

Within populations 74 27.461 0.3711 90 0.005 FST: 0.102

Total 81 32.146 0.4134

Only Azores populations

Among populations 6 2.905 0.0216 6 0.147 FST: 0.059

Within populations 39 13.377 0.3430 94

Total 45 16.283 0.3646
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Morphometrics

The MANOVA showed significant differences in mor-

phometrics among islands (Wilks’ Lambda: 0.41 F48,

491 = 2.05 P \ 0.001; Table 5). This was the result of

small differences that occurred only on São Miguel and

Graciosa in three of the morphometrics: wing length from

São Miguel birds were significantly larger from wing

length of Graciosa (P \ 0.01) and Faial birds (P \ 0.05);

birds from São Miguel were also significantly heavier from

those of Santa Maria (P \ 0.05) and Pico (P \ 0.01); birds

from Graciosa showed a significant smaller bill length from

those of Santa Maria (P \ 0.01), São Jorge (P \ 0.05) and

Pico (P \ 0.05).

The CDA (Fig. 4) identified two components (root 1 and

2), which together accounted for 64 % of the total variance.

Root 1 was mainly related to bill length, bill height and

body mass (Eigenvalue = 0.37; P \ 0.001). Root 2 was

mainly related to bill length, bill height and wing length

(Eigenvalue = 0.27; P \ 0.01). The percentage of indi-

viduals classified correctly into each island was 48 and 67,

respectively for Santa Maria and São Miguel, in the eastern

group; 40, 58, 21, 22 and 25 respectively for Terceira,

Graciosa, São Jorge, Pico and Faial, in the central group.

Overall, São Miguel had a higher percentage of correct

classifications, and the spatially close islands in central

group had the smallest percentage (i.e., Faial, Pico and São

Jorge).

Discussion

Our results revealed low genetic diversity in the Azores

Islands, especially in the ND2 gene where the same hap-

lotype was found on all the islands. The high value of the

expansion coefficient shown by CYTB, together with the

significant negative values of the neutrality tests, suggest a

recent population expansion of Robins in this archipelago.

The unimodal pairwise mismatch distribution, typical from

recent expansions (see Rogers 1995), also corroborates the

idea of a recent range expansion of Robins in the Azores.

Moreover, the pairwise genetic differentiation, which was

very small among the Azores Islands, and the topologies of

the minimum spanning networks, where the Azores popu-

lations share the most common haplotypes with the other

regions, support the recent colonisation of the Azores by

the Robin. The recent colonisation of the Azores by

passerines was already revealed for Goldcrests (Päckert

et al. 2006) and Starlings (Neves et al. 2010).

The nuclear ACO1 gene revealed higher genetic diver-

sity in the Azores populations when contrasted to the

mitochondrial genes. This was expected since ancestral

polymorphisms persist much longer in nuclear DNA than

in mitochondrial DNA (Brown et al. 1979). Nevertheless,

the high number of shared haplotypes and the Fst values

between the Azores and the outgroup population corrobo-

rate the hypothesis of one recent founder event followed by

a relatively fast expansion of Robins in the Azores. The

Table 4 Pairwise genetic differentiation statistics (Fst) among populations

Gene Place Oriental

Azores

Central

Azores

Madeira Continental Western

Palearctic

Western and eastern

Canary

Gran

Canaria

Tenerife

CYTB Oriental Azores –

Central Azores -0.04 –

Madeira 0.50 0.56 –

Continental Western Palearctic 0.31* 0.39* 0.03 –

Western Canary 0.28 0.33* -0.09 0.14* –

Gran Canaria 0.73* 0.77* 0.41* 0.34* 0.46* –

Tenerife 0.72* 0.76* 0.40* 0.33* 0.45* 0.52* –

ND2 Oriental Azores –

Central Azores 0.00 –

Madeira 0.42 0.64 –

Continental Western Palearctic 0.21* 0.29* 0.03 –

ACO1 Oriental Azores –

Central Azores 0.00 –

Madeira 0.01 0.17 –

Continental Western Palearctic 0.00 0.10* 0.00 –

Significance levels after Bonferroni correction are in bold (P \ 0.05*)
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bimodal pairwise mismatch distribution of ACO1 haplo-

types could indicate that recent Azores founder events

occurred with a subset of the already existent structure

found in the Continental Western Palearctic, or due the

existence of an ancient polymorphism, like it was

hypothesised by Illera et al. (2011) for Blue tits from Fu-

erteventura and Morocco. However, the ACO1 network

corroborates the hypothesis that the Azores samples share

the most common haplotypes with the other regions. The

slight significant positive value of Tajima’s D and Fu’s Fs

could signify balancing selection or ancient population

subdivision (Steeves et al. 2005), indicating that more

studies should be made on nuclear genes.

The lack of genetic differentiation among Robin popu-

lations in the Azores Islands could be the result of their

recent colonisation; therefore a sufficient time period has

not passed for a possible separation of genetic lineages,

leading to a uniform genetic pattern. The fact that the

western group of the Azores (Flores and Corvo) has not yet

been colonised provides further evidence supporting a

recent colonisation event. Similar results were found for

Robins from the westernmost Canary Islands (La Palma, El

Hierro and La Gomera), which in contrast with Gran

Canaria and Tenerife, have little genetic (based on

mtDNA) and morphological differentiation (Dietzen et al.

2003).

The genetic diversity observed in the Azores was

smaller than that found in other regions, probably due to

their geographic isolation and/or a stronger effect of

genetic drift on islands through the random fixation of

alleles, as is expected for the majority of birds on isolated

islands (Barton and Charlesworth 1984; Barton and Mallet

1996; Petren et al. 2005).

Statistical analysis on the measurements of the Azores

Robin showed that birds from São Miguel had longer wings

and higher body mass, and birds from Graciosa had the

smallest bill length. These islands were also the only ones

with more than 50 % of birds classified correctly by the

CDA model. The main driving force in the allopatric dif-

ferentiation of populations is natural selection (Grant and

Grant 2008) so, taking into account the lack of genetic

differentiation of Robins among the Azores Islands and the

evidence of a recent colonisation, the morphological dif-

ferences among the Azores Islands could be related to

natural selection processes that are shaping the phenotypic

characters faster than neutral genes. This was also sug-

gested for the genus Zosterops which recently colonised the

Southwest Pacific islands (Clegg et al. 2002, 2010).

Dietzen et al. (2003) suggested that the colonisation of

Gran Canaria and Tenerife by Robins occurred around 2.3

and 1.8 million years ago, respectively. Taking into

account their results, it seems that populations from Gran

Canaria and Tenerife diverged independently from Wes-

tern continental Palearctic populations. It was also sug-

gested that the colonisation of the western Canary Islands

occurred in a second wave of colonisation, around

350,000 years ago, probably during the Pleistocene glaci-

ation. Our results corroborate this recent expansion of

Robins to the Atlantic islands, and suggest two hypotheses

for the colonisation of the Azores, Madeira and the western

Canary Islands (La Palma, El Hierro and La Gomera): (1)

there was one single dispersal event from Continental

Western Palearctic directly to all of this islands, similar to

one of the hypotheses suggested by Marshall and Baker

(1999) and Samarasin-Dissanayake (2010) for the coloni-

sation expansion of the Chaffinch (Fringilla coelebs) into

Fig. 3 Minimum spanning networks of CYTB, ND2 and ACO1

genes. Each circle represents a haplotype with the size proportional to

its frequency. Dots on lines represent the number of mutational steps

between two haplotypes. Number in parenthesis represents the

number of mutational steps for distant samples. In CYTB network,

the white circles separated by 20 mutational steps on the left are

individuals from Tenerife; the white circles separated by 20

mutational steps on the right are individuals from Gran Canaria; the

other white circles are from the western Canary Islands (La Palma, El

Hierro and La Gomera)
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the Atlantic islands; (2) there was one first dispersal event

from the Continental Western Palearctic to the Canary

Islands and/or Madeira, from which they colonised the

Azores, in the last 80,000 years [based on the 2.1 molec-

ular rate (Weir and Schluter 2008)]. This second hypothesis

seems to be the most probable one, based on the Fst values

among those regions, and also because birds from the three

Macaronesian archipelagos shared the most common hap-

lotype, and the western Canary Islands and the Madeira

birds present a higher percentage of private haplotypes.

The same pattern was found for the expansion of Serinus

canaria into Macaronesia (Dietzen et al. 2006). The routes

of colonisation within the Azores islands are not obvious

since all the islands shared the most common haplotype,

but taking into account our networks, it seems that a fast

radiation occurred among the islands from the east and

central groups. Based on the Fst values, the age of each

island, and their geographic position, it is more likely that

the Robin first arrived to the east group islands and then

radiated to the central group.

Our genetic and morphometric data give no indication

for an obvious differentiation among Robin populations

within the western Canary Islands, Madeira and the Azores,

indicating their relatively recent colonisation followed by a

subsequent rapid radiation. This recent colonisation could

be the reason for the absence of Robins in the westernmost

islands (Corvo and Flores). More comprehensive datasets

of neutral variation in nuclear autosomal genes and fast

Table 5 Morphometric measurements of E. r. rubecula from the Azores Archipelago (mean ± SD)

Island Wing length

(mm)

Tail length

(mm)

Tarsus length

(mm)

Head and bill

length (mm)

Bill length

(mm)

Bill height

(mm)

Bill width

(mm)

Body mass

(g)

N

Santa Maria 71.5 ± 2.3 59.3 ± 3.2 25.1 ± 0.8 33.2 ± 0.6 14.6 ± 0.8 3.6 ± 0.2 4.3 ± 0.3 16.1 ± 1.2 23

São Miguel 73.0 ± 2.3 59.0 ± 3.2 24.8 ± 0.8 33.3 ± 0.6 14.1 ± 0.8 3.5 ± 0.2 4.3 ± 0.3 17.1 ± 1.2 33

Terceira 71.6 ± 1.7 59.2 ± 2.2 24.2 ± 0.8 33.1 ± 0.8 13.6 ± 1.1 3.6 ± 0.3 4.5 ± 0.2 16.1 ± 1.2 5

Graciosa 70.0 ± 1.8 56.8 ± 2.5 24.6 ± 0.8 32.9 ± 0.2 13.5 ± 0.8 3.5 ± 0.1 4.2 ± 0.2 16.4 ± 0.9 12

São Jorge 71.3 ± 2.1 57.6 ± 2.7 25.0 ± 0.8 33.1 ± 0.5 14.4 ± 0.8 3.6 ± 0.3 4.3 ± 0.2 16.3 ± 1.5 19

Pico 72.0 ± 1.6 58.6 ± 2.7 24.4 ± 0.6 33.1 ± 0.3 14.6 ± 0.3 3.5 ± 0.3 4.2 ± 0.3 15.4 ± 1.2 9

Faial 70.6 ± 1.9 57.4 ± 2.8 24.5 ± 1.1 32.9 ± 0.8 14.3 ± 0.7 3.4 ± 0.3 4.2 ± 0.5 16.2 ± 0.6 12

P (One-way

ANOVA)

0.001 0.112 0.069 0.486 0.003 0.122 0.270 0.003

For each measurement it is also shown the statistical significance of significant differences among islands using One-way ANOVA

Significant P level showed in bold

Fig. 4 Plot of the Canonical

Discriminant Analysis centroids

(mean ± SD) of root 1 versus

root 2 scores with the

percentage of variance

explained by each root. Axis

units are scaled to the ratio of

proportion of variance described

by the roots. FAI—Faial, PIC—

Pico, SJO—São Jorge, GRA—

Graciosa, TER—Terceira,

SMI—São Miguel, SMA—

Santa Maria
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evolving regions (e.g., microsatellites) are necessary in

order to understand the radiation of this species within the

Azores islands.
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Illera JC, Koivula K, Broggi J, Päckert M, Martens J, Kvist L (2011)

A multi-gene approach reveals a complex evolutionary history in

the Cyanistes species group. Mol Ecol 20:4123–4139

Librado P, Rozas J (2009) DnaSP v5: a software for comprehensive

analysis of DNA polymorphism data. Bioinformatics 25:1451–

1452

Marshall HD, Baker AJ (1999) Colonisation History of Atlantic

Island Common Chaffinches (Fringilla coelebs) Revealed by

Mitochondrial DNA. Mol Phylogenet Evol 11:201–212

Martin A, Lorenzo JA (2001) Aves del Archipélago Canario.

Francisco Lemus, Editor SL. La Laguna, Tenerife

Nei M (1987) Molecular evolutionary genetics. Columbia University

Press, New York

Neves VC, Griffiths K, Savory FR, Furness RW, Mable BK (2010)

Are European starlings breeding in the Azores archipelago

genetically distinct from birds breeding in mainland Europe? Eur

J Wild Res 59:95–100
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