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Abstract

The blue tit (Parus caeruleus teneriVae group) is proposed to have colonised the Canary Islands from North Africa according to
an east-to-west stepping stone model, and today, the species group is divided into four subspecies, diVering in morphological, acous-
tic, and ecological characters. This colonisation hypothesis was tested and the population structure between and within the islands
studied using mitochondrial DNA sequences of the non-coding and relatively fast evolving control region. Our results suggest that
one of the central islands, Tenerife, was colonised Wrst and the other islands from there. Three of the presently recognised four sub-
species are monophyletic, exception being the subspecies teneriVae, which consists of two monophyletic groups, the one including
birds of Tenerife and La Gomera and the other birds of Gran Canaria. The Gran Canarian birds are well diVerentiated from birds of
the other islands and should be given a subspecies status. In addition, the teneriVae subspecies group is clearly distinct from the Euro-
pean caeruleus group, and therefore the blue tit assemblage should be divided into two species.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The Canary Islands are a group of seven islands situ-
ated in the Atlantic Ocean close to the northern part of
the African continent. As in many other oceanic islands,
the Xora and fauna of the Canary Islands are character-
ised by a large number of endemic species and subspe-
cies. Species compositions are mostly related to those of
other Macaronesian islands (Madeira, Cap Verde,
Azores) and the Mediterranean region. Some resem-
blance has been found to quite distant regions like East
Africa, Asia, and even Australia (Juan et al., 2000). Alto-
gether Wve extant endemic bird species (Columba bollii
Bolle’s pigeon, Columba junoniae laurel pigeon, Fringilla
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teydea blue chaYnch, Saxicola dacotiae Canary Islands
chat, and Phylloscopus canariensis Canary Island
chiVchaV) and 30 endemic subspecies have been
described on the Islands (Delgado, 2001). The blue tit
(Parus caeruleus) currently has four endemic subspecies
recognised to occur on the islands.

The most likely sources for colonisation of the
Canary Islands are the Iberian Peninsula and North
Africa. Not only are these the closest continents, but also
present day prevailing winds and sea currents suggest
them to be the source areas (Juan et al., 2000). The east-
ern- and westernmost islands, Fuerteventura and La
Palma, are situated about 110 and 460 km from the Afri-
can continent, respectively. The geological history of the
islands is well studied. The eastern islands Lanzarote and
Fuerteventura are built on the African continental mar-
gin, whereas the western islands Gran Canaria, Tenerife,
La Gomera, El Hierro, and La Palma lie on a Jurassic
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oceanic lithosphere (Roest et al., 1992; Verhoef et al.,
1991). The geological ages of the islands have been esti-
mated to vary from 24 to 20 million years for Fuerteven-
tura, 24–15.5 Myr for Lanzarote, 17.1–14 Myr for Gran
Canaria, 15.1–11.6 Myr for Tenerife, 10–5.3 Myr for La
Gomera, 2.0 Myr for La Palma, and 0.8–1.0 Myr for El
Hierro (Anguita and Hernan, 1986; Coello et al., 1992).
The timing of island formation gives the maximum time
the islands have been available for colonisation by Xora
and fauna. However, the islands have been volcanically
active ever since and vicariant events such as glaciations
in the Northern Hemisphere may have caused climatic
and habitat Xuctuations that periodically have made the
islands unsuitable to present day species, causing extinc-
tions followed by possible recolonisations (e.g., Grant,
1979; Juan et al., 2000).

Compared to more remote oceanic islands, such as
the Hawaiian archipelago or Galapagos Islands, the
Canary Islands are relatively close to potential source
areas, and one could expect that organisms with high
dispersal potential such as birds have colonised the
islands several times. Even if there was only one coloni-
sation event, factors other than distance have played the
major role in the location of initial colonisation within
the island group. Nevertheless, in the Canary Islands the
distance from continent gradient and age gradient are
congruent, i.e., westernmost islands are also the youngest
and one could expect that the classical stepping stone
model still could be the most common pattern describing
the colonisation histories. A plethora of studies using
molecular phylogenetics have revealed that the colonisa-
tion of the Canary Islands has actually followed the
stepwise pattern from older to younger islands. This is,
however, by no means a Wxed rule, as many species have
colonised the islands several times, and extinctions and
back colonisations have occurred (Juan et al., 2000 and
references therein).

The blue tit complex is divided into two subspecies
groups. The caeruleus groups occupies continental
Europe, the Middle East, and Balearic islands, while the
teneriVae group occupies the Canary Islands and North-
African coast. The present phylogeographic structure of
the caeruleus group is proposed to be formed by the col-
onisation of Europe from two separate refuges after the
last Ice Ages (Kvist et al., 1999, 2004). The Azure tit (P.
cyanus), occurring in eastern Europe and Asia, forms a
superspecies with the blue tit, and according to a recent
study by Salzburger et al. (2002) is actually more closely
related to the caeruleus group than the teneriVae group.
Four of the six subspecies of the teneriVae group are
endemic to the Canary Islands. P. c. degener is found in
Fuerteventura and Lanzarote, P. c. teneriVae in La
Gomera, Tenerife and Gran Canaria, P. c. palmensis in
La Palma, and P. c. ombriosus in El Hierro. All the sub-
species of the teneriVae group diVer from the caeruleus
group by being more intensely coloured, the group has
blackish cap and head stripes instead of blue, and bluish
mantle instead of greenish (ombriosus being exception,
Harrap and Quinn, 1996). In addition, the bill is rela-
tively long and thin, wings are short, tarsi long (Grant,
1979), and vocalisations are very distinct (Martens,
1996). Additionally, the Canary Island subspecies diVer
markedly from each other in size, plumage coloration
and vocalisation, as well as in habitat use (Grant, 1979;
Harrap and Quinn, 1996; Schottler, 1993). P. c. degener
occupies low altitude dense shrubs and tamarisk wood-
lands, P. c. teneriVae lives in broad leaved and conifer-
ous forests and gardens, and P. c. ombriosus and P. c.
palmensis occupy mainly pine forests in high altitudes
(Grant, 1979). The blue tit is missing from the avifauna
of other Macaronesian islands, i.e., Azores and Madeira.

Based on multivariate analysis of morphological
traits, Grant (1979) proposed that originally blue tits
colonised the Canary Islands via an east-to-west step-
ping stone model. However, Grant’s (1979) view was,
that eastern populations (Lanzarote, Fuerteventura)
later went extinct and that these islands were recolonised
from the central islands (Tenerife or Gran Canaria). We
aim to test Grant’s (1979) suggestion using genetic data.
Further, our purpose is to Wnd out whether the morpho-
logical, acoustic, and ecological diVerentiation is congru-
ent with the genetic structure of the four subspecies in
the Canary Islands. To address these goals, we estimated
the genetic variation and relationships among islands,
within and among island subspecies and between the
continental and island subspecies. To measure genetic
variation, we used DNA sequences of the non-coding
and relatively fast evolving mitochondrial control
region.

2. Materials and methods

DNA samples of blue tits from the Canary Islands
were collected in 2003 from the islands of Tenerife,
Fuerteventura, La Palma, El Hierro, Gran Canaria, and
La Gomera by mistnetting the birds and taking blood
samples. Additional blue tit samples from the north
coast of Africa, the islands of Lanzarote, La Palma, and
Fuerteventura, and samples of the Azure tit (P. cyanus)
were provided by the Copenhagen Zoological Museum.
European samples of the blue tit were obtained from an
earlier study (Kvist et al., 1999). More speciWc informa-
tion about the samples is presented in Table 1.

The extraction of DNA from the blood samples was
performed using the standard phenol–chloroform
method (Sambrook and Russell, 2001). DNA from the
toe pads of the museum specimens was extracted using a
lysis method described in Lillandt et al. (2001). Contami-
nation risk of the museum samples was taken into
account by extracting the DNA (and later preparing the
PCRs) in a UV-light equipped hood reserved for
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handling only old specimens. A part of the mitochon-
drial control region (Wrst and partly the second domain,
526–539 bp) was ampliWed from the blood samples using
primers TL16700 and TH590 (Kvist et al., 1999). The
museum samples were ampliWed in two fragments using
primers TL204 (5�CCTTGTTTCAGGTACCATT3�)
and TH411 (5�AAATAACCAGGTTCTCTGGCTT
G3�) or TL326 (5�GTCACAGTACCTCTTTGCATT
CA3�) and TH590. The PCR protocol was 94 °C for
2 min followed by 30 cycles of 94 °C for 45 s, 53 °C for
45 s, and 72 °C for 1 min with a Wnal extension in 72 °C
for 5 min, except the annealing temperature for primer
pair TL204 and TH411 was 50 °C. Sequencing of the
PCR products was performed with BigDye v. 3.0 Dye
Terminator Cycle Sequencing Kit (Applied Biosystems)
according to the manufacturer using primers TH590 or
TH411 and reactions were electrophoresed with the ABI
377 automatic sequencer.

The sequences were aligned by eye using the BioEdit
program (Hall, 1999). Nucleotide diversity (�; Nei, 1987,
Eq. (10.5)), haplotype diversity (hˆ; Nei, 1987, Eqs. (8.4)
and (8.12)), �D 2Ne� (Tajima, 1996, Eq. (10)) and mis-
match distributions with the raggedness index (Har-
pending, 1994) were estimated with DnaSP v. 3.51
(Rozas and Rozas, 1999). Analysis of molecular variance
using Tamura–Nei distances (with a gamma distribution
shape parameter � D 0.1) and haplotype frequencies, and
Mantel test (in order to search for correlation between
matrices of the pairwise �ST-values and geographical
distances between the populations, the geographical dis-
tances were estimated from midpoints of the islands)
were calculated with Arlequin v. 2.0 (ExcoYer et al.,
1992). The shape parameter � was estimated with Mod-
elTest v. 3.06 (Posada and Crandall, 1998). A minimum
spanning network was constructed with the program
TCS (Clement et al., 2000), however, as the program did
not connect all the groups, the unconnected groups were
connected using a minimum spanning network com-
puted with Arlequin. Mean Tamura–Nei distances (with
�D 0.1) between and within groups and mean net dis-
tances (which corrects the distances by removing the
within group variation from the between group varia-
tion) were estimated with Mega 2.0 (Kumar et al., 2001).
A maximum likelihood tree was constructed with pro-
gramme fastDNAml (Olsen et al., 1994) using a transi-
tion–transversion (ts/tv) ratio of 2.3, empirical base
frequencies and 100 bootstraps. The great tit (P. major,
GenBank Accession No. AF542359) was used as an out-
group. Migration estimates between the islands were
estimated from Nmf D 1/2(1/�ST ¡ 1). Also asymmetri-
cal migration estimates were calculated (with Migrate
v.1.7, Beerli, 1997–2003) using the same ts/tv ratio of 2.3.
Several diVerent runs using 30 short chains and three
long chains were performed but when compared they
showed no consistency between the runs.

3. Results

The 65 blue tit sequences from Canary Island samples
(excluding the museum samples, from which we failed to
amplify the Wrst 200 bp from the beginning of the control
region although several eVorts were made) produced a
539 bp long alignment. The GenBank accession numbers
are listed in Table 1. There were 63 variable sites in the
alignment of which 48 were parsimony informative and
one 12 bp long indel (Table 2). These comprised 41
diVerent haplotypes (haplotype diversity was 0.973).
When the Canary Island blue tits were aligned with the
European blue tits, one additional 1 bp alignment gap
Table 1
Information about the samples used in the study

Locality N Sampling 
year/tissue

IdentiWcation code (voucher no. of 
Copenhagen Zoological Museum)

Subspecies GenBank accession number

Tenerife 20 2003/blood ST319-323, ST325-335 ST410, 
ST411, ST520, ST557

P. c. teneriVae AY538194–AY538212, AY588289

La Palma 12 2003/blood ST336-345, ST409 P. c. palmensis AY538213–AY538223
1947/toe pad ST244 (23.571) AY538191

El Hierro 9 2003/blood ST346-352, ST407, ST408 P. c. ombriosus AY538224–AY538232
La Gomera 2 2003/blood ST412, ST413 P. c. teneriVae AY538233, AY538234
Fuerteventura 12 2003/blood ST324, ST416-422, ST424, ST588 

ST241 (21.871) 
ST242 (21.872)

P. c. degener AY538235–AY538243, AY588281
1914/toe pad AY538189
1912/toe pad AY538190

Lanzarote 5 1947/toe pad ST 240 (23.562) 
ST587, ST589-591

P. c. degener AY538188
2003/blood AY588282–AY588285

Gran Canaria 9 2003/blood ST514-519, P. c. teneriVae AY538244–AY538249
ST554-556 AY588286–588288

Tunis, Tunisia 1 1938/toe pad ST237 (21.869) P. c. ultramarinus AY538186
Oulmes, Marocco 1 1939/toe pad ST239 (21.870) P. c. ultramarinus AY538187
Barcelona, Spain 6 1996,1997/egg ST 27, ST43

ST60-63
P. c. ogliastrae/caeruleus AY267083, AY267084

1997/blood AY267085–AY267088
Barnaul, Russia 1 1923/toe pad PC4 (33.088) P. cyanus hyperriphaeos AY538193
Tomsk, Russia 1 1915/toe pad PC6 (33.083) P. cyanus hyperriphaeos AY538192
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was formed. The 12 bp deletion was common for birds
from all the other islands except La Palma (Table 2). The
nucleotide diversity within the Canary Island birds was
0.02409, about twice as high as within the European
birds (� D 0.01157, estimated from Kvist et al., 2004).
Haplotype diversity (hˆ D 0.973) and theta (�D 0.02534)
Table 2
Variable sites and indels in the Canary Island blue tits

  

 
 
 

 

  

 
  

  

 
  
  
  
  

 

 
  

  
  
  
   
   
  
A few specimens from Spain and Africa, and the Azure tit are included for comparison. Codes are explained in Table 1.
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were also higher within the Canary Island birds when
compared to the European samples (hˆ D 0.912 and
� D 0.01785). Diversity estimates for the islands are
shown in Table 3.

The pairwise Tamura–Nei (gamma) distance
between European and Canary Island samples was
0.096 (0.071 when corrected by removing the within
group distances). The distance between European blue
tits and the azure tit (estimated from a 364 bp align-
ment) was only 0.066 (net distance 0.052), but the dis-
tance between the Canary Island and the azure tit was
higher (0.123, net distance 0.098). The haplotype from
Tunis was identical with the haplotype shared between
Fuerteventura and Lanzarote, diVering from the haplo-
type from Morocco by two substitutions. The pairwise
distances between populations are presented in Table 4.
The maximum likelihood tree and minimum spanning
network grouped the birds similarly, the only exception
being the placement of the great tit root (Figs. 1A and
B). All the subspecies of the Canary Islands were mono-
phyletic; ombriosus and degener formed a sister group to
teneriVae, and palmensis formed a sister group to Euro-
pean blue tits. Within teneriVae, the birds grouped into
two clusters, the other including birds from Tenerife
and La Gomera and the other including birds from
Gran Canaria. The maximum likelihood bootstrap val-
ues supporting the branches are shown in Fig. 1B. In the
maximum likelihood tree constructed from the short
fragment (Fig. 1C), the museum samples from the
Canary Islands were placed as expected among the
other samples originating from the same islands. The
two North African samples grouped together with P. c.
degener, and samples from the Azure tit were placed
between the European caeruleus and the Canary Island
teneriVae subspecies groups.

The analysis of the molecular variance partitioned
58.20% of the variation of Canary Island birds among
deWned subspecies, 27.42% among islands and only
14.38% within the islands. The overall �ST was very high,
0.85615 (p D 0.0000). �SC, which describes the variation
among islands within subspecies, was 0.65589
(p D 0.0000) and Wnally �CT describing the variation of
Table 3
Parameters estimated from the control region sequences (539 bp) of the Canary Island blue tits

Population Age of the island in My N Number of haplotypes Haplotype diversity Nucleotide diversity �

Tenerife 15.1–11.6 20 15 0.963 0.00831 0.01291
La Palma 2 11 10 0.982 0.00506 0.00633
El Hierro 1 9 5 0.722 0.00380 0.00419
La Gomera 5.3–10 2 2 1.000 0.00190 0.00190
Fuerteventura 24–20 10 3 0.711 0.00441 0.00337
Gran Canaria 17–14 9 7 0.917 0.00583 0.00562
Lanzarote 24–15.5 4 1 0.000 0.00000 0.00000
Table 4
Tamura–Nei distances estimated from (A) the 539 bp alignment and (B) 364 bp alignment(with � D 0.1) between blue tits populations used in this
study (above the diagonal)

Net distances are shown below the diagonal.

Tenerife La Palma El Hierro La Gomera Fuerteventura Lanzarote Gran Canaria Spain

(A)
Tenerife 0.046 0.035 0.010 0.025 0.023 0.026 0.094
La Palma 0.039 0.065 0.041 0.061 0.059 0.060 0.068
El Hierro 0.026 0.061 0.025 0.036 0.034 0.033 0.096
La Gomera 0.004 0.037 0.022 0.028 0.025 0.017 0.098
Fuerteventura 0.018 0.056 0.031 0.024 0.003 0.040 0.106
Lanzarote 0.018 0.056 0.032 0.024 0.001 0.034 0.098
Gran Canaria 0.019 0.054 0.028 0.012 0.034 0.031 0.118
Spain 0.081 0.055 0.085 0.087 0.094 0.089 0.105

Tenerife La Palma El Hierro La Gomera Fuerteventura Lanzarote Gran Canaria Africa Spain Azure tit

(B)
Tenerife 0.044 0.046 0.006 0.044 0.038 0.031 0.032 0.082 0.110
La Palma 0.036 0.069 0.037 0.089 0.081 0.066 0.071 0.063 0.078
El Hierro 0.038 0.062 0.036 0.048 0.040 0.042 0.040 0.093 0.155
La Gomera 0.001 0.033 0.033 0.039 0.033 0.024 0.027 0.072 0.096
Fuerteventura 0.034 0.080 0.040 0.034 0.007 0.059 0.012 0.117 0.144
Lanzarote 0.033 0.077 0.037 0.033 0.002 0.046 0.004 0.101 0.131
Gran Canaria 0.023 0.059 0.036 0.021 0.050 0.043 0.039 0.099 0.151
Africa 0.023 0.063 0.033 0.024 0.003 0.000 0.032 0.089 0.117
Spain 0.067 0.049 0.081 0.062 0.102 0.091 0.086 0.076 0.066
Azure tit 0.101 0.071 0.148 0.092 0.135 0.127 0.144 0.110 0.052
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islands among subspecies was 0.58196 (p D 0.00587). The
pairwise �ST values between the islands were all high
(range 0.66446–0.98057) except between La Gomera and
Tenerife (0.22174) and Fuerteventura and Lanzarote
(0.11882). There were only two samples from La
Gomera, the other diVering from one of the Tenerife
haplotypes by one substitution and the other being
identical with it and four samples from Lanzarote identi-
cal to one of the three haplotypes from Fuerteventura.

The pairwise genetic distances were the largest
between samples from La Palma and other islands and
the smallest between samples from Fuerteventura and
Lanzarote (Table 4). If specimens from La Gomera,
Gran Canaria, and Tenerife are grouped into subspecies
Fig. 1. (A) Minimum spanning tree of the Canary Island blue tits constructed from the 539 bp alignment. Numbers of substitutions between the hapl-
otypes are denoted with bars (except a larger number of substitutions is marked with numbers). Haplotypes are marked with ellipses and their sizes
are proportional with the number of individuals possessing the haplotype. (B) A maximum likelihood tree of the 539 bp alignment. Bootstrap values,
percentages of 100 bootstraps supporting the branches, are marked on the branches and the indels below. (C) A maximum likelihood tree of the
364 bp alignment. The museum samples are emphasized by their individual codes (see Table 1). Bootstrap values are marked on the branches and
indels below.
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teneriVae, and Fuerteventura and Lanzarote into sub-
species degener, the distances to other subspecies
remained within the same range as between the islands
(teneriVae vs. palmensis: 0.049, vs. ombriosus 0.034 and
vs. degener 0.028).

Estimation of the migration rates between the Canary
Islands resulted in migration rates of more than one
individual per generation only between La Gomera and
Tenerife (Nmf D 1.75) and between Fuerteventura and
Lanzarote (Nmf D 3.71). The Mantel test gave a signiW-
cant correlation coeYcient of r D 0.476 between the pair-
wise �ST values and geographical distances (p D 0.000,
coeYcient of determination was 22.6%).
The mismatch distributions from Tenerife and La
Palma were unimodal, showing a typical wave expected
under the assumption of population growth (raggedness
index, r, was 0.00135 for Tenerife and 0.0532 for La
Palma, probabilities for obtaining smaller than observed
values were 0.009 and 0.113, respectively). Distributions
from El Hierro, Fuerteventura, and Gran Canaria were
multimodal, not following the distribution expected for
a recent population growth or an equilibrium (ragged-
ness 0.3519, 0.3363, and 0.0671, respectively, Fig. 2), but
rather showing signatures of population admixture. The
distribution for a combined data set of all the islands
was multimodal, showing peaks at 4, 14, 17, and 22 pair-
Fig. 2. Mismatch distributions of the Canary Island blue tits estimated from the 539 bp alignment. (A) From a combined data form all the islands,
(B–F) from individual islands represented by more than nine samples.
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wise nucleotide diVerences (Fig. 2) corresponding to coa-
lescence times of about 380,000, 1,300,000, 1,600,000,
and 2,100,000 years ago (estimated using the 2%/Myr
divergence rate, as suggested in Kvist et al., 1999 for blue
tits, this estimate is based on almost identical diversity
estimates obtained from mitochondrial RFLP’s and
control region sequences within maternal lineages of the
great tit and the blue tit). Following the paths of the
minimum spanning network, the centre of colonisation
of the islands is Tenerife, from where all the other islands
have been colonised. When the genetic distances are
transformed into divergence times, the blue tits of La
Palma had the most recent common ancestor (MRCA)
with the birds of Tenerife 2.0 Mya, El Hierro 1.5, Gran
Canaria 1.0, Fuerteventura 0.9, Lanzarote 0.9, and La
Gomera 0.2 Mya. The time to the MRCA between the
root, the great tit and P. c. teneriVae is 14.2 My (Tam-
ura–Nei net distance 0.283).

4. Discussion

4.1. Colonisation

Grant (1979) proposed, on morphological grounds,
that blue tits have colonised the Canary Islands by Wrst
colonising the central islands Tenerife or Gran Canaria
from the North African continent (via Lanzarote and
Fuerteventura, which later went extinct) and the popula-
tions of the other islands are derived from them, El
Hierro via La Gomera, Lanzarote via Fuerteventura,
and La Palma independently. Our results agree with
Tenerife being colonised Wrst but we suggest that all the
other islands (except possibly Lanzarote) have been col-
onised independently from there (Fig. 3). This is sup-
ported by the fact that the population in Tenerife
harbours a lot more intra-island variation than any of
the other islands. This gives evidence that Tenerife has
been occupied longer than the other islands, as the varia-
tion there had time to evolve. Yet, the high nucleotide
diversity in Tenerife compared to other islands has to be

Fig. 3. Proposed colonisation model for the Canary Island blue tits.
Tenerife was colonised Wrst and the other islands from there, El Hierro
possibly via La Gomera and Lanzarote via Fuerteventura.
taken cautiously because of relatively small sample sizes.
However, additional support for Tenerife as the source
for the other islands comes from the minimum spanning
network, on which the most parsimonious way to relate
the haplotypes is from Tenerife directly and indepen-
dently to the other islands.

Additionally, we applied the two methods of inter-
preting a phylogenetic tree in terms of colonisation
sequence described by Thorpe et al. (1994). The Wrst
method is based on tree topology and geographic dis-
tance, suggesting that an island is more likely to be col-
onised from a close island than from a distant one. The
second method is based on branch lengths and topology,
proposing that due to the founder eVect, the population,
which has colonised a new island, will be more divergent
from the ancestral population than the one at the source
island. Topology of a minimum spanning tree connected
with geographic distance gives the same result, all islands
would be colonised independently from Tenerife, but
topology of a maximum likelihood tree suggests that El
Hierro was colonised from Fuerteventura. However, this
is quite unlikely in terms of the geographical distance
and location of these two islands in relation to each
other. Topologies of trees connected with branch lengths
also support independent colonisation events from Ten-
erife.

A possible order for the colonisation events based on
the intra-island variation could be the following: Wrst
Tenerife, then Gran Canaria, La Palma, Fuerteventura,
and El Hierro. The two birds from La Gomera grouped
together with the birds from Tenerife and the Wve from
Lanzarote together with the birds of Fuerteventura, sug-
gesting either ongoing migration between the closely sit-
uated islands or a very recent split between the islands.
During the Quaternary glaciations, e.g., during the last
Ice Ages (10,000–12,000 years ago), the sea level was
much lower than today, and Lanzarote and Fuerteven-
tura with their surrounding islets formed one large
island (Carracedo and Day, 2002). The genetic distances
of each island to Tenerife plotted against the intra-island
divergences show a trend of increasing distance with
increasing divergence (Fig. 4), supporting the central role
of Tenerife in the colonisation process, as the islands
which have been colonised a longer time ago are more
divergent, and there has also been more time for genetic
variation to evolve. However, the colonisation pattern
based on diversity estimates should be regarded with
caution, because the eVects of sampling artefacts or pos-
sible past demographic changes (e.g., population bottle-
necks) to these estimates cannot be ruled out.

This colonisation order of the blue tit contradicts the
stepping-stone east-to-west/ older-to-younger-island col-
onisation pattern that has been proposed for some other
organisms in the Canary Islands (e. g., beetles of the
genus Pimelia, Juan et al., 1995, and genus Hegeter, Juan
et al., 1997, Drosophila subobscura, Pinto et al., 1997).
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Many organisms, however, show more complex coloni-
sation patterns with several independent colonisation
pathways like lizards of the genus Gallotia (Gonzáles
et al., 1996) or multiple colonisations like the geckos of
genus Tarentola (Carranza et al., 2000). The patterns can
be further confounded by extinctions, back colonisa-
tions, and inter-island diversiWcations. Excluding our
study, the only Macaronesian land birds for which the
molecular phylogeny is constructed are the chaYnch
(Fringilla coelebs, Marshall and Baker, 1999), the
endemic blue chaYnch (F. teydea, Pestano et al., 2000),
and the robin (Erithacus rubecula, Dietzen et al., 2003).
In the Canaries, the chaYnch inhabits only the middle
(Tenerife, Gran Canaria, La Gomera) and western
islands through at least two subspecies. The Macarone-
sian chaYnches are probably of monophyletic origin
from the Iberian Peninsula. However, it seems that the
colonisation took place in Azores from which western
Canaries were colonised via Madeira (Marshall and
Baker, 1999). For birds, especially small passerines, this
route actually makes intuitive sense if the Iberian Penin-
sula is considered as a source area due to the short dis-
tance and prevailing southeastern winds at the time of
the year, when natal dispersal occurs and birds form
social groups. It is possible that also the robin has colon-
ised the Canary Islands using this same route, but the
colonisation could have happened at least two or even
three times independently (Dietzen et al., 2003). For the
blue tit this route, however, is improbable since it does
not belong to present day avifauna of Madeira or
Azores.

The question from where the Wrst colonisers came to
Tenerife remains open. The two specimens included
from North Africa, the most likely source of colonisa-
tion, grouped together with the birds from Fuerteven-
tura. If North Africa was the source, then one
explanation for this pattern is that Fuerteventura was
not colonised from Tenerife, but the birds there originate
from an independent and very recent colonisation from
the continent. This idea is, however, counteracted by the

Fig. 4. Relationship of intra-island divergence to the mean genetic dis-
tance of the island to Tenerife.
reasonably high intra-island diversity, which suggests a
longer occupation of the island. High diversity could be
also explained by strong ongoing gene Xow, but that
seems unlikely because there is no evidence of this else-
where in the Canary Islands. Another possible source of
colonisers is southern Europe, particularly the Iberian
Peninsula. If that would be the case, then the Canary
Islands should have been colonised via La Palma, which
is genetically closest to European birds (the distance
between European birds and P. c. palmensis was 0.079
and between European and the rest of the Canary
islands 0.099) and share the long 12 bp fragment which is
missing from the birds of other islands (and North
Africa). In addition, the birds of La Palma share the 1 bp
deletion and several other common substitutions with all
the other blue tits of the Canary Islands suggesting a
common ancestor to all of them (Table 2, Figs. 1B and
C). Interestingly, the same 12 bp fragment is missing in
the great tit, which is the closest known relative of the
blue tit assemblage and when the great tit is used as a
root for the blue tits, its most parsimonious placement is
either to Tenerife or Gran Canaria. Could it be possible
that the ancestor of the blue tit assemblage Wrst came to
the Canary Islands, which have then served as the cradle
of diversiWcation and acted as source for the continental
populations?

4.2. Relationships between the subspecies

The deWnition of taxonomic units is problematic and
has been under strong debate for decades. Determining
strict borders especially at the lower taxonomic levels
(populations, subspecies or species) is diYcult, if not
impossible, because there is an evolutionary continuum
leading from one to another. Mayr (1963) deWned the
subspecies as ‘a geographically deWned aggregate of
local populations which diVer taxonomically from other
subdivisions of the species.’ O’Brien and Mayr (1991)
speciWed the subspecies deWnition by saying that mem-
bers of a subspecies should share a unique geographic
range or habitat, a group of phylogenetically concordant
phenotypic characters that can be described and a
unique natural history relative to other subdivisions of
the species. Ball and Avise (1992) argued that ‘subspecies
names should be reserved for the major subdivisions of
the gene pool diversity within species, best indicated by
concordant subdivisions at multiple independent loci.’

The present classiWcation of blue tit subspecies in the
Canary Islands groups the birds of Tenerife, Gran Cana-
ria, and La Gomera into P. c. teneriVae, the birds from
Fuerteventura and Lanzarote into P. c. degener, while
the two remaining island, La Palma and El Hierro both
have their own subspecies. Classifying the birds of Fuert-
eventura and Lanzarote into P. c. degener is justiWed in
the light of ecological and phylogenetic grounds, even
though we had just a few samples from Lanzarote
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(which were identical to a haplotype found also in Fuert-
eventura) and even though there are some diVerences in
the territorial songs (Schottler, 1993) and morphological
characters (Grant, 1979) between the two islands. The
subspecies teneriVae consists of two monophyletic
groups, the one including birds of Tenerife and La
Gomera and the other birds of Gran Canaria. Morpho-
logical and acoustic characters are also very similar
between La Gomera and Tenerife, but diVerent from
blue tits of Gran Canaria (Grant, 1979; Schottler, 1993).
The pairwise �ST values between La Gomera and Tene-
rife, and Fuerteventura and Lanzarote were the lowest,
showing a reasonably small amount of diVerentiation.
Both, P. c. palmensis and P. c. ombriosus are monophy-
letic and unique in morphological and acoustic charac-
ters, though they share similar habitat requirements. P.
c. palmensis diVers the most from other island subspecies
at least by the territorial song and mitochondrial
sequence. When this information is put together, we con-
clude that the present classiWcation is valid, with the
exception that the birds from Gran Canaria could be
classiWed as a separate subspecies based on diVerences of
a similar order of magnitude between the presently
recognised subspecies. All the requirements of three deW-
nitions for a subspecies mentioned above are fulWled for
all the present and proposed subspecies of the blue tit in
the Canary Islands. They are allopatric, monophyletic
(at least by their mitochondrial sequences), have distinct
morphological and acoustic characters (suggesting sub-
divisions at many independent loci) and partially diVer-
ent habitat usage.

The genetic distance between blue tit samples from
Europe and Canary Islands was three times higher than
the distance between the two North-African samples
and the Canary Islands, and about twice as high than
the distance within the islands. Here it should be
remembered that the large insertion common to Euro-
pean birds and P. c. palmensis is not taken into account
in distance estimation, and therefore the distances are
somewhat underestimated. The distance between Euro-
pean blue tits and the azure tit, traditionally classiWed as
a distinct species, was actually smaller (0.058) than the
distance between European and Canary Islands birds,
which supports the Wndings by Salzburger et al. (2002)
that the blue tit is a paraphyletic assemblage. This is fur-
ther supported by diVerences in morphological and
acoustic characters. In accordance with Salzburger et al.
(2002), we suggest that all the three groups, the azure tit,
the caeruleus group, and the teneriVae group, should be
given a species status.
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