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Abstract The European starling (Sturnus vulgaris) has
recently been found to eat eggs of the endangered roseate
tern (Sterna dougallii) in the Azores. Azorean starlings are
considered an endemic subspecies (S. vulgaris granti), so
we investigated how much genetic divergence has accu-
mulated between the Azores and other European popula-
tions in order to assess whether lethal control measures
might be possible, as previous experiments have found that
taste aversion is not likely to be successful. For this
purpose, we sequenced a region of the protein-coding
mitochondrial gene ND2 for samples from six different
populations. Of the 1,026 base pairs sequenced, 19 (1.7%)
were variable and formed 15 different haplotypes. The
Azores had high and significant genetic differentiation from
all the other populations studied. Haplotype diversity was
high in the mainland populations studied, ranging from
0.767 to 0.900, but there was no variation among the
Azores samples, which were collected from a geographi-
cally broad region. Given the lack of genetic variability in
the Azores birds and their abundance throughout the
archipelago, lethal control on a local basis and as part of
an integrated control plan can be seen as a reasonable
measure to protect tern colonies.
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Introduction

The nine islands that comprise the Azores are located in the
Mid-North Atlantic around 1,500 km west of Portugal.
European starlings (Sturnus vulgaris) breed on all of the
islands; no estimate of population size is available, but they
are particularly abundant on the islands of Santa Maria and
Corvo (Equipa Atlas 2008). The Azorean starlings have
been described as a subspecies, S. vulgaris granti (Hartert
and Ogilvie-Grant 1905), but Vaurie (1959) questioned this
separation since there is considerable overlap in biometrics
and plumage with the nominate S. vulgaris vulgaris. The
presence of the European starling in the Azores constitutes
an intriguing geographic occurrence, as it does not breed in
mainland Portugal or in the Atlantic archipelago of Madeira
and has only recently (1960) become a regular breeder in
Spain (Ferrer et al. 1991). Feare (1984) believes that the
Azores starling may be a remnant of a former wide
distribution of starlings that subsequently contracted to the
north and east. Some bird species have been introduced to
the Azores by man, e.g., the goldfinch (Carduelis carduelis)
and more recently, the common sparrow (Passer domes-
ticus; Bannerman and Bannerman 1966). However, accord-
ing to historic documents, the European starling was
already breeding in the Azores upon man's arrival and
colonization of the islands (Frutuoso 1561). The Azores
population is a year-round resident as opposed to the
mainland Europe populations, which generally migrate
southward in the winter.

In 2001, starlings were found to eat eggs of the common
tern Sterna hirundo and the endangered roseate tern Sterna
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dougallii at Vila islet, off Santa Maria (predation rates were
73.1% and 90.2% in 2002 and 2003, respectively; Neves
2005). During 2007 and 2008, starlings were found to eat
eggs at another tern colony, Praia islet located off Graciosa
(V Neves, personal observation). A recent control taste
aversion experiment did not prove to be effective in
minimizing its impacts (Neves et al. 2000), and it is
important to clarify the taxonomic status of the Azores
starling before other measures to protect the terns are
planned and undertaken.

Mitochondrial DNA (mtDNA) has proved very useful
as a starting point to resolve phylogenetic relationships
(Moritz et al. 1987) and NADH dehydrogenase 11 (ND2,
1,047 bp) is amongst the mtDNA genes that have proved
most phylogenetically informative in studies on verte-
brates (Johnson and Clayton 2000). Our objective was to
investigate if the Azores population was genetically
different from the mainland and other island populations
and to assess genetic diversity within and among pop-
ulations residing in the Azores. For this, we sequenced
and compared the ND2 gene of six European populations:
Azores, Spain, Fair Isle, Bristol, Glasgow, and Norway,
along with published sequences from the USA and
Sweden.

Methods
DNA sampling

We sampled blood from 33 live individuals in the wild
from six populations of three subspecies: Azores (seven
individuals, five from Terceira island and two from
Santa Maria island)—S. vulgaris granti, Spain (five
individuals)—S. vulgaris vulgaris, the UK (Bristol (five
individuals)—S. vulgaris vulgaris, Glasgow (four individ-
vals)—S. vulgaris vulgaris, and Fair Isle (six individuals)
—S. vulgaris zetlandicus), and Norway (four individuals)
—S. vulgaris vulgaris. Birds were caught by standard
techniques, and 25pl of blood was taken using a
conventional syringe and heparinized capillary tubes—
birds were released immediately afterwards. Additionally,
we obtained three other ND2 sequences from GenBank:
two from European starlings collected in the USA
(Michigan and New York, accession numbers AF407048
and EF468186, respectively; Sorenson and Payne 2001,
Lovette and Rubenstein 2007) and one from a European
starling collected in Sweden (accession number
DQ146346; Fuchs et al. 2006). We also obtained ND2
sequences for two spotless starlings collected in Spain
(accession numbers EF468185 and DQ466884; Lovette
and Rubenstein 2007; Zuccon et al. 2006) to be used as an
out-group in the phylogenetic analysis.
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Preliminary polymerase chain reactions and mtDNA gene
choice

We conducted trial polymerase chain reactions (PCRs) and
sequenced two mitochondrial protein-coding genes, cyt b
and ND2, in two blood samples of European starling. The
mitochondrial cytochrome-b (cyt ») gene has been more
widely used to study species-level phylogenies in bird
groups than has ND2 (Moore and DeFilippis 1997), and its
rate of sequence divergence has also been well character-
ized (Fleischer et al. 1998). However, in this study, it was
found that ND2 was more variable than cyt b. Despite the
more generalized use of cyt b, ND2 is in fact one of the
most variable genes (in terms of amino acid sequence) after
ATPase 8 and ND6, which are relatively small and thus,
provide less information than ND2 (Sorenson et al. 1999).
To sequence the ND2 gene, we used primers H6313 (5’
CTCTTATTTAAGGCTTTGAAGGC-3") and L5216 (5
GCCCATACCCCRAMAATG-3'; Sorenson et al. 1999).
The letters L and H refer, respectively, to the light and
heavy strands, and the numbers refer to the base position at
the 3" end of the primer in the complete chicken mtDNA
sequence (Desjardins and Morais 1990).

DNA extraction, PCR amplification, and sequencing

Total genomic DNA was extracted from alcohol-preserved
(Azores, Spain, and Norway) and TES buffer-preserved
(Fair Isle, Bristol, and Glasgow) blood samples using
proteinase K digestion, according to the manufacturer's
protocol (DNeasy® blood and tissue kit by Qiagen). PCRs
were performed in a 25-pl reaction containing 1ul of
template (10-50 ng of genomic DNA). The final reaction
conditions were: 12.5 pmol of each primer, 200 uM of each
dNTP, 1.5 mM MgCl,, 50 mM KCl, 10 mM TrisHCI, 0.1%
TritonX-100, and 0.6 units of Taq polymerase. Amplifica-
tions were carried out for 30 cycles under the following
profile: an initial denaturing temperature of 94°C for 120 s,
followed by an annealing temperature of 50°C for 60 s,
extension at 72°C for 60 s, and denaturing temperature of
94°C for 45 s, and final annealing and extension steps of
50°C for 60 s and 72°C for 5 min, respectively. PCR
products were purified by excising bands from 2% agarose
gels with QIAquick Gel Extraction Kits, using the
manufacturer's instructions (Qiagen) and then sequenced
by an ABI 3730 automated sequencer at the University of
Dundee.

mtDNA sequence analysis
Chromatographs were visualized, aligned, and corrected

using Sequencher, version 4.1 (Gene Codes Corporation,
Ann Arbor, MI, USA). MacClade version 4.0 was used
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Fig. 1 Haplotype network recon-
structed using TCS 2.1 (Posada et
al. 2000). The following acro-
nyms were used for population
locations: AZST Azores starlings;
GLA Glasgow, Scotland; BRIS
Bristol, England; FAIR Fair Isles,
Scotland; SPAIN Catalonia,
Spain; NOR Norway; MICH
Michigan, USA; NY New York,
USA; SWE Sweden. Haplotypes
letter codes as in Table 1. Azores
haplotype marked in a dashed
line and spotted starling haplo-
types marked in double line.
Based on this reconstruction, the
haplotype B shared by individu-
als from the Fair Isles, Norway,
and Spain is hypothesized to be
ancestral. The Azores population
shows one fixed difference from

this ancestral type
typ 952

(Sinauer Assoc., MA, USA; Maddison and Maddison 2000)
to visualize differences between sequences. Haplotype
diversity was calculated using equation 8.5 of Nei (1987).
Genetic differentiation was studied by calculating the
pairwise Fg values between the different populations
studied, based on haplotype frequencies using Arlequin
(version 3.1; Excoffier et al. 2006). To calculate the
percentage of variation among and within populations and
to assess the geographic pattern of population structure, we
conducted an analysis of molecular variance using Arlequin.
The program TCS (version 1.18) was used to construct a
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FAIR x2

Hap E
SPAIN X 1

Hap G
BRIS x3
FAIR x3
GLA X2

Hap P
S. unicolor
Spain X1

262
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S. unicolor
Spain X1

Hap |

BRIS X1
NOR x 1

AZSTx7 '
R 2!
243[

Hap B

FAIR X1
NOR x 3
SPAINX2

haplotype network and estimate gene genealogies (Clement
et al. 2000). GenBank sequences from previous studies
were only used in the haplotype network.

Results

We obtained mtDNA sequences for 33 European starlings.
Nineteen (1.9%) out of the 1,026 pair bases sequenced were
variable, and there were 12 different haplotypes in our
sample (GenBank accession numbers FJ896144 to

Table 1 Haplotype distribution and diversity among six European starling populations

Haplotype distribution Haplotype diversity Number

A B CcC D E F G H 1 J K L  Number of haplotypes  Haplotype diversity®
Azores 7 0 0 0 0 0 0 0 0 0 0 0 1 0.000 7
Spain 0 2 1 1 1 0 0 0 0 0 0 0 4 0.900 5
Fair Isle 0 1 0 0 0 2 3 0 0 0 0 0 3 0.767 6
Bristol 0 0 0 0 0 0 3 1 1 0 0 0 3 0.700 5
Glasgow 0 0 0 0 0 0 2 0 0 2 0 0 2 0.667 4
Norway 0 3 0 0 0 0 0 0 1 0 1 1 4 0.800 6
Total 7 6 1 1 1 2 8 1 2 2 1 1 33

See Fig. 1 for relationships among the haplotypes
#Haplotype diversity (from equation 8.5 in Nei 1987)
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Table 2 Analysis of molecular

variance results indicating per- Source of variation D.f. Sum of squares Variance components Percentage of variation
centage of variation among and
within populations Among populations 5 24.88 0.71 Va 39.53

Within populations 27 29.37 1.09 Vb 60.47

32 54.24 1.80

Fixation index Fl 0.40
D.f Degrees of freedom
FJ896155). Three additional haplotypes were found among  Discussion

the three sequences downloaded from GenBank (Hap M, N,
and O in Fig. 1). Haplotype diversity was high in all
populations except for the Azores, where all individuals
had identical sequences (Table 1). There was one shared
haplotype between Spain, Fair Isle, and Norway (Hap B)
and another between Fair Isle, Bristol, and Glasgow (Hap
G; Table 1). There was also one shared haplotype between
Bristol and Norway (Hap I). However, there were no shared
haplotypes between the Azores and any of the other
populations (Table 1). The haplotype network reconstructed
using TCS suggested that haplotype B was ancestral. There
was more variation within (60.5%) than among (39.5%)
populations (Table 2). The Azores had high and significant
genetic differentiation from all the other populations
studied, as indicated by the higher Fg values (all above
0.5; Table 3). In contrast, there was evidence for gene flow
(as evidenced by negative and nonsignificant F) among
populations from Britain (Glasgow, Fair Isles, Bristol) and
between Spain and Norway, which were significantly
differentiated from the samples both from Britain and from
the Azores.

The haplotypes of spotless starlings were not different
enough from those of European starling to be used as an
appropriate out-group. As can be seen in the haplotype
network (Fig. 1), there is more genetic variability among
the populations of European starling than between
European and spotless starlings. A sample of rose-
colored starling (Sturnus roseus) was sequenced to be
used as a potential out-group, but in this case, the genetic
divergence proved too high to be useful in the construc-
tion of phylogenies.

The maximal ND2 divergence among the six populations
studied was surprisingly low (0.7%), especially considering
that our sampling area extended from the mid-Atlantic to
Scandinavia and included three supposed subspecies. In
contrast, a study conducted on passerines in one single
island (Hispaniola) found levels of ND2 maximum diver-
gence of 1.2% (Townsend et al. 2007). Nevertheless, even
with this low level of variation, our preliminary analysis
shows that the Azorean birds are genetically distinct from
all other populations studied. The Azorean population has
only one variable site from the haplotype inferred to be
ancestral (haplotype B) from the TCS analysis, adding
some support to the hypothesis that the Azores population
might indeed be a possible relic from the last glaciation.
However, given the small sample size of our study, we must
be very cautious accepting the inferred ancestral type, and
additionally, we cannot exclude the possibility that haplo-
type B went undetected in the other populations studied.
The lower degree of divergence of the Azorean population
compared to other European populations might be due to
the small size of the founder population and/or a bottleneck
effect.

We found no genetic variation among the Azores
individuals even though we had samples from two islands
(Santa Maria and Terceira) that lie about 300 km from each
other. The lack of haplotype diversity observed in the
Azorean starling is in striking contrast with other studies on
Atlantic birds. A recent study using the mtDNA cyt b gene
showed considerably higher haplotype diversity for the
island canary (Serinus canaria); nine different haplotypes

Table 3 Pairwise genetic differentiation statistics (F) between the different populations studied based on haplotype frequency data

(1) Azores (2) Spain (3) Fair Isle (4) Bristol (5) Glasgow (6) Norway
M -
2) 0.45312*
3) 0.68539* 0.26726* -
4) 0.78216* 0.28427* —0.06900 -
) 0.84444* 0.31579* —0.00405 —0.02637 -
6) 0.58230* —0.03448 0.28197* 0.35116* 0.41158* -

F values significant after correction for multiple, nonindependent comparisons using Bonferroni correction are shown in bold

*P<0.05
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were found in only one of the Azorean islands (Dietzen et
al. 2006). The lack of genetic variability found in the
Azores starling population was not observed in any of the
other populations studied, including in America where
European starlings were introduced about 120 years ago
(Cabe 1993).

The fact that we found common haplotypes between the
Fair Isle populations and Spain, Bristol, Glasgow, and
Norway populations is surprising if we remember that the
Fair Isle birds are considered a distinct subspecies (S.
vulgaris zetlandicus). The occurrence of Fair Isle haplo-
types in the other populations studied, as well as the lack of
differentiation from British populations based on Fyg,
indicates that the population is not as isolated as previously
thought and might not deserve subspecies status. The
spotless starling is sometimes treated as another subspecies
of S. vulgaris (de la Cruz-Cardiel et al. 1997), and our study
seems to support this hypothesis. Indeed, our study reveals
that there were more genetic differences amongst S.
vulgaris than between S. vulgaris and the two published
Sturnus unicolor sequences that we used.

ND2 offers potential for resolving relationships among
different subspecies of European starling. However, more
work is needed to confidently identify the source popula-
tion from which the Azores type might have originated or
to which it is most closely related. Our study is not at all
conclusive regarding the status of the Azorean starling as a
subspecies but a more extensive sampling, and a study of
nuclear genes or a wider range of genetic markers will help
to clarify this issue.

Nevertheless, given the lack of genetic variability in the
Azorean starling and the abundance of this species through-
out the archipelago, especially in Santa Maria Island (Equipa
Atlas 2008), starling control on a very local basis seems a
reasonable measure to protect tern colonies. Several
measures should be implemented simultaneously to reduce
starling populations on the islets and increase tern's
productivity, including discouragement of starlings roosting
in the islet throughout the year (for example using scaring
devices), destruction of starling nest contents in the islets,
and if necessary, lethal control. These measures should be
undertaken prior to arrival of terns to the breeding colonies,
by mid-April at the latest, in order to avoid disturbance to
the terns. The effectiveness of these starling control
measures should be closely monitored and evaluated.
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