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and lack of differentiation across the species breeding range
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Abstract We analyzed the patterns of nucleotide sequence
variation at three mitochondrial DNA loci, the noncoding
mitochondrial control region and two genes (cytochrome b
and cytochrome oxidase I) of Gavia immer in the largest
collection of wintering individuals from Southern Europe to
date. The sample consisted of 33 birds, oiled during the
2002/2003 Prestige tanker spill and washed ashore on the
Galician coast (NW Iberian Peninsula). The aims of the
study were to investigate the levels of standing genetic
variation in the species, and to identify the geographic
origin of these wintering birds. To do this, all available
sequences of these loci, mostly from North American
specimens collected from both the Atlantic and Pacific

coasts, were retrieved from GenBank and included in the
analysis. Overall, only 14 genetic variants were detected in
the nearly 2 Kb surveyed, which reflects very low levels of
nucleotide site diversity in this species. Interestingly, all
variants were found at very low frequencies, and there was
no indication of any clear subdivision in the G. immer
population. This genetic profile is consistent with G. immer
being a single panmictic population of small effective
population size as compared with other seabirds. These
circumstances preclude identification of the breeding
regions of these wintering birds relying solely on genetic
data. In the light of these results, possible causes, and the
genetic and ecological consequences, of this demographic
scenario are discussed.

Keywords Gavia immer . Mitochondrial DNA . Genetic
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Introduction

Seabirds, particularly those species that dive for their food
or congregate on the sea surface (King and Sanger 1979;
Williams et al. 1995) are extremely vulnerable to marine oil
spills (Dunnet 1982). For Gavia immer (Brünnich, 1764),
the risk of becoming oiled is much greater in the non-
breeding season, when these birds move to sea and to the
south of their (sub-)arctic breeding grounds on inland lakes.
The additive effects of oil spills and changes in climatic and
oceanographic conditions may influence bird survival in
their breeding colonies via effective population size
reduction and/or breeding failure (Votier et al. 2005). Many
migratory seabirds exhibit high levels of philopatry and
breeding site fidelity, which could make them very sensitive
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to the consequences of oil spills, especially if birds come
from a restricted geographic area, have a small population
size or a low reproductive success rate. Therefore, to assess
the ecological impact that oil spills affecting seabird
wintering grounds can have on breeding populations, it is
important to identify the geographic breeding origin of the
casualties (Heubeck et al. 2003; Camphuysen et al. 2007).

On 19 November 2002, the single-hulled oil tanker
Prestige sank 240 km off the coast of Galicia (NW Spain)
in waters 3,800 m deep, leaking about 61,000 metric tonnes
of heavy fuel, which spread along the Spanish, Portuguese
and French coasts (González et al. 2006). Beached bird
surveys in these three countries between November 2002
and August 2003 collected 23,181 birds of more than 90
species (García et al. 2003). Given that many oiled seabirds
die at sea and never wash ashore, the number found is
inevitably less than the actual number of casualties (Ford et
al. 1987; Wiese 2003). One consequence of this oil spill
was the recovery of an unexpectedly large number (65) of
G. immer specimens, which are known to winter in small
numbers off the Iberian Peninsula. G. immer is included as
a Vulnerable Species in the Spanish Red List (Sandoval and
De Souza 2005). Their breeding range extends from Alaska
east through Canada (except the high Arctic) and the
northernmost contiguous United States, Baffin Island, west
and east Greenland, and Iceland (Evers 2004). About 94%
of the global breeding population (estimated to be 252,000–
264,000 territorial pairs) breeds in Canada, particularly
Ontario and Quebec, with 500–2,000 breeding pairs in
Greenland, and only 200–300 pairs in Iceland (BirdLife-
International 2004; Evers 2004). Autumn migration routes
to wintering grounds have been studied mainly in North
America using morphometric information (Research Insti-
tute unpublished data, cited in Evers 2004), data on ringing
recoveries (McIntyre 1998; Evers et al. 2000), radar
(Kerlinger 1982) and satellite telemetry (Kenow et al.
2002). Most western US and western Canadian populations
migrate to the Pacific coast (from Alaska to northern
Mexico), while populations from mid-western US, New
England and central and eastern Canada migrate to the
Atlantic coast (from Newfoundland to Florida and the
northern Gulf of Mexico) (Evers 2004). About 6,000
individuals winter in Europe, mostly (3,000–4,500) in the
British Isles (Heubeck et al. 1993; Weir et al. 1996), with
smaller numbers in Iceland, Norway, France and Spain
(BirdLife-International 2004).

The geographic cline in size observed across the
breeding range (Storer 1988) seems to indicate the
existence of genetically structured populations related to
the strong levels of philopatry attributed to this species
(Evers 2001). Adults have a low ability to colonize new
areas, returning every year to the same breeding territories.
In contrast, juvenile pre-breeders (<3 years) tend to be more

mobile and wander over larger distances (Evers 2004),
although they usually return to the natal grounds, or close,
to breed. This behavior limits gene flow among populations
and, thus might be expected to favor the accumulation of
nucleotide differences that can eventually generate geneti-
cally distinct populations (Friesen et al. 2007). According
to wing measurements, the breeding origin of birds
wintering in Europe is likely to be a combination of
Iceland, Greenland and the northeast Canadian Arctic (Lack
1986; Heubeck et al. 1993; Weir et al. 1996; Camphuysen
et al. 2010).

Nearly nothing is known, at the molecular level, about
the geographic origin of the individuals wintering in
Europe, particularly those that migrate to the Iberian
Peninsula. Although very unfortunate events, oil spills can
provide large opportunistic samples of birds that allow an
array of studies that otherwise would be difficult to carry
out (Kitchener and McGowan 2003). Here, we took
advantage of the use of molecular tools to analyze the
patterns of mtDNA genetic diversity of birds beached in
Galicia after the Prestige oil spill and compare them with
available sequences from different North American loca-
tions, in order to detect mutations that could help us to
identify genetic variants from different populations or
geographic origins.

Materials and methods

Sampling

Beached bird surveys took place daily along the northern
Spanish coast between 16 November 2002 and 31 August
2003 by volunteers coordinated by the Spanish Society of
Ornithology (SEO/Birdlife) as a response to the Prestige oil
spill (García et al. 2003), with parallel surveys on the
Portuguese and French coasts. A total of 65G. immer were
recovered, dead or alive, along the Portuguese, Spanish and
French coasts, representing 0.3% of all beached birds found
(n=23,181). Most (53) were found in Galicia, of which 41
corpses were necropsied in the laboratories of the Faculty
of Sciences of the Universidade da Coruña following
standard procedures (Camphuysen et al. 2007). A sample
of heart tissue was obtained from each specimen and frozen
at −40°C.

DNA extraction and amplification

DNA was extracted from 33 of these samples using the
DNeasy Blood and Tissue Kit (Qiagen, Izasa, Barcelona,
Spain) following the manufacturer’s instructions. Primers to
amplify the cytochrome b gene were designed using G.
immer sequences available in GenBank (cytb-F: TACC-
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CACCCCTCCAAACAT and cytb-R: GCTAGTTGGCC
GATGATGA). To amplify the cytochrome oxidase I (COI)
gene, we used COI-F: TTCTCCAACCACAAAGA
CATTGGCAC and COI-R: ACGTGGGAGATAATTC
CAAATCCTGG (Kerr et al. 2007). Sequences of the
mitochondrial control region (MCR) were obtained by
using degenerate primers (MCR-F: CTCACGWGAAAT
CAGCA and MCR-R: TAGAGGAAGTGTAAAAGT)
based on conserved segments of previously published
sequences (Slack et al. 2006; Morgan-Richards et al.
2008). Standard PCR procedures were performed using
AmpliTaq Gold PCR Master mix (Applied Biosystems,
Madrid, Spain); cycling conditions for amplifying the cytb
and MCR were as follows: denaturation at 95°C for 5 min
followed by 35 cycles of 95°C for 15 s, primer annealing at
55°C/50°C for 15 s (for cytb and MCR, respectively) and
extension at 72°C for 1 min, and a final extension of 7 min
at 72°C. COI was amplified using Kerr et al. (2007)
protocol: 1 min at 94°C followed by six cycles of 1 min at
94°C, 1.5 min at 45°C and 1.5 min at 72°C, followed in
turn by 35 cycles of 1 min at 94°C, 1.5 min at 55°C and
1.5 min at 72°C, with a final extension of 5 min at 72°C.
Products were processed and purified at the Universidade
da Coruña Sequencing Services (http://www.sai.udc.es). All
sequences were deposited in GenBank (Table 1)

Other Gavia spp. sequence data

All loon species (Gavia immer, Brünnich 1764, Gavia
adamsii, Gray 1859, Gavia arctica, Linnaeus 1758, Gavia
pacifica, Lawrence 1858 and Gavia stellata, Pontoppidan
1763) sequences for cytb and COI were retrieved from
GenBank, although only the longest of them were aligned
with our dataset, in order to include as many sites as
possible in the analyses. Additional cytb sequences were
entered by hand from the printed alignments shown in
Wink et al. (2002). See Table 1 for details.

Sequence analyses

Sequences were checked for accurate base calling using
CodonCode Aligner (CodonCode Corporation, Dedham,
MA), and edited and aligned manually with the aid of
BioEdit (Hall 1999). Silent (πs) and non-synonymous
nucleotide (πa) diversity were estimated using the Nei-
Gojobori algorithm with Jukes-Cantor correction (Nei and
Gojobori 1986), as implemented in MEGA v.4 (Tamura et
al. 2007). Other population genetics parameters were
calculated with DnaSP v5.0 (Librado and Rozas 2009):
Watterson’s estimator (Watterson 1975) for silent (θs) and
non-synonymous sites (θa), number of haplotypes (h)
haplotype diversity (Hd), Tajima’s D (Tajima 1989) and
Fst (Hudson et al. 1992). The haplotype network was

constructed using the median joining method (Bandelt et al.
1999) with the aid of the Network v4.6 program, freely
available at www.fluxus-engineering.com.

Results

Sequence and haplotype diversity

Polymorphism analysis revealed extremely low levels of
genetic diversity in the three regions studied, either at
coding or non-coding sites (Table 2). A single nonsynon-
ymous mutation was found in the COI gene, consistent with
the lack of variation observed among the four G. immer
sequences available in GenBank (Hebert et al. 2004; Baker
et al. 2006; Kerr et al. 2007). The MCR exhibited very little
polymorphism and presented special features that are
treated separately (see below).

The cytb gene showed lower levels of variation in our
samples than in the GenBank dataset (Stanley and Harrison
1999; Wink et al. 2002; Baker et al. 2006; Brown et al.
2008), particularly when looking at the silent-site diversity
estimate based on the number of segregating sites (θs,
Table 2). This result can be explained by the low frequency
of the sequence variants detected in our sample, as revealed
by the consistently negative values of the Tajima’s D test
statistic (Table 2). In fact, only one mutation was shared by
two individuals in our dataset—a nucleotide transition (G to
A) detected in samples GND1056 and GNDCAM3759 at
position 256 (see Table 3). The additional sequences
studied, of different geographical origins (Table 1),
exhibited a similar pattern and only one of them
(AY567918), from a dead bird found on the Pacific coast
of Mexico (M. Wink, personal communication), shared a
mutation at position 472 with one of our samples
(GND1207).

The scarce diversity and the low population frequency of
the polymorphisms observed, meant that haplotype diver-
sity was also very low (Hd=0.28). There were five different
haplotypes in the Prestige dataset. The most common one
(H1) was present in 28 individuals (Table 3, Fig. 1). The
other four differed from it by a single nucleotide position;
H2 was found twice, and H3, H4 and H5 were found only
once in the sample. This distribution of mutation frequencies
fitted a Poisson distribution (P>0.80).

If all G. immer cytb sequences available in GenBank are
included in the analysis, the scenario does not change
substantially, although the haplotype diversity is slightly
higher (Hd=0.41). The total number of haplotypes was
nine, most of which differed by a single mutation and only
three were found twice in the whole sample (Fig. 1). These
results suggest that H1 is prevalent in the G. immer
population (frequency of 0.77) and that most other
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Table 1 Accession numbers,
origin, and references of the
Gavia immer specimens used in
the analysis. COI cytochrome
oxidase I, cytb cytochrome
oxidase b, MCR mitochondrial
control region

aThis work
bBrown et al. (2008)
cBaker et al. (2006)
dStanley and Harrison (1999)
eWink et al. (2002)
fKerr et al. (2007)
gHebert et al. (2004)
hNot available

Specimen COI cytb MCR Country of collection

GND 676 HQ864472 HQ864505 HQ864538 Spain (Galicia)a

GND 1055 HQ864473 HQ864506 HQ864539 Spain (Galicia)a

GND 1056 HQ864474 HQ864507 HQ864540 Spain (Galicia)a

GND 1103 HQ864475 HQ864508 HQ864541 Spain (Galicia)a

GND 1165 HQ864476 HQ864509 HQ864542 Spain (Galicia)a

GND 1173 HQ864477 HQ864510 HQ864543 Spain (Galicia)a

GND 1207 HQ864478 HQ864511 HQ864544 Spain (Galicia)a

GND 1222 HQ864479 HQ864512 HQ864545 Spain (Galicia)a

GND 1270 HQ864480 HQ864513 HQ864546 Spain (Galicia)a

GND 1277 HQ864481 HQ864514 HQ864547 Spain (Galicia)a

GND 1388 HQ864482 HQ864515 HQ864548 Spain (Galicia)a

GND 1724 HQ864483 HQ864516 HQ864549 Spain (Galicia)a

GND 2074 HQ864484 HQ864517 HQ864550 Spain (Galicia)a

GND 3184 HQ864485 HQ864518 HQ864551 Spain (Galicia)a

GND 3461 HQ864486 HQ864519 HQ864552 Spain (Galicia)a

GND COT2294 HQ864487 HQ864520 HQ864553 Spain (Galicia)a

GND CAM2665 HQ864488 HQ864521 HQ864554 Spain (Galicia)a

GND CAM2802 HQ864489 HQ864522 HQ864555 Spain (Galicia)a

GND CAM2921 HQ864490 HQ864523 HQ864556 Spain (Galicia)a

GND CAM2961 HQ864491 HQ864524 HQ864557 Spain (Galicia)a

GND CAM2963 HQ864492 HQ864525 HQ864558 Spain (Galicia)a

GND CAM2964 HQ864493 HQ864526 HQ864559 Spain (Galicia)a

GND CAM3244 HQ864494 HQ864527 HQ864560 Spain (Galicia)a

GND CAM3300 HQ864495 HQ864528 HQ864561 Spain (Galicia)a

GND CAM3333 HQ864496 HQ864529 HQ864562 Spain (Galicia)a

GND CAM3688 HQ864497 HQ864530 HQ864563 Spain (Galicia)a

GND CAM3757 HQ864498 HQ864531 HQ864564 Spain (Galicia)a

GND CAM3758 HQ864499 HQ864532 HQ864565 Spain (Galicia)a

GND CAM3759 HQ864500 HQ864533 HQ864566 Spain (Galicia)a

GND CAM3815 HQ864501 HQ864534 HQ864567 Spain (Galicia)a

GND COT3957 HQ864502 HQ864535 HQ864568 Spain (Galicia)a

GND VERAL4111 HQ864503 HQ864536 HQ864569 Spain (Galicia)a

GND VERAL4629 HQ864504 HQ864537 HQ864570 Spain (Galicia)a

EU166993 US (Michigan)b

1B-105 DQ137167 DQ137207 Canadac

AMNH/PRS 035 AF158249 USA (New Jersey)d

3769 AY567918 Mexico (Baja California)e

3770 NAh Mexico (Baja California)e

3771 NA Mexico (Baja California)e

3772 NA Mexico (Baja California)e

3983 NA Mexico (Baja California)e

9032 NA Mexico (Baja California)e

15760 NA Germany (N. Rhine-Westphalia)e

20667 NA US (Florida)e

CWS44243 DQ433665 Canada (Quebec)f

LSU7933 DQ432937 US (Louisiana)f

1B-475 AY666287 Canada (Ontario)g
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haplotypes derive from it by a reduced number of
mutations. The only exception was H9 (found in a single
individual from GenBank), which harbored four exclusive
mutations with respect to the most frequent haplotype (H1).
If we assume that mutations occur at random, the
probability of observing one such sequence would be
0.03. In fact, the overall frequency distribution of mutations

across haplotypes did not fit the Poisson distribution
(P<<0.001 in a χ2 test of goodness-of-fit), a deviation that
is corrected if H9 is removed from the data (P=0.14), which
means that this haplotype could be taken as an outlier. In any
case, this pattern of nucleotide and haplotype diversity
argues against the hypothesis of any subdivision in the G.
immer population. This was further supported by an Fst

Table 2 Mitochondrial nucleotide diversity in Gavia immer. π
Pairwise nucleotide diversity at silent (πs) and nonsynonymous sites
(πa); θ nucleotide site variability based on the number of segregating
sites (silent = θs and nonsynonymous = θa, respectively); S number of

silent (Ss) and nonsynonymous sites (Sa), Sg: number of segregating
sites (silent=Sgs and nonsynonymous=Sga, respectively); D Tajima’s
D value (silent=Ds and nonsynonymous=Da, respectively); h number
of haplotypes; Hd haplotype diversity

Locus Dataset πs πa θs θa Ss Sgs Sa Sga Na Ds Da h Hd

COI

Prestige 0 0.0001 0 0.0005 186.00 0 519.00 1 33 - −1.14 2 0.06

GenBankb 0 0 0 0 156.00 0 432.00 0 4 - - 1 0

Both 0 0.0001 0 0.0006 156.00 0 432.00 1 37 - −1.13 2 0.05

cytb

Prestige 0.0010 0.0001 0.0032 0.0004 231.65 3 662.35 1 33 −1.55 −1.14 5 0.28

GenBank 0.0079 0.0003 0.0120 0.0006 200.00 7 580.00 1 11 −1.40 −1.13 5 0.71

Both 0.0029 0.0002 0.0104 0.0008 199.99 9 580.02 2 44 −2.06 −1.48 9 0.41

MRC

Prestige 0.0004 - 0.0010 - 486.00 2 - - 33 −1.27 - 3 0.17

a Number of sequences analyzed
b GenBank data from Stanley and Harrison 1999; Wink et al. 2002; Hebert et al. 2004; Baker et al. 2006; Kerr et al. 2007; Brown et al. 2008

Table 3 Gavia immer cytb haplotypes. Accession numbers or reference numbers of the published sequences are shown below. H Haplotype, N
number of individuals

Nucleotide position

Haplotype N 140 247 251 256 472 733 742 751 807 814 883

H1a 34 T T C A C C C T G C C

H2b 2 . . . G . . . . . . .

H3c 1 . . . . . . . C . . .

H4d 1 . . . . . . . . A . .

H5e 1 . . . T . . . . . .

H6f 2 . . . T . . . . . T

H7g 1 C . . . . . . . . .

H8h 1 . . . . . . . . T .

H9i 1 . A T . . T G . . . .

a 3771, 3772, 3983, 9032 and 15760 (Wink et al. 2002); AF158249 (Stanley and Harrison 1999); HQ864505–HQ864506, HQ864508–HQ864510,
HQ864512–HQ864513, HQ864515–HQ864525, HQ864527–HQ864532, HQ864534–HQ864537 (this work)
b HQ864507 and HQ864533 (this work)
c HQ864514 (this work)
d HQ864526 (this work)
e HQ864511 (this work)
f 3769 and 3770 (Wink et al. 2002)
g 20667 (Wink et al. 2002)
h EU166993 (Brown et al. 2008)
i DQ137207 (Baker et al. 2006)
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value of 0.12 that indicates that, according to polymorphism
data, there is no population differentiation between the
Atlantic and the Pacific samples which, in theory, have
different breeding origins (see Introduction).

To investigate if this observed low level of genetic
differentiation is restricted to G. immer, we studied the
polymorphism data available in GenBank for other Gavia
species, with analogous results. Although G. stellata and G.
pacifica seem to be slightly more variable, the overall
pattern is that the species of this genus display genetic
diversity levels usually below 1% (Table 4).

Analysis of the control region

The study of the control region yielded unambiguous
sequences in most individuals; however, in six samples
we noted the presence of double peaks for C and T at a
single site in the sequence electropherograms, which made
accurate base calling of a single nucleotide impossible
(supplemental Fig. 1). One plausible explanation for this is
that the control region is duplicated in these mitochondrial
genomes, as has been previously reported in several taxa,
including other seabird species (Abbott et al. 2005; Morris-
Pocock et al. 2010). To examine this possibility, we
performed a PCR test designed to amplify the DNA
segment lying between the two putative control regions,
following the strategy described by Morris-Pocock et al.
(2010). However, despite several attempts, we were unable
to amplify the expected fragment. This could be caused by
(1) poor quality of the DNA extractions, (2) a duplication
too large to be amplified by the PCR protocol used, or (3)
the absence of such a duplication. In the latter case, the
double peaks could be explained by heteroplasmy (the
presence of more than one genetically differentiated
mitochondrial lineages in G. immer). More work is being
carried out to investigate this matter and verify the possible
existence of this mitochondrial duplication in the different
loon species.

Consistent with the results from the other loci, the levels
of variability detected in the MCR, after removing the
ambiguous site, were also extremely low (Table 2), partic-
ularly taking into account the fact that, in theory, this is the
most variable domain of the mitochondrial genome (Wink
2006). Again, θs is larger than πs, suggesting that the
polymorphism is caused mostly by low frequency variants.
There are two segregating sites and one of them is shared
by two samples (GND CAM3244 and GND CAM3815).

Fig. 1 Haplotype network constructed using the median joining
method. Haplotype numbers are indicated. Circle patterns represent
coastal sampling locations: GZ Galicia, Spain, MX Mexico, GE
Germany, NJ New Jersey, US, MI Michigan, US, CA Canada, FL
Florida, US. Circle surfaces are roughly proportional to the number of
individuals with each haplotype (Table 3)

Table 4 Mitochondrial nucleotide diversity in other Gavia speciesa. For definitions, see Table 2

Locus Species πs πa θs θa Ss Sgs Sa Sga N Ds Da h Hd

COI

G. adamsii 0 0 0 0 165.00 0 462.00 0 6 - - 1 0

G. stellata 0.0035 0 0.0028 0 172.67 1 481.33 0 5 1.22 - 2 0.60

G. pacifica 0.0017 0 0.0024 0 167.00 1 466.00 0 7 −1.01 - 2 0.29

G. arctica - - - - - - - - 1 - - - -

cytb

G. adamsii - - - - - - - - 1 - - - -

G. stellata 0.0071 0 0.0070 0 235.00 3 659.00 0 4 0.17 - 3 0.83

G. pacifica 0.0118 0 0.0109 0 200.00 4 580.00 0 4 0.65 - 3 0.83

G. arctica - - - - - - - - 1 - - - -

a GenBank data from Stanley and Harrison 1999; Garcia-Moreno et al. 2003; Hebert et al. 2004; Slack et al. 2006; Watanabe et al. 2006; Yoo et al.
2006; Kerr et al. 2007; Brown et al. 2008
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Discussion

In global and European terms, relatively few G. immer
individuals winter on the Portuguese and Spanish Atlantic
coasts (Paterson 1997; BirdLife-International 2004), with
early data on this still poorly known population estimating
270–340 wintering in Spain (Sandoval and De Souza
2005), where they mainly frequent northwestern coastal
waters. The total of 65 birds found dead or alive after the
Prestige oil spill, most (n=53) in Galicia (Spain), suggests
that wintering numbers in Atlantic Iberia are higher than
previously thought, particularly as the number of retrieved
corpses will be lower than the actual number of casualties
(Piatt et al. 1990; García et al. 2003). However, it must be
noted that the 53 bodies found in Galicia washed ashore
between November 2002 and April 2003, and probably
included some passage birds, as well as those wintering
along the coast.

A recent estimate (De Souza et al. 2010) calculated an
average Galician wintering population of 123 birds (95% CI=
76–166), about 2% of the estimated European wintering
population—a figure that surpasses a threshold of significant
biological conservation value (Wetlands-International 2006).
Given that detectability on the surface of the sea is less
reliable for distant birds, the total number of G. immer
wintering in Galicia might well increase up to an average of
230 birds (95% CI=130–330) if a correction factor for
detectability (Slade 1996) is applied (J.A. De Souza,
personal communication). In any case, not only is the
wintering population larger than previously thought, but also
the Spanish, and particularly the Galician, G. immer
population has probably been severely depleted after this
event.

The geographic breeding origin of these birds remains
uncertain, as does the impact of the oil spill on the source
population(s). G. immer wintering in Europe apparently
exhibit different phenotypic features depending on their
breeding population (Cramp and Simmons 1977). Accord-
ing to the multimodal frequency distribution of their wing
lengths, the breeding origin of birds killed by winter oil spills
in Europe appears to be mainland Canada, Greenland-Baffin
Island and Iceland (Heubeck et al. 1993; Weir et al. 1996).
Biometric data from the birds stranded in Galicia during the
Prestige oil spill, as well as the incidence of gunshot in their
carcasses (Weir et al. 1996), suggest an inconclusive
Icelandic and/or Greenlandic origin (Camphuysen et al.
2010). The variation in morphology detected across the
breeding range of this species (Storer 1988) suggests the
existence of genetically distinct populations (Friesen et al.
2007). However, the few attempts made to describe the
genetic population structure of G. immer revealed a small
degree of population subdivision in North America (Dhar et
al. 1997; McMillan et al. 2004). This is consistent with our

results using both published sequences and our own dataset.
Although one limitation to this work is the small sample
sizes examined, as a consequence of the opportunistic
sampling, particularly with respect to what is available in
GenBank, and that larger data sets would be desirable to
make robust statements, the sequences analyzed here are
from quite disparate geographic origins and seem to suggest
no major population subdivisions.

The levels of nucleotide polymorphism detected in this
study are generally low, especially in the Prestige dataset
(Table 2). G. immer shows an average πs, at least one order
of magnitude lower than the mean values estimated by
Berlin et al. (2007) (πs=0.0266 ) or Nabholz et al. (2009)
(πs=0.0400) for the cytb gene, or by Hughes and Hughes
(2007) (πs=0.0385) for this and other mitochondrial coding
genes in a variety of bird species.

Even though the overall population is not at risk, the
world population is relatively limited (252,000–264,000
breeding pairs; Evers 2004). Within Europe, breeding
numbers in Iceland are very small, however, and the impact
of the Prestige and other winter oil spills (e.g., Amoco
Cadiz, Erika…) on this population could therefore be
considerable. The reduced genetic variation detected is in
agreement with the low diversity expected in small
populations. In these, genetic drift overpowers the effect
of selection and drives slightly deleterious mutations to
high frequencies or even to fixation, decreasing the genetic
value of the population over time (Kimura 1983).

Haplotype diversity for cytb is also very low, particularly
in the Prestige dataset (Hd=0.28), which exhibited a single
haplotype (H1) in 28 of the 33 samples. This could indicate
a common geographic origin of the Galician birds and
could be taken as another sign of the low level of genetic
variability and population differentiation of G. immer
worldwide, as shown by the values obtained using the
North American dataset (Hd=0.64). In addition, genetic
variants segregate at low frequencies in the sample—most
variants are found just once (Fig. 1)—, which argues
against the possibility of any genetic structure in the
originating population.

The reduced number of nucleotide substitutions between
haplotypes indicates that they might have a relatively recent
origin. If we assume that H1 is the ancestral cytb haplotype—
the most parsimonious hypothesis—the mean number of
mutations in the derived haplotypes is 1.5. Considering that
the rate of nucleotide evolution for avian mitochondrial loci
is of the order of 0.9 (95% CI: 0.4–1.4) substitutions per site
per million years (Lambert et al. 2002), and that we have
analysed 780 sites, it can be estimated that the derived
haplotypes originated about 17,300 years ago (95% CI:
7,700–26,000). Although this figure should be taken with
care, as substitution rates might vary across loci and taxons,
it suggests that the extant variation at the cytb locus is
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relatively recent in this species, and that most variants are
likely to date after the Last Glacial Maximum, between
26,500 and 19,000 years ago (Clark et al. 2009). It is known
that the variability patterns of mitochondrial and nuclear
DNA after a bottleneck are different (Fay and Wu 1999), and
that after a decrease in population size the mitochondrial
genome experiences a greater reduction in the levels of
polymorphism than the nuclear one, which would explain
not only the lack of diversity detected but also why the few
variants are present at low frequencies. Hypothetical nuclear
genetic variation, together with different environmental
effects, could provide an explanation for the phenotypic
diversity reported across this species’ distribution area. A
similar scenario is presented by another seabird, the North
Atlantic common guillemot (Uria aalge), which presents
strong morphological variation at the population level, to the
point that a sub-species classification has been established on
the grounds of plumage and morphometric variation, but
reduced genetic diversity, such that genetic markers perform
poorly as tools for the assignment of sampled individuals to
their colony of origin (Riffaut et al. 2005).

It should also be noted that we cannot discard the
possibility that the reduced variation may reflect recent
adaptive evolution of the mitochondrial DNA. Given that
the mitochondrial chromosome does not recombine (or
only at very low rates), whenever a new favorable variant
is driven to high frequency or even to fixation by natural
selection, the whole chromosome will hitchhike along
with it. This means that all individuals in that population
end up sharing the same haplotype, so that most, if not
all, previously extant variation will be swept away (Bazin
et al. 2006). In this context the rare H9—with four
mutations—could represent an old haplotype that was
present in the population before the selective sweep
occurred and now segregates at low frequencies. But it
must be borne in mind that selective sweeps are expected
to be relatively common only in large-size populations,
where there is a greater chance of beneficial mutations
arising and natural selection is expected to be more
effective relative to stochastic processes such as genetic
drift (see Charlesworth and Charlesworth 2009, pp 261–
264). It thus seems unlikely that selective events can
explain the reduced levels of mtDNA variation observed
across Gavia species, which instead probably reflect
reduced effective population sizes.

Whatever the cause, recovering the loss of variation may
take a long time, particularly for the nuclear DNA (Fay and
Wu 1999), leaving the population more exposed to risks
that produce stress, such as inclement weather, parasites,
diseases or dietary changes. The response to environmental
changes requires enough genetic diversity to adapt to new
circumstances and this implies that, although apparently
little genetic variation has been lost in the Prestige oil spill,

any decrease in a population that is in itself not very diverse
could have an important impact on the ability of these seabirds
to confront new selective pressures (Whitlock 2000).
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