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ABsTRACT.—Although the large white-headed gull group (genus Larus) has long been a
model in speciation studies, the systematic status and evolutionary relationships of many of
its taxa remain unresolved. We used mitochondrial DNA control region and cytochrome-b
gene sequences in an attempt to resolve some of those uncertainties. In contrast to previously
published results based on nuclear markers, mitochondrial DNA was found to be strongly
structured among species, indicating that mitochondrial gene flow is very low. Phylogenetic
relationships remain largely unresolved, mainly because of the low amount of variation be-
tween species. Horizontal transfer of mitochondrial lineages is demonstrated or suspected
between most taxa and obscured the reconstruction of the history of the group. The Medi-
terranean form michahellis was as differentiated from the other western European species as
these are from each others, confirming it is neither conspecific with L. fuscus nor with L.
argentatus. The forms fuscus and graellsii do not show any significant differences in haplo-
types frequencies, arguing for their subspecific status. Received 27 September 2000, accepted 30
January 2002.

REsumME.—Bien que le groupe des goélands (genre Larus) est depuis longtemps un modéle
utilisé pour les études sur la spéciation, le statut systématique et les relations évolutives de
la plupart de leurs taxa restent non résolu. Nous avons utilisé des régions contréles d’ADN
mitochondrial et des séquences du géne cytochrome-b pour tenter de résoudre certaines de
ces incertitudes. A la différence des résultats basés sur des marqueurs nucléaires précédem-
ment publiés, nous avons trouvé que ’ADN mitochondrial était fortement structuré parmi
les especes, indiquant que le flux de gene mitochondrial est trés faible. Les relations phy-
logénétiques restent en grande partie non résolu, principalement en raison de la faible quan-
tité de variation entre espéces. Le transfert horizontal de lignées mitochondriales est dé-
montré ou suspecté entre la plupart des taxa et obscurcit la reconstitution de I’histoire du
groupe. La forme méditerranéenne michahellis était aussi différenciée des autres espéces
d’Europe de I'ouest que ces derniéres le sont les unes par rapport aux autres, confirmant
I’absence de conspécificité avec L. fuscus et L. argentatus. Les formes fuscus et graellsii ne mon-
trent aucune différence significative dans les fréquences d’haplotypes, argumentant dans le
sens de leur statut sous-spécifique.

THE LARGE WHITE-HEADED GULLS (i.e. species
more or less closely related to Larus argentatus;
see below for a more precise definition of the
group) have always represented a notorious
systematic challenge (see Table 1; del Hoyo et
al. 1996). The main reasons for that are the fre-
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quency of hybridization occurring even be-
tween well-established species (e.g. see Hoff-
man et al. 1978, Pierotti 1987, Bell 1996), the
strong plumage similarity between some taxa
(see Grant 1986) even when they seem to be re-
productively isolated (e.g. Klein and Buchheim
1997), and the high level of phenotypic differ-
entiation achieved in some cases without ap-
parent reproductive isolation. Furthermore,
many taxa of contentious status live in the Arc-
tic regions of North America or within the lim-
its of the former Soviet Union, making field as-
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TABLE 1.
results).
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Current classification of the argentatus—fuscus complex and suggested changes (not based on our

Name

del Hoyo et al. 1996

Approximate range

Suggested systematic changes

previously published and remarks

marinus Linnaeus,
1758

fuscus Linnaeus,
1758

intermedius
Schigler, 1922

graellsii Brehm,
1857

heuglini Bree, 1876

taimyrensis Butur-
lin, 1913

argentatus Pontop-
pidan, 1763

argenteus Brehm,
1822

smithsonianus
Coues, 1862

vegae Palmén, 1887

birulai Pleske, 1928

L. marinus

L. fuscus fuscus

L. fuscus intermedius

L. fuscus graellsii

L. fuscus heuglini

Synonym of heu-
glini

L. argentatus argen-
tatus

L. argentatus argen-
teus

L. argentatus smith-
sonianus

L. argentatus vegae

Synonym of vegae

West Europe, east North
America

From the Baltic and
north Norway coasts
to the White Sea

Netherlands to south
Norway

Iceland, British Isles,
France, locally north
Spain

North Russia, from Kola
Peninsula to west of
the Yenisey River

Lower Yenisey Valley
and southwestern
Taimyr Peninsula

Europe from Denmark
to east Kola Peninsula

West Europe from Ice-
land to northwest
Germany

North America

North Siberia from
Taimyr eastward
(western part of the
range: birulai?)

Western part of the
range of vegae

—

None.

None.

L. graellsii intermedius. See graell-
sii below.

L. graellsii graellsii. Based on dif-
ferences in phenotype, behav-
ior and feeding ecology be-
tween fuscus and graellsii and
intermedius, some authors pro-
posed to treat them as distinct
species (see Sangster et al.
1999), although morphological
variation in fuscus and espe-
cially intermedius makes some
birds indistinguishable (Jons-
son 1998b, L. Jonsson pers.
comm.). Our genetic results do
not support this change.

L. heuglini heuglini. Filchagov
(1994) claimed that heuglini is
reproductively isolated from
argentatus and fuscus along the
White Sea coasts. Liebers et al.
(2001) showed that this form is
closely related to fuscus.

L. heuglini taimyrensis. Further
work needed to assess validity
of this taxon.

None.

None.

L. smithsonianus. See text. Cer-
tainly not a member of the
Eurasian LWHG clade.

L. vegae vegae. Study of museum
specimens reveal very few
specimens intermediate be-
tween vegae and taimyrensis
(Filchagov 1994, L. Jonsson
pers. comm., P. Yésou pers.
comm.), suggesting reproduc-
tive isolation. Contra for exam-
ple Haffer (1982), Filchagov et
al. (1992), del Hoyo et al.
(1996), most of Taimyr penin-
sula seem to be inhabited by
vegae or birulai (depending
whether one recognizes this
last taxon or not) (Kennerley et
al. 1995, L. Jonsson pers.
comm., P. Yésou pers. comm.).

. vegae birulai. Further work
needed to assess validity of
this taxon.
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Name

del Hoyo et al. 1996

Approximate range

Suggested systematic changes

previously published and remarks

cachinnans Pallas,
1811

mongolicus Sush-
kin, 1925

barabensis Johan-

sen, 1960

michahellis Nau-
mann, 1840

atlantis Dwight,
1922

L. cachinnans cach-
innans

L. cachinnans mon-
golicus

L. cachinnans bara-
bensis

L. cachinnans mi-
chahellis

L. cachinnans atlan-
tis

Black Sea, Caspian Sea,
and east to the Lake
Balkash

From east of the Altai
Mountains to Mongo-
lia

Steppes of north Ka-
zakhstan

Mediterranean Sea, At-
lantic coasts of Iberia,
France, and Morocco

Canaries, Madera,
Azores (as traditional-
ly given. See remarks.)

None.

None. Genetic data suggest it is
not related to cachinnans (Lie-
bers et al. 2001).

None. Probably closely related to
heuglini rather than to cachin-
nans (Liebers et al. 2001, L.
Jonsson pers. comm.)

L. michachellis michahellis. See
text.

L. michahellis atlantic. Beaubrun
(1988) and Dubois (2001) con-
sidered atlantis to be limited to

armenicus Buturlin, L. armenicus

1934

Anatolia and Caucasus
region

the Azores, with the popula-
tions from Madera, Canaries
and southern Morocco inter-
mediate between nominate
subspecies and atlantis.

None. See Liebers and Helbig
(1999) and Liebers et al. (2001)
for range and relationships
with michahellis, cachinnans and
barabensis

sessment of their level of reproductive isolation
difficult.

A recent molecular phylogeny of the Larini
(Crochet et al. 2000) indicated that the tradi-
tionally recognized white-headed species
group (Dwight 1925, “‘subgenus Larus’’; Moy-
nihan 1959, “‘white-headed species group’)
constitutes a monophyletic assemblage. The
only changes from traditional views on the
composition of that group were the unambig-
uous exclusion of Audouin’s Gull (L. audouinii)
from the white-headed species and the identi-
fication of the Heermann’s Gull (L. heermanni)
as the most basal species in that group. The
Mew Gull (L. canus) and Ring-billed Gull (L. de-
lawarensis) were found to be the next species to
have diverged in that group. The remaining
species constitute the large white-headed gulls
(see Crochet et al. 2000 for the composition of
the large white-headed species group). Within
the large white-headed gulls, two species were
placed in a basal position with a strong sup-
port from the molecular data: the Western Gull
(L. occidentalis) and Yellow-footed Gull (L. liv-
ens). The remaining species constitute the fus-

cus clade, which includes most of the taxa of
contentious systematic status. The relation-
ships within the fuscus clade were not dis-
cussed in Crochet et al. (2000), and the aim of
this article is to use our molecular data to dis-
cuss the evolution and systematics of those
members of the fuscus clade for which we could
obtain data on mitochondrial polymorphism.
Few previous studies have tried to clarify re-
lationships within the fuscus clade with the
help of molecular markers, in spite of the grow-
ing use of those methods in avian systematics.
The lack of differentiation observed with en-
zymatic markers even between well-estab-
lished species (Snell 1991a) left little hope that
allozymes could help solve the problem. Se-
guencing of mitochondrial DNA seemed more
promising, because a preliminary study based
on a small number of specimens found differ-
ent haplotypes in a short cytochrome-b seg-
ment between L. argentatus, L. fuscus, and L. mi-
chahellis (Wink et al. 1994). Liebers et al. (2001)
used hypervariable control region | (HVR-1) to
elucidate relationships among several taxa clas-
sified in L. fuscus, L. armenicus, and L. cachin-
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nans by del Hoyo et al. (1996; see Table 1). Al-
though those authors identified several cases of
lineage sharing that they attribute to introgres-
sion, they did not precisely analyze variation in
haplotypes frequencies.

In the present study, we use variation in mi-
tochondrial control region and cytochrome-b
haplotypes to investigate levels of mitochon-
drial gene flow and reproductive isolation be-
tween various members of the large white-
headed group, focusing on the argentatus—
fuscus complex. We first present additional
results on phylogenetic relationships among
large gulls based on sequencing of the cyto-
chrome-b and control region segments. Consid-
ering these, the systematic status of the North
American taxon smithsonianus is discussed. We
then use frequencies of cytochrome-b haplo-
types to study degree of reproductive isolation
between the sympatric L. marinus, L. argentatus,
and L. fuscus in western Europe, and with the
Arctic species L. hyperboreus. Those species
raise no systematic questions, but provide lev-
els of haplotype sharing among undisputed
species. Patterns of differentiation between
those unquestioned species are then used to
evaluate the relationships of L. michahellis with
the other western European taxa. Geographical
variation and recent history of L. fuscus and L.
argentatus is discussed in relation to our genetic
results. Some information is also provided on
the poorly known Siberian taxa. We made ev-
ery effort to interpret genetic data with respect
to what is known on the morphological varia-
tion and reproductive isolation of the taxa
studied.

An overview of the taxonomic situation of the
members of the argentatus—fuscus complex, in-
cluding proposed splits and resulting classifi-
cation of all taxa, is given in Table 1. We follow
the classification of del Hoyo et al. (1996) except
for michahellis that we treat as a distinct species
(see below). We use a single Latin name to des-
ignate valid basal taxa (subspecies or monotyp-
ic species), whereas a binomen designates a
species. Thus, argentatus means L. argentatus ar-
gentatus, but L. argentatus means the Herring
Gull, comprising several subspecies. We tried
as much as possible to use basal taxa names,
but that was not always possible or desirable.

METHODS

Samples origin.—The list of sampled taxa is given
in Table 2, with the samples’ localities and collector’s
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name. Most samples were of breeding adults or em-
bryos or nonflying chicks, but some specimens from
Finland were caught at refuse dumps. Sampling sib-
lings was avoided by taking only one embryo per
clutch or one chick by family. Taxon determination
problems were usually few, but some graellsii and ar-
genteus samples from mixed colonies in western
France are feathers plucked from chicks which may
be difficult to differentiate (see below). One speci-
men of heuglini was an immature bird caught at a re-
fuse dump in Finland, outside the main range of that
taxon, but recent evidence suggests that heuglini oc-
curs regularly in Finland (Eskelin and Pursiainen
1988; Rauste 1999a, b). For smithsonianus, the nine
specimens used in this study were only sequenceed
for the cytochrome-b gene. The position of smithson-
ianus in the phylogenetic tree was thus determined
using cytochrome-b and control region sequences of
a specimen from Québec (see Table 2) sequenced by
J-M. Pons (pers. comm.). That specimen had the
same cytochrome-b haplotype as our nine individu-
als from Manitoba.

Extraction, amplification, and sequencing.—Available
samples consisted of muscle in ethanol, dried or eth-
anol-preserved feather bases, blood in buffer or in
ethanol, or tissue from dried wings. DNA from mus-
cles and feather bases was extracted by a complete
digestion in 400 p.L of 5% Chelex 100 (Biorad, Her-
cules, California) with 1 mg mL~* proteinase K fol-
lowed by a 10 min boiling. Extractions from blood
and dried wings were performed using Qiaamp tis-
sue extraction kit (Qiagen, Santa Clarita, California)
following the supplier’s procedure. Polymerase
chain reaction (PCR) amplifications were carried out
in 50 pL volumes containing 1X amplification buffer
per 1 unit of Tag DNA polymerase, 1.5 mmol MgCl,,
0.2 mmol of each dNTP, and 0.4 pmol of each primer.
Direct sequencing of one strand was performed on
an automated sequencer (Amersham Pharmacia Bio-
tech, Uppsala, Sweden) following the supplier’s
procedures.

A 280 to 300 bp long segment from the cyto-
chrome-b gene (starting around position 15015 in the
chicken [Gallus gallus domesticus] mitochondrial DNA
sequence; Desjardins and Morais 1990) was se-
quenced from all specimens listed in Table 2. In ad-
dition, a 640 to 650 bp long segment of the control
region, usually starting around position 465 of the
chicken sequence and ending at the heteroplasmic
control repeats (see Berg et al. 1995), was sequenced
from 12 michahellis, 8 argenteus, 2 marinus, 2 graellsii,
2 L. dominicanus, 2 L. hyperboreus, 1 glaucoides, 1 kum-
lieni, 2 L. schistisagus, 1 L. californicus, and 1 thayeri.
We used as an outgroup L. crassirostris Vieillot, 1818
which is closely related to (but not a member of) the
typical large white-headed species (P.-A. Crochet
unpubl. data).

The amplification primers for the control region
were L1438 (5'-TCACGTGAAATCAGCAACCC-3')
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Taxon

Locality (number of

specimens)

Type of specimens

Collector/sample
origin

\Voucher specimen

crassirostris
livens

occidentalis

thayeri

glaucoides

kumlieni

schistisagus

hyperboreus

hyperboreus

californicus
dominicanus
dominicanus

marinus

marinus
marinus

marinus

michahellis
michahellis
michahellis
michahellis
michahellis
mongolicus
barabensis

vegae (birulai)

Teuri Island, Hok-
kaido, Japan

San Pedro Martir
Island, Mexico (2)

Grays Harbor,
Washington (1)

Cameron Parish,
Louisiana (1)

Nolsoy, Faeroe Is-
lands (1)

Coats Island,
Northwest Terri-
tory, Canada (1)

Teuri Island, Hok-
kaido, Japan (2)

Taimyr Peninsula,
Russia (2)

Coats Island,
Northwest Terri-
tory, Canada (10)

Mono Lake, Califor-
nia (2)

Kerguelen Islands
(1)

South Island, New
Zealand (1)

Béniguet Island,
Brittany, France
(2)

Turku, Finland (1)

Finnmark, Norway
(2)
Helgoland, Germany

(@)

Isla de Ons, Ponte-
vedra, Spain (6)

Berlenga Islands,
Portugal (8)

Camargue, France

(1)
Cassa di Colmata,
Mira, Italia (4)
Essaouira, Morocco
(10)

Lake Baikal, Russia
(2)

Near Omsk, Russia
(3)

Taimyra Estuary,
north Taimyr,
Russia (3)

Nonflying chicks
?

?

Nonflying chicks

Adults

-~

Adult
Adult

Nonflying chicks

Adult
?

?

Breeding adults
Breeding adults
Breeding adult
Nonflying chicks
Embryos
Breeding adults
Breeding adults

Adults

C. Michiyo

B. Tershy, from R.
Bradbury

Louisiana State
University Mu-
seum

Louisiana State
University Mu-
seum

Zoological Insti-
tute of the Uni-
versity of Co-
penhagen

T. Gaston, from R.
Bradbury

C. Michiyo

P. Mortensen/
Swedish Muse-
um of Natural
History

T. Gaston, from R.
Bradbury

J. Jehl, from R.
Bradbury

Paris National His-
tory Museum

M. Renner

P. Yésou and D.
Mourier

A. Forsten and V.
Rauste

R. Barret, from R.
Bradbury

Louisiana State
University Mu-
seum

A. Velando

L. Morais

P.-A. Crochet

G. Cherubini

P.-A. Crochet

S. Pyzhianov and
P. Yésou

A. Filchagov, from
P. Yésou

A. Filchagov, from
P. Yésou

No
No

LSUMZ B-20480

LSUMZ B-21816

No

No
NRM 946577/
946581

No

No
MNHN 1951-668
No

No

No
No

LSUMZ B-27027

Wings in P.Y. col-
lection

Wings in P.Y. col-
lection

Wings in P.Y. col-
lection
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Taxon

Locality (number of

specimens)

Type of specimens

Collector/sample
origin

Voucher specimen

vegae (birulai)

vegae (birulai)

heuglini

heuglini

heuglini

argentatus

argentatus

argenteus

graellsii

graellsii

fuscus

smithsonianus

smithsonianus

Polar Station An-
derya, Taimyr,
Russia (1)

Chelyuskin Penin-
sula, Taimyr,
Russia (2)

Kuopio, Finland
(1)

Kanin Peninsula,
Russia (2)

West Yamal Penin-
sula, Russia (1)

Turku, Finland
(10)

Vardo, Finnmark,
Norway (8)

Béniguet Island,
Brittany, France
(18)

Béniguet Island,
Brittany, France
(14)

Great Saltee Lake,
Ireland (6)

Kuopio, Tuusnie-
mi, Outokumpu,
Kontiolahti, Vaa-
sa, Oravainen,
Kokkola, all Fin-
land (18)

Manitoba, Canada

9)

Saintes Maries Is-
lands, Québec,
Canada (1)

Adult

Adult and chick

Immature

Adults

Adult

Nonbreeding
adults

?

Nonflying chicks

Nonflying chicks

?

Breeding adults
and nonflying
chicks

Nonflying Chicks

P. Mortensen,
Swedish Muse-
um of Natural
History

P. Mortensen,
Swedish Muse-
um of Natural
History

R. Juvaste

P. Mortensen,
Swedish Muse-
um of Natural
History

P. Mortensen,
Swedish Muse-
um of Natural
History

A. Forsten, V.
Rauste and A.
Lindholm

R. Barret, from R.
Bradbury

D. Santer, D.
Mourier and P.
Yésou

D. Santer, D.
Mourier and P.
Yésou

O. Merne, from R.
Bradbury

R. Juvaste

R. Evans and G.
Fox, from R.
Bradbury

G. Capdelaine and
J.-F. Rail

NRM 946571

NRM 946585/
946582

Photo

NRM 946646/

946650

NRM 946613

No

No

No

No

No

No

No

No

(Wenink et al. 1993) and H1248 (5'-CATCTTCA-
GTGCCATGCTTT-3'). Sequencing primers were
L438, L699 (5'-ATAAACCCCTCCAGTGCACC-3')
and L892 (5'-GTGTAGTGCTCAATGGACATG-3'). A
280 bp segment of the cytochrome-b gene was am-
plified and sequenced using primers L15008 (5'-
AACTTCGGATCTCTACTAGG-3") and H15326 (5'-
GAATAAGTTGGTGATGACTG-3"). ““L” refers to
light and ““H”’ refers to heavy strands, and the num-
bers refer to the position of the 3’ nucleotide of the
primer in the White Leghorn Chicken (Gallus gallus)
mitochondrial DNA sequence (Desjardins and Mo-
rais 1990).

Data analyses.—To determine the evolutionary his-
tory of the typical large white-headed gulls, phylo-
genetic analyses were performed on composite hap-
lotypes including the cytochrome-b and control
region segments. Phylogenetic trees were recon-
structed using the maximum-likelihood method
(DNAML) in the PHYLIP package, version 3.57c (Fel-
senstein 1993) and the neighbor-joining method us-
ing distance matrix based on the Kimura two-param-
eter model with MEGA version 2.1 (Kumar et al.
2001). We computed the likelihood of the maximum-
likelihood tree obtained with the default setting for
several integer values of the transitions—transver-
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TasLE 3. Sequence of the haplotypes observed in the fuscus clade (variable sites only) and their name (in
bold).
Control region cytochrome-b CR CTB
MIC (michahellis) ATGTGATTTACA GGITTATCATATC AF268527 AF268493
MAR (marinus) ... AL AF268529 AF268496
ARG (L. argentatus)  ............ AACC....C.. AF268530 AF268495
70 2227722777777 LAL.CoLL L AF444253
HEU (heuglini) ?????27277?7?7?7? LACC....C... AF444254
FUS2 2 .AC..T.CG? AF444255 AF444256
FUS (fuscus) LAC...CG. AF268531 AF268494
SMI (smithsonianus) — ...... C. C LAACG..C.T AF444266 AF444257
dominicanuslz2 .Cooo LAC...CC AF268536 AF268497
dominicanus402 .C.... G . .AC...CC AF444258 AF444259
g. glaucoides  ...... .. CT. LA CG . GC.. AF268533 AF268499
g. kumlieni ... CT. LACG..C .. AF444260 AF444261
thayeri CCT.T...C T. LAACG .. CL. AF268534 AF268498
HYP (L. hyperboreus) G...... CT. LACG..C.. AF268535 AF268500
schistisagus1 ~ ..... G.CT. LAACG .. CL. AF444262 AF444263
schistisagus2 ..., CT. LACG..C .. AF444264 AF444265
californicus .C...CC LAACG .. CL. AF268532 AF268503

Three-letter names designate widespread haplotypes, whereas longer names designate haplotypes found in one individual. A dot indicates
a base identical to the first sequence, “*?”” indicates undetermined base. GenBank accession numbers are given for the control region (CR) and

cytochrome-b (CTB) sequences.

2 dominicanusl = Larus dominicanus from New Zealand, dominicanus40 = Larus dominicanus from Kerguelen Islands (see Table 2).

sions ratio ranging from 2 to 10. The likelihood was
maximal when this ratio was equal to 5, and we used
that value to re-estimate the maximum-likelihood
tree (Felsenstein 1993). We evaluated the robustness
of the nodes that were identified by both maximum-
likelihood and neighbor-joining methods by boot-
strap (Felsenstein 1985) based on (for the sake of
computational rapidity) the neighbor-joining meth-
od only, using 1,000 replications.

Because most members of the argentatus—fuscus
complex and L. marinus were found to have mostly
the same control region sequences (see Table 3 and
Crochet and Desmarais 2000), only the cytochrome-
b segment was sequenced in all our samples of those
taxa. Haplotype identification is thus based only on
cytochrome-b sequences for most of those speci-
mens. Additionally, parts of the control region were
sequenced for some of the samples to check haplo-
type identification (for the L. hyperboreus haplotype
for example, because in that case several substitu-
tions in the control region separate it from the com-
mon argentatus—fuscus haplotype).

Genetic differentiation between the populations
(here, the taxa) was evaluated using an Fg; approach.
Values of F¢; were estimated by the parameter 6 (Weir
and Cockerham 1984) using the GENETIX 4.01 soft-
ware (Belkhir et al. 1998). The significance of the 6
values was evaluated by comparing observed values
to distribution of values obtained from 1,000 random
permutations of the individuals between the differ-
ent populations. That approach is based only on dif-
ferences in haplotype frequencies between the pop-
ulations. It does not take into account the

relationships between the haplotypes. Other meth-
ods are available to take account of that information.
One of those is the analysis of molecular variance
(AMOVA,; Excoffier et al. 1992). We also performed
AMOVA, but the results were not qualitatively dif-
ferent from those based on F¢ and will not be de-
tailed here. As a rule, taking into account relation-
ships between haplotypes is important when many
haplotypes falling into well-supported clades are
present in the population. In our case, the relation-
ships between haplotypes are poorly determined
and there is a small number of haplotypes.

RESULTS

Genetic variation, haplotypes definition.—Se-
guencing of the domain Il and domain 111 of the
control region revealed that those regions are
extremely conserved among the large white-
headed species, with L. marinus, L. fuscus, L. mi-
chahellis, and L. argentatus having identical se-
quences (Crochet and Desmarais 2000). A
number of haplotypes are thus identified by
their cytochrome-b sequence only. The se-
guence, name, and GenBank accession numbers
of the haplotypes identified are given in Table
3 (see Crochet et al. 2000 and Crochet and Des-
marais 2000 for details on the sequences ob-
tained) except for L. crassirostris (GenBank ac-
cession number AF444267 for the control
region and AF444268 for the cytochrome-h).



610

L. schistisagus

kumlieni
*=member of the

“argentatus - fuscus complex” L. schistisagus

glaucoides
thayeri

68 651, hyperboreus

Sfuscus clade L_..— smithsonianus *

L. californicus

77 =z L. argentatus (‘ ARG ’) *
fCHEU’ *
L. fuscus (‘FUS’) *

__l-:— L. michahellis (M 1C ") *
sl

arinus (‘ MAR )

87|

L. dominicanus

841, dominicanus

L. livens

85 L. livens

— L. occidentalis

L. crassirostris

0.01

Fic. 1. Maximum-likelihood tree of the large
white-headed gulls based on cytochrome-b and con-
trol region sequences (see text). Values at the nodes
indicate bootstrap support for the nodes also iden-
tified by the neighbor-joining method based on Ki-
mura two-parameter distances, as determined by
1,000 replications under the neighbor-joining meth-
od. When only one haplotype was used per taxon, it
was the most common one.

The haplotypes were named after the taxon in
which they are most frequent to facilitate ref-
erence to them. They are usually not diagnostic
of that taxon. Two haplotypes (HYP and SMI)
differed in the cytochrome-b segment by only
one substitution situated near the sequencing
primer, in a region that is not available for all
specimens. That led to an ambiguity for one
specimen of vegae, which could have either hap-
lotype. Because haplotype SMI was identified
only in North America, although haplotype
HYP is common among eastern Siberian gulls,
we attributed the haplotype HYP to that spec-
imen. No other ambiguous case occurred.
Phylogeny of the large white-headed species.—
Figure 1 presents the hypothetical relation-
ships between the various large gull taxa for
which we could obtain complete control region
and cytochrome-b sequences (maximume-likeli-
hood tree with node support values obtained
by bootstrap using the neighbor-joining meth-
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od). When more than one haplotype was found
in a given taxon, we usually used the most
common one to represent that taxon. Because
only two specimens were available for both L.
dominicanus and L. schistisagus, all haplotypes
were included in the phylogeny for those
species.

Among the LWHG, L. livens and L. occiden-
talis were found to have diverged first by all
analyses (note that L. glaucescens was not avail-
able for analysis). The high bootstrap value (95)
at the node uniting the remaining LWHG spe-
cies indicates that this conclusion is strongly
supported by the molecular data. The clade
comprising the remaining LWHG species (L.
dominicanus, the ’argentatus—fuscus” complex,
and the Arctic species) will be designated as
the fuscus clade hereafter. The relative position
of L. livens and L. occidentalis (sister species or
not) is not clearly determined, but most anal-
yses favor the hypothesis shown in Figure 1.
Similarly, the position of L. dominicanus as the
sister species to all other members of the fuscus
clade is poorly supported and is not favored by
all analyses. Within the fuscus clade, the
amount of divergence (Kimura two-parameter
distance, calculated on the cytochrome-b and
the control region together) was small and var-
ied from 0.11% between marinus and michahellis
to 0.99% between thayeri and argenteus, marinus
or L. dominicanus.

The Arctic species (L. hyperboreus, L. glaucoi-
des, and L. thayeri) form a clade supported by a
rather high bootstrap value. That clade includes
both our specimens of L. schistisagus, one of
them having the same haplotype as the kumlieni
specimen. Our thayeri specimen branches closer
to our L. hyperboreus specimen than to either
kumlieni or glaucoides. The L. californicus and
smithsonianus haplotypes are more closely re-
lated to these Arctic species than to the Eur-
asian members of the fuscus clade in this tree,
but this is not strongly supported (bootstrap
value of 63, see Fig. 1).

Based on molecular data, there is no indica-
tion that marinus is more distantly related to
the members of the argentatus—fuscus complex
than they are to each other. The relationships
between the North American-Arctic clade and
the members of the argentatus—fuscus complex
except smithsonianus are unclear, but the tree
presented in Figure 1 does not depict them as
reciprocally monophyletic groups. Maximum-
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TaBLE 4. Frequency of the cytochrome-b haplotypes in the taxa of the argentatus—fuscus complex and L. mar-
inus.
argenta- baraben- michahel- smith- mongoli-
tus  argenteus  sis fuscus  graellsii heuglini marinus lis  sonianus vegae cus
n 18 18 3 18 20 4 6 29 9 6 2
FUS 0.06 0.00 0.33 0.94 0.80 0.25 0.00 0.03 0.00 0.50 0.00
FUS2 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00
HEU 0.00 0.00 0.33 0.06 0.05 0.50 0.00 0.00 0.00 0.00 0.00
ARG 0.33 0.78 0.33 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00
HYP 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.33 1.00
SMI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00
MAR 0.22 0.22 0.00 0.00 0.00 0.00 1.00 0.17 0.00 0.00 0.00
MIC 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.79 0.00 0.17 0.00
70 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

likelihood method favored the hypothesis that
L. dominicanus occupies a basal position rela-
tive to other gulls in the fuscus clade (Fig. 1),
but neighbor-joining placed it within the re-
maining species (results not shown).

Haplotype distribution.—The frequency of the
cytochrome-b haplotypes in the taxa of the ar-
gentatus—fuscus complex is given in Table 4 and
Figure 2, and pairwise F¢; values in Table 5. The
three sympatric species L. marinus, L. argenta-
tus, and L. fuscus, and the parapatric taxon mi-
chahellis have highly different haplotypes fre-
guencies in Europe (see Tables 4 and 5 and Fig.
2) but there is no fixed differences between
them.

We had only six L. marinus, so we may not
have sampled the polymorphism within that
species representatively. All our specimens
have the same haplotype (MAR), and because
they originate from localities spread over the
range of the species, haplotype MAR is certain-
ly a typical marinus haplotype. That haplotype
is also present in argenteus from Brittany and
argentatus from Scandinavia and in michahellis
specimens from Essaouira (southern Morocco).
We did not find any shared haplotype between
L. marinus and L. fuscus.

The conspecific argenteus and argentatus dif-
fer substantially in haplotype frequencies, ar-
gentatus having a higher genetic diversity. Our
samples of argentatus from Finland and Fin-
mark (northern Norway) are characterized by a
mixture of the haplotypes MAR and ARG (as
in argenteus from Brittany) and mainly of the
haplotype 70, which is closely related to the
MIC haplotype. In addition, the MIC haplotype
is found in very low frequency in L. argentatus
(one bird from Finland out of 36 specimens, see

Table 4). We did not find any FUS haplotypes
in L. argentatus argenteus from Brittany, Western
France (n = 18), but one FUS haplotype was
found in L. argentatus argentatus from Eastern
Scandinavia (n = 18).

The two taxa graellsii and fuscus share the
same main haplotype (FUS) and have extreme-
ly similar haplotype frequencies that exhibit no
significant departure from the panmixia hy-
pothesis (non significant Fg; value). Two ARG
haplotypes where found in L. fuscus graellsii (n
= 20) from Brittany and Ireland (in two birds
from Brittany). In addition, one HEU haplo-
type was detected in both graellsii and fuscus (n
= 18).

Most michahellis have the same MIC haplo-
type. No other haplotypes were detected in
birds from the Mediterranean area, but in birds
from the Essaouira colony, both FUS and MAR
haplotypes were detected in low frequency
(Fig. 2 and Table 4).

The Siberian taxa heuglini, vegae, barabensis,
and mongolicus are characterized by a lack of
original genetic material. Only heuglini and bar-
abensis have an haplotype (HEU) which is not
widespread in other taxa, but this HEU hap-
lotype is never the most common one (although
very small sample size precludes proper fre-
guency estimation).

Our sample of L. hyperboreus includes two
specimens from Russia and 10 specimens from
Canada (see Table 2). For the two Russian spec-
imens, we sequenced the cytochrome-b and
control region segments. For the 10 Canadian
specimens, we only sequenced the cytochrome-
b and the end of the control region because the
remaining part of the control region was iden-
tical to the corresponding segment in the ar-
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argenteus (n=18)

argentatus (n=18)

vegae (n=6)

heuglini (n=4)

HYP

mongolicus (n=2) marinus Europe (n=6)

FiG. 2.
size for each taxon is given after the taxon name.

gentatus—fuscus complex. Whereas 11 specimens
have the same (presumable hyperboreus) hap-
lotype, one individual from Russia had a con-
trol region sequence of the argentatus—fuscus
type and a cytochrome-b sequence identical to
the haplotype 70 (only found in argentatus, see
Fig. 2 and Table 4). Within taxa of the argenta-
tus—fuscus complex, L. hyperboreus haplotypes
have been found in one heuglini (out of four),
two mongolicus (out of two), and two vegae (out
of six) (see Table 4 and Fig. 2) .

TABLE 5.
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HEU

Jfuscus (n=18) graellsii (n=20)
FUS
FUS

MIC

HEU

barabensis (n=3) michahellis (n=29)

SMI

smithsonianus (n=9)

Frequency of the cytochrome-b haplotypes in the taxa of the argentatus—fuscus complex. The sample

DiscussioN

Specimen identification.—One striking result
of this study is the frequency of shared haplo-
types among taxa. It is therefore crucial to in-
terpret those data so that our specimens are
representative of those taxa. Sampling has al-
ways been done by experienced ornithologists,
mostly gull students, often in the course of cull-
ing or banding operations. Foreign haplotypes
detected in michahellis where found in embryos

Fsr values between some taxa of the argentatus—fuscus complex based on haplotype frequencies.

Only taxa with sufficient sample size were used. Values significant at the 0.05 level are in bold.

argenteus fuscus graellsii michahellis smithsonianus
argentatus 0.18225 0.53784 0.39403 0.41586 0.53386
argenteus 0.76144 0.60472 0.62774 0.76416
fuscus 0.01538 0.73737 0.92569
graellsii 0.63288 0.75947
michahellis 0.74727
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taken on a breeding colony (Essaouira, south-
ern Morocco) exclusively made of michahellis.
Furthermore, no other large gull taxon breeds
close to that area. Those samples are thus in-
disputably representative of michahellis. All fus-
cus samples were collected on breeding colo-
nies during banding operations. The other
species breeding in Finland (marinus and argen-
tatus) are clearly distinct phenotypically. There
is thus no risk of misidentification for fuscus
samples. Foreign haplotypes were also detect-
ed in graellsii in western France. Because the
foreign haplotypes were typical argenteus hap-
lotypes, and because the graellsii samples were
collected on chicks from mixed colonies with
argenteus, misidentification might have been
suspected. However, the occurrence of argen-
teus samples in graellsii was confirmed in ad-
ditional chicks sampled from the same islands
but in colony areas where no argenteus breed,
and collected by an experienced ornithologist
(J. M. Pons pers. comm.). We are thus confident
that the ARG haplotype is actually present in
typical graellsii specimens. The high haplotypic
diversity of argentatus is apparent from both
samples of the taxon: northern Norway and
Finland. All haplotypes found in the Norwe-
gian sample were also observed in the Finnish
samples. The Finnish birds were caught at re-
fuse tips: they are not breeding birds, but only
adults or near-adults were sampled. They were
sampled by very experienced people who spe-
cialized in large gulls identification. No bird
showed ambiguous phenotypes and identifi-
cation problems can be excluded. The mongoli-
cus specimens were adults caught on the breed-
ing sites. No other large gull taxon breed in the
same area. The heuglini and vegae specimens
from the Stockholm museum where examined
by L. Jonsson (pers. comm.) who did not detect
any morphological sign of introgression with
L. hyperboreus. The HYP haplotypes found in
the samples of those taxa do not result from
identification problems or inclusion of hybrids.
The FUS haplotypes found in vegae and heuglini
originate from specimens collected in Siberia in
summer (on the breeding grounds of those
taxa) and outside the range of fuscus or graellsii.
Here again, hybrids or misidentified birds can
be excluded. The only contentious case con-
cerns the heuglini specimens from Finland (see
above), but the fact that it had a haplotype that
is rare in fuscus (one out of 18 birds) supports
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the proposed identification. Pictures and mea-
surements of that bird are available for future
reference.

Evolutionary history of the large white headed
gulls.—The Artic species L. hyperboreus, L. thay-
eri, and L. glaucoides form together with L. schis-
tisagus a well-supported clade in our phyloge-
netic analyses. Due to small sample sizes, it is
difficult to exclude that horizontal gene trans-
fer (through hybridization) explains those ap-
parent relationships. A close relationship be-
tween L. glaucoides and L. thayeri is favored by
most recent authors (e.g. see Sibley and Monroe
1990, American Ornithologists’ Union [AOU]
1998) and L. thayeri has a juvenile plumage that
can be very similar to L. glaucoides kumlieni, al-
though its adult plumage is closer to L. argen-
tatus. Larus hyperboreus is at all ages very simi-
lar to L. glaucoides. The clade formed by those
three Arctic species in the mitochondrial tree
thus probably records their recent common or-
igin. On the contrary, L. schistisagus does not fit
into that clade morphologically. Although the
haplotypes of our two specimens are unambig-
uously included in the Arctic group, the fact
that one of those haplotypes is identical to our
kumlieni haplotype gives some support to the
hypothesis of hybridization. Further discussion
of the relationships within the Arctic species
clade and of the position of L. schistisagus
would require more specimens.

The argentatus—fuscus complex as a whole has
been treated as a superspecies by Helbig (1997).
Sibley and Monroe (1990) only placed L. argen-
tatus, L. cachinnans, and L. armenicus into Larus
(superspecies argentatus). Such taxonomic treat-
ments imply that the taxa grouped in those su-
perspecies are each other’s closest relatives. On
the contrary, our data suggest that the argenta-
tus—fuscus complex as traditionally defined is
not a natural group. First, the North American
taxon smithsonianus seems to belong to a pre-
dominantly North American clade including
also L. californicus. It might seem odd to link
smithsonianus (and L. californicus) with the phe-
notypically strikingly different L. hyperboreus
and L. glaucoides rather than with L. argentatus,
which is indistinguishable in adult plumage.
Nevertheless, thayeri and kumlieni have inter-
mediate plumage characters between the
white-winged, pale glaucoides and hyperboreus
and the darker smithsonianus, in immature
plumage as well as in adult plumage. Further-
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more, previous results (Crochet et al. 2000)
have shown the unreliability of adult plumage
characters to determine phylogenetic relation-
ships in gulls. Second, our results identify the
Eurasian L. marinus as the sister taxon of mi-
chahellis. The low level of genetic variation be-
tween L. marinus, L. argentatus, L. fuscus, and L.
michahellis, other than showing that they are
closely related, prevents the determination of
the relationships among those taxa. It is nev-
ertheless obvious from the molecular data that
a group including the latter taxa but not L. mar-
inus would not be a monophyletic clade.

Even if that is not supported by the results
presented here (Fig. 1), we cannot exclude that
marinus and the Eurasian members of the ar-
gentatus—fuscus complex form a monophyletic
group relative to the North American-Arctic
clade. A common origin of L. marinus, L. fuscus,
L. argentatus, and L. michahellis is even favored
by some maximum-likelihood phylogenetic
analyses of the molecular data (see fig. 1 in Cro-
chet and Desmarais 2000). Furthermore, those
species and L. marinus share very similar plum-
age at all ages, including the juvenal and im-
mature plumages which are likely to represent
species relationships better than adult plum-
ages (Crochet et al. 2000).

Excluding the control region sequences
which does not evolve in a clock-like mannerin
large gulls (Crochet and Desmarais 2000), the
cytochrome-b haplotypes of the argentatus—fus-
cus complex differ by 0.34 to 1.99% sequence di-
vergence. Using the usual calibration of 2% se-
quence divergence per million years for the
cytochrome-b gene (Shields and Helm-By-
chowski 1988) as a crude approximation, those
haplotypes would have diverged between
1,000,000 and 170,000 years ago. Note that the
species are likely to be even younger than that
(e.g. see Edwards 1997). These amounts of ge-
netic divergence are at the lower end of the
range of avian interspecific distances (Helbig et
al. 1995, Klicka and Zink 1997). They suggest
that the species of the fuscus clade evolved com-
paratively recently, a fact that would account
for the many controversial species limits in this
group.

The large white-headed gulls of the argenta-
tus—fuscus complex constitute one of the best
known examples of ring speciation. According
to this scenario (Mayr 1942, 1963), L. fuscus
would have gradually differentiated as it colo-
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nized eastward across Eurasia, giving birth to
the gradually paler forms that breed in Siberia.
From there, North America would have been
colonized by the ancestors of smithsonianus.
The ring speciation would have been complet-
ed by migration from North America to Eu-
rope, giving birth to argenteus and argentatus.
One crucial hypothesis of the circular overlap
model of speciation in the LWHG is that the
North American smithsonianus and the Euro-
pean L. argentatus should be sister taxa, and
that argenteus and fuscus should be more dis-
tantly related. If confirmed with larger sam-
ples, the distant relationships between the
North American smithsonianus and the Euro-
pean L. argentatus would clearly refute the sug-
gestion that argentatus recently evolved from a
transatlantic migration of smithsonianus after
the separation of L. fuscus and L. argentatus and
thus invalidate the ring species model for
LWHG species.

Introgression of mitochondrial DNA.—Most
haplotypes are found in more than one species
of gull (Fig. 2, Table 4), indicating that either
lineage sorting is still incomplete or mito-
chondrial gene flow occurs between the spe-
cies. In the latter case, the observed polymor-
phism would have been retained since its
origin, that is since the divergence of the lin-
eages that can be found today a given species.
It can be shown (Appendix; see also Tajima
1983, Avise 1994) that, for sample sizes be-
tween 10 and 50, the coalescence of the sam-
pled haplotypes occurs with a probability of
0.95 within 4 Nf generations, where Nf is the
effective female population size. In large
gulls, that is about 4 X 9 = 36 Nf years using
demographic data from michahellis (see Defos
du Rau 1995). Based on the estimate of hap-
lotype divergence time proposed above, it
would thus take an effective female popula-
tion size of more than 27,000 to retain some
ancestral polymorphism between the most di-
vergent lineages, but only slightly more than
4,500 between the most closely related line-
ages. Most species currently have census size
above 100,000 pairs, but all have considerably
increased in number in the last few tens of
years (<10 gull generations; Hagemeijer and
Blair 1997). Whereas some species might have
maintained an effective population size
>4,000 pairs, a long-term effective population
size of 27,000 pairs is unrealistic. In conclu-
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sion, although we cannot exclude some reten-
tion of ancestral polymorphism between the
most closely related lineages, sharing of the
most divergent lineages clearly result from
introgression.

Lineage sharing between L. hyperboreus and
the argentatus—fuscus complex can thus be safe-
ly attributed to gene flow after the origin of the
Arctic species. Hybridization between L. hyper-
boreus and various taxa of the argentatus—fuscus
complex has been reported in the wild, includ-
ing in Arctic Russia, where we detected some
instances of gene flow. (e.g. Ingolfsson 1970,
Andrle 1980, Pierotti 1987). Snell (1991b) ques-
tioned the validity of the alleged cases of hy-
bridization, suggesting that intrapopulation
variability instead of hybridization might be
responsible for the intermediate appearance of
some specimens (see also reply by Ingolfsson
1993). Our data confirm that hybridization be-
tween L. hyperboreus and taxa of the argentatus—
fuscus complex has led to exchange of mito-
chondrial genetic material.

The extent of lineage sharing between spe-
cies that we detected in the present study is
similar to the observations of Liebers et al.
(2001) for other taxa of the LWHG complex.
Those authors also suggest introgression as the
explanation for their findings, especially be-
cause most instances of lineage sharing are be-
tween geographically adjacent taxa. In Liebers’
study, as in the present study, some introgres-
sion has been detected between populations
that are now fully allopatric (graellsii in "atl-
antis—north” [actually not atlantis] in Liebers’
study, FUS et MAR in michahellis, MIC in ar-
gentatus and vegae, HYP in mongolicus in the
present study). These probably originate from
ancient contacts between those taxa in the past,
especially during the glacial maxima where
northern bird taxa has a more southern distri-
bution (e.g. Blondel 1986, Alcover et al. 1992,
Covas and Blondel 1998).

Efficiency of reproductive isolation in Western
Europe.—The three sympatric European species
L. marinus, L. argentatus, and L. fuscus have
highly different haplotypes frequencies (see
Tables 4 and 5 and Fig. 2), indicating that pres-
ent mitochondrial gene flow is at most very
limited. In mixed colonies in western Europe,
haplotype segregation between L. fuscus and L.
argentatus is nearly complete.
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If gene flow is the only reason for lack of
complete lineage sorting, crude estimates of
the amount of mitochondrial gene flow can be
approximated from the pairwise F4; values be-
tween L. fuscus, L. marinus, and L. argentatus,
using the equilibrium relationship between
Fs;and Nm under the infinite-islands model hy-
potheses: F; = 1/(1 + 2Njm[n/n-1]), with n =
2 the number of populations (see Rousset 1996
and Friesen et al. 1996). That amount is at most
0.5 migrant per generation between L. marinus
and L. argentatus and 0.2 between L. argentatus
and L. fuscus.

In the case of L. hyperboreus and L. argentatus,
where gene flow is by far the most likely expla-
nation for lineage sharing, we obtain a value of
0.2 females per generation. That would mean
that at most one hybrid female successfully
breeds every four generations, or every 36
years. Note that the frequency of hybridization
might be much higher if most hybrid females
are sterile, which could happen becuse they are
the heterogametic sex in birds.

Systematics of the large gulls.—Using as a
yardstick the amount of genetic differentiation
between undisputed species (see above), we
can attempt to derive some systematic conclu-
sions from our data for the various form of un-
certain status in the large gulls group. We fol-
low the biological species concept and focus on
the amount of gene flow and reproductive iso-
lation. For fully allopatric taxa (e.g. North
American and Eurasian taxa), phylogenetic re-
lationships and past history are also taken into
account to provide a consistent treatment of the
taxa.

The form michahellis has long been treated as
a subspecies of L. argentatus (e.g. Cramp and
Simmons 1983). Following reports of its range
extension on the western coast of France, lead-
ing to sympatric breeding with L. argentatus
without significant hybridization (Yésou 1991),
it has been separated as L. cachinnans michah-
ellis, a status now widely accepted (Sibley and
Monroe 1990, del Hoyo et al. 1996, Snow and
Perrins 1997, AOU 1998). Observations from
the contact zone between michahellis and cach-
innans suggested that those two taxa should
also be given specific status (Klein and Buch-
heim 1997). That has recently been confirmed
by Liebers et al. (2001) who found a complete
segregation of mitochondrial lineages between
L. michahellis and L. cachinnans where they meet
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in the western Black Sea area. Our genetic data
confirm the distinctiveness of L. michahellis rel-
ative to the other western European species, es-
pecially L. argentatus. The main michahellis hap-
lotype (MIC) is as divergent from the main L.
fuscus (FUS) and L. argentatus (ARG) haplo-
types as those last two are from each other. The
level of differentiation and reproductive isola-
tion of michahellis relative to L. marinus, L. fus-
cus, and L. argentatus is similar to the level of
differentiation and reproductive isolation
among those three undisputed species. The ge-
netic distinctiveness of michahellis has also been
claimed by Wink et al. (1994) on the basis of cy-
tochrome-b gene divergence, but those authors
had very little information on intraspecific
polymorphism. However, we have no evidence
that michahellis is more closely related to L. fus-
cus than to L. argentatus, as those authors
proposed.

The presence of large gulls similar to Herring
Gull but with yellow legs in the Gulf of Finland
has been known to ornithologists since the ear-
ly twentieth century (e.g. see Kumari 1978 or
Jonsson 1998a for a review). Some authors con-
sidered that they represented a distinct taxon,
distributed in the Gulf of Finland, the White
Sea area, and the coasts of Murmansk: L. argen-
tatus omissus Pleske, 1928 (e.g. Cramp and Sim-
mons 1983, where it is included in the cachin-
nans group of subspecies), or L. cachinnans
omissus (Haffer 1982). Others have suggested
they were individuals of the form cachinnans,
from the Black and Caspian sea areas, which
colonized the eastern Baltic area during the
twentieth century (see Kumari 1978). Whatever
omissus might have been in the past, birds
breeding at the present time in Finland and
northern Norway are clearly argentatus (Mier-
auskas et al. 1991, 1994; Mierauskas and Grei-
mas 1992; Jonsson 1998a). Our genetic data in-
dicate that L. argentatus argentatus hybridized
extensively in the east of its range with a taxon
rather distantly related to the Herring Gull. The
Finnish and eastern Norway populations of ar-
gentatus seem to result from an introgression
between western Herring Gulls and a taxon
carrying the 70 haplotype. That taxon—which
is likely to be yellow-legged, because it would
explain the introduction of “‘yellow-legs’ genes
into L. argentatus—could be cachinnans or om-
issus. Analyses of further samples should solve
this matter.
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Our results suggest that the North American
form smithsonianus is more closely related to
the North American-Arctic species L. califor-
nicus, L. glaucoides, L. thayeri, and L. hyperboreus
than to L. argentatus. That taxon is generally
treated as a subspecies of L. argentatus. On the
basis of differences in immature plumage and
in adult vocalization (according to Frings et al.
1958, who reported that European Herring
Gulls do not react to the voice of their North
American counterparts), Sangster et al. (1999)
treated smithsonianus as a valid species. Our re-
sults agree with that hypothesis. The North
American form smithsonianus is probably not
the closest relative to the European L. argenta-
tus, although adults of both species are ex-
tremely similar. Before recommending any tax-
onomic change, we would nevertheless prefer
our results to be confirmed using larger sample
sizes of all North American taxa to eliminate
completely the possibility that the SMI haplo-
types invaded smithsonianus from another
taxon.

The specific status of graellsii is not support-
ed by our genetic data. Populations of fuscus
and graellsii share the same main haplotype,
with no significant differences in haplotype
frequency (see Table 5). There is no indication
of restricted gene flow between fuscus and
graellsii, and the lack of haplotype differences
indicates that even if gene flow is currently re-
stricted, separation of fuscus and graellsii is
much more recent than of any valid species in
the large gull group. We recommend the main-
tenance of graellsii as a subspecies of fuscus. We
hypothesize that the marked morphological
differences between these forms results from
strong natural selection, acting against gene
flow or after a complete but recent isolation. It
should be emphasized that behavioral differ-
ences such as feeding ecology can arise very
quickly and without genetic support, and that
increasing awareness of the morphological var-
iation in fuscus and intermedius questions the
supposed clear-cut differences between those
taxa.

The evaluation of the systematic status of the
Siberian taxa that we investigated is complicat-
ed by extensive lineage sharing and a lack of
original genetic material. All haplotypes de-
tected in vegae and mongolicus are frequent in
other species, one of them (HYP) clearly origi-
nating from introgression. In heuglini, we
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found one haplotype (HEU) which is very rare
in L. fuscus and absent in other species. Larger
samples are thus required for any meaningful
interpretation of the genetic data in these Si-
berian taxa.

Hybridization in birds.—Our data indicate that
mitochondrial gene flow occurs between some
of the large white-headed gulls but is generally
low. Hybridization, however, can be more fre-
quent than implied by the level of mitochon-
drial gene flow: if some postzygotic barriers ex-
ist, hybrids could have a lower survival,
fertility, or both than their parents, reducing
the genetic consequences of hybridization. Fur-
thermore, according to Haldane’s rule (Haldane
1922), hybrids of the heterogametic sex (fe-
males in birds) are expected to show reduced
fitness compared to hybrids of the homoga-
metic sex (males in birds). Nuclear gene flow
(mediated by hybrids of both sexes) could thus
be higher than mitochondrial gene flow (me-
diated by female hybrids only). That may ex-
plain the lack of differentiation observed for al-
lozymic markers in gulls (Snell 1991a).

The lack of reciprocal monophyly observed
between most of the large gull species is un-
usual for birds, but it is not unprecedented.
Snow (Anser caerulescens) and Ross’s (A. rossi)
geese, which are known to produce fertile hy-
brids in nature (Cooke et al. 1995), were also
found to share the same haplotypes, although
in highly different frequencies, and secondary
hybridization was also the favored explanation
in that case (Avise et al. 1992). Extensive intro-
gression of mitochondrial DNA has been doc-
umented in the Saker (Falco cherrug; Seibold et
al. 1993), whereas the case of the Pomarine Jae-
ger (Stercorarius pomarinus) is still not settled
(see Cohen et al. 1997 for a recent synthesis of
phylogeny of skuas). In addition, several ex-
amples of limited introgression in areas of
overlap have been published (Uria murres,
Friesen et al. 1993; Anas ducks, Rhymer et al.
1994; Vermivora warblers, Gill 1997; Pycnonotus
bulbuls, Lloyd et al. 1997).
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APPENDIX. We determined the time needed to
achieve the coalescence of n genes sampled in a pop-
ulation of N individuals.

For haploid genomes, the distribution of the prob-
ability that coalescence from n to (n — 1) genes oc-
curs in t generations can be approximated as an ex-
ponential distribution of parameter n(n — 1)/2N (Li
1997). The coalescence time of the n genes is the sum
of the time needed for each coalescence event (from
nton—1,fromn—-1ton—2,...).

The distribution of the coalescence time of the n
genes is thus the distribution of a sum of (n — 1) ran-
dom variables, each one following an exponential
distribution of parameter n(n — 1)/2N, (n — 1)(n —
2)/2N, ..., 2/2N.

It can be shown that the probability density func-
tion of a sum of random variables X; each following
an exponential distribution of parameter \;is 3,1 —
e N/TIL(1 — N/N).

Using this formula, we were able to plot the dis-
tribution of the coalescence time of the n genes (Fig.
Al). As can be seen on the figure, for sample sizes
routinely used in population studies (between 10
and 50 individuals), the time needed to achieve co-
alescence with a probability >0.95 and thus loose an-
cestral polymorphism is very close to 4N generations
(between 3.9 and 4.1 X N generations).
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