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The importance of sympatric speciation (the evolution of repro-
ductive isolation between codistributed populations) in generat-
ing biodiversity is highly controversial. Whereas potential exam-
ples of sympatric speciation exist for plants, insects, and fishes,
most theoretical models suggest that it requires conditions that are
probably not common in nature, and only two possible cases have
been described for tetrapods. One mechanism by which it could
occur is through allochronic isolation—separation of populations
by breeding time. Oceanodroma castro (the Madeiran or band-
rumped storm-petrel) is a small seabird that nests on tropical and
subtropical islands throughout the Atlantic and Pacific Oceans. In
at least five archipelagos, different individuals breed on the same
islands in different seasons. We compared variation in five micro-
satellite loci and the mitochondrial control region among 562
O. castro from throughout the species’ range. We found that
sympatric seasonal populations differ genetically within all five
archipelagos and have ceased to exchange genes in two. Popula-
tion and gene trees all indicate that seasonal populations within
four of the archipelagos are more closely related to each other than
to populations from the same season from other archipelagos;
divergence of the fifth sympatric pair is too ancient for reliable
inference. Thus, seasonal populations appear to have arisen sym-
patrically at least four times. This is the first evidence for sympatric
speciation by allochrony in a tetrapod, and adds to growing
indications that population differentiation and speciation can
occur without geographic barriers to gene flow.

Oceanodroma castro | phylogeography | genetic isolation | seasonal
populations | storm-petrel

S peciation—the evolution of reproductive isolation between
populations—is thought generally to involve the gradual
accumulation of genetic differences between geographically
isolated (allopatric) populations through selection or genetic
drift (reviewed in ref. 1). Although this “allopatric”” model of
speciation is widely accepted, it does not provide a satisfactory
mechanism for the origin of many species, such as sympatric
sister species, and several alternatives have been proposed
(reviewed in ref. 1). According to various “sympatric” models,
reproductive isolation could evolve in the absence of geographic
isolation through polyploidization (e.g., in flowering plants) or
nonrandom mating [e.g., according to host in phytophagous
insects or brood parasitic birds, migratory route in birds, or
breeding time (allochrony) in salmon and periodical cicadas]
(1-4). Sympatric speciation was first proposed by Darwin but
was refuted by Mayr and has been controversial ever since
(reviewed in refs. 1 and 3). Although sympatric speciation is
possible in theory, most models require conditions that are
probably uncommon in nature, such as an appropriate balance
between selection and recombination, linkage between genes
involved in ecological specialization and reproductive isolation,
and/or a small number of loci controlling local adaptation, and
habitat and mate preference. It also requires populations to be
able to coexist ecologically during and after the evolution of
reproductive isolation (1, 3, 5, 6).

Sympatric speciation is difficult to demonstrate in nature.
Potential examples exist for plants, insects, and fishes (1-7), but
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only two possible cases have been described for tetrapods:
host-specific races of brood parasitic indigobirds (Vidua spp.) (8,
9) and ecologically segregated races of Nesospiza buntings on
Tristan da Cunha (10). Coyne and Orr (ref. 1, p. 142) delineate
four criteria that must be met to provide a convincing case: “1.
The species must be largely or completely sympatric. 2. The
species must have substantial reproductive isolation, preferably
based on genetic differences. 3. The sympatric taxa must be sister
groups. 4. The biogeographic and evolutionary history of the
groups must make the existence of an allopatric phase very
unlikely.” Unfortunately, the geographic and phylogenetic sig-
natures of sympatric speciation are easily obscured by range
expansion, extinction, and lineage sorting (1, 11). However,
modern methods of molecular analysis are enabling increasingly
rigorous tests of speciation models.

Oceanodroma castro (the Madeiran or band-rumped storm-
petrel; Procellariiformes: Hydrobatidae) provides a useful test
model for sympatric speciation. This small pelagic seabird
forages throughout tropical and subtropical regions of the
Atlantic and Pacific Oceans and breeds on several islets in Japan,
Hawaii, the Galapagos, and the northeast and central Atlantic
(12) (Fig. 1). The timing of breeding varies considerably among
colonies [supporting information (SI) Table 2]: at one extreme,
some populations have a single, compact breeding season (e.g.,
Japan); at other islands, the nesting season is much more
protracted (e.g., Cape Verde); at the other extreme, several
colonies have two distinct laying periods separated by an interval
with no breeding (specifically, the Azores, Desertas, and the
Galapagos). Evidence from breeding and molting phenology,
feather mercury concentrations, band (ring) returns, morphol-
ogy, vocalizations, and mtDNA sequences suggests that different
populations nest in the same areas—even in the same bur-
rows—at some of these colonies (12-20). Differences in all these
characters between seasonal populations within the Azores
indicate that they represent reproductively isolated species (16,
18, 20) and thus meet the first of Coyne and Orr’s criteria for
sympatric speciation (1). Seasonal populations of O. castro may
therefore represent cases of sympatric divergence and speciation
through habitat preference, specifically, breeding season (allo-
chrony). Here, we compare variation in five microsatellite loci
and a portion of the mitochondrial control region among 17
populations of O. castro, including four known pairs of sympatric
seasonal populations and samples from two seasons from Cape
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Fig. 1. Breeding locations of O. castro (circles). Black symbols represent
locations with breeding during the Northern Hemisphere hot season; white
symbols represent locations with breeding during the Northern Hemisphere
cool season; black and white symbols represent locations with sympatric
seasonal populations; gray symbol represents protracted (aseasonal) breeding
with two seasonal peaks. Archipelago names are in standard type; islands that
are mentioned in the text are in parentheses. Baixo and Praia are 5 km apart;
Branco and Raso are 7 km apart.

Verde (which has protracted breeding) to test whether seasonal
populations are genetically isolated and originated sympatrically.

Results and Discussion

Global Population Genetic Structure. Comparison of variation in
microsatellites and mtDNA among O. castro sampled through-
out the breeding range support previous observations (19, 20)
that gene flow is generally restricted in O. castro and that
population genetic structure is strong (Fig. 2 and SI Tables 3-5):
Only 6 of 184 estimates of migration rates (1, as a proportion of
the population) between population pairs generated from mic-
rosatellite variation by using the program BayesAss were signif-
icantly >0 (SI Table 3). Estimates of population divergence time
(T, in Ny generations, where N is female effective population
size) derived from mitochondrial control region sequences by
using the program MDIV were significantly >0 for most (43 of
49) comparisons (SI Table 4). Few estimates of gene flow (M, in
females per generation) from MDIV were significantly >1 (SI
Table 4). Finally, most indices of population differentiation (Fst
for microsatellites and ®sr and 8 for control region sequences)
were significantly >0 (Fig. 2 and SI Table 5). Most exceptions to
these patterns involved comparisons among cool-season popu-
lations within the northeast Atlantic (mainland Portugal, the
Azores, Desertas, Selvagem, and the Canaries). Notably, both
types of genetic markers indicate that O. castro from different
geographic regions (Japan, the Galapagos, and the Atlantic) are
genetically isolated and probably diverged >250,000 years ago
(Fig. 3). Although few birds were sampled from Hawaii and
Ascension, these individuals also differ from those elsewhere
and are most closely related to Japanese and northeast Atlantic
cool populations, respectively (20).

In agreement with results of previous studies (20), significant
genetic structure also exists within the Atlantic, and gene flow
appears to be restricted (SI Tables 3-5). Samples from Cape
Verde are especially divergent from those elsewhere (Fig. 3).
Additionally, most hot-season populations from the Azores,
Desertas, Selvagem, and Cape Verde differ from each other and
do not appear to exchange genes, despite the geographic prox-
imity of some colonies (SI Tables 3-5).

18590 | www.pnas.org/cgi/doi/10.1073/pnas.0700446104

Fig.2. Pairwise estimates of Fst (based on microsatellite variation; A) and ®st
(based on control region sequences; B) for pair-wise comparisons of O. castro
colonies. Red bars represent estimates that are significantly >0 at « = 0.05
after sequential Bonferroni corrections for sympatric seasonal populations;
dark gray bars represent estimates that are significantly >0 for allopatric
populations; green bars represent estimates that are not significantly differ-
ent from 0 for sympatric seasonal populations; white bars represent estimates
that are not significantly different from 0 for allopatric populations. Data
from Sl Table 5. Populations are arranged in approximate order of increasing
divergence for clarity of presentation. Colony codes are the first three letters
from Fig. 1; H, hot-season population; C, cool-season population.

Relationships Among Sympatric Seasonal Populations. Results of the
present study indicate that seasonal populations of O. castro
meet most or all of Coyne and Orr’s (1) criteria for sympatric
speciation.

Reproductive isolation. Variation in microsatellites and mtDNA
indicates that sympatric seasonal populations within two archi-

Friesen et al.
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Fig.3. Approximate timing of divergence of O. castro populations, inferred
from the minimum evolution tree for estimates of t (divergence time in years)
derived either from T [time in Nf generations, from MDIV (S| Table 4); com-
parisons within the Galapagos, northeast Atlantic, and Cape Verde] or from &
[Kimura-two-parameter corrected net sequence divergence (Sl Table 5); com-
parisons between archipelagos] from mtDNA sequence variation. C, popula-
tions breeding in the Northern Hemisphere cool season; H, populations breed-
ing in the Northern Hemisphere hot season. The Canaries population was
excluded because the small sample size made estimates of T unreliable.

pelagos—the Azores and Cape Verde—are genetically isolated:
estimates of migration rate (m) based on microsatellite variation
do not differ from 0; estimates of gene flow (M) based on
mtDNA variation are <1 (although not always significantly so);
and estimates of Fst based on microsatellites and ®gr and 6
based on mtDNA are significantly >0 for most comparisons (up
to 0.16%, 0.69%, and 2.9%, respectively; Table 1 and Fig. 2). In
addition, seasonal samples within the Azores are virtually re-
ciprocally monophyletic on the mtDNA gene tree, i.e., most
haplotypes from the two populations occur on separate
branches, indicating prolonged genetic isolation (Fig. 4). Esti-
mates of divergence time (7') from MDIV also differ from 0 and
suggest that sympatric seasonal populations within these archi-
pelagos have been genetically isolated for 73,000 to180,000 years
(Fig. 2 and Table 1). Although these molecular results do not
provide definitive evidence for reproductive isolation, they
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Fig. 4. Neighbor-joining tree for control region haplotypes for O. castro.

Symbols represent populations where haplotypes were found. Numbers on
branches are support from interior branch tests for key groups. The scale
represents Kimura two-parameter-corrected sequence divergence among
haplotypes. O. leucorhoa, Leach'’s storm-petrel.

suggest that the populations have not been exchanging genes for
thousands of generations.

Sympatric seasonal populations in the Galapagos, Desertas,
and Selvagem appear to represent earlier stages of genetic
isolation: Most indices of population differentiation are signif-
icantly greater than 0, but gene flow (as indicated by m or M)
appears to be ongoing (Table 1).

Thus, the five pairs of seasonal populations appear to repre-
sent three stages of divergence [sensu Avise (11), Tautz (21)].
Those from the Azores are genetically differentiated, presum-

Table 1. Estimates of migration rate (m as a proportion of the population, from BayesAss), female-mediated
gene flow (M in females per generation, from MDIV), population differentiation (Fst, ®s1, and §, from Arlequin),
and time since divergence (T in 2N¢ generations and t in years, from MDIV) for sympatric seasonal populations
of O. castro in five archipelagos (summarized from SI Tables 3-5)

Azores Cape Verde Galapagos
Parameter Baixo Praia Desertas Selvagem Raso Plaza Norte
Microsatellites
m (from cool to hot population) 0.003 0.001 0.22* 0.16 0.003 0.15*
m (from hot to cool population) 0.005 0.003 0.001 0.001 0.030 0.26*
Fst 0.11%* 0.16** 0.07* 0.08** 0.00 0.00
mtDNA
M 0.44 0.237 0.82 5.0* 0.31 na
T 1.6* 1.6* 0.27* 0.04* 0.56* 0.44
t 110 180 27 27 73 na
Dgr 0.58** 0.69** 0.07** 0.09** 0.43** 0.02*
) 2.5% 2.9*% 0.11** 0.08** 2.4%* 0.04*

*, Significantly >0 before sequential Bonferroni correction; **, significantly >0 after sequential Bonferroni correction; t, significantly
<1 at a = 0.05; %, significantly >1 at « = 0.05. na, could not be calculated (T did not differ from 0).
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ably reproductively isolated, and virtually completely segregated
on the mtDNA gene tree (Fig. 4); given that they are diagnosable
by season as well as by morphology and vocalizations (16, 18),
they constitute species by most definitions (1). Sympatric sea-
sonal populations within Cape Verde appear to be genetically
isolated; however, they are not yet reciprocally monophyletic on
the gene tree or diagnosable by any character other than
breeding season, so represent an earlier stage of speciation than
the Azores populations. Sympatric seasonal populations in De-
sertas, Selvagem, and the Galapagos exhibit some genetic dif-
ferentiation as well as slight morphometric differences (15, 17,
19) but are not genetically isolated.

In contrast, little differentiation exists either among cool

season populations from different colonies within the northeast
Atlantic, or between the two Azores hot-season colonies: Few
estimates of population differentiation differ from zero (SI
Table 5), and several estimates of migration and gene flow are
significant (SI Tables 3 and 4).
Sympatric taxa are sister groups. Two lines of evidence indicate that
sympatric seasonal populations of O. castro are sister taxa. First,
within the mtDNA gene tree, haplotypes from Galapagos sea-
sonal populations occur together within a strongly supported
monophyletic clade (Fig. 4). Most haplotypes from Cape Verde
seasonal samples also group together within a strongly supported
monophyletic lineage. Haplotypes from Azores seasonal popu-
lations occur together within a strongly supported but poorly
resolved Atlantic clade, although this clade also includes hap-
lotypes from other northeast Atlantic colonies; the Azores
hot-season population is approaching monophyly within this
lineage. Haplotypes from the Desertas and Selvagem seasonal
populations also occur together within the northeast Atlantic
clade.

Second, on both the nuclear and mtDNA population trees,

Galapagos seasonal populations form a monophyletic group, as
do Cape Verde seasonal samples (Fig. 5); each of these lineages
has strong support on the nuclear tree (Fig. 54). Similarly,
Azores seasonal populations occur within an unresolved but
monophyletic clade that includes other northeast Atlantic cool-
season populations; although they do not group together, note
that a sister-taxon relationship would be quickly lost from the
population tree if gene flow is ongoing among northeast Atlantic
cool-season populations.
An historical allopatric phase is very unlikely. If seasonal populations
arose allopatrically, or arose only once sympatrically, evidence of
historical fragmentation and secondary contact should be
present in the form of deep branches in the gene tree (11, 22).
This historical fragmentation should be apparent whether or not
the original colonies still exist. No evidence was found for
historical fragmentation or secondary contact between any
sympatric seasonal populations either from the general shape of
the gene tree (Fig. 4) or from nested clade analysis of the
northeast Atlantic populations (20) or nested contingency anal-
ysis of the Galapagos clade (19).

Thus, seasonal populations of O. castro in the Azores and Cape
Verde meet all of Coyne and Orr’s criteria for sympatric
speciation (1). Seasonal populations in Desertas, Selvagem and
the Galapagos also fulfill three of the critera, but are probably
not yet reproductively isolated.

At least two alternatives to sympatric origins are possible for
seasonal populations of O. castro. One is that seasonal popula-
tions arose allopatrically, followed by sympatry and hybridiza-
tion. This could result in the observed clustering of sympatric
seasonal populations on the population trees. The possibility of
hybridization is supported by 10 control-region haplotypes that
are shared between seasonal populations (SI Table 6) and by
polyphyly within the mtDNA gene tree (Fig. 4). However, three
observations argue against this scenario. First, hybridization
would have to be extensive to result in the observed population

18592 | www.pnas.org/cgi/doi/10.1073/pnas.0700446104
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Fig. 5. Unrooted neighbor-joining trees for O. castro populations based on
microsatellite variation (A), and mitochondrial control region sequences (B).
Numbers on branches for A are support from bootstrapping across individuals
(values <70% not shown). O. leucorhoa, Leach’s storm-petrel. C, populations
breeding in the Northern Hemisphere cool season; H, populations breeding in
the Northern Hemisphere hot season.

and gene trees, but results from BayesAss and MDIV indicate
that there is no exchange of either nuclear or mitochondrial
genes between seasonal populations within the Azores or Cape
Verde (SI Tables 3 and 4). Second, as noted above, no evidence
of historical fragmentation and/or secondary contact (hybrid-
ization) was found within the gene tree (Fig. 4). Finally, of the
10 haplotypes that are shared between sympatric seasonal pop-
ulations (SI Table 6), most (eight) are located at or near the root
of the gene tree (19, 20), indicating that they represent retained
ancestral variation; only one haplotype each in the Galapagos
and northeast Atlantic occurred on a branch tip, suggestive of
possible contemporary gene flow or hybridization.

Another possible explanation is that seasonal populations
originated on different islands within an archipelago (i.e.,
through microallopatry), followed by sympatry through range
expansion (11). Although possible, this explanation is less par-
simonious than sympatric origins, i.e., it requires more events:
speciation plus range expansion. Furthermore, it must have
happened multiple times to generate the population trees seen
in Fig. 5. However, the possibility of microallopatric origins is
difficult to preclude for the Azores seasonal populations: given
that the Azores cool-season breeders appear to be part of a large,
interbreeding metapopulation that includes colonies from the
coast of mainland Portugal, Desertas, Selvagem, and the Canar-
ies, cool-season breeders could have originated anywhere within
the northeast Atlantic and expanded into the Azores after the
origin of the Azores hot-season population. As noted previously,

Friesen et al.
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the phylogenetic and phylogeographic signals of sympatric spe-
ciation are quickly obscured (1, 11), and information regarding
the precise site of origin may have been lost for the Azores
hot-season population. Nonetheless, given the large foraging and
nonbreeding distributions of this species (23), the origin of
seasonal populations even on neighboring islands would still
constitute sympatric speciation under most definitions (see ref.
6 for a summary of definitions; e.g., origin of reproductive
isolation within the dispersal range of the species; speciation in
the absence of geographic isolation; speciation under random
mating with respect to geography).

Results from MDIV suggest that seasonal populations origi-
nated recently: 110,000-180,000 years ago in the Azores,
~73,000 years ago in Cape Verde, ~27,000 years ago in Desertas
and Selvagem, and within the last few thousand years in the
Galapagos (Fig. 3 and SI Table 4). All these dates correspond to
interglacial or postglacial periods. Cold-water upwellings, oce-
anic mixing, and marine productivity at low latitudes are thought
to have increased during glaciations (reviewed in ref. 20). This
would have increased foraging opportunities for O. castro,
enabling population growth. Correspondingly, Smith et al. (20)
found evidence from mtDNA sequences of demographic expan-
sion during the last glaciation (~60,000-25,000 years ago).
Presumably, decreased marine productivity and upwellings dur-
ing interglacials would increase competition for food in O. castro,
potentially favoring divergence in breeding seasons.

Results of the present study also suggest that the cool-season
populations were derived from the hot-season populations in the
Galapagos, Cape Verde, and the Azores [contra Monteiro and
Furness (16)]. Specifically, if breeding season is mapped onto any
of the population or gene trees (Figs. 4 and 5), hot-season breeding
is indicated to be the ancestral state. However within Desertas,
migration from the cool- into the hot-season population is signif-
icantly higher than from the hot into the cool population (Table 1),
suggesting that the Desertas hot-season population may have been
derived secondarily from the cool-season population. Alternatively,
seasonal populations may have originated through disruptive se-
lection on an ancestral population that had a protracted breeding
season (2), such as occurs at some colonies of O. castro [e.g., Cape
Verde and possibly Selvagem (SI Table 2)] and closely related
species [e.g., ashy storm-petrel O. homochroa; Polynesian storm-
petrel Nesofregetta fuliginosa (12)]. Both theoretical and empirical
evidence indicates that, if the timing of reproduction is variable and
heritable, populations may diverge and adapt to different breeding
seasons because of isolation by time (2). Results for Cape Verde are
especially interesting in this respect: Although breeding occurs year
round, O. castro sampled during different seasons differ in their
mtDNA and appear to be genetically isolated (SI Tables 3-5). The
heritability of breeding time has not been studied in this species, but
breeding time is known to be heritable in snow geese (Chen
caerulescens) and a variety of passerine species (reviewed in ref. 2).

High levels of genetic diversity in all O. castro populations (SI
Tables 6 and 7) suggest that the origins of seasonal populations
were not associated with severe genetic bottlenecks [thus, not
founder-induced divergence (reviewed in ref. 1)]. Given the tight
annual scheduling of breeding and molting, a sudden shift of
adults from one season to the other also seems unlikely. More
probably, the change involved juveniles or failed breeders or
gradual divergence of populations over many generations [e.g.,
because of isolation by time (above)]. Competition for nest sites
may have caused displacement of birds from one season to
another (16, 24). Alternatively or additionally, a change in
breeding season may have enabled individuals to exploit new
food resources and thus to reduce intraspecific competition for
food. Note, however, that the origin of seasonal populations
from an aseasonal ancestor does not necessarily require selection
for different seasons but, theoretically, can occur solely through
restricted gene flow if the timing of breeding is heritable (2).

Friesen et al.

Conclusions

The present results strongly suggest that allochronic populations of
O. castro are genetically isolated within at least two archipelagos
(the Azores and Cape Verde) and have arisen sympatrically in at
least four locations (within Desertas, Cape Verde, Selvagem, and
the Galapagos) and probably also within the Azores. The existence
of breeding asynchrony within many species of plants and animals
[(2, 6) e.g., =10% of seabird species have >1-month asynchronies
in breeding seasons among colonies, and 20% have asynchronous
breeding within colonies (25, 26)], evidence for heritability of
breeding time (reviewed in ref. 2) and the existence of genetic
divergence between temporally segregated populations in a diver-
sity of species (1, 27, 28) suggest that, although probably not general,
sympatric speciation by allochrony may not be unusual. These
results add to growing evidence for population differentiation and
speciation in sympatric and parapatric populations of birds (29). For
example, morphologically and genetically differentiated sympatric
seasonal populations have been reported in Leach’s storm-petrels
[O. leucorhoa (ref. 30 and V.L.F., P. Gulavita, A. Bailie, and T. Birt,
unpublished data)], and significant population genetic structure has
been found in the absence of geographic isolation in seabirds [e.g.,
Galapagos petrels Pterodroma phaeopgyia (31)], raptors [e.g., Eur-
asian kestrels Falco tinnunculus (27)], and passerines [e.g., indigo-
birds and buntings (8-10)]. Thus, speciation in the absence of
geographic isolation may be more common than is currently
recognized (4). It is also possible that some currently parapatric or
allopatric species arose sympatrically, with speciation being fol-
lowed by a range shift.

Materials and Methods

DNA samples were obtained from 562 O. castro from 17
populations, including 386 samples previously described by
Smith ez al. (20) and 176 additional samples from the coast of
mainland Portugal, the Azores, Desertas, Selvagem, the Canar-
ies, and Cape Verde (SI Tables 6 and 7). Samples comprise most
colonies where O. castro breeds, and both hot- and cool-season
populations from the Azores (two islets 5 km apart: Baixo and
Praia), Desertas (Furna dos Rosques), Selvagem (Selvagem
Grande, 265 km from Desertas), and the Galapagos (Plaza
Norte), as well as two seasons from Cape Verde (where breeding
is protracted; two islets 7 km apart: Raso and Branco; Fig. 1 and
SI Table 2). Breeding season affiliation was confirmed by
examination of the brood patch, morphometrics, and/or molt
(16). All samples were collected under the appropriate permits.

PCR primers for nine microsatellite loci were developed by
using standard protocols (V.L.F., and Z. Sun, unpublished data).
Loci were amplified in three sets of multiplexed reactions (Mix
1: Oc49, Oc79, Oc84; Mix 6: Oc51, Oc63, Oc79-2; Mix 7: Oc28B,
Oc64B, Oc87) using an optimized primer concentration (0.1 uM
for all primers except 0.3 uM for Oc84F and Oc84R), 1X
Multiplex MixR (Qiagen), and 0.45 uM Dye 4-labeled M13
forward primer. PCRs involved an initial denaturation at 94°C
for 15 s, followed by 35 cycles of 94°C for 45 s, 56°C (Mixes 1 and
6) or 58°C (Mix 7) for 1 min, and 72°C for 1 min 30 s, and a final
extension at 60°C for 30 s. Samples were tested for amplification
in 1.3% agarose gels and then subjected to electrophoresis
through a Beckman CEQ 8000R automated sequencer. Geno-
types were confirmed and scored by eye. Populations were tested
for deviations from both Hardy—Weinberg and linkage equilib-
rium by using Arlequin (version 3.1) (32).

Four loci (Oc63, Oc64B, Oc79, and Oc84) did not amplify
reliably. Locus Oc79 also had significant heterozygote deficien-
cies within several populations, suggesting the existence of a null
(nonamplifying allele).These loci were therefore excluded from
subsequent analyses.

Mitochondrial control region sequences for 386 samples have
been published previously (20). Sequences for an additional 122
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samples were obtained by using primers OcL61 (20) and H530
(V.L.F. and P. Gulavita, unpublished data) by using the proto-
cols of Smith et al. (20). Sequences were also obtained for two
Leach’s storm-petrels (Oceanodroma leucorhoa) to root the
mtDNA trees. Nonoverlapping sequences were trimmed from
the combined data set, generating 205 haplotypes (SI Table 6).

Genetic differentiation among populations was indexed by using
pair-wise estimates of Fsr (microsatellites) and ®st and 8 (control
region sequences using Kimura’s two-parameter correction for
multiple substitutions with y = 0.45), with significance determined
by 10,000 bootstrap replications using the program Arlequin.
Estimation of contemporary gene flow from Fsr or its analogues
involves several dubious assumptions, most notably, that popula-
tions are in equilibrium between migration and genetic drift (33).
We therefore used molecular assignments to estimate gene flow
from microsatellite variation by using the program BayesAss (34).
Three million MCMC iterations were run, with a burn-in of
1,000,000 iterations and a sampling frequency of 2,000. A (the
maximum amount a parameter can change each iteration) was set
to 0.15 (the default value). Samples from the Galapagos and the
Atlantic were analyzed separately because these populations form
highly distinct lineages on the population trees; Japan was not
included because it is highly divergent from the other populations
and lacks seasonal populations. Female-mediated gene flow be-
tween population pairs (M in females per generation) was estimated
from control region sequences by using a maximum-likelihood
approach based on coalescent theory, by using the program MDIV
(35); Tmax and Myvax were adjusted for each comparison to ensure
that likelihood estimates equilibrated. Samples from the Galapagos,
Cape Verde, and the northeast Atlantic were analyzed separately,
and Japan was not included, as above. Canaries samples also were
excluded because of small sample size. Estimates of M were tested
for difference from 1 by using likelihood ratio tests.

MDIV also was used to test whether populations are genetically
isolated. Specifically, likelihood ratio tests were used to determine
whether divergence time (7, in N generations, where Ny is female
effective population size) was >0. Divergence time in years (¢) was
estimated as TO/2u, where © = 2Ngu, and  is the per-fragment
mutation rate [estimated at 3.375, assuming a divergence rate of
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21% per million years for Domain I of the mitochondrial control
region of birds (36)].

To visualize the genetic relationships among populations, a
phenetic population tree was generated from microsatellite data by
neighbor-joining on Roger’s genetic distances by using the program
Populations (version 1.2.3beta, www.bioinformatics.org/project/
?group_id = 84); confidence for branches was determined by
bootstrapping across individuals. Other distance measures [Nei’s
minimum genetic distance (which increases linearly with time),
Wright’s linearized Fsr, and Reynold’s unweighted distance] gave
similar results. A phenetic population tree was generated from
control-region sequences by neighbor-joining on Kimura-two-
parameter corrected distances (8) between population samples by
using Mega (version 3.1) (37). A gene tree was generated for the
control region haplotypes by using statistical parsimony, but several
branch lengths exceeded the connection limit so that relationships
among key populations could not be determined (20). Therefore,
a neighbor-joining tree was generated for Kimura-two-parameter
corrected distances between haplotypes by using Mega; use of other
tree-construction algorithms or distance measures made only minor
changes to branch tips. Support for branches was determined by
interior branch tests (38).

A rejection level (o) of 0.05 was used throughout, with sequential
Bonferroni corrections applied to minimize Type I errors.
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