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The Galapagos Islands are renowned for their high degree of endemism. Marine taxa inhabiting the archi-
pelago might be expected to be an exception, because of their utilization of pelagic habitats—the dispersal
barrier for terrestrial taxa—as foraging grounds. Magnificent frigatebirds (Fregara magnificens) have a
highly vagile lifestyle and wide geographical distribution around the South and Central American
coasts. Given the potentially high levels of gene flow among populations, the species provides a good
test of the effectiveness of the Galapagos ecosystem in isolating populations of highly dispersive marine
species. We studied patterns of genetic (mitochondrial DNA, microsatellites and nuclear introns) and
morphological variation across the distribution of magnificent frigatebirds. Concordant with predictions
from life-history traits, we found signatures of extensive gene flow over most of the range, even across the
Isthmus of Panama, which is a major barrier to gene flow in other tropical seabirds. In contrast, individ-
uals from the Galapagos were strongly differentiated from all conspecifics, and have probably been
isolated for several hundred thousand years. Our finding is a powerful testimony to the evolutionary
uniqueness of the taxa inhabiting the Galapagos archipelago and its associated marine ecosystems.

Keywords: Galapagos endemism; microsatellites; morphological differentiation; mtDNA;
nuclear introns; philopatry

1. INTRODUCTION
Darwin was strongly influenced by the uniqueness of
many Galapagos taxa when he conceived On the origin
of species [1]. He hypothesized that many Galapagos ende-
mics arose from i sizu radiations, following initial
colonization of the archipelago by ancestral species. For
numerous taxa, this view has received support from
morphological and molecular studies (reviewed in [2]).
However, Darwin noted that ‘... it is obvious that
marine birds could arrive at these (Galapagos) islands
much more easily and frequently than land-birds...’,
and thus show a much lower degree of endemism ([1],
p. 348). Indeed, while all native reptiles and terrestrial
mammals and 84 per cent of terrestrial birds are endemic
[3], only 37 per cent (7 out of 19) of Galapagos seabird
species are currently classified as endemic. Because sea-
birds and other marine species forage in the pelagic
zone, which is the isolating agent for terrestrial species,
the 1000 km of open ocean separating the Galapagos
archipelago from the mainland could link archipelago to
continental populations, especially in highly dispersive
species.

Species predicted to be least susceptible to isolation
effects on the Galapagos would be far-ranging in the
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pelagic zone, and habitat generalists with a widespread
occurrence in the surrounding coastal and marine
environments of South and Central America. Such
species residing on the Galapagos would encounter suit-
able habitat should they disperse back to the mainland.
Further, in species exhibiting gene flow across large geo-
graphical distances, one would predict recurrent arrival of
immigrants to the Galapagos, counteracting allopatry and
potentially swamping out local adaptation.

Some of the endemic seabird taxa of the Galapagos
Islands have no flight capabilities (e.g., Galapagos
penguin, flightless cormorant). The most capable flyers
among seabirds that breed on the Galapagos are probably
the albatrosses and frigatebirds. Albatrosses perform
long-distance foraging trips [4] and most albatross species
exhibit extensive gene flow across vast geographical dis-
tances [5]. However, weak prevailing winds around the
inner tropical convergence zone are thought to restrict
the flight patterns of albatrosses, which have relatively
high wing loading, or relatively small wings for their
body weight [6,7]. Indeed, only four albatross species
occur outside the Southern Hemisphere oceans, and
their ranges are very restricted, including that of the
Galapagos-endemic waved albatross (Phoebastria irrorata).

Magnificent frigatebirds are perhaps the least likely of
Galapagos species to be subject to geographical isolation.
These tropical seabirds are widely distributed along
the Atlantic and Pacific coasts of Central and South
America, and on neighbouring archipelagos, including

This journal is © 2010 The Royal Society
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Table 1. Genetic variation in magnificent frigatebird populations across three mtDNA regions (1, sample size; Ny, number of
unique haplotypes; HD and 7, gene and haplotype diversities, respectively). Belize populations are HC (Halfmoon Caye)

and MW (Man O’War Caye).

region population n Ny HD + s.d. 7=+ s.d.

Galapagos North Seymour Islands 20 3 0.195 + 0.115 0.00012 + 0.00007

eastern Pacific (overall) 36 11 0.867 + 0.031 0.00143 + 0.00089
Panama 25 9 0.863 + 0.040 0.00128 + 0.00012
toepads 11 8 0.927 £+ 0.066 0.00187 + 0.00037

Atlantic (overall) 175 26 0.760 + 0.030 0.00121 + 0.00076
Bahamas 29 5 0.421 +0.110 0.00076 + 0.00020
Florida 29 8 0.675 + 0.087 0.00104 + 0.00019
British Virgin Islands 21 12 0.852 + 0.071 0.00133 + 0.00018
Jamaica 30 10 0.897 £+ 0.027 0.00152 + 0.00009
Cayman Islands 30 9 0.786 + 0.0065 0.00135 + 0.00017
Belize (HC) 13 5 0.795 + 0.076 0.00111 + 0.00014
Belize (MW) 23 6 0.708 + 0.090 0.00089 + 0.00016

Table 2. Genetic variability in magnificent frigatebird populations at eight microsatellite markers (7, sample size (number of
individuals); AR, rarefied allelic richness [22]; HE and HO, unbiased expected and observed heterozygosity, respectively).

region population n AR HE +s.d. HO +s.d.
Galapagos North Seymour Islands 20 4.6 0.54 +0.11 0.58 £+ 0.04
eastern Pacific Panama 25 5.6 0.62 + 0.09 0.61 + 0.04
Atlantic Bahamas 29 6.3 0.68 + 0.09 0.69 + 0.03
Florida 29 6.0 0.68 + 0.08 0.68 + 0.03
British Virgin Islands 21 6.0 0.65 + 0.09 0.69 + 0.04
Jamaica 28 5.9 0.65 + 0.09 0.67 + 0.03
Cayman Islands 30 5.6 0.65 + 0.09 0.65 + 0.03
Belize (HC) 13 6.0 0.66 + 0.09 0.65 + 0.05
Belize (MW) 24 5.7 0.63 + 0.09 0.58 + 0.04

the Galapagos. They are observed as vagrants far north
along the eastern and western coasts of North America,
and have even reached western Europe and Africa, usually
after big storms [8]. The species has the lowest wing load-
ing (i.e. smallest body mass relative to the area of its wings
[9]) among birds and is known for its soaring behaviour.
It uses thermal winds to reach high altitudes, and can
travel hundreds of kilometres at slow speed, even while
tending an active nest [9]. This combination of life-
history traits makes the magnificent frigatebird especially
suitable for studying gene flow and isolation in highly
mobile species of the Galapagos.

Here we present data from three classes of genetic mar-
kers (mitochondrial DNA, microsatellites and nuclear
introns) surveyed in magnificent frigatebirds from across
their distribution. The markers reflect both (i) maternally
and biparentally inherited lineages and (ii) rapidly and
slowly evolving genomic regions, providing a comprehen-
sive view of genetic differentiation. We also provide
morphological data that enable us to investigate patterns
of phenotypic differentiation within the species, and
how they relate to the patterns of genetic variation.
Based on widespread sampling across the species’s
distribution range, we investigate whether gene flow
among non-Galapagos colonies is extensive. We then
determine whether geographical structuring of genetic
and morphological variation supports or rejects a scenario
of allopatric isolation of magnificent frigatebirds on
the Galapagos.

Proc. R. Soc. B

2. MATERIAL AND METHODS

(a) Sampling

We sampled 232 individuals from nine populations across the
range of the magnificent frigatebird (tables 1, 2 and figure 1),
including 221 fresh samples and 11 samples from toe-pads of
museum specimens collected between 1895 and 1986 (elec-
tronic supplementary material, table S1). We collected fresh
blood or plucked feathers from nestlings or adults on active
nests, ensuring that resident birds were sampled. Birds
were individually marked during sampling, and we did not
sample offspring and adults from the same nest. Samples
are therefore presumably unrelated, at least with regard to
the present generation. Blood samples were stored in lysis
buffer and frozen once in the laboratory. Toe-pad samples
were from Pacific localities, extending our sampling in a geo-
graphical region otherwise covered only by Galapagos and
Panamanian samples. Very small pieces of toe-pads were
cut from the museum specimens using clean scalpel blades
and stored dry until extraction.

(b) Laboratory methods

Following digestion with Proteinase K, DNA was extracted
from modern samples using standard phenol—chloroform,
salt precipitation or Qiagen kit (Qiagen, Valencia, USA)
methods. DNA from museum toe-pads was extracted in
a facility solely dedicated to ‘ancient’” DNA work. We fol-
lowed stringent protocols to avoid and detect potential
contamination (see [10,11]).
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Figure 1. Sampling locations and sample sizes of magnificent frigatebirds analysed in this study. Small yellow dots denote
toepad samples. Large dots denote fresh samples: red, Galapagos; yellow, eastern Pacific; black, Atlantic. HC, Halfmoon

Caye (Belize); MW, Man O’War Caye (Belize).

(1) Maitochondrial DNA

We amplified fragments of three genes, ATP6 (531 base pairs
(bp)), cytochrome b (550 bp) and ND2 (555 bp; sequence
lengths do not include the primers). Details of the PCRs
are given in the electronic supplementary material. All
PCRs of museum material were set up in an ‘ancient’
DNA laboratory, and negative and positive controls were
used throughout (details in the electronic supplementary
material). PCR products were cleaned using EXOSAP
(USB Scientific, Cleveland, USA). Both strands of DNA
were cycle-sequenced with the PCR primers using BiIGDYE
v. 3.1 (Applied Biosystems, Foster City, USA), followed by
an ethanol or Sephadex clean-up. Sequences were run on
an ABI 3130xl instrument and assembled in SEQUENCHER
v. 4.8 (Gene Codes, Ann Arbor, USA).

(ii) Microsatellite markers

Following initial assessment of multiple microsatellite mar-
kers (see electronic supplementary material), we selected
eight loci that exhibited multiple alleles, showed reliable
amplification and could be scored consistently: Fmin02,
Frmunll, Fminl2, Fminl4, Fminl5, Fminl6, Fminl7 and
Fminl8 [12]. The loci were amplified in three multiplex
PCR reactions using fluorescently labelled forward primers
(electronic supplementary material, table S3) and run
on an ABI 3130xl instrument. Genotypes were scored in
GGENEMAPPER V. 4.0.

(i11) Nuclear introns

For a subset of samples (electronic supplementary material,
table S4) we amplified four introns [13,14] from the nuclear
genes «-enolase (ENOL), glyceraldehyde-3-phosphate
dehydrogenase (GAPD), myelin proteolipid protein (MPP)
and ornithine decarboxylase (OD), in total 1595 bp. PCR
products were cleaned and sequenced on both strands as
described above. Intron sequences heterozygous for indels

Proc. R. Soc. B

were analysed and phased using CHAMPURU [15] and
INDELLIGENT [16].

All sequences obtained in this study have been submitted
to the GenBank database (accession numbers: FR691079—
FR691320).

(¢) Data analysis

To visualize the genealogical relationships among haplotypes,
we generated statistical parsimony networks of mitochondrial
and nuclear sequences using TCS [17]. For evolutionary
calculations based on mitochondrial DNA (mtDNA) and
whenever implemented in the software, we chose the HKY
model of sequence evolution; transition—transversion ratio
was set to 47, as estimated using the AIC test in JMODELTEST
v. 0.1.1 [18]. Otherwise, we used the next simplest model
available, which at divergence levels below 1 per cent (see
§3) has only a minor effect on the outcome. Standard nuclear
diversity indices (haplotype and nucleotide diversity) were
calculated in DNASP v. 5 [19] and ARLEQUIN v. 3.5.1.2
[20]. The mean net nucleotide distance among groups was
calculated in MEGA v. 4.1 [21] using the K2P model; stan-
dard errors were estimated based on 1000 bootstrap
replicates across sites.

GENEPOP on the web (http:/genepop.curtin.edu.au/)
was used for standard population genetic data quality assess-
ment tests, including tests for heterozygote deficit/excess and
linkage disequilibrium, applying sequential Bonferroni cor-
rection. To account for differences in sample size among
locations, we calculated the rarified mean number of alleles
per locus using HP-RARE [22]. Principal coordinates analy-
sis (PCA) of individual genotypes was performed in
GENALEx [23]; F-statistics were calculated in GENETIX
[24]. The latter provide a measure of genetic differentiation
(fixation index) that quantifies the genetic distance
among populations, with larger values indicating higher
differentiation. Assignment tests based on multi-locus
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microsatellite genotypes were performed in GENECLASS V. 2.0
[25] using the Bayesian algorithm of Rannala & Mountain
[26], and the same data were evaluated in a Bayesian geno-
type clustering procedure in STRUCTURE v. 2.3.3 [27]. We
employed default settings in the newly implemented Locprior
model [28], which is designed for cases of especially weak
population structure, and assumed correlated allele frequen-
cies. For each value of K (number of demes assumed for
the clustering procedure), we performed two long runs of
500 000 iterations each (after a burn-in of 200 000 steps)
and averaged the results. Multiple additional shorter runs
were performed using different settings (admixture model,
no-admixture model) to check for convergence and to
assess the importance of model choice.

The three datasets were analysed separately using a
Bayesian coalescent-based framework in MIGRATE v. 3.0.7
[29,30], a procedure that jointly estimates ® (a measure of
effective population size) and unidirectional migration rates
among populations. To limit the number of parameters to
be estimated, we grouped all samples a priori into three
geographical regions (Galapagos, eastern Pacific, Atlantic).
Runs were initiated based on starting values from Fst
values and used wide uniform priors. Multiple additional
runs were performed using results from earlier runs as
starting conditions, still using flat priors but longer chains
(see electronic supplementary material, table S5 for details).

To estimate the mtDNA phylogeny and to date the ages of
the splits among main clades, we employed the Bayesian-
relaxed (uncorrelated lognormal) molecular clock approach
implemented in the program BEgasT v. 1.5.3 [31]. Trees
were rooted with the sister taxon Fregata aquila (GenBank
accession numbers EU166963, EU166990, AY369064
[32]). Settings included a Yule prior to model lineage
birth, a normal distribution of substitution rate (mean
2.13 + 0.065% divergence per million years; see [33]). We
also calibrated the tree using an assumed maximum age of
separation from the sister taxon F aquila, of 1 Myr, based
on geological dating of the emergence of Ascension Island
[34]. BEeasT analyses were run for up to 300 million
generations, and convergence was checked in TRACER v. 1.5
(available from http:/beast.bio.ed.ac.uk/Tracer) and by
comparing results from independent runs.

(d) Morphological measurements

We collected a series of morphometric measurements from
specimens in museum collections (electronic supplementary
material, table S6). We measured wing (length of the unflat-
tened first primary), inner tail and outer tail (innermost and
outermost tail feather, respectively) culmen length (starting
at the end of feather cover at the bill origin), bill depth and
bill width (measured at the starting point of culmen), and
the length of the muiddle toe (taken from the end of the skin
towards the claw, to the third joint counting from the claw;
electronic supplementary material, figure S2). All measure-
ments were recorded to the nearest millimetre using a
calliper, except for wing length, which was measured to the
nearest 0.5 mm using a ruler. All measurements were taken
by the same person (F.H.), using five males and five female
individuals from the Galapagos (roughly two-thirds of all
Galapagos specimens available in US museums). For com-
parison, we measured 16 males and 11 female museum
specimens from eastern Pacific and Atlantic locations. Body
size measurements were compared statistically using U-tests
in R [35]. R was also used to perform linear discriminant

Proc. R. Soc. B

function analysis,
measurements.

following log-transformation of all

3. RESULTS

Basic information and statistics on the variability of the
employed markers are given in the electronic supplemen-
tal material.

(a) Population genetic structure

(1) Mitochondrial DNA

A statistical parsimony network of mtDNA sequences
(figure 2) showed a deep split into two main lineages, sep-
arated by 14 nucleotide changes, or a mean net sequence
divergence of 0.88 + 0.24% (s.e.; same result for Kimura
two-parameter and Tamura-Nei model distances). One
lineage consisted of individuals from the Atlantic and
eastern Pacific populations (together referred to as ‘non-
Galapagos’), while the second lineage was confined to
the Galapagos (electronic supplementary material,
tables S7 and S8). Consistent with its wider geographical
distribution, the former lineage harboured more genetic
diversity (33 haplotypes, 7 =0.00126 + 0.00006) than
the Galapagos lineage (three haplotypes, == 0.00012 +
0.00018). Pairwise Pgt values among localities (elec-
tronic supplementary material, table S9) confirmed
this finding: all comparisons between Galapagos and
non-Galapagos populations were larger than 0.90 and
statistically significant. In contrast, all comparisons
among non-Galapagos populations yielded ®gt values
smaller than 0.20; most of these were non-significant,
even between ocean basins.

Non-Galapagos birds exhibited extensive haplotype
sharing among populations (figure 2). The two most fre-
quent haplotypes (BMF01, BMF06) were present in
every sampled population except the Galapagos, and
found in almost 60 per cent of those individuals. Frequent
haplotypes were shared among eastern Pacific and
Atlantic populations, and only rare haplotypes were
confined to one or two populations.

A relaxed molecular clock model in BeasT indicated
that the Galapagos and non-Galapagos lineages diverged
several hundred thousand years ago. The geometric mean
of the posterior distribution was 247 200 years before pre-
sent (YBP), and the 95 per cent higher posterior density
spanned 82 800-657 400 YBP. Despite the potential
drawbacks associated with divergence dating based on
mtDNA [36], this indicates with high certainty that
the two lineages split during the Middle or Late
Pleistocene, well before the last glacial maximum
(around 22 000 YBP).

(ii) Microsatellites

Genetic diversity within populations was relatively
similar among sampling locations, except for the less vari-
able Galapagos population (table 2). As for mtDNA,
analyses of population structure recovered two strongly
differentiated main groups. PCA clearly separated the
Galapagos samples from all others (figure 3). Non-
Galapagos genotypes showed little or no geographical
structuring, even between ocean basins: eastern Pacific
and Atlantic individuals overlapped almost completely
in the PCA, and STRUCTURE did not provide any
additional resolution (electronic supplementary material,
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Figure 3. Principal coordinate analysis of microsatellite genotypes. Symbols denote individuals with their multi-locus genetic
ancestry scaled on two axes. Red diamonds, Galapagos; yellow squares, Pacific; black triangles, Bahamas; orange asterisks, British
Virgin Islands; violet circles, Florida; green squares, Jamaica; grey diamonds, Belize (HC); blue dashes, Belize (MW).

figure S1). Similarly, all pairwise Fst values involving the
Galapagos were larger than 0.34 and significant, while
the remaining values were smaller than 0.05 and non-
significant in all but three cases, including most
cross-isthmus comparisons (electronic supplementary

Proc. R. Soc. B

material, table S10). An assignment test in (GENECLASS
provided perfect resolution between Galapagos and
non-Galapagos samples, but poor resolution among the
non-Galapagos populations (electronic supplementary
material, table S11).
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lotypes, black dots are inferred intermediate steps. Red, Galapagos; yellow, Panama. For clarity, the four Atlantic populations
are all shown in white (see electronic supplementary material, table S4).

Table 3. Morphometric measurements of magnificent frigatebird museum specimens. Numbers given are mean + s.d.
Significant differences within sexes among regions are marked by asterisks (p < 0.01, U-test).

outer tail inner tail culmen bill depth bill width middle toe
wing (cm) (cm) (cm) (mm) (mm) (mm) (mm)
males
Galapagos 64.0 + 0.9*% 49.1 +2.2* 21.8+1.3* 109.6+4.2 30.2+1.5 29.8+1.9 42.0 + 2.0
(n=5)
non-Galapagos 61.8+ 1.3 458+ 3.3 182+1.3 107.5+33 289+1.2 20.3+1.2 41.1+ 1.1
(n=16)
females
Galapagos 68.8 + 0.8% 54.7+1.5*% 22.1+3.4*% 1252+22% 324+1.1 31.2 +0.8 43.8 + 0.4
(n=15)
non-Galapagos 64.7+ 1.2 474+2.1 18.0 + 0.5 119.8 +3.1 31.7+1.6 322+1.2 43.7+ 0.8
(n=11)

(iii) Nuclear intron markers

Assessment of haplotypes (figure 4 and electronic sup-
plementary material, table S4) revealed a diagnostic
character at the OD locus, separating the Galapagos
from all other individuals. Large and significant frequency
differences between Galapagos and all other samples were
found at GAPD and ENOL.

For all three marker systems, Bayesian coalescent simu-
lations in MIGRATE indicated a much lower ® (effective
population size) value for the Galapagos than for non-
Galapagos populations, and suggested the absence of
gene flow among Galapagos and continental populations
(mode at zero), despite wide posterior credibility inter-
vals. No gene flow was indicated in an eastward
direction across the isthmus by all marker systems, but
analyses of mitochondrial and microsatellite data indi-
cated significant westward gene flow from Atlantic into
eastern Pacific populations. The posterior distributions

Proc. R. Soc. B

for all migration estimates had a clear maximum at zero,
except the estimate from Atlantic into the eastern (non-
Galapagos) Pacific, which showed a peak at 25
(mtDNA) and 433 (microsatellites). Demographic ana-
lyses (electronic supplementary material, tables S12 and
S13) indicated pronounced recent population growth of
Galapagos as well as non-Galapagos lineages.

(b) Morphological measurements of museum
specimens

Three to four size measurements (depending on the sex)
indicated that Galapagos birds were significantly larger
than those from the mainland (p < 0.05; table 3).
Those measurements included wing, nner tail and
outer tail (both sexes), and culmen (females only). A
multivariate discriminant function analysis performed
separately for males and females correctly classified 100
per cent of individuals to their region of origin (Galapagos
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or non-Galapagos), and a subsequent leave-one-out
cross-evaluation procedure classified about 80 per cent
of individuals correctly. The latter may relate to our lim-
ited sample size, or indicate only subtle inter-regional
differences at the surveyed morphometric characters.

4. DISCUSSION
All marker types indicated extensive gene flow across
most of the range of the magnificent frigatebird, but pro-
nounced population structure separating the Galapagos
from all other populations. This signal was also reflected
in significant morphological differences between Galapa-
gos and mainland birds. The Galapagos archipelago has
long received attention for its high degree of endemism
and has been recognized as a showcase for evolutionary
processes (e.g. [2]). A new case documenting endemism
on the Galapagos is thus not surprising per se. However,
the behaviour and ecology of magnificent frigatebirds
render them one of the least likely of Galapagos taxa to
have evolved in isolation from its conspecifics.
Magnificent frigatebirds are renowned for their
wide-ranging behaviour [9]. Finding little or no genetic
structure among continental populations, despite the
use of high-resolution genetic markers, is consistent
with this high dispersal capability. Importantly, our
results reveal signatures, at all three classes of genetic
markers, of extensive gene flow even between Atlantic
and Pacific colonies. This is consistent with field
observations ([37]; Frank Hailer 2007, personal obser-
vation). The Isthmus of Panama closed approximately
2.8 Myr ago and has since posed a major barrier to
gene flow in numerous marine species [38,39], including
highly dispersive taxa (e.g. [40]). To our knowledge, the
magnificent frigatebird is thus the first tropical seabird
for which extensive natural gene flow across the Isthmus
of Panama has been suggested.

(a) Explanations for the uniqueness of magnificent
Jrigatebirds on the Galapagos

Many seabirds show pronounced natal and breeding phi-
lopatry (i.e. a tendency to return to breed at the location
they were born or had bred previously). Long-term field
data are lacking for magnificent frigatebirds, but short-
term data suggest some degree of philopatry also in this
species [8]. The ultimate causes for such philopatry are
not known. Among several factors, familiarity with natal
and/or previous breeding habitats has been suggested
as a driver of philopatry [41]. However, the inherent
contrast in our findings between the Galapagos and
the non-Galapagos range suggests that a factor unique
to the Galapagos population may be promoting evolution-
ary isolation on the archipelago. One potential
mechanism is the presence of some barrier to movement
between the Galapagos and the mainland [42]. Alterna-
tively, a behavioural mechanism related to the elaborate
courtship rituals of frigatebirds [8] could be causing
allopatric isolation.

The Galapagos archipelago is located approximately
1000 km from the South American mainland. Galapagos
seabirds have been reported to forage predominantly to
the west of the archipelago, attracted by local upwelling
of cold, nutrient-rich waters that lead to higher prey avail-
ability [43]. Seabirds from the South American mainland,
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however, tend to forage in the nearby and highly pro-
ductive upwelling zone along the continental shelf [41],
so many of them may not venture out far from the coast.
A recent review of seabird population structuring [42]
found that most populations occupying separate ranges
during the non-breeding season also display population
genetic structure. Our results regarding the Galapagos
population could thus be explained by geographical/
foraging range isolation. For instance, magnificent
frigatebirds could be avoiding dispersal across the open
ocean, despite their far-ranging behaviour [9], and despite
our genetic results from the non-Galapagos lineage.
Extensive dispersal in the non-Galapagos range under this
scenario might be oriented along coastlines and among
more proximate islands [44].

However, magnificent frigatebirds banded in
Galapagos have been recovered as dead and/or emaciated
vagrants in Central America (Carlos Valle, Galapagos
Academic Institute for the Arts and Sciences 2010,
personal communication), demonstrating movement of
individuals across the potential barrier. Similarly, recent
data from frigatebird Haemoproreus blood parasites
suggest that there may be physical interactions between
Galapagos and continental frigatebirds (Levin er al.,
unpublished data). In the Nazca booby (Sula granti),
banding records have demonstrated reproduction of
Galapagos-banded individuals on the mainland [45].

Surprisingly, and in contrast to this movement data,
our results indicate long-term isolation on the Galapagos,
probably for several hundred thousand years. Over those
time frames, the global climate has changed cyclically,
with marked fluctuations of trade wind patterns [46],
water nutrient levels [47], sea level [48], sea surface
temperature [49] and circulation patterns [50], implying
vast changes to marine habitats. Tropical seabirds have
thus experienced significant spatio-temporal fluctuations
of the available marine nutrients (and thus of their
prey), which probably influenced their foraging patterns.
Given their capacity for long-distance flight, magnificent
frigatebirds have had ample opportunity to move between
the Galapagos and the continent, calling for consideration
of adaptive scenarios to explain the lack of gene flow
between those regions.

Magnificent frigatebirds and great frigatebirds F minor
occur in sympatry on the Galapagos. Typically, only one
of the two frigatebird species is found breeding at a
given location (but see [51] for another rare, and possibly
recent [52], instance of sympatry between those species).
If interspecific hybridization is disadvantageous, selection
should favour behavioural avoidance of mating between
magnificent and great frigatebirds. While very rare
hybridization between the two species has been anecdo-
tally reported, such field observations are difficult
because of the complex plumage maturation patterns of
frigatebirds (Carlos Valle 2010, personal communication;
[8]). Genetic data from Galapagos great frigatebirds
lack signals of introgression and thus indicate repro-
ductive isolation (Hailer ez al., unpublished data). As a
by-product of increased selectiveness for mates, magnifi-
cent frigatebirds on the Galapagos may thus reject their
conspecifics from the mainland (i.e. character displace-
ment). More data on individual movement and
mechanisms of mate choice in frigatebirds on the
Galapagos are necessary to evaluate this hypothesis.
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Future studies may reveal the exact mechanism of how
such a highly dispersive species maintains long-term
genetic differentiation on the Galapagos.

The evolutionary distinctiveness of the Galapagos
population of the magnificent frigatebird necessitates sep-
arate management. This population encompasses
approximately 1000 pairs, distributed across four islands
[53]. Possible catastrophic events, along with recent
human impacts, could seriously threaten its survival,
especially during El Nifio years, which are associated
with dramatic population size reductions in Pacific sea-
birds [54]. Current classification of the Galapagos
population as Least Concern [55] should therefore be
revisited.

For permits to collect blood samples and facilitation of
fieldwork, we thank (i) Bahamas: Department of
Agriculture and the Gerace Research Center; (ii) Belize:
Ministry of Natural Resources and the Environment,
Toledo Institute for Development and Environment, and
Belize Audubon Society; (iii) British Virgin Islands:
Department of Environment and Fisheries, National Parks
Trust, Henry Jarecki and Skip Lazell; (iv) Cayman Islands:
Department of the Environment and National Trust; (v)
Ecuador: Galapagos National Park, Charles Darwin
Foundation; (vi) Jamaica: National Environment and
Planning Agency, The Nature Conservancy, Nathalie
Zenny, Ann Sutton and Brandon Hay; (vii)) Panama:
Autoridad Nacional del Ambiente, Smithsonian Tropical
Research Institute, George Angehr and Jim Kushlan; and
(viii) Dry Tortugas, Florida, US: National Park Service
and Sonny Bass. The California Academy of Sciences and
National Museum of Natural History are gratefully
acknowledged for granting permission to access and sample
their collections. We thank Gary Schenk, Jon Beadell, Judy
Pierce, Bill Hayes, Mike Favazza, Cheryl McKinley and
Anita Carrion for assistance in the field. We thank Thomas
Mueller, Don Dearborn, Storrs Olson, Carlos Valle, Peter
Beerli, Andreanna Welch, Sharyn Hood, Heather Lerner
and Amy Wilson for discussions. Part of this work was
carried out by using the resources of Cornell University’s
Computational Biology Service Unit, which is partially
funded by Microsoft Corporation. Galapagos sampling was
funded by the Field Research for Conservation programme
of the Saint Louis Zoo and the Des Lee Professorship in
Zoological Studies at the University of Missouri—St Louis
and the Saint Louis Zoo. The Smithsonian’s James Bond
Fund, Marine Science Network, and the Center for
Conservation and Evolutionary Genetics, T. L. Cross and
Seabird Research Inc. provided funding.

REFERENCES

1 Darwin, C. R. 1876 The origin of species by means of
natural selection, or the preservation of favoured races in the
struggle for life, 6th edn (with additions and corrections).
London, UK: John Murray.

2 Parent, C. E., Caccone, A. & Petren, K. 2008 Colonization
and diversification of Galapagos terrestrial fauna: a
phylogenetic and biogeographical synthesis. Phil. Trans.
R. Soc. B 363, 3347-3361. (doi:10.1098/rstb.2008.0118)

3 Tye, A., Snell, H. L., Peck, S. B. & Adsersen, H. 2002
Outstanding terrestrial features of the Galapagos archipe-
lago. In A biodiversity vision for the Galapagos islands.
Puerto Ayora, Galapagos: Charles Darwin Foundation
and World Wildlife Fund.

4 Weimerskirch, H., Doncaster, C. P. & Cuenot-Chaillet, F.
1994 Pelagic seabirds and the marine environment:
foraging patterns of wandering albatrosses in relation

Proc. R. Soc. B

10

11

12

13

14

15

16

17

18

19

20

21

to prey availability and distribution. Proc. R. Soc. Lond. B
255, 91-97. (doi:10.1098/rspb.1994.0013)

Burg, T. M. & Croxall, J. P. 2004 Global population
structure and taxonomy of the wandering albatross
species complex. Mol. Ecol. 13, 2345-2355. (doi:10.
1111/5.1365-294X.2004.02232.x)

Savile, D. B. O. 1957 Adaptive evolution in the avian
wing. Evolution 11, 212—224. (d0i:10.2307/2406051)
Snow, D. W. & Nelson, J. B. 1984 Evolution and
adaptations of Galapagos sea-birds. Biol. J. Linn. Soc. 21,
137-155. (doi:10.1111/5.1095-8312.1984.tb02057 .x)
Diamond, A. W. & Schreiber, E. A. 2002 Magnificent
frigatebird (Fregata magnificens). In The birds of North
America online (ed. A. Poole). Ithaca, NY: Cornell
Lab of Ornithology. See http:/bna.birds.cornell.edu/
bna/species/601.

Weimerskirch, H., Chastel, O., Barbraud, C. & Tostain, O.
2003 Flight performance: frigatebirds ride high on
thermals. Nature 421, 333—-334. (d0i:10.1038/421333a)
Fleischer, R. C., Olson, S. L., James, H. F. & Cooper,
A. C. 2000 Identification of the extinct Hawaiian Eagle
(Haliaeetus) by mtDNA sequence analysis. The Auk
117, 1051. (doi:10.1642/0004-8038(2000)117[1051:
IOTEHE]2.0.CO;2)

Fleischer, R. C. er al. 2006 Mid-Pleistocene divergence
of Cuban and North American ivory-billed
woodpeckers. Biol. Lett. 2, 466—469. (doi:10.1098/rsbl.
2006.0490)

Dearborn, D. C., Hailer, F. & Fleischer, R. C. 2008
Microsatellite primers for relatedness and population
structure in great frigatebirds (Pelecaniformes: Fregatidae).
Mol. Ecol. Notes 8, 1399—-1401.

Friesen, V. L., Congdon, B. C., Walsh, H. E. & Birt, T. P.
1997 Intron variation in marbled murrelets detected
using analyses of single-stranded conformational poly-
morphisms. Mol. Ecol. 6, 1047—1058. (doi:10.1046/j.
1365-294X.1997.00277.x)

Friesen, V. L., Congdon, B. C., Kidd, M. G. & Birt, T. P.
1999 Polymerase chain reaction (PCR) primers for the
amplification of five nuclear introns in vertebrates. Mol.
Ecol. 8, 2147-2149. (doi:10.1046/j.1365-294x.1999.
00802-4.x)

Flot, J. 2007 CHaMPURU 1.0: a computer software for
unraveling mixtures of two DNA sequences of unequal
lengths. Mol. Ecol. Notes 7, 974—977. (doi:10.1111/j.
1471-8286.2007.01857.x)

Dmitriev, D. A. & Rakitov, R. A. 2008 Decoding of
superimposed traces produced by direct sequencing of
heterozygous indels. PLoS Comput. Biol. 4, e1000113.
(d0i:10.1371/journal.pcbi.1000113)

Clement, M., Posada, D. & Crandall, K. A. 2000 TCS: a
computer program to estimate gene genealogies. Mol

Ecol. 9, 1657-1659. (doi:10.1046/j.1365-294x%.2000.
01020.x)
Posada, D. 2008 JMoDELTEST: phylogenetic model aver-

aging. Mol. Biol. Evol. 25, 1253—-1256. (doi:10.1093/
molbev/msn083)

Librado, P. & Rozas, J. 2009 DNASP v5: a software
for comprehensive analysis of DNA polymorphism
data. Bioinformatics 25, 1451-1452. (doi:10.1093/
bioinformatics/btp187)

Excoffier, L. & Lischer, H. E. L. 2010 ARLEQUIN suite
v. 3.5: a new series of programs to perform population
genetics analyses under Linux and Windows. Mol. Ecol.

Resour. 10, 564-567. (doi:10.1111/j.1755-0998.2010.
02847.x)
Tamura, K., Dudley, J., Nei, M. & Kumar, S. 2007

MEGA4: Molecular Evolutionary Genetics Analysis
(MEGA) software version 4.0. Mol. Biol. Ewol. 24,
1596-1599. (d0i:10.1093/molbev/msm092)


http://dx.doi.org/doi:10.1098/rstb.2008.0118
http://dx.doi.org/doi:10.1098/rspb.1994.0013
http://dx.doi.org/doi:10.1111/j.1365-294X.2004.02232.x
http://dx.doi.org/doi:10.1111/j.1365-294X.2004.02232.x
http://dx.doi.org/doi:10.2307/2406051
http://dx.doi.org/doi:10.1111/j.1095-8312.1984.tb02057.x
http://bna.birds.cornell.edu/bna/species/601
http://bna.birds.cornell.edu/bna/species/601
http://bna.birds.cornell.edu/bna/species/601
http://dx.doi.org/doi:10.1038/421333a
http://dx.doi.org/doi:10.1642/0004-8038(2000)117[1051:IOTEHE]2.0.CO;2
http://dx.doi.org/doi:10.1642/0004-8038(2000)117[1051:IOTEHE]2.0.CO;2
http://dx.doi.org/doi:10.1098/rsbl.2006.0490
http://dx.doi.org/doi:10.1098/rsbl.2006.0490
http://dx.doi.org/doi:10.1046/j.1365-294X.1997.00277.x
http://dx.doi.org/doi:10.1046/j.1365-294X.1997.00277.x
http://dx.doi.org/doi:10.1046/j.1365-294x.1999.00802-4.x
http://dx.doi.org/doi:10.1046/j.1365-294x.1999.00802-4.x
http://dx.doi.org/doi:10.1111/j.1471-8286.2007.01857.x
http://dx.doi.org/doi:10.1111/j.1471-8286.2007.01857.x
http://dx.doi.org/doi:10.1371/journal.pcbi.1000113
http://dx.doi.org/doi:10.1046/j.1365-294x.2000.01020.x
http://dx.doi.org/doi:10.1046/j.1365-294x.2000.01020.x
http://dx.doi.org/doi:10.1093/molbev/msn083
http://dx.doi.org/doi:10.1093/molbev/msn083
http://dx.doi.org/doi:10.1093/bioinformatics/btp187
http://dx.doi.org/doi:10.1093/bioinformatics/btp187
http://dx.doi.org/doi:10.1111/j.1755-0998.2010.02847.x
http://dx.doi.org/doi:10.1111/j.1755-0998.2010.02847.x
http://dx.doi.org/doi:10.1093/molbev/msm092
http://rspb.royalsocietypublishing.org/

Downloaded from rspb.royalsocietypublishing.org on January 31, 2011

Galapagos endemism in a mobile seabird F. Haliler et al.

9

22

23

24

25

26

Kalinowski, S. T. 2005 HP-rare 1.0: a computer program
for performing rarefaction on measures of allelic richness.
Mol. Ecol. Notes 5, 187—189. (doi:10.1111/.1471-8286.
2004.00845.x)

Peakall, R. & Smouse, P. E. 2006 GenAlEx6: genetic
analysis in Excel. Population genetic software for teach-
ing and research. Mol. Ecol. Notes 6, 288—295. (doi:10.
1111/5.1471-8286.2005.01155.x)

Belkhir, K., Borsa, P., Chikhi, L., Raufaste, N. &
Bonhomme, F. 1996-2004 GENETIX 4.05, logiciel sous
Windows TM pour la génétique des populations. Laboratoire
Génome, Populations, Interactions, CNRS UMR 5171
Montpellier, France: Université de Montpellier II.

Piry, S., Alapetite, A., Cornuet, J., Paetkau, D.,
Baudouin, L. & Estoup, A. 2004 GENEcCLASS2: a software
for genetic assignment and first-generation migrant
detection. ¥ Hered. 95, 536—539. (doi:10.1093/jhered/
esh074)

Rannala, B. & Mountain, J. L. 1997 Detecting immigra-
tion by using multilocus genotypes. Proc. Natl Acad. Sci.
USA 94, 9197-9201. (d0i:10.1073/pnas.94.17.9197)

American Isthmus. Ann. Rev. Ecol., Evol. Syst. 39,
63-91. (doi:10.1146/annurev.ecolsys.38.091206.095815)

39

Steeves, T. E., Anderson, D. J. & Friesen, V. L. 2005 The
Isthmus of Panama: a major physical barrier to gene flow

in a highly mobile pantropical seabird. ¥ Evol. Biol. 18,

1000-1008. (d0i:10.1111/j.1420-9101.2005.00906.x)
Avise, J. C., Nelson, W. S., Bowen, B. W. & Walker, D.
2000 Phylogeography of colonially nesting seabirds, with

40

special reference to global matrilineal patterns in the
sooty tern (Sterna fuscata). Mol. Ecol. 9, 1783—-1792.

(doi:10.1046/j.1365-294%.2000.01068.x)

41 Schreiber, E. A. & Burger, J. (eds) 2002 Biology of marine

birds. Boca Raton, FL: CRC Press.
42

Friesen, V. L., Burg, T. M. & McCoy, K. D. 2007 Mech-

anisms of population differentiation in seabirds. Mol
Ecol. 16, 1765-1785. (doi:10.1111/1.1365-294X.2006.

03197.x)
43

Hayes, F. E. & Baker, W. S. 1989 Seabird distribution at

sea in the Galapagos Islands: environmental correlations

and associations with upwelled water. Colonial Waterbirds

12, 60-66. (doi:10.2307/1521313)

27 Pritchard, ]J. K., Stephens, M. & Donnelly, P. 2000
Inference of population structure using multilocus geno-
type data. Generics 155, 945-959.

Hubisz, M. ]., Falush, D., Stephens, M. & Pritchard,
J. K. 2009 Inferring weak population structure with
the assistance of sample group information. Mol. Ecol.
Resour. 9, 1322-1332. (doi:10.1111/j.1755-0998.2009.
02591.x)

Beerli, P. & Felsenstein, J. 2001 Maximum likelihood
estimation of a migration matrix and effective population
sizes in 7 subpopulations by using a coalescent approach.
Proc. Nail Acad. Sci. USA 98, 4563—-4568. (doi:10.1073/
pnas.081068098)

Beerli, P. 2006 Comparison of Bayesian and maximum-
likelihood inference of population genetic parameters.
Bioinformatics 22, 341-345. (doi:10.1093/bioinformatics/
bti803)

31 Drummond, A. & Rambaut, A. 2007 BeasT: Bayesian
evolutionary analysis by sampling trees. BMC Evol.
Biol. 7, 214. (doi:10.1186/1471-2148-7-214)

Kennedy, M. & Spencer, H. G. 2004 Phylogenies
of the Frigatebirds (Fregatidae) and Tropicbirds
(Phaethonidae), two divergent groups of the traditional

44 Weimerskirch, H., Corre, M. L., Marsac, F., Barbraud,
C., Tostain, C. & Chastel, O. 2006 Postbreeding
movements of frigatebirds tracked with satellite
telemetry. The Condor 108, 220-225. (doi:10.1650/
0010-5422(2006)108[0220:PMOFTW]2.0.CO;2)
Huyvaert, K. P. & Anderson, D. J. 2004 Limited
dispersal by Nazca boobies Sula grantu. § Avian Biol.
35, 46-53. (doi:10.1111/.0908-8857.2004.03131.x)
Wolff, T., Mulitza, S., Rithlemann, C. & Wefer, G. 1999
Response of the tropical Atlantic thermocline to late
quaternary trade wind changes. Paleoceanography 14,
374-383. (doi:10.1029/1999PA900011)

Kameo, K., Shearer, M. C., Droxler, A. W., Mita, I.,
Watanabe, R. & Sato, T. 2004 Glacial-interglacial sur-
face water variations in the Caribbean Sea during the
last 300 ky based on calcareous nanofossil analysis.
Palacogeogr. Palaeoclimatol. Palaeoecol. 212, 65-76.
(d0i:10.1016/j.palaeo.2004.05.017)

Siddall, M., Rohling, E. J., Almogi-Labin, A., Hemleben,
Ch., Meischner, D., Schmelzer, I. & Smeed, D. A. 2003
Sea-level fluctuations during the last glacial cycle. Nazure
423, 853—-858. (doi:10.1038/nature01690)

Lea, D. W, Pak, D. K. & Spero, H. J. 2000 Climate

28

45

29 46

47
30

48

32

49

33

34 Nielson, D. L. & Sibbett, B. S. 1996 Geology of 51 Howell, S. N. G. & Webb, S. 1990 The seabirds of
Ascension Island, South Atlantic Ocean. Geothermics Las Islas Revillagigedo, Mexico. Wilson Bull. 102,
25, 427-430. (doi:10.1016/0375-6505(96)00018-1) 140-146.

35 R Development Core Team. 2009 R: a Ilanguage 52 Pitman, R. L. & Ballance, L. T. 2002 The changing

36

37

38

order DPelecaniformes, inferred from mitochondrial
DNA sequences. Mol. Phylogener. Evol. 31, 31-38.
(d0i:10.1016/j.ympev.2003.07.007)

Weir, J. T. & Schluter, D. 2008 Calibrating the avian
molecular clock. Mol. Ecol. 17, 2321-2328. (doi:10.
1111/5.1365-294X.2008.03742.x)

and environment for statistical computing. Vienna, Austria:
R Foundation for Statistical Computing. (http:/www.
R-project.org).

Arbogast, B. S., Edwards, S. V., Wakeley, J., Beerli, P. &
Slowinski, J. B. 2002 Estimating divergence times from
molecular data on phylogenetic and population genetic
time-scales. Ann. Rev. Ecol. Syst. 33, 707—740. (doi:10.
1146/annurev.ecolsys.33.010802.150500)

Peterson, R. T. 2008 Peterson field guide to birds of North
America, pp. 544. Boston, MA: Houghton Mifflin
Harcourt.

Lessios, H. 2008 The Great American schism: diver-
gence of marine organisms after the rise of the Central

Proc. R. Soc. B

impact of late quaternary equatorial Pacific Sea surface

temperature variations. Science
(doi:10.1126/science.289.5485.1719)

289,

50

1719-1724.

Rahmstorf, S. 2002 Ocean circulation and climate during

the past 120,000 years. Nature 419, 207-214. (doi:10.

1038/nature01090)

status of marine birds breeding at San Benedicto
Island, Mexico. Wilson Bull. 114, 11-19. (d0i:10.1676/

0043-5643(2002)114[0011: TCSOMB]2.0.CO;2)
53

Swash, A. & Still, R. 2005 Birds, mammals, and reptiles of

the Galapagos Islands. New Haven, CT: Yale University

Press.
54

Schreiber, R. W. & Schreiber, E. A. 1984 Central Pacific

Seabirds and the El Nifio Southern Oscillation: 1982 to
1983 perspectives. Science 17, 713-716. (doi:10.1126/

science.225.4663.713)
55 BirdLife International.

2009 Fregata magnificens. In

IUCN 2010. IUCN red list of threatened species, version

2010.1. See http://www.iucnredlist.org.


http://dx.doi.org/doi:10.1111/j.1471-8286.2004.00845.x
http://dx.doi.org/doi:10.1111/j.1471-8286.2004.00845.x
http://dx.doi.org/doi:10.1111/j.1471-8286.2005.01155.x
http://dx.doi.org/doi:10.1111/j.1471-8286.2005.01155.x
http://dx.doi.org/doi:10.1093/jhered/esh074
http://dx.doi.org/doi:10.1093/jhered/esh074
http://dx.doi.org/doi:10.1073/pnas.94.17.9197
http://dx.doi.org/doi:10.1111/j.1755-0998.2009.02591.x
http://dx.doi.org/doi:10.1111/j.1755-0998.2009.02591.x
http://dx.doi.org/doi:10.1073/pnas.081068098
http://dx.doi.org/doi:10.1073/pnas.081068098
http://dx.doi.org/doi:10.1093/bioinformatics/bti803
http://dx.doi.org/doi:10.1093/bioinformatics/bti803
http://dx.doi.org/doi:10.1186/1471-2148-7-214
http://dx.doi.org/doi:10.1016/j.ympev.2003.07.007
http://dx.doi.org/doi:10.1111/j.1365-294X.2008.03742.x
http://dx.doi.org/doi:10.1111/j.1365-294X.2008.03742.x
http://dx.doi.org/doi:10.1016/0375-6505(96)00018-1
http://www.R-project.org
http://www.R-project.org
http://www.R-project.org
http://dx.doi.org/doi:10.1146/annurev.ecolsys.33.010802.150500
http://dx.doi.org/doi:10.1146/annurev.ecolsys.33.010802.150500
http://dx.doi.org/doi:10.1146/annurev.ecolsys.38.091206.095815
http://dx.doi.org/doi:10.1111/j.1420-9101.2005.00906.x
http://dx.doi.org/doi:10.1046/j.1365-294x.2000.01068.x
http://dx.doi.org/doi:10.1111/j.1365-294X.2006.03197.x
http://dx.doi.org/doi:10.1111/j.1365-294X.2006.03197.x
http://dx.doi.org/doi:10.2307/1521313
http://dx.doi.org/doi:10.1650/0010-5422(2006)108[0220:PMOFTW]2.0.CO;2
http://dx.doi.org/doi:10.1650/0010-5422(2006)108[0220:PMOFTW]2.0.CO;2
http://dx.doi.org/doi:10.1111/j.0908-8857.2004.03131.x
http://dx.doi.org/doi:10.1029/1999PA900011
http://dx.doi.org/doi:10.1016/j.palaeo.2004.05.017
http://dx.doi.org/doi:10.1038/nature01690
http://dx.doi.org/doi:10.1126/science.289.5485.1719
http://dx.doi.org/doi:10.1038/nature01090
http://dx.doi.org/doi:10.1038/nature01090
http://dx.doi.org/doi:10.1676/0043-5643(2002)114[0011:TCSOMB]2.0.CO;2
http://dx.doi.org/doi:10.1676/0043-5643(2002)114[0011:TCSOMB]2.0.CO;2
http://dx.doi.org/doi:10.1126/science.225.4663.713
http://dx.doi.org/doi:10.1126/science.225.4663.713
http://www.iucnredlist.org
http://rspb.royalsocietypublishing.org/

	Long-term isolation of a highly mobile seabird on the Galapagos
	Introduction
	Material and methods
	Sampling
	Laboratory methods
	Mitochondrial DNA
	Microsatellite markers
	Nuclear introns

	Data analysis
	Morphological measurements

	Results
	Population genetic structure
	Mitochondrial DNA
	Microsatellites
	Nuclear intron markers

	Morphological measurements of museum specimens

	Discussion
	Explanations for the uniqueness of magnificent frigatebirds on the Galapagos

	For permits to collect blood samples and facilitation of fieldwork, we thank (i) Bahamas: Department of Agriculture and the Gerace Research Center; (ii) Belize: Ministry of Natural Resources and the Environment, Toledo Institute for Development and Environment, and Belize Audubon Society; (iii) British Virgin Islands: Department of Environment and Fisheries, National Parks Trust, Henry Jarecki and Skip Lazell; (iv) Cayman Islands: Department of the Environment and National Trust; (v) Ecuador: Galapagos National Park, Charles Darwin Foundation; (vi) Jamaica: National Environment and Planning Agency, The Nature Conservancy, Nathalie Zenny, Ann Sutton and Brandon Hay; (vii) Panama: Autoridad Nacional del Ambiente, Smithsonian Tropical Research Institute, George Angehr and Jim Kushlan; and (viii) Dry Tortugas, Florida, US: National Park Service and Sonny Bass. The California Academy of Sciences and National Museum of Natural History are gratefully acknowledged for granting permission to access and sample their collections. We thank Gary Schenk, Jon Beadell, Judy Pierce, Bill Hayes, Mike Favazza, Cheryl McKinley and Anita Carrion for assistance in the field. We thank Thomas Mueller, Don Dearborn, Storrs Olson, Carlos Valle, Peter Beerli, Andreanna Welch, Sharyn Hood, Heather Lerner and Amy Wilson for discussions. Part of this work was carried out by using the resources of Cornell University&apos;s Computational Biology Service Unit, which is partially funded by Microsoft Corporation. Galapagos sampling was funded by the Field Research for Conservation programme of the Saint Louis Zoo and the Des Lee Professorship in Zoological Studies at the University of Missouri&mdash;St Louis and the Saint Louis Zoo. The Smithsonian&apos;s James Bond Fund, Marine Science Network, and the Center for Conservation and Evolutionary Genetics, T. L. Cross and Seabird Research Inc. provided funding.
	REFERENCES


