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and population differentiation in marine
organisms? A case study using the
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QC H3A 2T5, Canada, *Department of blue-footed booby (Sula nebouxii) (1) to test the generality of the hypothesis that

Biology, Wake Forest University, Winston- tropical seabirds exhibit higher levels of population genetic differentiation than

Salem, NC 27109, USA their northern temperate counterparts, and (2) to determine if specialization to
cold-water upwelling systems increases dispersal, and thus gene flow, in blue-
footed boobies compared with other tropical sulids.

Location Work was carried out on islands in the eastern tropical Pacific Ocean
from Mexico to northern Peru.

Methods We collected samples from 173 juvenile blue-footed boobies from nine
colonies spanning their breeding distribution and used molecular markers (540
base pairs of the mitochondrial control region and seven microsatellite loci) to
estimate population genetic differentiation and gene flow. Our analyses included
classic population genetic estimation of pairwise population differentiation,
population growth, isolation by distance, associations between haplotypes and
geographic locations, and analysis of molecular variance, as well as Bayesian
analyses of gene flow and population differentiation. We compared our results with
those for other tropical seabirds that are not specialized to cold-water upwellings,
including brown (Sula leucogaster), red-footed (S. sula) and masked (S. dactylatra)
boobies.

Results Blue-footed boobies exhibited weak global population differentiation at
both mitochondrial and nuclear loci compared with all other tropical sulids. We
found evidence of high levels of gene flow between colonies within Mexico and
between colonies within the southern portion of the range, but reduced gene flow
between these regions. We also found evidence for population growth, isolation
by distance and weak phylogeographic structure.

Main conclusions Tropical seabirds can exhibit weak genetic differentiation
across large geographic distances, and blue-footed boobies exhibit the weakest
population differentiation of any tropical sulid studied thus far. The weak
population genetic structure that we detected in blue-footed boobies may be
caused by increased dispersal, and subsequently increased gene flow, compared
with other sulids. Increased dispersal by blue-footed boobies may be the result of
the selective pressures associated with cold-water upwelling systems, to which
blue-footed boobies appear specialized. Consideration of foraging environment
may be particularly important in future studies of marine biogeography.
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INTRODUCTION

Marine ecosystems support an enormous proportion of the
Earth’s biodiversity, but knowledge of how these systems
function has only recently started to increase (Ruckelshaus
et al., 2008; Palumbi et al., 2009; Nichols et al., 2010). More
specifically, the factors that influence the distribution and
extent of population differentiation in marine organisms are
poorly understood (Hellberg, 2009). The complex interplay
between ocean currents and dispersal influences both species
distributions throughout the world’s oceans and levels of
genetic differentiation between populations (Palumbi, 1994;
Palumbi et al., 1997; Riginos & Nachman, 2001). Gaining a
better understanding of these processes is an important aspect
of successful management.

Seabirds, although potentially less influenced by ocean
currents than are more sedentary organisms, exhibit a range
of patterns of population differentiation (reviewed in Friesen
et al., 2007a). In recent years, interest in seabird population
genetic structure and mechanisms of speciation has increased
as various populations and species are threatened by climate
change, fisheries, and pollution (Blight & Burger, 1997;
Thompson & Ollason, 2001; Karpouzi et al., 2007; Watkins
et al., 2008). Population genetic structure and speciation in
seabirds may be influenced by many factors, including both
physical and non-physical barriers to dispersal (Steeves et al.,
2005a,b; Friesen et al., 2007b), foraging ecology (Burg &
Croxall, 2001), habitat preference and mate choice (Liebers
et al., 2001), non-breeding distribution, and philopatry
(Friesen et al., 2007a). The relative importance of the various
factors is unclear; however, at least two patterns have
emerged: (1) northern temperate species tend to exhibit only
weak, if any, population genetic structure, while tropical
seabirds generally have strongly structured metapopulations,
as do some southern temperate species, and (2) foraging
ecology can have a significant influence on gene flow in
seabirds.

The extent of population differentiation in northern tem-
perate seabirds has often been attributed to glaciation events
during the Pleistocene (Moum & Bakke, 2001). Many
temperate seabirds appear to have been restricted to refugia
during these glaciations, and the weak population genetic
structure they currently exhibit may reflect expansion and
recolonization from glacial refugia (Friesen et al., 2007a;
Morris-Pocock et al., 2008). Although tropical environments
changed during glaciations, the extent of these changes appears
to have been much less than that in temperate environments
(Hewitt, 2000). Results from recent studies of tropical
members of the Sulidae (Aves: Pelecaniformes; boobies and
gannets) revealed high levels of population genetic differenti-
ation both between and within ocean basins for masked (Sula
dactylatra), red-footed (S. sula) and brown (S. leucogaster)
boobies (Steeves et al., 2003, 2005a; Morris-Pocock et al.,
2010). Patterns in sulids are similar to those in other tropical
seabird species: all 11 tropical species reviewed in Friesen et al.
(2007a) exhibited strong population differentiation. Thus, the
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tropical/temperate distinction appears to be a robust pattern,
even across very different groups of seabirds.

Population genetic data from tropical boobies all come from
pelagically feeding species (red-footed and masked boobies) or
inshore feeding species (brown boobies) that do not rely on
cold-water upwelling systems for foraging (Nelson, 1978;
Weimerskirch et al., 2006, 2008, 2009). Cold-water upwelling
systems can be unpredictable, especially during El Nino—
Southern Oscillation (ENSO) events, which are characterized
by an influx of warm surface water throughout a large area of
the eastern tropical Pacific and subsequent depression of
primary production (Pennington et al., 2006). Cold-water
epipelagic fish (i.e. sardines and anchovies) are intolerant of
these conditions and are often unavailable to foraging seabirds
during ENSO events (Jordan, 1971; Anderson, 1989). Reliance
on an unpredictable foraging environment during breeding
may influence intercolony dispersal.

Blue-footed boobies (Sula nebouxii Milne Edwards, 1882) are
distributed throughout the eastern tropical Pacific Ocean, and
two subspecies are currently recognized: S. n. excisa (Todd),
which is endemic to the Galapagos Archipelago; and S. n.
nebouxii, which breeds along the coast from Mexico to northern
Peru (Nelson, 1978). Unlike their tropical relatives, blue-footed
boobies breed exclusively in close proximity to areas of cold-
water upwelling. Known breeding areas coincide with areas of
high chlorophyll a and low sea surface temperature, oceano-
graphic conditions that are also associated with the major prey
species of blue-footed boobies: sardines (Clupeidae, Sardinops
spp-; Weimerskirch et al., 2009) and anchovies (Engraulidae,
Engraulis spp.; Zavalaga et al., 2007; see Appendix S1 in the
Supporting Information). Records of blue-footed boobies
breeding outside areas of cold-water upwelling are poorly
supported [e.g. Revillagigedos (Jehl & Parkes, 1982; Howell &
Webb, 1990) and the Gulf of Panama (Loftin, 1991; M. Miller,
Smithsonian Tropical Research Institute, pers. comm.)], and
ENSO events in the eastern Pacific are known to cause blue-
footed booby chick mortality, breeding failure, and colony
abandonment (Ricklefs et al., 1984; Anderson, 1989). Blue-
footed boobies disperse widely during ENSO events (Simeone
et al., 2002), and increased dispersal should increase gene flow
between colonies relative to other sulids. No association
between breeding colonies and regions of cold-water upwelling
exists for brown, red-footed or masked boobies, which can
breed at significant distances from upwelling systems, and
which forage predominantly in warm tropical waters on
flying fish (Exocoetidae) and flying squid (Ommastrephidae)
(Nelson, 1978; Weimerskirch et al., 2006, 2008, 2009).

Given the blue-footed booby’s range (Fig. 1) and age (see
Discussion), the species has probably been restricted to the
eastern Pacific for its entire evolutionary history and has
experienced the selective pressures of a variable foraging
environment throughout. We analysed variation in a 540-bp
fragment of the mitochondrial control region and seven
microsatellite loci across the range of the blue-footed booby.
Our aim was to evaluate global population genetic structure to
determine (1) the universality of the hypothesis that tropical
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Figure 1 Distribution of blue-footed booby (Sula nebouxii)
sampling sites. Breeding distributions are outlined in black; sam-
pling locations are indicated by black circles. Colony codes are in
parentheses after colony names, and the numbers in parentheses
indicate the number of individuals sampled per colony. Isla San
Ildefonso, Mexico (SI; 10), Farallon de San Ignacio, Mexico (FS;
15), El Rancho, Mexico (ER; 15), Islas Marietas, Mexico (MA; 3),
Revillagigedos Islands (RV; not sampled), La Plata, Ecuador (LP;
50), Lobos de Tierra, Peru (LT; 55), Champion Island, Galapagos
(CH; 10), Seymour Island, Galapagos (SE; 11), Espanola Island,
Galapagos (ES; 10).

seabirds exhibit higher levels of population genetic structure
than their northern temperate counterparts, and (2) whether
specialization to cold-water upwelling systems increases gene
flow in blue-footed boobies compared with that in other
tropical sulids.

MATERIALS AND METHODS

Blood samples were obtained from 174 blue-footed booby
nestlings from breeding colonies throughout the species’ range
(Fig. 1). Because the sample size from Islas Marietas was small,
and no significant genetic differences were found among
Mexican colonies (see Results), Islas Marietas samples were
combined with those from the next closest colony, El Rancho,
for all analyses. Additional sample treatment details are given
in Appendix S2.

A 540-bp fragment of the mitochondrial control region was
amplified from 154 individuals, and seven microsatellite loci
were amplified from 172 individuals. Both marker types were
used because they differ in effective population size, mutation
rate and inheritance pattern, and their combined analysis can
provide a more comprehensive view of within-species popu-
lation genetic differentiation. Owing to degradation, clean
control region sequence could not be amplified for 20
individuals, and microsatellites could not be amplified from
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two of these individuals. Methods for DNA extraction,
polymerase chain reaction (PCR) amplification, and sequenc-
ing of the mitochondrial DNA (mtDNA) control region and
microsatellite data, including GenBank accession numbers, are
given in Appendix S2.

Population genetic analyses of the mtDNA control
region

To determine if control region variation deviated from
neutrality or mutation-drift equilibrium (the assumptions of
most subsequent analyses), Ewens—Watterson (Ewens, 1972;
Watterson, 1978) and Chakraborty’s (Chakraborty, 1990) tests
of selective neutrality were conducted for each colony using
ARLEQUIN 3.11 (Excoffier et al., 2005). In addition, FLUCTUATE
1.4 (Kuhner et al, 1998) was used to address the null
hypothesis that each population’s growth rate was zero,
recognizing that growing populations may not be in muta-
tion-drift equilibrium. FLUCTUATE was run using an initial
population growth rate of 1 and a Watterson estimate of 6
(where 0 is the product of the effective population size and the
per site neutral rate of mutation; Kuhner et al., 1998), and
population size was allowed to vary. Each run consisted of 30
short chains of 1000 steps and four long chains of 100,000
steps, and chains were sampled every 20 steps. Runs were
performed three times with different random seeds, and
statistical significance was determined by testing whether g (the
growth parameter) was significantly different from zero, both
for each region and for the total sample, using log-likelihood
ratio tests (Kuhner et al., 1998).

ARLEQUIN was used to index population genetic structure by
calculating pairwise population differentiation (®gr) and net
sequence divergence (8) from mitochondrial control region
sequences, as well as to evaluate the significance of geographic
subdivisions among colonies using a hierarchical analysis of
molecular variation (AMOVA). Five colony groupings were
created in an attempt to maximize global between-group
population structure (®crp), under the assumption that the
most likely geographic subdivisions of colonies were those that
maximized global @t (Stanley et al., 1996). Colony groupings
were made on the basis of subspecies designations, results from
pairwise @gr calculations, or the geographic separation of
colonies. All analyses were conducted using Kimura’s (1980)
two-parameter substitution model with a rate parameter (o) of
0.45, and significance was determined by comparing the results
with 10,000 random permutations of the data at a significance
level of 0.05 using the Benjamini—Yekutieli (B-Y) correction
for multiple tests (Narum, 2006).

To test for a positive correlation between genetic differen-
tiation and geographic distance between colonies, a Mantel test
was performed in ARLEQUIN using Wright’s linearized Fgp and
log-transformed distances (Mantel, 1967). Between-colony
distances were calculated using an online resource (http://
www.movable-type.co.uk/scripts/latlong.html) that calculated
the great-circle distance between two latitude/longitude points
using the Haversine formula (Sinnott, 1984).
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Relationships between control region haplotypes were
inferred by construction of a statistical parsimony network
in Tcs 1.21 (Clement et al., 2000). Ambiguous connections in
the statistical parsimony network (loops) were resolved using a
hierarchical set of guidelines based on coalescent criteria
(Crandall & Templeton, 1993; Steeves et al., 2005b). Remain-
ing ambiguities were broken both conservatively (with least
geographic structure) and non-conservatively (with most
geographic structure). Parsimony trees were subsequently
nested according to Templeton ef al. (1987), and the existence
of phylogeographic structure was assessed with Geopis 2.5
(Posada er al., 2000). Geopis used contingency tests and
10,000 permutations of the data to examine the correlation of
nesting pattern (the distribution of a clade relative to others
within the nesting category) and inter-clade geographic
distance (the geographical spread of a clade).

Based on results from both mitochondrial and nuclear data
suggesting that colonies in Mexico were genetically isolated
(see Results), Hey & Nielsen’s (2004) Isolation with Migration,
IM, was used to test if migration between Mexico and the other
sampling locations was different from zero using mitochon-
drial control region data. The model assumed that the
populations being examined were each other’s closest relatives,
that no genetic structure existed within the two populations
being examined, and that no other populations exchanged
genes with the delineated populations. It then modelled a
situation in which the two populations descended from a
common ancestor at some time in the past, t, and diverged
either with or without gene flow. Asymmetrical gene flow was
allowed, and priors for theta, immigration rate and divergence
time were assigned based on results from five preliminary trial
runs; wide uninformative priors were set originally but were
adjusted so that the posterior probability curves reached
convergence. Single-chain runs without heating were con-
ducted, using a burn-in of at least 200,000 steps, and results
were recorded every 30 min. To ensure that the program was
running well it was run three times using different random
number seeds, but identical parameters, and was allowed to
run for at least 10,000,000 steps.

Population genetic analyses of the microsatellites

ARLEQUIN was used to test for deviations of microsatellite
genotype frequencies from Hardy—Weinberg equilibrium
(HWE), and to test for deviations from linkage equilibrium
using In likelihoods. ARLEQUIN was also used to estimate
pairwise population differentiation (Fsr) between all colony
pairs, to perform AMOVA, and to perform a Mantel test as
above.

STRUCTURE 2.3.1 (Pritchard et al., 2000; Falush et al., 2003)
was used to test for population genetic structure in microsat-
ellite variation. STRUCTURE analyses were performed using an
admixture model, correlated allele frequencies, a burn-in
period of 50,000 cycles, and 500,000 additional cycles (deter-
mined from test runs to be sufficient for parameter stabiliza-
tion). Although models without admixture may be more
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sensitive to detecting small amounts of population genetic
structure than admixture models (Falush et al., 2003), using
the no-admixture model did not produce significantly differ-
ent results (data not shown). Analyses were repeated 20 times
for K = 1-8, where K is the number of genetic populations,
and posterior probability, In[P(D)], was used to infer the most
likely number of genetic populations as described in Pritchard
& Wen (2004). In addition, the method of Evanno et al. (2005)
was used to infer the most likely value of K using the second-
order rate of change of the likelihood function with respect to
K, divided by the standard deviation (AK). pistruct 1.1
(Rosenberg, 2004) was used to redraw the output from
sTRUCTURE with the highest likelihood.

BAYESASs 1.1 (Wilson & Rannala, 2003) was used to
estimate migration (gene flow) among regional populations
using nuclear loci. BAYEsass was chosen for this purpose
because the model does not assume migration drift equilib-
rium, unlike other programs that estimate migration (e.g.
Kuhner, 2006). BaYEsass was run using 3,000,000 Markov
chain Monte Carlo (MCMC) iterations, 1,000,000 burn-in
iterations, and sampling every 2000 iterations. Initial deltas for
allele frequencies, migration rates, and inbreeding were set at
0.15, the default value.

RESULTS

Mitochondrial control region

Among 154 blue-footed boobies from nine colonies there were
104 haplotypes defined by 39 variable sites (listed in Appen-
dices S3 and S4). Haplotype diversity ranged from 0.95
(£ 0.40) at Farallon de San Ignacio to 1.00 (+ 0.1) at Seymour,
Champion and Espanola, and was fairly evenly distributed at
¢. 0.97 in the remaining colonies (Table 1). Haplotype diver-
sity is a measure of the uniqueness of a haplotype within a
population; a value of one indicates that all haplotypes within a
colony are unique. Nucleotide diversity was highest at Lobos
de Tierra and La Plata (Table 1). Significant overall population
growth was detected using FLUCTUATE (growth parameter
g =460, x> =80.51, %* =3.84, P < 0.005); however, no
neutrality test statistics were significantly different from
expected values (all P > 0.05; Table 1).

Six estimates each of pairwise population differentiation
(dst) and net sequence divergence (8) were significantly
greater than zero after B-Y correction for the non-conservative
data set (Table 2); however, only the pairwise estimate between
Farallon de San Ignacio and La Plata was significant for the
conservative data set (see Appendix S2 for description of data
sets). AMOVA detected weak but significant global population
structure (®gp = 0.05; P < 0.0001), and a maximum estimate
of between-group global population structure (®cr) was
obtained by grouping (1) Mexican colonies, (2) colonies from
Galapagos and (3) Lobos de Tierra with La Plata (®cr = 0.07,
P < 0.05 ®sc = 0.004, P> 0.05). Grouping all colonies
together produced the next highest estimate (®Pgr = 0.05,
P < 0.05). Grouping colonies by subspecies produced a small
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Table 1 Haplotype diversities, nucleotide diversities and neutrality test (Ewens—Watterson and Chakraborty’s) results for sampled
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colonies of blue-footed boobies (Sula nebouxii) based on mitochondrial control region sequences. No significant deviations from neutral
expectations were detected (all P > 0.05). Obs. is the observed test statistic; Exp. is the test statistic expected under neutrality. Colony
abbreviations are as in Fig. 1. N/A indicates that it was impossible to conduct the test because all gene copies were different.

Ewens—Watterson Chakraborty’s
Haplotype Nucleotide
Colony N diversity (h) diversity (m) (%) Obs. Exp. Obs. Exp.
SI 10 0.96 + 0.059 1.4 £ 0.0078 0.14 0.15 8.0 8.3
ES 15 0.95 £ 0.040 1.3 £ 0.0072 0.11 0.11 11.0 11.2
ER 13 0.95 + 0.051 1.3 £ 0.0071 0.12 0.12 10.0 9.90
LP 44 0.98 £ 0.11 1.5 £ 0.0080 0.036 0.034 39.0 37.3
LT 55 0.99 £ 0.083 1.8 £ 0.0092 0.032 0.029 38.0 36.7
SE 6 1.00 £ 0.096 1.2 £ 0.0080 N/A N/A N/A N/A
CH 6 1.00 £ 0.096 1.3 £ 0.0080 N/A N/A N/A N/A
ES 3 1.00 £ 0.27 1.2 £0.010 N/A N/A N/A N/A

Table 2 Population pairwise differentiation (®sr) and net sequence divergence (8) estimates (lower matrix) calculated from non-con-

servative blue-footed booby (Sula nebouxii) mitochondrial control sequence data. Population pairwise Fsr estimates (upper matrix) cal-

culated from microsatellite data. ®gr, & and Fsp estimates that were significant after Benjamini—Yekutieli correction are denoted with an
asterisk (*P < 0.05). Colony abbreviations are as in Fig. 1.

Coastal South

Galapagos Mexico America

SE ES CH SI ER ES LT LP
SE - 0.01 0.01 0.08* 0.14* 0.13* 0.03* 0.02
ES —0.16/0.95 - 0.04 0.11* 0.19* 0.18* 0.06* 0.04*
CH —0.02/-0.16 —0.03/-0.15 - 0.05* 0.14* 0.14* 0.04* 0.03*
SI 0.06/0.49 0.02/0.27 0.00/0.19 - 0.00 —-0.01 0.04* 0.04*
ER 0.04/0.27 0.05/0.34 0.05/0.37 —0.01/-0.07 - 0.01 0.10* 0.10%
ES 0.10/0.85 0.13/1.18 0.14/1.22 0.11/0.90 —0.00/-0.00 - 0.07* 0.07*
LT —0.02/0.56 —0.02/0.35 0.00/0.23 0.09*/1.05% 0.08*/0.85% 0.10*/1.05% - 0.00
LP 0.23/-0.10 —0.01/0.20 0.01/0.18 0.10%/0.93* 0.08*/0.72* 0.10%/0.91* 0.01/0.06 -

and non-significant value of between-group differentiation
(Dcr), and a significant value of within-group differentiation
(Dsc) (Pcp = 0.00, P > 0.05; D = 0.05, P < 0.05). A Mantel
test provided no evidence for a correlation between genetic and
geographic distance (r = 0.23, P > 0.05).

The mitochondrial haplotype tree generated in Tcs showed
some clustering of haplotypes by geographic location, and
nested contingency analysis indicated significant phylogeo-
graphic structure at the highest clade level (yx* = 58.01,
P < 0.001) (Fig. 2). This significant phylogeographic structure
was primarily the result of haplotype frequency differences
between Mexican colonies and colonies further south (Fisher’s
exact test on marginal frequencies, P < 0.0001): haplotype
frequencies at the highest clade levels were significantly
different for colonies in Mexico versus Galapagos (Fisher’s
exact test, P < 0.001), and for colonies in Mexico versus
coastal Ecuador and Peru (Fisher’s exact test, P < 0.0001).

Results from IM revealed asymmetrical gene flow between
Mexico and colonies to the south, which are separated by a
distance of ¢. 3500 km. Migration into Mexico, ml, peaked
near zero, and the confidence interval included the lowest bin
of the probability distribution [90% highest posterior density
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interval (HPD): 0.0004-0.1732]: thus mI was not significantly
different from zero (Fig. 3). In contrast, gene flow out of
Mexico peaked at 0.0483, and the confidence interval did not
include the lowest bin of the probability distribution (90%
HPD: 0.0022-0.1353), suggesting that migration out of Mexico
is significantly greater than zero, but low (Fig. 3). Highest
posterior density intervals represent the minimum-length
confidence intervals for a Bayesian posterior distribution
(Hey & Nielsen, 2004).

Microsatellites

There were between 4 and 17 alleles per microsatellite locus,
with an average of eight alleles per locus, and genotype
frequencies showed no significant deviations from HWE either
at a single locus across colonies, or at a single colony across loci
(all P > 0.001; Appendix S5). Tests for linkage disequilibrium
did not detect any deviations for any pair of loci within any
colony (all P > 0.05).

Twenty-one pairwise population differentiation (Fst) esti-
mates were significantly greater than zero after B-Y correction,
and all significant comparisons were between colonies from
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Galapagos
Lobos de Tierra/ La Plata
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m (gene flow parameter estimates)

Figure 3 Posterior probability distributions from Hey & Niel-
sen’s (2004) Isolation with Migration, IM, for blue-footed booby
(Sula nebouxii) migration rates between Mexican colonies and
colonies located south of Mexico. m1I represents migration into
Mexico, and m2 represents migration out of Mexico going
forwards in time.

different geographic groups (Table 2). No pairwise estimates
of population differentiation (Fsr) between colonies within
geographic groups were significant. The global estimate of
population differentiation (global Fsr) was 0.05 (P < 0.001),
indicating weak but significant population genetic structure,
and a maximum between-group differentiation estimate (Fcr)
of 0.08 (P < 0.02) was obtained by comparing two geographic
groups: Mexican colonies and colonies to the south of Mexico.
When colonies were grouped according to the subspecies
designation, we obtained a between-group differentiation
estimate (Fcr) of 0.03 (P = 0.03) and a within-group differ-
entiation estimate (Fsc) of 0.05 (P < 0.001): this grouping
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Figure 2 Most parsimonious tree of blue-
footed booby (Sula nebouxii) control region
haplotypes derived from Tcs. Small grey cir-
cles represent haplotypes not represented in
the current sample, black circles indicate
haplotypes found in the Galapagos, large grey
circles indicate haplotypes found in Lobos de
Tierra and La Plata, and white circles indicate
haplotypes found in Mexico. Circles are
proportional to the number of individuals
with the haplotype, and pie-slice sizes indi-
cate the number of individuals with the
shared haplotype. A random clustering of
regional haplotypes would indicate the
absence of phylogeographic structure.

Isla San lidefonso

Farallon de San Ignacio Mexico

El Rancho
Islas Marietas

La Plata Ecuador

Lobos de Tierra Peru

Champion Island
Seymour Island Galapagos

Espanola Island

Figure 4 Bayesian assignment probabilities for individual blue-
footed boobies (Sula nebouxii) at K = 2, the most probable
number of genetic populations as determined using STRUCTURE
2.3.1 (Pritchard et al., 2000). Each horizontal line represents an
individual, and the shades of grey indicate the probability that an
individual’s genotype is assigned to a particular genetic popula-
tion.

explains less between-group variation than the previous
grouping.

A Mantel test showed a significant relationship between
genetic differentiation and geographic distance (R = 0.66,
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P = 0.006). The most probable number of genetic populations
as determined using sTRUCTURE and the method of either
Pritchard & Wen (2004) or Evanno et al. (2005) was two
[Pr(K = 2) = 1.00; see Appendix S6]. Individuals from Mex-
ico tended to assign with highest probability to one genetic
population, while individuals from Galapagos and coastal
Ecuador and Peru tended to assign to the other (Fig. 4).

For initial runs of BAYEsass, colonies were grouped by
region. However, results indicated that non-migration (resi-
dency) rates were too low for a reliable estimation of
migration. Low non-migration rates can result from a lack of
information in the data, or from high migration rates. Given
that the same level and distribution of population differenti-
ation were found in preliminary analyses of 18 microsatellite
loci (S. A. Taylor et al., unpublished data) as from the present
seven loci, it was inferred that migration rates between
Galapagos and the coastal colonies of Ecuador and Peru were
sufficient to prevent genetic differentiation. When colonies
were subsequently pooled into Mexico versus southern
regions, results from BAYEsAss indicated that non-migration
rates were high enough for the reliable estimation of migration
rates. For this analysis, estimates of migration from Mexico
into southern colonies (mean = 0.017, SD = 0.014) and from
southern colonies into Mexico (mean = 0.016, SD = 0.015)
were low, indicating essentially no migration between Mexico
and colonies to the south of Mexico.

DISCUSSION

Contrary to the hypothesis that tropical seabirds exhibit high
levels of population genetic structure, the neutral markers used
here indicated that population structure in blue-footed
boobies is an order of magnitude lower than that in brown,
red-footed and masked boobies (Figs 2 & 4; Table 2; Steeves
et al., 2005a; Morris-Pocock et al., 2010). With the exception
of Mexican versus other colonies (Fig. 3), gene flow between
most colonies is probably quite high. This represents the first
evidence that tropical seabird colonies can exhibit little genetic
differentiation across a wide geographic distance. Furthermore,
the weak genetic differentiation between blue-footed booby
colonies supports the hypothesis that blue-footed boobies
should exhibit weaker population genetic structure than
tropical species that are not associated with cold-water
upwelling systems and are therefore less critically influenced
by ENSO events.

Blue-footed booby population differentiation
compared with other sulids

Unless the foraging environment utilized by blue-footed
boobies is considered, the weak overall genetic structure they
exhibit is surprising given the high levels of genetic structure
across similar geographic scales in other tropical seabirds
(reviewed in Friesen et al, 2007a), especially in the closely
related brown booby (Morris-Pocock et al., 2010). Unlike
blue-footed boobies, brown boobies are pantropical; however,
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they have a similar distribution to blue-footed boobies within
the eastern tropical Pacific Ocean (Nelson, 1978). Estimates of
population differentiation between eastern Pacific brown
booby colonies from eight microsatellites and a fragment of
the mitochondrial control region are high and significant
(Fgp = 0.11, P <0.05, J. A. Morris-Pocock et al., Queen’s
University, pers. comm.; Ogp = 0.73, P < 0.05, Morris-Pocock
et al., 2010). At a smaller geographic scale, brown booby
colonies are still genetically differentiated: colonies within the
Gulf of California at Farallon de San Ignacio and San Pedro
Martir are genetically distinct from those outside the Gulf at
Piedra Blanca, and these colonies are separated by only
540 km (Fst = 0.16, P < 0.05, J. A. Morris-Pocock et al., pers.
comm.; ®gp = 0.69, P < 0.05, Morris-Pocock et al., 2010).
Even at a larger geographic scale, blue-footed boobies exhibit
less population genetic structure than brown boobies. Esti-
mates of Fsp and Ogy between blue-footed booby colonies
within the Gulf of California and those on the Galapagos,
sites separated by c¢. 3500 km, are only 0.14 and 0.04,
respectively, and @gr is not significant after B-Y correction.
Furthermore, within-basin population differentiations of red-
footed (®sp = 0.80, J. A. Morris-Pocock et al., pers. comm.)
and masked (®gr = 0.39, T. E. Steeves et al., University of
Canterbury, pers. comm.) boobies are also higher than that of
blue-footed boobies.

Potential explanations for the observed pattern

In the present paper we hypothesized that lower population
differentiation should exist in blue-footed boobies than in
other tropical sulids given their foraging environment and the
potential for increased dispersal between colonies; however,
the extent of genetic differentiation between colonies is
determined by several factors, including time since separation,
effective population size and gene flow (Wright, 1931;
Whitlock & McCauley, 1999; Friesen et al., 2007a). Recent
separation between colonies could result in low population
differentiation because opportunities for selection and/or drift
to take place within a colony would be reduced compared with
more historically diverged colonies. Blue-footed boobies are
believed to have diverged from their common ancestor with
the Peruvian booby (distributed from northern Peru to south-
central Chile) 0.2-0.45 million years ago (Ma), while brown
boobies (pantropical in distribution) are believed to have
diverged from other boobies 2.0 to 3.86 Ma (Friesen &
Anderson, 1997; Patterson et al., 2010). Thus, blue-footed
boobies may not have had sufficient time to establish
population genetic structure. Although molecular data suggest
that the blue-footed booby is a considerably younger species
than the brown booby, brown boobies in the eastern tropical
Pacific, which apparently became isolated from other brown
booby colonies between 0.13 and 0.38 Ma, exhibit significantly
more population genetic structure than equivalent groups of
blue-footed booby colonies (Morris-Pocock et al., 2010). As
such, recent divergence does not appear to explain the lower
levels of population differentiation in blue-footed boobies.

889



S. A. Taylor et al.

Small effective population size at a colony could lead to drift
and potentially to the development of high population
differentiation between colonies. For example, high population
genetic structure between brown, red-footed and masked
booby colonies could result from genetic bottlenecks during
colony formation if each colony was founded by only a small
number of individuals. Given the low probability that all
tropical seabirds examined thus far have experienced severe
bottleneck events, this scenario is unlikely. Furthermore,
brown and red-footed booby populations do not exhibit
signatures of bottlenecks in their control region variation
(Morris-Pocock et al., 2010). As such, low effective population
sizes do not explain the high levels of population differenti-
ation in tropical seabirds compared with that in blue-footed
boobies.

Increased intercolony dispersal and gene flow (which can be
influenced by several factors) would prevent populations from
diverging, and this appears to be the best explanation for the
weak population genetic structure in blue-footed boobies.
Comprehensive studies examining the intercolony breeding
dispersal of blue-footed boobies are absent from the literature;
however, recent investigations of intracolony breeding and
natal dispersal indicate that blue-footed boobies on Isla Isabel
in the Gulf of California do not necessarily exhibit fidelity to
their hatching site (Kim et al., 2007a,b), in contrast to the case
for most other seabirds (Greenwood & Harvey, 1982; Coulson,
2002), and that juveniles may undergo long-distance natal
dispersal (13 chicks nested 476 km south of Isla Isabel during
the study period, Kim et al., 2007a,b). Furthermore, three
chicks marked in Galapagos were later recovered off the coast
of Ecuador, making it possible that birds breed in non-natal
colonies (Nelson, 1978). Given that the movement of even one
individual per generation between colonies is enough to
homogenize genetic variation at neutral markers (Wright,
1931; Mills & Allendorf, 1996), natal dispersal may be at least
partially responsible for the weak population differentiation
exhibited by blue-footed booby colonies. Although compre-
hensive studies of between-colony breeding dispersal by blue-
footed boobies are absent from the literature, juvenile blue-
footed boobies appear more dispersive than other sulids.
Dispersive behaviour may persist in a sufficient number of
adults to reduce population differentiation, and we find the
suggestion of a dispersive blue-footed booby phenotype by
Kim et al. (2007b) intriguing.

The influence of foraging ecology on seabird
population differentiation

We hypothesized that blue-footed boobies would exhibit less
genetic structure than other tropical sulids given their reliance
on unpredictable foraging environments because increased
dispersal between colonies, potentially the result of an
unpredictable foraging environment, should increase gene
flow compared with other sulids. By comparing levels of
population differentiation between closely related booby
species that breed within the same geographic region (brown
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boobies) or across similar geographic scales (red-footed and
masked boobies), but that differ in foraging ecology, we have
found some support for our hypothesis. Although too few
studies have been completed to test the generality of this
pattern, studies to date seem to support the hypothesis. Low
levels of population genetic structure have recently been
detected in other marine organisms that rely on cold-water
upwelling systems during foraging, including dusky dolphins
(Lagenorhynchus obscures, Cassens et al., 2005), Humboldt
penguins (Spheniscus humboldti, Schlosser et al., 2009), Peru-
vian boobies (S. variegata, Taylor et al., in press) and Peruvian
pelicans (Pelecanus thagus, S. A. Taylor et al., unpublished
data).

Our results represent the first example of a tropical seabird
that exhibits extremely low levels of population genetic
differentiation across a large geographic distance, refuting the
hypothesis that tropical seabirds always exist in highly
genetically differentiated metapopulations (Friesen et al,
2007a). This is an important finding and one that should
encourage other researchers to consider thoroughly the
ecology of tropical seabirds when making assumptions about
levels of population differentiation or gene flow between
colonies. This may become especially important as climate
change, competition with fisheries, and pollution threaten
tropical seabird colonies, and potentially species, with extinc-
tion (Walsh & Edwards, 2005; Barbraud & Weimerskirch,
2006; Devney et al., 2009). Even within a small group of
seabirds, the Sulidae, we see a variety of patterns of population
differentiation, which appear to be related, at least in part, to
foraging ecology. Foraging ecology also appears to influence
population differentiation in other seabirds (Friesen, 1997;
Friesen et al., 2007a). Population-specific differences in the
foraging distribution of some albatross taxa, for example, are
consistent with genetic differences between populations (Burg
& Croxall, 2001, 2004), and inshore feeding seabird species
tend to exhibit greater population genetic structure than
offshore feeders (Morris-Pocock ef al., 2010). Given that
foraging environment commonly influences population dif-
ferentiation in seabirds, it may have the potential to influence
gene flow and genetic differentiation in a variety of marine
taxa. Thus, consideration of foraging environment may be
particularly important to future investigations in marine
biogeography and conservation.
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