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Abstract

We assessed colony- and island-level genetic differentiation for the flightless cormorant
(Phalacrocorax harrisi), an endangered Galápagos endemic that has one of the most limited
geographical distributions of any seabird, consisting of only two adjacent islands. We screened
223 individuals from both islands and nine colonies at five microsatellite loci, recovering 23
alleles. We found highly significant genetic differentiation throughout the flightless cormo-
rant’s range on Fernandina and Isabela Islands (global FST = 0.097; P < 0.0003) both between
islands (supported by Bayesian analyses, FST and RST values) and within islands (supported
only by FST and RST values). An overall pattern of isolation-by-distance was evident throughout
the sampled range (r = 0.4169, one-sided P ≤ 0.02) and partial Mantel tests of this relationship
confirmed that ocean is a dispersal barrier (r = 0.500, one-sided P ≤ 0.003), especially across
the 5-km gap between the two islands. The degree of detected genetic differentiation among
colonies is surprising, given the flightless cormorant’s limited range, and suggests a role for
low vagility, behavioural philopatry, or both to limit dispersal where physical barriers are
absent. We argue that this population should be managed as at least two genetic populations
to better preserve the species-level genetic diversity, but, for demographic reasons, advocate
the continued conservation of all breeding colonies.
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Introduction

The Galápagos archipelago is located approximately 1000 km
west of the coast of South America and harbours a diversity
of endemic bird taxa that have originated in isolation. The
biodiversity of these islands remains largely intact (Gibbs
et al. 1999); there are no documented extinctions of birds. In
recent years, several authors have studied the population
genetic structure of birds endemic to the Galápagos Islands
(Galápagos hawk, Buteo galapagoensis, Bollmer et al. 2005;
Galápagos finches, Geospiza and Certhidia species, Petren
et al. 2005; Galápagos dove, Zenaida galapagoensis, Santiago-
Alarcon et al. 2006; Galápagos petrel Pterodroma phaeopygia,

Friesen et al. 2006; waved albatross Phoebastria irrorata,
Huyvaert & Parker 2006; the Galápagos penguin, Spheniscus
mendiculus, Nims et al. 2008). Taxon-specific physiological
and behavioural traits interact to influence the population
genetic structure among local populations of each species.
For instance, Galápagos hawks, like most Buteo species
(Kerlinger 1985), avoid flying over water gaps and have highly
divergent island populations (Bollmer et al. 2005, 2006). In
contrast, Galápagos doves are strong flyers and frequently
move from island to island; consequently, gene flow is high
and there is little genetic differentiation among island popu-
lations (Santiago-Alarcon et al. 2006).

Flightless cormorant

The flightless cormorant (Pelecaniformes; Phalacrocorax harrisi)
is an endangered Galápagos endemic seabird (IUCN 2008)
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that has evolved flightlessness during its history in the Galá-
pagos (Johnsgard 1993). The time of the flightless cormorant’s
arrival to the archipelago is unknown, as are historical
patterns of colonization within the archipelago; however,
contemporary population trends and dispersal patterns have
been well characterized over the last several decades using
capture–mark–recapture techniques (e.g. Snow 1966; Harris
1979; Tindle 1984; Valle 1995; Vargas et al. 2005; Jiménez-
Uzcátegui et al. 2006, 2007).

The entire population (c. 1800 individuals; Jimenez
Uzcátegui & Vargas 2007) is distributed along less than 400 km
of coastline on just two islands in the western archipelago,
Isabela and Fernandina, which are separated by less than 5
km at the narrowest part. Colonies are most abundant on
the western side of Isabela and on the eastern side of Fern-
andina (Fig. 1), presumably because these are places where
food sources are most abundant and reliable (Harris 1979;
Valle 1995). On the eastern side of Isabela, few colonies have
formed successfully. Former studies of now-vanished colon-
ies to the south of El Muerto revealed that reproduction
attempts in those areas usually failed, most likely due to the
lower food availability on this side of the island (Valle 1995).

Earlier studies of movement and behaviour have led some
authors to characterize the population as sedentary (Harris
1979; Tindle 1984; but see Valle 1995). Flightless cormorants
are resident at breeding colonies year round, and movement
among colonies typically occurs by swimming since the birds
cannot fly and are only capable of walking short distances.
Within islands, dispersal distances of up to 20–30 km have
been reported (Valle 1995; Vargas et al. 2005), although the
majority of individuals stay within 2 km of their natal colony
to breed (Harris 1979; Tindle 1984; Vargas et al. 2005). The
birds also seem reluctant to venture into the open water; they
have rarely been recorded more than 200 m offshore (Harris
1979; Valle 1995). However, two interisland migration events
were recently recorded for the first time (Larrea 2007).

We use five variable microsatellite DNA markers to
describe the genetic structure of the flightless cormorant popu-
lation throughout its range. Observations of movement
suggest that it is limited between islands, as well as among
some colony pairs even within islands, particularly on
Isabela, which is much larger than Fernandina. Thus, we
predict that (i) the ocean is a dispersal barrier that promotes
genetic structure between island populations, and that (ii)
philopatry, low vagility, or both promote genetic differen-
tiation even where physical barriers are absent.

Materials and methods

Sample collection and definition of sample unit

In August 2003, February–March 2004, August 2004, and
February–March of 2005, we collected 19–31 genetic samples
from each of six colonies on Isabela and each of three colonies

on Fernandina for a total of 223 individuals representing
most of the major breeding colonies in the flightless cormor-
ant’s range and over 12% of the entire population. We
targeted adults that were in a stage of reproduction (i.e.
courtship, nest construction, incubation, or with chicks),
because these individuals represent the true breeding colony
in each locale. We captured the birds by hand, and preserved
50 μL of blood in 500–700 μL of lysis buffer (Longmire et al.
1998). We then placed a unique transponder (AVID Micro-
chip) on each captured individual subcutaneously over the
left dorsal midphalangeal area and sealed the insertion site
with tissue glue (3M Vetbond).

Some populations consisted of a single large colony (20–
40 individuals), whereas others consisted of a cluster of 2–
4 small colonies (4–16 individuals) separated by less than
15 km. In the latter case, we combined individuals from small
colonies to achieve our target number of 20–30 samples per
population, but confirmed the statistical validity of this
approach prior to conducting the broad-scale analyses.
Specifically, we evaluated the significance of FST for all pairs
of small colonies within populations, and tested for the
number of genetic populations using the software structure
(see below for methods). None of the pairwise comparisons
were significant (P > 0.05; or where three colonies were
pooled, P > 0.013, the adjusted critical value), but the
statistical power was low due to small sample sizes (4–10
individuals) and only five scored loci. Furthermore, the
analysis in structure did not reveal distinct genetic sub-
groups on either island. Therefore, we will hereafter refer
to ‘population’ as either a single, large colony or a cluster
of 2–4 small colonies from which we combined individuals
for analytical purposes.

Laboratory procedures

We incubated blood samples overnight in a proteinase K/
SDS solution and then extracted DNA using phenol/chloro-
form following standard procedures (Sambrook et al. 1989)
followed by dialysis against 1× TNE2 (10 mm Tris–HCl,
10 mm NaCl, 2 mm EDTA). The concentration of each DNA
sample was estimated by spectrophotometry and diluted to
a working concentration of 20 ng/μL for use in polymerase
chain reactions (PCR).

We screened a total of 31 microsatellite loci, found nine
loci to be polymorphic, and amplified five in 223 individuals:
PcT3 (Phalacorocrax carbo; Piertney et al. 1998), and PhC11,
PhG12, PhB4, and PhB2 (Duffie et al. 2007), following meth-
ods therein. We amplified locus PcT3 using the following
methods: PCR cocktails (7.7 μL) were prepared containing
20 ng whole genomic DNA, 1.1 μL of 10× reaction buffer
(Bioline), 3.4 mm dNTPs, 3.2 mm MgCl2, 0.13 μm forward
primer labelled with fluorescent dye, 0.13 μm reverse pri-
mer, and 0.5 μL of Taq DNA polymerase (Bioline Red). PCR
products were amplified using a standard protocol: initial
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Fig. 1 Flightless cormorant colonies on Isabela and Fernandina. Sampled colonies are indicated with a cross symbol and unsampled
colonies are indicated with a closed circle. Populations, defined in this study as a single large colony or 2–4 small colonies, are indicated by
hatch marks. Sample sizes from southeastern Fernandina were too small to include in this study. Lower panels: hypothetical dispersal
distances taken as coastline distance (left) and shortest swimming distance (right). Dispersal distances between populations can only be
estimated in the absence of tracking data.
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denaturation at 94 °C for 2 min, 30 cycles of 94 °C for 45 s,
52 °C for 45 s and 72 °C for 45 s, and a final extension at
72 °C for 10 min. PCR products for all loci were resolved on
an Applied Biosystems (AB) 3100 capillary sequencer and
scored using GeneMapper (AB) software version 4.01.

Statistical analyses

We quantified genetic variation for each locus–population
combination using numbers of alleles, genetic diversity
(Nei 1973), and allelic richness (El Mousadik & Petit 1996;
Petit et al. 1998). Significant deviations from Hardy–Weinberg
(H–W) and linkage equilibria were evaluated for each popu-
lation via log-likelihood ratio G-tests and randomization
procedures, and Bonferroni corrections were applied in cases
of simultaneous multiple comparisons of the data (Goudet
et al. 1996; Goudet 1999). We also estimated null allele fre-
quencies using the program cervus (Summers & Amos 1997;
Marshall et al. 1998).

We assessed genetic differentiation using estimates of both
FST (Weir & Cockerham 1984) and RST (Slatkin 1995). FST

generally performs better than RST when limited numbers
of loci and individuals are genotyped, especially when popu-
lations are weakly structured (Gaggiotti et al. 1999; Balloux
& Goudet 2002). However, there are some cases where RST

is superior to FST; for example, when the loci used follow the
stepwise mutation model exactly (Balloux et al. 2000;
Balloux & Lugon-Moulin 2002). Significance of FST was
evaluated using a G-test and 1000 randomizations (Goudet
et al. 1996) in the program fstat version 2.2.3 (Goudet 2002).
RST values and their significance were evaluated in the
program RST calc (Goodman 1997).

We also employed a Bayesian clustering approach imple-
mented in structure version 2.1 to infer genetic differenti-
ation without using information about the geographical
location of sampled individuals (Pritchard et al. 2000). We
determined the most probable number of populations, K,
by evaluating the significance of the posterior probabilities
(Pritchard et al. 2007), and by using the method described
by Evanno et al. (2005) that examines ΔK, an ad hoc quantity
related to the change in posterior probability between runs
of different K. We ran the program using the admixture model
and correlated allele frequencies option, which are con-
sidered most appropriate for detecting structure among
populations that are likely to be similar due to migration
or shared ancestry (Falush et al. 2003; Pritchard et al. 2007).
We performed five runs at each K (K = 1–10) using a burn-
in time of 10 000 followed by 50 000 iterations. The likeli-
hood trace remained stationary after the burn-in time
for all runs, and longer burn-in and run times did not
significantly change the results (Fig. 2). Individuals were
assigned probabilistically to populations, or clusters, in all
cases where the proportion of membership, Q, was greater
than 60%.

We explored the relationship between genetic and geo-
graphical distances to evaluate the potential for isolation-
by-distance. Because flightless cormorants have not been
observed to swim far from shore, coastline distances may
best reflect the true dispersal path between colonies. There-
fore, we measured geographical distances as the coastline
distance between each pair of colonies, and placed the cross-
over point between islands at the narrowest part of the chan-
nel separating the two islands [Fig. 1 (lower left panel)].
For comparison, we also measured the shortest swimming
distance between colonies, which are much shorter in some
cases [Fig. 1 (lower right panel)]. We converted genetic dis-
tances based on FST to Rousett’s genetic distance (Rousset
1997), and evaluated the significance of the association with
geographical distance using Mantel tests. We then used a
partial Mantel test of this relationship to determine whether
the ocean represents a dispersal barrier. All tests were based
on 10 000 randomizations and were implemented in the
web-based program ibdws (Jensen et al. 2005).

Results

Tests of equilibrium and genetic diversity

We detected 23 alleles at five loci in 223 individuals. The
number of alleles per locus ranged from three to eight
(Supporting Information, Table S1). While no allele was
private to a single population, three low frequency alleles
occurred only in individuals sampled on Fernandina (8%,
13%, 16%), and one high frequency allele occurred only in
individuals sampled on Isabela (30%). Within populations,
we found no significant departures from H–W equilibrium
(P > 0.0011, the adjusted critical value), no evidence for
linkage among the five loci (P > 0.00005, the adjusted critical
value, for each pair of loci across all populations), and only
low frequencies for null alleles per locus ( fo < 0.08). We found
consistently high levels of genetic diversity (mean expected
heterozygosity ranged from 0.51 to 0.66) and low values for
allelic richness (mean RA ranged from 3.60 to 3.99) for all
locus-colony combinations (Table S1). Significant differences
among populations for either measure were rejected using
a Friedman’s test (χ2 = 7.89, P = 0.44; genetic diversity, and
χ2 = 9.31, P = 0.31; allelic richness).

Population genetic structure

Our estimate of FST over all populations and loci was 0.097,
which is highly significant (P < 0.0003; 95% bootstrap con-
fidence intervals were 0.078 and 0.119). Our estimate of RST

was 0.084, and was also highly significant (P < 0.000001;
95% bootstrap confidence intervals were 0.078 and 0.134).
Only five of the 36 pairwise FST values were nonsignificant
(Table 1). Of these, four corresponded to pairs of populations
that are geographical neighbours. The only nonsignificant
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FST value to occur between non-neighbouring populations
was between El Muerto and Elizabeth Norte, but while
nonsignificant, the associated P value is small (P = 0.002,
Bonferroni-corrected P value at α = 0.05 was 0.001). The
pairwise RST values between El Muerto and all populations
except Cañones Sur were all nonsignificant after Bonferroni
corrections; however, before applying Bonferroni corrections,
only pairs with Punta Albemarle (P = 0.30) and, interestingly
Cabo Douglas (P = 0.266), were nonsignificant.

The Bayesian analysis strongly supported two genetic
clusters (P~1), and strongly rejected a single genetic cluster
or more than two clusters (P~0, K = 1, 3–5). Evaluation of ΔK
(Evanno et al. 2005) identified a modal value at K = 2 and
K = 4, but the signal was much stronger for K = 2 (Fig. 2). At
higher values for K, the proportion of membership (Q) shifted
for all individuals but much more markedly for individuals
in Genetic Cluster 1. However, distinct subgroups within
Genetic Cluster 1 were not apparent, as most individuals had

Fig. 2 (a) Plot of mean and standard
deviation of the posterior probabilities,
L(K), among runs for each value of K, 1–10.
(b) Plot of ΔK vs. K.

Table 1 Estimates of genetic differentiation for flightless cormorants from six populations on Isabela and three populations on Fernandina.
Pair-wise FST values are below, and RST values are above the diagonal. High***, medium**, and low* significance corresponds to significance
at the 0.1%, 1%, and 5% nominal levels, respectively (Bonferroni corrected P-value at α = 0.05 was 0.001)

Isabela Fernandina

El 
Muerto

Punta 
Albemarle

Cañones 
Sur

Bahia 
Urvina

Elizabeth 
Norte

Playa 
Perros

Carlos 
Valle

Cabo 
Douglas

Cabo 
Hammond

El Muerto — 0.00 0.09*** 0.05 0.05 0.03 0.05 0.01 0.07
Punta Albemarle 0.02 — 0.11*** 0.06 0.03 0.09* 0.13*** 0.07*** 0.16***
Cañones Sur 0.08*** 0.07*** — 0.01 0.10* 0.09 0.12*** 0.13* 0.25***
Bahia Urvina 0.07** 0.05** 0.00 — 0.03 0.10*** 0.10* 0.06 0.15***
Elizabeth Norte 0.05 0.04* 0.04* 0.01 — 0.12*** 0.16*** 0.09* 0.17***
Playa Perros 0.05** 0.09*** 0.1** 0.14*** 0.13*** — 0.06 0.07* 0.16***
Carlos Valle 0.11*** 0.13*** 0.1*** 0.11*** 0.12*** 0.1*** — 0.02 0.07
Cabo Douglas 0.11*** 0.12*** 0.09*** 0.07*** 0.1*** 0.15*** 0.02 — 0.02
Cabo Hammond 0.19*** 0.18*** 0.18*** 0.16*** 0.17*** 0.21*** 0.04** 0.03* —
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approximately symmetrical Q values for multiple clusters,
and thus, could not be assigned. Therefore, we present results
for K = 2, the number of populations that appears to capture
the major genetic structure in our data set.

All runs at K = 2 produced identical clustering solutions
and corresponded closely to the sampled populations on
Isabela and Fernandina (Fig. 3). Out of 223 individuals, 201
individuals were assigned to either genetic cluster (i.e. had
Q > 60%). Of the 143 individuals sampled on Isabela, 128
were assigned to Genetic Cluster 1, and 14 were assigned
to Genetic Cluster 2. Of the 80 individuals sampled on Fern-
andina, 74 were assigned to Genetic Cluster 2 and four were
assigned to Genetic Cluster 1. Sixty per cent of the individuals
sampled on Fernandina and assigned to Genetic Cluster
2 had values for Q > 90%, indicating strong assignments,
whereas only 38% of individuals sampled on Isabela and
assigned to Genetic Cluster 1 had values of Q > 90%.

Isolation-by-distance

Analyses performed in ibd version 2.1 revealed that genetic
distances show a significant, positive relationship with
coastline distances (r = 0.44, one-sided P ≤ 0.010 from
1000 randomizations), but not with the shortest swimming
distances (r = 0.038, one-sided P ≤ 0.129 from 1000 ran-

domizations). Correlation of genetic distances and the island
matrix was also highly significant (r = 0.56, one-sided P ≤
0.001 from 1000 randomizations). Finally, genetic distance
show a significant, positive correlation with coastline dis-
tance, after controlling for islands (r = 0.42, one-sided P ≤
0.020 from 1000 randomizations). The r2 value for the reduced
major axis regression of log (genetic distance) vs. log (geogra-
phical distance) was 0.196 (Fig. 4). Therefore, these data show
a significant, positive relationship between genetic and
(coastline) geographical distance and reveal that the ocean
is a dispersal barrier for this species.

Discussion

Insular organisms that shift from having high dispersal
capabilities to sedentariness over time display potential for
population differentiation at much smaller spatial scales
(Blondel 2000). We present the flightless cormorant as an
avian example for this trend, referred to as the ‘island
syndrome’ (Blondel 2000). Our findings show that the flight-
less cormorant population is genetically differentiated (global
FST = 0.097) throughout its extremely limited breeding range
on Isabela and Fernandina Islands. Genetic differentiation of
seabird populations within a single archipelago or island has
been reported between seasonal (allochronous) populations

Fig. 3 Plot of posterior probability of assignment for 223 flightless cormorants (vertical lines) to two genetic clusters based on Bayesian
analysis of variation at five microsatellite loci. Individuals are grouped by population, and the population names are indicated along the
horizontal axis. Light grey = Genetic Cluster 1; dark grey = Genetic Cluster 2.

Fig. 4 Scatter plot of log (genetic) vs. log
(geographic) distances for all population
pairs overlaid by the RMA regression line.
Data points representing populations paired
with El Muerto are indicated by triangles
rather than squares.
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of band-rumped storm-petrel and Leach’s storm-petrel
(Friesen et al. 2007 and references therein), and among island
populations of the Galápagos petrel (Friesen et al. 2006).
However, this is one of the first studies to present evidence
for significant genetic differentiation among synchronously
breeding seabird populations within an archipelago.

Our results indicate that genetic structure is strongest
between island populations. Most interisland pairwise FST

and RST comparisons were highly significant, private alleles
occurred at each island (one in high frequency), and Mantel
tests confirmed that the ocean is a dispersal barrier. Further
genetic subdivision within islands was also supported by
FST and RST estimates and Mantel tests confirmed an overall
pattern of isolation-by-distance, but these findings were not
supported by Bayesian analysis in structure (discussed
below). No allele was private to a single population within
either island; however, significant pairwise FST values
occurred between Cabo Hammond and Carlos Valle on
Fernandina and between most non-neighbouring popu-
lations on Isabela, with the population at El Muerto being
the only exception. El Muerto is the most geographically
isolated population on northeastern Isabela, but low FST and
RST values between it and many of the other populations on
Isabela and Fernandina indicate that it is not the most
genetically isolated (Table 1). Historically, populations on
the eastern side of Isabela have tended to have poor repro-
ductive success (Valle 1995), and some colonies to the south
of El Muerto have vanished. If the reproductive success of
the El Muerto population is similarly low (unknown), then
migrants from other populations would be necessary to
maintain its numbers.

The overall pattern of these findings (apart from El Muerto)
suggests that dispersal is limited in many parts of the range
even where physical barriers do not exist, and that low
vagility, behavioural philopatry, or both may serve to pro-
mote genetic differentiation as a function of distance. Philo-
patry is a common trait for seabirds and has been implicated
as a factor to promote genetic differentiation among island
populations of at least one seabird species (Galápagos
petrel; Friesen et al. 2006), and even stronger patterns of
isolation-by-distance have been reported but at much larger
spatial scales (reviewed in Friesen et al. 2007).

Bayesian analysis performed in structure confirmed the
genetic differentiation observed between island populations
but did not confirm further genetic differentiation within
islands. Simulation studies have shown that the program
structure performs well to infer the number of clusters when
clusters were not well differentiated (FST = 0.02–0.03; reviewed
in Latch et al. 2006). However, there are several possibilities
why structure did not detect more subdivision among flight-
less cormorant populations within islands, some of which
had pairwise FST values as high as 0.14. Generally speaking,
the underlying model of structure is not well suited to
delineate distinct genetic groups in populations that reflect

a relationship of isolation-by-distance (Pritchard et al. 2007)
such as we found in the present study (discussed above).
Also, the arrangement of populations into two hierarchical
levels (between- and within-island) may present some chal-
lenges according to a simulation study (Evanno et al. 2005),
which showed that only the uppermost hierarchical level
was detected in populations for which multiple hierarchical
levels of population structure were present.

Implications

Our results from structure indicate that the two island popu-
lations in the flightless cormorant’s range are genetically
distinct and should be managed as separate conservation
units (sensu Moritz 1994) to best preserve the genetic diversity
at the species level. However, for demographic reasons we
advocate the preservation of all major breeding colonies
throughout the flightless cormorant’s range. As an island
endemic, the flightless cormorant is inherently more vulner-
able to extinction than species with larger population sizes
and broader distributions (Frankham 1997, 1998, 2005; Fran-
kam & Kingsolver 2004), and thus the protection of all major
colonies is warranted.
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