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A 
.—Because of their smaller size and isolation, island populations tend
to be more divergent and less genetically variable than mainland populations. We
collected DNA samples from nine Galápagos Hawk (Buteo galapagoensis) island
populations, covering the species’ entire range. Neutral minisatellite DNA markers
were used to calculate within-island genetic diversity and between-island genetic
diﬀerentiation (FST). Typically, these markers mutate too quickly to be informative
in such studies. However, in very small, isolated populations, concerns about high
mutational rate are obviated by the relative force of genetic dri. Individuals within
islands had the highest levels of reported genetic uniformity of any natural bird
population, with mean within-population band-sharing similarity values ranging
from 0.693 to 0.956, increasing with decreasing island size. Galápagos Hawks exhibit
cooperative polyandry to varying degrees across islands; however, we did not ﬁnd
an association between degree of polyandry and genetic variability. Between-island
FST values ranged from 0.017 to 0.896, with an overall archipelago value of 0.538;
thus, most populations were genetically distinct. Also, we documented higher levels
of genetic similarity between nearby populations. Our results indicated negligible
gene ﬂow among most Galápagos Hawk populations, and genetic dri has played a
strong role in determining structure at these minisatellite loci. Received 16 April 2004,
accepted 5 April 2005.
Key words: Buteo galapagoensis, cooperative polyandry, Galápagos Hawk,
Galápagos Islands, genetic dri, minisatellites.

Genética de Poblaciones de Buteo galapagoensis: Monomorﬁsmo Genético dentro de
Poblaciones Aisladas
R .—Debido al tamaño más pequeño y al aislamiento de las poblaciones
de las islas, éstas tienden a ser más divergentes y menos variables genéticamente
que las poblaciones continentales. Recolectamos muestras de ADN de nueve
poblaciones isleñas de Buteo galapagoensis, cubriendo el rango total de distribución
de la especie. Usamos marcadores neutrales de ADN minisatelital para calcular la
diversidad genética dentro de las islas y la diferenciación genética (FST) entre islas.
Típicamente, estos marcadores mutan demasiado rápido como para ser relevantes
en estos estudios. Sin embargo, en poblaciones aisladas muy pequeñas, las
preocupaciones sobre altas tasas de mutación son descartadas por la fuerza relativa
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de la deriva génica. Los individuos dentro de las islas presentaron los niveles
más altos de uniformidad genética que se conocen actualmente para poblaciones
naturales de aves, con valores de similitud promedio de bandas compartidas dentro
de las poblaciones que ﬂuctuaron entre 0.693 y 0.956. Estos valores se incrementaron
al disminuir el tamaño de la isla. B. galapagoensis exhibe poliandría cooperativa de
varios niveles en distintas islas; sin embargo, no encontramos una asociación entre
el grado de poliandría y la variabilidad genética. Los valores de FST entre las islas
ﬂuctuaron entre 0.017 y 0.896, con un valor global para el archipiélago de 0.538. Por
lo tanto, la mayoría de las poblaciones fueron genéticamente distintas. Además,
documentamos niveles más altos de similitud genética entre poblaciones vecinas.
Nuestros resultados indican que el ﬂujo génico entre la mayoría de las poblaciones
de B. galapagoensis es despreciable, y que la deriva génica ha jugado un rol importante
determinando la estructura en estos loci minisatelitales.

P   
  reﬂects a
number of processes, including mutation
rate, genetic dri, gene ﬂow, natural selection,
and phylogeographic history (Bohonak 1999,
Ouborg et al. 1999). Genetic variability is lost
through genetic dri and selection against
some genotypes. Generally, genetic dri has a
stronger eﬀect in smaller populations; thus, a
positive relationship between population size
and genetic variation is expected (Nevo et al.
1984, Frankham 1996). Populations may diverge
because of random ﬁxation of diﬀerent alleles,
diﬀerences in selective pressures, or addition of
novel mutations. Gene ﬂow, however, can have
a homogenizing eﬀect among populations and
mitigate the loss of intrapopulation variation
by adding new alleles or replacing alleles lost
through dri (Slatkin 1985).
Populations on islands oen have lower
levels of genetic variation than those on the
mainland (Frankham 1997). Populations of birds
on island archipelagos tend to be more strongly
diﬀerentiated than geographically separate
mainland populations, because water is an eﬀective barrier against gene ﬂow in many species
(Williamson 1981, Boag 1988, Baker et al. 1990).
These paerns of decreased genetic variation
and increased diﬀerentiation may result from
founder events that occurred at the time of colonization. In many cases, though, founding ﬂock
sizes may be large enough that founder eﬀects
are negligible (e.g. Clegg et al. 2002). Even when
the number of founders is known to be small,
subsequent arrival of additional immigrants
may prevent a measurable founder eﬀect (Grant
et al. 2001). Alternatively, lower variability and
increased diﬀerentiation on islands may be
aributable to sequential founder events (Clegg

et al. 2002), long-term genetic dri working in
small isolated populations (Baker et al. 1990,
Mundy et al. 1997), or a combination of the two.
The Galápagos Hawk (Falconiformes: Buteo
galapagoensis) is endemic to the Galápagos archipelago located ~1,000 km west of South America.
The islands are volcanic in origin, having arisen
from a mantle hotspot (Morgan 1971), and they
have never been connected to the mainland.
The oldest of the present islands is ~4 million
years old (White et al. 1993). However, older,
now-submerged seamounts to the southeast of
the archipelago indicate that islands have been
present over the hotspot for at least 17 million
years and probably for much longer (Christie et
al. 1992, Werner and Hoernle 2003).
Galápagos Hawks are presently found
on nine islands: Santa Fe, Española, Pinzón,
Santiago, Santa Cruz, Isabela, Fernandina,
Pinta, and Marchena (Fig. 1). Historically,
humans have shot them, and the species has
been extirpated from two human-inhabited
islands, San Cristóbal and Floreana. The population on Santa Cruz (another human-inhabited
island) may also have been extirpated; no
adults have been seen on the island in recent
years, but juveniles are seen periodically.
Distances of <5 km to ~240 km separate islands
with Galápagos Hawk populations (Fig. 1). The
migration rate between islands is unknown but
presumed to be low (de Vries 1975), given that
most Buteo species are reluctant to cross large
bodies of water (Kerlinger 1985). Swainson’s
Hawks (B. swainsoni) are the Galápagos Hawk’s
closest mainland relatives (Riesing et al. 2003),
and they migrate long distances over land (from
North America to Argentina) but avoid ﬂying
over water (Fuller et al. 1998).
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F. 1. Distribution of the Galápagos Hawk on the Galápagos Islands. All labeled islands currently have Galápagos Hawk populations, except for the three islands that are shaded. Genovesa
has never supported a Galápagos Hawk population, and the populations on San Cristóbal and
Floreana have been extirpated by humans.
Morphological and behavioral variation in
Galápagos Hawk populations also suggests that
they are genetically isolated. Galápagos Hawks
diﬀer in overall body size, and in allometry to
a lesser degree, among islands (de Vries 1973,
Bollmer et al. 2003). The species exhibits cooperative polyandry; territorial groups consist of
one female and up to eight (usually two or three)
unrelated males (Faaborg and Paerson 1981,
Faaborg et al. 1995). Paternity is shared within
and among broods, though there are oen more
males in a group than the number of chicks produced per brood (one or two); all birds in the
group defend the communal territory and care
for the brood, including males that are not the
genetic sires of the oﬀspring (Faaborg et al. 1995,
DeLay et al. 1996). One Galápagos Hawk population appears to be monogamous (Española),
but the rest exhibit cooperative polyandry to
varying degrees, with mean group sizes ranging

from 2.5 to 4.5 birds (de Vries 1975, Faaborg et al.
1980, Bollmer et al. 2003). The factors contributing to this variation in mating system (e.g. sex
ratio, survivorship) are unstudied but are likely
associated with diﬀerences in habitat structure
and resource availability.
Here, we describe the genetic structure of
all nine populations of Galápagos Hawks (the
entire range of the species) using multilocus
minisatellite DNA markers. Minisatellites—
hypervariable regions of DNA consisting of
tandem repetitions of short units of nucleotides
(Jeﬀreys et al. 1985)—have been used in other
studies to characterize population structure
(e.g. Freeman-Gallant 1996, Carneiro da Silva
and Granadeiro 1999, Gullberg et al. 1999, Tarr
and Fleischer 1999). We describe the amount
of genetic variation present in populations and
measure the degree of diﬀerentiation among
populations using Wright’s FST , the standardized
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variance in allele frequencies among populations (Wright 1951, 1978). We test the prediction
that genetic variation increases with population
size by using total island area and total area of
appropriate habitat as indices of population
size. Variation in mating system also is predicted to partly determine genetic variability
by inﬂuencing eﬀective population size, mostly
through biased sex ratios and variance in reproductive success (Nunney 1993, Parker and Waite
1997). In the more polyandrous populations of
Galápagos Hawks, there may be increased variance in reproductive success and more skewed
sex ratios, which would lead to decreased eﬀective population sizes in relation to total population size and a more rapid loss in variation. We
test for an eﬀect of mating system (degree of
polyandry) on genetic variability aer controlling for island area. Finally, we ask whether geographically closer populations are more similar
genetically because of increased gene ﬂow or
more recent separation (isolation by distance).
M



Field methods.—We visited the Galápagos
Islands for two to three months between May
and August each year from 1998 to 2003.
Galápagos Hawks (n = 541) were captured on
nine islands: 25 individuals from Santa Fe, 23
from three sites on Española (Gardner Bay,
Punta Suarez, and Punta Cevallos), 287 from
three sites on Santiago (James Bay, Sullivan Bay,
and the highlands), 93 from Volcan Alcedo on
Isabela, 41 from Pinta, 26 from Marchena, 10
from Pinzón, 32 from Fernandina, and 4 from
Santa Cruz. Birds were caught using two methods: a bal-chatri trap baited with a live prey
animal such as a rat (Berger and Mueller 1959),
or a rope noose on a stick to capture perched
birds (Faaborg et al. 1980). We banded each
bird with an aluminum or anodized color band
(or both) and took two 50-µL blood samples
via venipuncture of the brachial vein. Samples
were immediately put into 500 µL of lysis buﬀer
(100 mM Tris, pH 8.0, 100 mM EDTA, 10 mM
NaCl, 0.5% SDS; Longmire et al. 1988), shaken,
and stored at ambient temperature.
Minisatellite DNA markers.—Use of hypervariable multilocus minisatellite proﬁles (VNTRs)
in studies of population genetic diﬀerentiation
is typically problematic, because of constraints
imposed, in part, by a high mutational rate at
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these loci (Flint et al. 1999). Moreover, Flint et
al. (1999) cautioned that calculating FST values
between human populations using minisatellites yielded an underestimate of genetic differentiation as compared with the level found
using other markers. Therefore, their use in
characterizing population genetic diﬀerentiation, at least in light of this ﬁnding, is a statistically conservative methodology. However, in
special cases, such as those involving isolated
island vertebrate populations, “the ﬁxation of
restriction-fragment polymorphisms can outpace the generation of fragment-length variability through recombination” (Gilbert et al. 1990:
764). This claim was buressed by the ﬁnding
that all bands were ﬁxed within one population
of the Channel Island fox (Urocyon lioralis),
and that individual foxes within each island
had diagnostic, island-speciﬁc bands. Clearly,
in this and analogous special cases, “diﬀerences
among hypervariable restriction-fragment proﬁles can be used to estimate relative genetic
variability and to reconstruct the evolutionary
relationships of natural populations” (Gilbert et
al. 1990:764), because concerns related to a high
mutational rate are largely obviated by the relative force of genetic dri in small populations.
In the present study, we extracted DNA and
performed multilocus minisatellite DNA ﬁngerprinting using the restriction endonuclease
HaeIII and Jeﬀreys’ probe 33.15 (Jeﬀreys et al.
1985), following procedures described in Parker
et al. (1995). Aer hybridization, we used a Storm
820 Phosphorimager (Amersham Biosciences,
Buckinghamshire, United Kingdom) to visualize ﬁngerprints. For most populations, we used
only a subset of the samples (n = 163) for genetic
analyses: 15 from Santa Fe, 15 from Española, 37
from Santiago, 22 from Isabela, 20 from Pinta,
20 from Marchena, and 20 from Fernandina.
From Pinzón and Santa Cruz, we used all birds
sampled (10 and 4, respectively), and they were
all juveniles. For the other populations, we
randomly selected individuals from the pool
of sampled territorial adults (the class most
likely to consist of nonrelatives). We did not
run all samples; however, fewer individuals are
necessary to get a representative sample when,
as here, populations are lacking in genetic variability. We ran nine gels with 17 to 26 lanes
each. We ran samples in alternating blocks of
three to seven individuals from each island,
so that multiple islands were represented on
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each gel. We chose four individuals from diﬀerent islands as ladders and ran them on each of
the gels. From the banding paerns, we created
a presence–absence matrix of bands (alleles)
encompassing all individuals. Because of high
within-population genetic uniformity, the presence of a number of bands ﬁxed across populations, and the ladders on each of the gels, we
were able to reliably score across gels.
We assumed that bands were assorting independently and calculated within- and betweenisland similarity indices as S = 2SAB/(2SAB + NA +
NB), where S is the proportion of bands shared,
SAB is the number of bands shared by individuals A and B, NA is the number of bands unique
to individual A, and NB is the number of bands
unique to individual B (Weon et al. 1987;
Lynch 1988, 1990). We calculated these from our
presence–absence matrix using GELSTATS, version 2.6 (Rogstad and Pelikan 1996).
In ﬁngerprinting, individuals oen are used
in multiple pairwise comparisons, which results
in nonindependence of band-sharing values
(Danforth and Freeman-Gallant 1996, Call et al.
1998, Leonard et al. 1999). We used the p-dif test
(Bertorelle et al. 1999) in the program WATSON
(Bucchini et al. 1999), a test that permutes individuals, not band-sharing values, to ask whether
within-island band-sharing values signiﬁcantly
diﬀered from between-island values. We calculated FST values for each pairwise comparison of
islands, as well as an overall archipelago value,
according to Lynch (1990, 1991). The maximum
value of FST is 1 when two subpopulations are ﬁxed
for diﬀerent alleles (complete diﬀerentiation), and
0 when alleles are distributed randomly among
subpopulations (no diﬀerentiation).
We used a linear regression to test the prediction that population genetic uniformity (as
measured by within-island similarity indices)
decreases with increasing island area. We calculated total island area in ARCMAP, version
9.0, using digitized vegetation coverage maps
obtained from the Charles Darwin Research
Station. Projections were in decimal degrees,
so we converted the areas to square kilometers
(1 degree ≈ 111 km) and used the log of island
area in the regression. Large portions of some of
these islands (≤75% of total island area) are barren of vegetation, which makes them less suitable for Galápagos Hawk territories. Total island
area may, therefore, overestimate population
size in some cases, so we performed a second
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regression using the log of total vegetated
area (excluding lava and beaches). We tested
for an eﬀect of mating system with a general
linear model, using band-sharing values as the
dependent variable, mean group size as a ﬁxed
factor, and log of total island area as a covariate.
Because of the nonindependence of minisatellite
band-sharing values, we ﬁrst randomly selected
a subset of independent values (using each individual once) from each population. For mating
system, we classiﬁed each island as having a
mean group size of less than two males or more
than two males, using published data from de
Vries (1975) and Bollmer et al. (2003) and new
data collected from Fernandina in 2003 (1.4 ± 0.5
males per group, n = 10 groups). Thus, we classiﬁed Española, Santa Fe, Pinzón, and Fernandina
as less polyandrous (mean group sizes of 1–1.5
males), and Isabela, Santiago, Marchena, and
Pinta as more polyandrous (mean group sizes
of 2.3–3.5 males). We used a Mantel (1967) test
to examine isolation by distance (Slatkin 1993),
testing the prediction that genetic diﬀerentiation
among populations (FST) should increase with
increasing geographic distance between them.
We log-transformed the distance between
islands as measured between nearest points.
We performed these analyses in SPSS, version
10.0.5 for Windows (SPSS, Chicago, Illinois) and
IBDWS, version 2.0 beta (Bohonak 2002). We
excluded Santa Cruz from the above analyses
because of its small sample size.
Because there does not appear to be a breeding population on Santa Cruz, we performed
an assignment test to see whether the juveniles
we captured on Santa Cruz closely matched any
of the other populations, which would indicate
that they could be migrants. Although there are
no tests designed for codominant minisatellite
data, the online program DOH (Brzustowski
2002), as ﬁrst described in Paetkau et al. (1995),
can accommodate data from dominant markers
by treating each band as a separate locus. We
performed a segregation analysis by tallying,
within each population, the co-occurrences of
each band with every other band to note cases of
linkage (bands always appearing together within
individuals) and allelism (individuals always
having one or the other band but never both,
indicating that they belong to the same locus).
We found no cases of linkage, and we eliminated
all cases of allelism (most aributable to rare
bands) by removing the less-frequent band from
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each allelic dyad. We entered the remaining 23
independent bands into the DOH program as
presence–absence data for each individual. The
program assigns each individual into the population in which its genotype has the highest probability of occurring.
R 
Within-population similarity.—We scored an
average (± SD) of 14.1 ± 1.42 bands for each individual. Within-island similarity indices were
high, ranging from 0.693 for Isabela to 0.956 for
Santa Fe (Table 1 and Fig. 2). The mean similarity index for Santa Cruz was slightly lower
(0.657), but this is based on only six pairwise
comparisons. Birds from Santa Fe were particularly lacking in genetic variation, having only
a few variable bands. Speciﬁcally, 13 of the 16
Santa Fe bands scored were ﬁxed in the population. All 15 Santa Fe birds were identical to
two or three other birds, resulting in only four
diﬀerent genotypes in that population. In addition, 4 of the 10 birds on Pinzón were identical,
whereas there were two sets of identical birds (2
and 3 birds each) out of 15 individuals sampled
on Española and four sets of identical birds (2 or
3 birds each for 9 total) on Marchena. The other
populations (Isabela, Fernandina, Santiago, and
Pinta) were more variable and had no identical
individuals.
Regression analyses supported our prediction
that genetic similarity among individuals in a
population decreases with increasing total island
T  1. Mean within-island Galápagos Hawk
minisatellite band-sharing value (± SD), total
island area, and percentage of each island
that is vegetated (not lava or beach); islands
are listed in order of increasing area as
calculated from digitized maps.
Island
Pinzón
Santa Fe
Pinta
Española
Marchena
Santiago
Fernandina
Santa Cruz
Isabela

Area Percentage
Within-island S (km2) vegetated
0.903 ± 0.067
0.956 ± 0.032
0.765 ± 0.083
0.900 ± 0.052
0.891 ± 0.047
0.711 ± 0.086
0.719 ± 0.101
0.657 ± 0.157
0.693 ± 0.086

18.1
24.8
59.4
61.1
128.8
577.5
647.6
984.1
4,710.7

95.2
100.0
62.0
98.2
25.4
68.6
30.5
100.0
66.5
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area (r = –0.844, df = 7, P = 0.008; Fig. 3) and vegetated area (r = –0.846, df = 7, P = 0.008), though
there was no substantial diﬀerence between the
two measures. A general linear model showed
no eﬀect of degree of polyandry on genetic variability aer controlling for island area (F = 0.537,
P = 0.466, n = 78), whereas there was still a strong
island area eﬀect aer controlling for mating
system (F = 32.1, P < 0.0001, n = 78).
Population
diﬀerentiation.—Between-island
FST values ranged from 0.017 to 0.896 (Table 2),
with an overall archipelago value of 0.538. We
performed pairwise permutation tests to test
whether populations were signiﬁcantly distinct
from each other. There were 28 pairwise comparisons, so we used a Bonferroni correction to
avoid Type I errors, which brought our alpha
level down to 0.002. Twenty-three of the 28
comparisons still showed signiﬁcant diﬀerences
among populations (P < 0.001 for all). Four of
the ﬁve nonsigniﬁcant values involved Pinzón
compared with Isabela (P = 0.058), Fernandina
(P = 0.021), Santiago (P = 0.820), and Pinta (P =
0.006). The remaining comparison, Isabela versus Fernandina (P = 0.203), had the lowest FST
value (0.017; Table 2). Three of the ﬁve nonsigniﬁcant values also represent the three smallest
interisland distances.
We had predicted that populations would
exhibit isolation by distance. A Mantel test
conﬁrmed this, showing a signiﬁcant paern of
increasing genetic diﬀerentiation with increasing distance between islands (r = 0.626, P ≤
0.003; Fig. 4).
Between-island dispersal.—Over the past few
decades, juveniles have occasionally been
seen on islands where there was no resident
Galápagos Hawk population, but no individual
banded on one island had ever been observed on
another island. In 2003, however, we observed
two banded individuals on Fernandina, an
island where Galápagos Hawks had not previously been studied. One individual, a territorial adult female, had been banded by us as a
second-year juvenile on Volcan Alcedo, Isabela,
in 1998. The other bird was a territorial male
whose band could not be read. It is very likely
that he was also banded as a juvenile on Alcedo
in 1998, given that 70 birds were caught there in
two days, 64 of which were juveniles. Also, it is
unlikely that he came from an island other than
Isabela, because Isabela separates Fernandina
from all the other islands (Fig. 1).
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F. 2. An example of a multilocus minisatellite DNA fingerprinting gel of Galápagos Hawks. Each
lane represents the fingerprint of an individual randomly selected from those sampled on the four
study islands named above the gel. Some of these populations exhibit the highest levels of monomorphism at minisatellite loci of any natural bird population studied. Note that several bands are unique
to or fixed in their respective island populations, highlighting the powerful effect that genetic drift has
had in this system in limiting neutral genetic variance within islands and increasing it among islands.
In Table 3, we present the results of the assignment test for each population. The program
accurately assigned all the individuals from
the more genetically monomorphic Española,
Santa Fe, Pinzón, and Marchena populations
to their home islands, though there were misassignments among the larger populations, likely
owing to their greater genetic variability. The
assignment test placed the four Santa Cruz

juveniles into the populations they most closely
matched. One of the four individuals caught on
Santa Cruz had a banding paern identical to
that of one of the Santa Fe genotypes, and the
assignment test placed it within the Santa Fe
population. Another of the Santa Cruz individuals had a banding paern very similar to those
on Pinzón (mean band-sharing between it and
the Pinzón individuals was 0.911 ± 0.03), and
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F. 3. Plot of mean genetic similarity (± SD) of Galápagos Hawk individuals within islands
against the log of island area (km2). Data support our prediction that within-population genetic
similarity should decrease with increasing island size.
the assignment test placed it within the Pinzón
population. The last two Santa Cruz individuals
matched Santiago best, though the chance for
an assignment error is higher for the more variable populations.
D  
Genetic variation within populations.—We were
able to characterize population genetic structure
of nine Galápagos Hawk populations, covering
the entire species range. The populations exhibited very lile genetic variation, having withinpopulation similarity indices ranging from 0.6
to >0.9 at hypervariable minisatellite loci. To
our knowledge, the smaller Galápagos Hawk
populations have the highest reported levels
of monomorphism at minisatellite loci of any
natural bird population, though some populations of New Zealand birds (reviewed in Miller
et al. 2003) and other endangered island bird
species (e.g. Rave 1995, Caparroz et al. 2001)
are nearly as inbred. Gilbert et al. (1990) found

even higher mean band-sharing values for
populations of Channel Island foxes, another
top predator, ranging from 0.75 up to 1.00. By
contrast, unrelated birds in outbred mainland
populations typically have band-sharing values around 0.2 and 0.3 (Parker Rabenold et al.
1991, Papangelou et al. 1998). Although there
are no published studies using minisatellites in
other Buteo species, mean band-sharing within
a small sample of overwintering Swainson’s
Hawks was 0.374 ± 0.10 (n = 8; J. L. Bollmer
et al. unpubl. data). So the Galápagos Hawk’s
ancestral mainland polymorphism was likely
much higher.
Extremely low genetic variability within this
species is probably the result of a single founder
event coupled with long-term genetic dri. The
Buteo phylogeny by Riesing et al. (2003) shows
a very recent divergence between Galápagos
and Swainson’s hawks, and mitochondrial DNA
(mtDNA) work underway on the Galápagos
Hawks indicates a single colonization event from
the mainland (J. L. Bollmer et al. unpubl. data).
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T  2. Pairwise comparisons of between-island diﬀerentiation in Galápagos Hawks. Mean between-island band-sharing values (± SD) are
above the diagonal, with total number and number of independent pairwise comparisons scored in parentheses. FST values are reported below
the diagonal.
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F. 4. Plot of pairwise interisland FST values against the log of geographic distances (km) between
islands for Galápagos Hawks. Degree of genetic differentiation between populations increases with
increasing geographic distance.
T  3. Results of Galápagos Hawk assignment test using minisatellite data. Rows represent the
populations in which we sampled the individuals, and columns represent the populations to
which DOH assigned the individuals. Santa Cruz is listed only as an island of capture, because
there is no resident Galápagos Hawk population there with which possible migrants could be
compared.

Española
Santa Fe
Pinzón
Isabela
Fernandina
Santiago
Marchena
Pinta
Santa Cruz

Española

Santa Fe

Pinzón

Isabela

Fernandina

Santiago

Marchena

Pinta

15
0
0
0
0
0
0
0
0

0
15
0
0
0
0
0
0
1

0
0
10
2
0
1
0
1
1

0
0
0
10
5
5
0
1
0

0
0
0
8
13
5
0
0
0

0
0
0
2
2
23
0
0
2

0
0
0
0
0
0
20
5
0

0
0
0
0
0
3
0
13
0

Although there is evidence that island colonizations may not always result in a signiﬁcant
decrease in genetic diversity (Clegg et al. 2002,
Grant 2002), in the present case, the founding
population may have been small enough that

a severe boleneck occurred. The high mean
interisland band-sharing (0.617) and the presence of bands that are ﬁxed across all populations
(even though most populations are currently
genetically isolated) suggest that Galápagos
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Hawks became inbred early in their colonization
of the islands. The close relationship between
island area and genetic variation across populations indicates that long-term genetic dri has
also been an important factor inﬂuencing the level
of variability in Galápagos Hawks. The smallest
populations have become ﬁxed or nearly ﬁxed for
many of their bands, with diﬀerent bands being
common in diﬀerent populations.
Within-island genetic uniformity decreased
signiﬁcantly with increasing population size,
as approximated by total island area and vegetated area. Although total island area explained
a large portion of the variance in genetic similarity (r = –0.844), we had supposed that population size (and thus genetic variability) would
correlate even more strongly with vegetated
area, given the presence of large tracts of barren lava on some islands. Using only vegetated
area, however, did not substantially improve
the correlation (r = –0.846), even though ﬁve
of the islands are <70% vegetated, two greatly
less. We excluded Santa Cruz from this analysis
because it diﬀers from the other islands, in that
human activities have made the population on
this large island artiﬁcially small. Even though
the Santa Cruz population is almost certainly
the smallest in the archipelago, the four juvenile
Galápagos Hawks sampled there exhibited the
lowest mean similarity of any of the populations, probably because of interisland movements of birds, which we will discuss below.
We found that there was no eﬀect of mating system on genetic variability of Galápagos
Hawk populations. We had predicted that
increased polyandry might result in lowered
eﬀective population sizes in relation to total
population size because of increased variance
in male reproductive success or more strongly
biased sex ratios. The lack of diﬀerence between
low- and high-polyandry populations shows
that mating system is not a strong determinant
of genetic variability in the Galápagos Hawk;
shared paternity may mitigate the eﬀects of
increased polyandry. Also, population size
accounts for such a large portion of the variance
in within-island genetic similarity that there
is lile remaining variability on which other
forces might act.
Genetic divergence among populations.—
Overall, the high FST values indicate that
Galápagos Hawks are reluctant to cross large
stretches of water, which is consistent with the

.
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migratory behavior of their closest mainland
relatives (Fuller et al. 1998). Most Galápagos
Hawk populations appear to be signiﬁcantly
genetically diﬀerent from each other, with the
exception of the interaction between Isabela and
Fernandina and four comparisons involving
Pinzón. The comparisons involving Pinzón are
more suspect, given that we sampled only 10
individuals on Pinzón, all of which were ﬂoater
juveniles instead of territorial adults. Also, the
use of the Bonferroni correction increased the
probability of Type II errors, especially for the
two comparisons with P-values of 0.006 (Pinzón
vs. Pinta) and 0.021 (Pinzón vs. Fernandina).
These two comparisons are also the most geographically distant of the nonsigniﬁcant values.
The populations were divergent to varying
degrees, as indicated by the paern of isolation
by distance. Lower FST values between nearby
populations may be the result of ongoing (albeit
relatively rare in most cases) gene ﬂow between
them, more recent population separation, or a
combination of the two. Española and Santa Fe
were the most divergent from the rest of the
archipelago, with FST values between them and
the other islands ranging from 0.5 to 0.9. Their
relatively extreme divergence (especially from
each other) is likely aributable to the random
ﬁxation of alleles in these populations that are
not common on other islands.
Fernandina and Isabela were indistinguishable at these minisatellite loci. Of all island
pairs, they are separated by the shortest distance (<5 km), and we observed a bird banded
on Isabela residing in a territory on Fernandina.
The lack of diﬀerentiation between these two
populations, therefore, may be aributable to
ongoing gene ﬂow. Alternatively, their similarity may have resulted from more recent separation or from dri acting more slowly in larger
populations. With the present data, we are
unable to distinguish among these scenarios.
The four juveniles we captured on Santa
Cruz are likely migrants from neighboring
islands. When ﬂedglings leave their territories, they spend at least three or four years in
a nonterritorial ﬂoater population, roaming all
over their native island and occupying areas
not used by territorial birds (de Vries 1975).
Because of this nomadic behavior, we suggest that juveniles are much more likely than
adults to move between islands. Dispersal of
juveniles to Santa Cruz may be more probable
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than movement to other islands, because Santa
Cruz is mostly or entirely uninhabited by a
territorial adult population, which means that
suitable habitat is vacant, and juveniles are not
likely to be harassed and driven away by adults.
The assignment test placed two of the birds into
the Santa Fe and Pinzón populations with high
degrees of probability. The other two were most
similar to Santiago, though there is more likely
to be a misassignment when dealing with more
variable populations. Santiago is a likely source
population because it supports a large ﬂoater
population and is an adjacent island. We cannot eliminate the possibility that one or more of
these birds was born on Santa Cruz, because we
could not compare them to a sample of resident
Santa Cruz territorial birds, given the lack of
known breeding adults there.
Archipelagoes are well known as arenas
for species radiations (e.g. Darwin’s ﬁnches,
Hawaiian honeycreepers). Although we have
described morphological and behavioral differences (Bollmer et al. 2003) and genetic
diﬀerentiation (present study) among populations of Galápagos Hawks, these diﬀerences
are on a microevolutionary scale. Presumably,
Galápagos Hawks are one of the more recent
arrivals to the archipelago, and have not been
there long enough to diverge into subspecies or
new species. Dri has had a strong inﬂuence on
divergence at these neutral minisatellite markers, but the importance of dri in speciation
is debatable (Barton 1998). Given the genetic
isolation of many of these populations, the
Galápagos Hawk may one day match the patterns seen in other sedentary species groups
in the archipelago (e.g. Galápagos tortoises
[Geochelone elephantopus subspp.], lava lizards
[Microlophus spp.]), with multiple subspecies or
species restricted to one or a few islands.
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