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We investigated phylogeographic divergence among populations of Galapagos warbler finches. Their broad
distribution, lack of phenotypic differentiation and low levels of genetic divergence make warbler finches an
appropriate model to study speciation in allopatry. A positive relationship between genetic and
geographical distances is expected for island taxa. Warbler finches actually showed a negative isolation
by distance relationship, causing us to reject the hypothesis of distance-limited dispersal. An alternative
hypothesis, that dispersal is limited by habitat similarity, was supported. We found a positive correlation
between genetic distances and differences in maximum elevation among islands, which is an indicator of
ecological similarity. MtDNA sequence variation revealed monophyletic support for two distinct species.
Certhidea olivacea have recently dispersed among larger central islands, while some Certhidea fusca have
recently dispersed to small islands at opposite ends of the archipelago. We conclude that females have
chosen to breed on islands with habitats similar to their natal environment. Habitat selection is implicated
as an important component of speciation of warbler finches, which is the earliest known divergence of the
adaptive radiation of Darwin’s finches. These results suggest that small populations can harbour cryptic
but biologically meaningful variation that may affect longer term evolutionary processes.
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1. INTRODUCTION

Islands that are closer together tend to have populations
that are more similar to each other (Wallace 1880). Recent
molecular genetic studies have provided evidence that this
pervasive pattern in nature is caused by distance-limited
dispersal. Island populations of tortoises (Caccone et al.
2002), beetles (Finston & Peck 1995) and lizards (Wright
1983) in the Galapagos, and Drosophila (Desalle 1995),
spiders (Hormiga et al. 2003) and crickets (Shaw 2002) in
Hawaii tend to be genetically more closely related if they
occur on neighbouring islands. The abundant evidence
from nature has led to the assumption of distance-limited
dispersal in models of island biogeography (MacArthur &
Wilson 1967), geographical clines (Endler 1977;
Kirkpatrick & Barton 1997), metapopulation dynamics
(Hanski & Gilpin 1997) and speciation (Mayr 1942;
Garcia-Ramos & Kirkpatrick 1997).

Evidence of distance-limited dispersal is commonly
encountered in birds (Seutin et al. 1994; Clegg ez al. 2002;
Irwin et al. 2002). However, the greater vagility of birds
compared with other organisms also implies an enhanced
ability to sample different habitats during dispersal, which
could cause deviations from distance-dependent dispersal.
Birds are well known for selecting habitats after dis-
persing (Cody 1985). Their habitat preferences may be
genetically based. Alternatively, habitat preferences may
be acquired during development (Gruenberger & Liesler
1990; Teuschl ez al. 1998), much like their songs and mate
preferences (Grant & Grant 1996). Developmentally
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acquired preferences can reduce gene flow and accelerate
divergence and speciation among populations, but evi-
dence for this process in nature is limited (Price 1998;
West-Eberhard 2003; Davis & Stamps 2004).

Interisland dispersal of Darwin’s finches has tradition-
ally been considered rare, allowing island populations to
differentiate in allopatry (Lack 1947). A study of the
founding of a population of large ground finches (Geospiza
magnirostris) in 1982 suggested interisland movements
may be more frequent (Grant ez al. 2001). Founders of the
now thriving Daphne Major population were a non random
subset of potential immigrants from four other island
populations, suggesting that birds sampled island habitats
and chose to breed or continue moving. Such non random
flow of genes among populations could lead to divergence
and speciation over time (Epperson 2003). This can be
investigated indirectly by quantifying population divergence
in a very closely related species with older populations.

The Galapagos warbler finches (Certhidea) are an
appropriate model for the study of population divergence
and speciation in allopatry. They are the most widespread
of all Darwin’s finches, occurring on every major island.
Warbler finch populations are phenotypically very similar
and until recently were considered a single species (LLack
1947; Grant & Grant 2003). There is also a lack of evidence
of premating isolation among populations based on song
(Grant & Grant 2002). Thus, the discovery of large genetic
differences among subsets of island populations of warbler
finches was surprising (Freeland & Boag 1999a; Petren
et al. 1999a) and suggested the presence of two allopatric
species (Certhidea olivacea and Certhidea fusca).
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Table 1. Numbers and sources of warbler finch specimens sequenced including partial haplotypes.

(three approximately 300 bp regions; 864 bp total.)

island source® date 1st 2nd 3rd all
Darwin CAS 1906 2 2 2 2 2
Espariola field 1997 4 4 3 1 1
Fernandina AMNH 1894 3 3 3 1 1

field 1997, 1999 4 4 3 1 1
Floreana CAS 1906 1 1 1 1 1
Genovesa BNHM 1897 3 2 3 2 1

field® 1997 3 3 3 3 3
Hermanos AMNH 1902 4 4 4 3 3
Isabela field® 1999 0 10 9 1 1
Marchena CAS 1906 2 2 2 1 1

field 1988 2 2 2 1 1
Pinta field 1997 9 9 8 1 1
Pinzon CAS 1906 4 3 2 3 1

field 2004 3 3 3 0 0
Rabida field 2002 1 1 1 1 1
San Cristobal field 1997, 1999 7 7 7 1 1
Santa Cruz CAS 1906 2 1 1 2 1

field 1996/7 4 3 3 2 1
Santa Fé field 1999, 2004 6 6 6 1 1
Santiago field 1996 8 8 7 1 1
Wolf CAS 1898 1 1 1 0 0

BNHM 1897 1 1 1 1 1
totals 84 80 74 30 25

#Sources: AMNH, American Museum of Natural History; CAS, California Academy of Sciences; BNHM, British Natural History Museum;
field, field captured. Museum accession numbers are given in Electronic Appendix 2.

*Includes two sequences from Sato ez al. (1999).
“Includes individuals from Isabela volcanos Alcedo, Wolf and Darwin.

Here, we present a comprehensive phylogeographic
study of warbler finches using mtDNA (cytochrome b)
sequence divergence among all 16 known populations. We
use museum specimens to represent difficult to access and
possibly extinct populations (Grant et al. 2005). We
determine if there is support for two phylogenetically
independent groups of warbler finches. We test the
hypothesis that metapopulation structure is determined
by distance-limited dispersal among islands, which
predicts that genetic isolation will be correlated with
geographical distance. Finally, we explore an alternative
hypothesis, that genetic relatedness is determined by
habitat-limited dispersal, and evaluate the evidence for
recent dispersal.

2. METHODS

(a) Sampling

We obtained tissue samples from 84 birds from all 16 known
populations of warbler finches (table 1). Of these, 23 were
museum specimens from the California Academy of Sciences,
the American Museum of Natural History and the British
Natural History Museum (Electronic Appendix Section 1).
Museum specimens were sampled by cutting a small
(approximately 3 X2 mm) piece of tissue from the side of
the largest toe pad using a sterile scalpel (Mundy & Woodruff
1997). Field-captured birds were sampled from different
expeditions and different parts of islands where possible. A
small drop of blood was taken by venipuncture and absorbed
onto EDTA-soaked filter paper and dried (see Petren 1998;
Petren ez al. 1999b).
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(b) Laboratory methods

DNA was extracted from tissue (Qiagen tissue Kkit) by
digestion for 48 h at 55 °C, with twice the recommended
amount of proteinase K (140 pg). Previously published
sequences (Sato er al. 1999) were used to develop primers
for an 864-bp region of the cytochrome b gene, and internal
primers for three shorter segments which were used for
polymerase chain reaction (PCR) of lower quality DNA from
museum specimens (Electronic Appendix Section 2). PCR
was carried out for 33 cycles (30 s at 94 °C; 30 s at 57 °C; 90 s
at 72 °C) using pre mixed components (ABI Amplitaq Gold
mix). An early set of reactions showing evidence of
contamination in a blank control was discarded. No further
evidence of contamination was detected after stricter pro-
cedures were implemented, including the use of a spatially
isolated facility dedicated to low copy number DNA
extraction (Leonard er al. 2000). To facilitate the detection
of contamination, individual birds from the same population
were processed in different batches, and populations were
intermingled within batches.

At least one complete haplotype was obtained per
island, and additional complete haplotypes were obtained
for any individuals whose partial haplotype revealed differ-
ences that could affect interpretation (greater then 0.5%
divergence). Unique haplotypes based on bidirectional
sequencing of 22 birds were subjected to the full analysis
and posted in GenBank (accession numbers AY672044—
AY672065).

(¢) Genetic distance comparisons
We used Mantel correlations (Mantel 1967) to compare
average genetic distances among populations with the
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Figure 1. A map of the Galapagos with 300 and 600 m
elevation contours. Abbreviated island names and maximum
elevation in metres are given in parentheses.

physical features of islands on which they occur. Statistical
significance was assessed with permutations (z=1000;
Legendre & Vaudor 1991). Interisland distances (shore-to-
shore) were from Hamilton & Rubinoff (1967). Maximum
elevation of islands was used as an approximate indicator of
habitat variation (figure 1). High islands create more local
rainfall, thus several distinct vegetation zones are evident as
one moves up an elevational gradient. Low islands are much
more xeric and less heterogeneous, with few of the plant
species characteristic of upland habitats (Wiggins & Porter
1971). We included island area in partial Mantel tests
(Castellano & Balletto 2002) because area is expected to
affect population size and levels of genetic variation, and
because it is generally correlated with maximum elevation of
islands.

(d) Nested clade analysis

We used nested clade phylogenetic analysis to test for
differences in the geographical distribution of clades and
haplotypes (Templeton 2004). This method can reveal
biological processes that may have affected subsets of
populations, including isolation by distance, range expan-
sion, colonization, fragmentation and panmixia. Pairs of
real and inferred haplotypes were grouped into clades based
on an unrooted maximum parsimony network, and the
process was repeated to create different levels of nesting
clades. Clades containing variation in haplotypes and
geographical distribution (z=12) were subjected to a
contingency test permuted 10 000 times (GeoDis v.2.0;
Posada er al. 2000). This method has performed well in
recent evaluations (Templeton 2004), and the statistical
tests are robust, but biological inferences made using the
interpretation key must be made with caution (Knowles &
Maddison 2002).

(e) Phylogeographic analysis

To assess support for monophyletic groupings, we used
maximum parsimony and maximum likelihood (Swofford
1998), the latter with a ts/tv ratio of 2.0. Confidence in nodes
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Figure 2. Uncorrected pairwise genetic distances of mito-
chondrial haplotypes plotted against interisland geographical
distances. Least-squares regression lines are shown as a solid
line for the entire dataset, and as dashed lines for Certhidea
olivacea (circles) and Certhidea fusca (squares). Among-group
distances (crosses) are greater and nearly non overlapping
with within-group distances.

was assessed using 1000 bootstrap replicates. We also
employed Bayesian methods of inference with data partitions
set to codon position, and a general time reversible model
(Ronquist & Huelsenbeck 2003). Likelihood scores stabilized
between generation 12 000 and 15 000 in successive runs
using random starting trees, thus we discarded the first
20 000 generations. Over the following 30 000 generations,
we saved one tree every 10 generations and estimated support
for nodes from these 3000 trees. We used Tiaris obscura from
Panama as the outgroup (Sato et al. 2001). Owing to
uncertainty about which species are the most appropriate
outgroup (Burns er al. 2002), we also determined if using
other mainland species (7. olivacea, T. bicolor) or other
Darwin’s finches (Geospiza spp.) as the outgroup altered our
results.

3. RESULTS

(a) Patterns of genetic variation

The maximum amount of within-island divergence among
haplotypes was 0.7%, or six changes out of 864 bp.
Different haplotypes were found on the large islands of
Santa Cruz and Fernandina and were included in the final
analysis. For all other islands, haplotype divergence was
less than 0.5%. Some complete haplotypes collected a
century apart from Genovesa and Marchena were
identical. The average genetic divergence among all
complete haplotypes was 1.8% (0-3.8%).

(b) The hypothesis of distance-limited dispersal

If dispersal is limited by distance, genetic and geographical
distances should be positively correlated, producing a
pattern of isolation-by-distance. The isolation by distance
correlation is actually negative, contrary to the predicted
direction. Therefore, the hypothesis of distance limited
dispersal can be rejected. Populations generally fall
into two major groups corresponding to C. olivacea and
C. fusca, initially identified by microsatellites (Petren ez al.
1999a). Genetic distances between these groups
(X = 3.0%; range, 2.3-3.8%) are nearly non overlapping
with distances within groups regardless of the geographical
distances among islands (figure 2). When C. olivacea and
C. fusca are considered separately, the signs of the
correlation coefficients remain negative but are not
statistically significant (table 2; figure 2).
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Figure 3. A network of Certhidea mtDNA haplotypes showing minimum numbers of changes. Lines connecting real or inferred
(open circles) haplotypes represent one base change. Abbreviations within haplotype symbols indicate the island where each
haplotype was found. Unique haplotypes are indicated by circles for putative Certhidea olivacea, and triangles or squares for
Certhidea fusca. Numbers in parentheses indicate more than one identical sequence. An ‘M’ indicates the haplotype is from

museum specimens .

Table 2. Mantel correlations (ryy) of average genetic distance among populations and island characteristics.
(Significant and marginally significant values are in boldface and negative correlations are underlined.)

geographic distance

elevational (ecological) distance

alone partial, with area
™ p ™ P ™ P
Certhidea all —0.194 0.022 0.339 0.015 0.182 0.054
Certhidea fusca only —0.233 0.080 0.509 0.010 0.416 0.015
Certhidea olivacea only —0.135 0.412 —0.489 0.010 —0.164 0.416

(¢) The hypothests of habitat-mediated dispersal

If dispersers prefer to settle on islands with habitats similar
to their natal environment, there should be a positive
correlation of genetic distances between populations and
habitat similarity. The habitat-mediated dispersal hypothe-
sis is supported, as there is a significant positive
correlation of genetic and elevational differences overall.
The result remains the same when populations of C. fusca
are considered separately (table 2). Controlling for island
area in partial Mantel tests does not alter these results.
The hypothesis is not supported statistically when
C. olivacea populations are considered alone, perhaps
because there are so few of them.

(d) Phylogeographic patterns of variation

We use nested clade analysis to distinguish among
alternatives to the distance-dependent dispersal hypothe-
sis. Four of the 12 clades tested (figure 3) show significant
heterogeneity in the geographical distribution of
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subclades (table 3). For the entire cladogram, results
indicate long distance dispersal in the main C. fusca clade
(4.1), while the main C. olivacea clade (4.3) has a relatively
limited distribution. Within the main C. olivacea clade
(4.3), there is evidence of recent long-distance coloniza-
tion, as clade 3.5 has a relatively broad distribution
(Fernandina, Isabela, Pinzon, Rabida) compared with
clade 3.6. We conclude that long-distance dispersal has
occurred in both C. fusca and C. olivacea, and this was
probably the underlying cause of our rejection of the
distance limitation hypothesis. Non random patterns
within two other C. fusca clades (4.1, 2.1) could not
be attributed to any biological process other than
panmixia.

Phylogenetic reconstructions support the existence of
two phylogenetically distinct species (figure 4, left). The
geographical locations of clades reveal that neighbouring
islands do not always harbour genetically similar popu-
lations. Instead, two striking patterns of interspersion of
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Figure 4. Phylogram of all unique mtDNA haplotypes (left), and the geographical locations of haplotypes (right). The maximum
likelihood tree is shown, with horizontal branch lengths proportional to inferred evolutionary time. Certhidea olivacea (below,
circles) and Certhidea fusca (above, triangles, squares) form phylogenetically distinct groups as indicated by strong support for
reciprocal monophyly. A subset of C. fusca haplotypes (squares) are maximally 3 bp different, but span the entire archipelago
(indicated by lighter shading). The topology shown differed from all other equally parsimonious trees (n=2) or trees with
equivalent likelihood (z=1) only in the arrangement of branches within the recently diverged subclade of C. fusca (squares).
Numbers above horizontal lines indicate support for each node based on Bayesian analysis (3000 trees). Numbers below lines
are percentage bootstrap support for maximum parsimony (left, z=1000) and maximum likelihood (right, z=1000). Tiaris
obscura was used as the outgroup, but substitution of different outgroup taxa did not affect results.

Table 3. Nested clade phylogenetic analysis (Templeton 2004) results for four clades that showed significant® geographical
structuring of the 12 clades tested.

clade (subclade) D(km) D, (km) key codes and inference

total clade (x?=54.0%**%) (1,2, 3,5, 6, 7, 8]

(4.1, tip) 138.27* 126.07** some long distance dispersal (clade 4.1)
(4.2, int.) 60.0 78.7 some restricted gene flow (clade 4.3)
(4.3, tip) 48.8<** 86.4<*

I-T —42.5 —31.5

clade 4.3 (x>=8.0) (1, 2,11, 12, 13]

(3.5, tip) 82.3 66.57* range expansion, long distance colonization
(3.6, int.) 0.0<* 38.7

I-T —82.3%* —27.8

clade 4.1 (x*=15.0**) [0]

(3.1, tip) 136.7 137.8 panmixia

(3.2, int.) 138.4 138.3

I-T 1.7 0.5

clade 2.1 (x*>=12.0**) [0]

(1.1, tip) 92.0 141.1 panmixia

(1.2, int.) 137.0 136.8

I-T 35.0 —4.2

#The direction of significant geographical differences relative to other clades is indicated by <’ or ‘>’; p values are indicated by ‘*’ (<0.05),
S (<£0.01) or F** (<0.001).

clades are revealed (figure 4, right). First, C. olivacea has squares), and is distributed irregularly around the four
a narrower range than C. fusca, but ranges overlap remaining C. fusca haplotypes (triangles). This pattern is
considerably, with C. fusca partly circumscribing inferred to have become established recently, owing to
C. olivacea. Second, a small clade of Certhidea haplotypes the small numbers of base changes (less than or equal to 3)
spans the entire length of the archipelago (figure 4, among all members of the widely dispersed clade.

Proc. R. Soc. B (2005)
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The geographical interspersion of clades contributes to
the ambiguous interpretations of the nested clade analysis
because it assumes that geographical overlap indicates
panmixia.

4. DISCUSSION

Closely related populations of warbler finches that are
ecologically, behaviourally and morphologically similar do
not show isolation by distance patterns that reflect
distance-dependent dispersal. Instead, genetic relatedness
among populations is more closely associated with habitat
similarity. For example, populations on islands at opposite
ends of the archipelago with similar habitat, such as
Darwin and Espafiola, are genetically similar. Populations
on neighbouring islands that differ in habitat, such as
Isabela and Hermanos, belong to two distinct clades. The
pattern is reflected in field-captured specimens so our
results are not attributable to artefacts of degraded DNA
(Hofreiter er al. 2001). We can also rule out the possibility
of being misled by our single-locus mtDNA marker (Shaw
2002) or by insufficient sampling, because the division of
C. fusca and C. olivacea populations is completely
concordant with results of a nuclear microsatellite analysis
(Petren et al. 1999a) of more loci (r=16) and more
individuals per population (89 birds from six
populations).

In our view, the evidence of recent long range dispersal
implies that habitat choice is the most probable expla-
nation for the positive association of genetic and habitat
similarities among populations of warbler finches. An
alternative explanation is that a recent wave of C. fusca
dispersal was random, but immigrant haplotypes are now
only detectable on small islands. This alternative assumes
that population size is correlated with island size, but the
correlation is far from perfect. For example, warbler
finches are much less numerous on the medium-sized
islands of Pinzdén, Rabida and Santa Fé, where the widely
dispersed haplotype is absent, than on Genovesa or
Espanola where the haplotype is present (unpublished
observation). Furthermore, the evidence shows that
C. olivacea has recently dispersed among both large and
small populations. This suggests that population size does
not affect the detection of recent genetic movement, and a
single wave of dispersal limited to C. fusca is unlikely.
Reproductive surges that could lead to waves of dispersal
are known in Darwin’s finches, but have repeatedly been
linked to recurring El Nifio events (Grant er al. 2000),
which affect the entire archipelago, not subsets of islands.
Although it is difficult to completely rule out more
complex alternatives, habitat choice is the most parsimo-
nious explanation for the observed patterns. This
conclusion is supported by results of another study
(Grant et al. 2001) that suggested birds sample habitats,
and choose not to breed on certain islands.

Other processes may have contributed to the inter-
island population structure of Certhidea. We briefly discuss
two that are pertinent to recently diverged, vagile
vertebrates. First, competition between C. olivacea and
C. fusca may affect their current distributions. However,
competition with C. olivacea does not prevent low island
C. fusca from inhabiting the drier lowlands of larger
islands, because C. olivacea is confined to moist upland
forest on every island where they occur (personal
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observation). The absence of warbler finches from the
lowlands of large islands is an unsolved problem that
requires further ecological research, but it also suggests
that there are indeed biological differences between these
species. Second, mate choice can affect dispersal and
influence speciation (Price 1998). Mate choice is related
to song and morphology in Darwin’s finches (Grant 1999)
and it may have played a role in the settlement choices of
immigrant G. magnirostris (Grant et al. 2001). However,
the lack of evidence of premating barriers among Certhidea
(Grant & Grant 2002), along with the absence of a
connection with habitat, suggests mate choice is not a
general explanation for Certhidea dispersal patterns.

The two warbler finches are the most genetically
divergent phylogenetic species of the entire, and relatively
young, adaptive radiation of Darwin’s finches (Petren ez al.
1999a; Freeland & Boag 1999q). Differences in cyto-
chrome b sequence among C. olivacea and C. fusca
(X=3.0%) is considerably less than the divergence
between most sister species of North American passerines
(X =5.1%; Klicka & Zink 1999). The divergence in habitat
use of warbler finches contrasts in many ways with the
rest of the adaptive radiation. Phenotypic differentiation
among Certhidea populations is much more subtle than
differences among populations of other Darwin’s finch
species commonly used to illustrate the early stages of
speciation in allopatry (Lack 1947; Grant 1999; Grant &
Grant 2003). Furthermore, other species of Darwin’s
finches share the same habitats, are not phylogenetically
distinct (Freeland & Boag 1999b), but differ greatly in
morphology, ecology and behaviour (Grant 1999), all in
contrast to the warbler finches. Thus, although habitat
selection may have helped to initiate the speciation process
in this adaptive radiation, other processes must have
shaped the rest of the radiation.

The divergence of Certhidea can be viewed as a case of
cryptic speciation. Molecular methods have previously
revealed cryptic speciation in birds, but it has typically
been associated with geographical variation (e.g. Avise &
Nelson 1989; Omland er al. 2000). Habitat choice has
been implicated in speciation of other organisms, for
instance, in insects that specialize on different hosts (Via
1999). Habitat use preceded divergence of other traits in
Phylloscopus warblers (Richman & Price 1992). However,
to our knowledge, selective dispersal among interspersed
habitats has not previously been linked to speciation in
birds. The short time-scale of divergence among warbler
finches suggests that habitat imprinting may play a role in
habitat choice and speciation (Davis & Stamps 2004), but
with these data we cannot distinguish between acquired
and innate habitat preferences.

Most spatial models of population structure assume
that immigrants come from larger and closer source
populations (Mayr 1942; Garcia-Ramos & Kirkpatrick
1997; Hanski & Gilpin 1997). Centrally located
C. olivacea populations conform to this expectation, but
peripheral C. fusca populations do not. The sources of
genetic immigrants to low islands were not large or close
islands but other low islands located further away. The
role of habitat remained cryptic until this comprehensive
analysis of 16 discrete island populations. This study
provides an example of the need to carefully assess the
biodiversity value of small populations (Blondel ez al.
1999; Templeton et al. 2001). Small, peripheral
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populations that do not appear to be unique may
nevertheless harbour biologically significant variation
that may play an important role in evolution.
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