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Many classic examples of adaptive radiations take place within fragmented systems such as islands or mountains, but the roles of
mosaic landscapes and variable gene flow in facilitating species diversification is poorly understood. Here we combine phylogenetic
and landscape genetic approaches to understand diversification in Darwin’s finches, a model adaptive radiation. We combined
sequence data from 14 nuclear introns, mitochondrial markers, and microsatellite variation from 51 populations of all 15 recognized
species. Phylogenetic species-trees recovered seven major finch clades: ground, tree, vegetarian, Cocos Island, grey and green
warbler finches, and a distinct clade of sharp-beaked ground finches (Geospiza cf. difficilis) basal to all ground and tree finches.
The ground and tree finch clades lack species-level phylogenetic structure. Interisland gene flow and interspecies introgression
vary geographically in predictable ways. First, several species exhibit concordant patterns of population divergence across the
channel separating the Galápagos platform islands from the separate volcanic province of northern islands. Second, peripheral
islands have more admixed populations while central islands maintain more distinct species boundaries. This landscape perspective
highlights a likely role for isolation of peripheral populations in initial divergence, and demonstrates that peripheral populations
may maintain genetic diversity through outbreeding during the initial stages of speciation.
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Several model systems have demonstrated the power of fragmented landscapes in facilitating the adaptive radiation of phenotypes including the Caribbean Anolis lizards (Knox et al. 2001;
Losos and Thorpe 2004; Mahler et al. 2013), the Hawaiian honeycreepers (Tarr and Fleischer 1995), the African cichlids (Day et al.
2007; Wagner et al. 2012), and Galápagos finches (Grant 1999).
In many of these cases, the question remains as to how these fragmented populations are able to diversify so rapidly into distinct
evolutionary entities. Reconstructing the dynamics of these adaptive radiations through time and space is difficult, as typical phylo∗ These

genetic, phylogeographic, and island biogeographic methods are
limited in their ability to reconstruct history for recently divergent
lineages (Maddison 1997). Additionally, meta-population dynamics and interspecies introgression must be addressed specifically
in these systems as increasing evidence supports models of speciation and morphological differentiation in the presence of gene
flow between populations or species (Shaw 2002; Grant et al.
2005; Petren et al. 2005; Day et al. 2007)
The Galápagos archipelago is an ideal system in which to
study the dynamics of endemic radiations because of its oceanic
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isolation, variety of island sizes and proximities, discrete geographical nature, and known geological age of islands (Geist et al.
2014). The mechanism of species accumulation within the
Galápagos finches is still largely unknown due to unresolved
phylogenetic relationships (Petren et al. 1999a, 2005). The radiation of finches is typically accredited to strong natural selection
(Grant et al. 1976, 2001; Boag 1983; Grant and Grant 2002a, b,
2006) on highly heritable traits such as beak shape (Boag and
Grant 1978; Boag 1983). The recognized species possess a variety of distinct ecological niches associated with morphological
traits (Lack 1947; Grant 1999), though phylogenetic studies of
these species have been limited in scope and somewhat contradictory (Freeland and Boag 1999; Petren et al. 1999a; Sato et al.
1999). Species boundaries appear to be maintained due to assortative mating based on learned song cues (Ratcliffe and Grant
1983, 1985; Grant and Grant 1996, 1997a,b; Grant 1999), despite
well-documented hybridization among several species on multiple islands (Grant and Grant 1994, 1997a; Grant et al. 2004, 2005).
The processes of species divergence through selection and adaptation, and homogenization through interbreeding and introgression, are further complicated by ongoing gene flow among fragmented island populations (Petren et al. 2005) that have varying
degrees of intraspecific morphological divergence (Lack 1947;
Grant et al. 1976). Combining all aspects of this system, including characteristics of the species and the islands in which they
have diversified, could shed light on the circumstances that have
lead to the great diversity of forms that occur in the Galápagos
today.
Fifteen species of Darwin’s fiches are currently recognized,
with one species (Pinaroloxias) on Cocos island. The Galápagos
radiation comprises the ground (Geospiza), tree (Camarhynchus,
Cactospiza), vegetarian (Platyspiza), and warbler (Certhidea)
finches. Most species are found on several islands within the
archipelago (Fig. 1) with some level of morphological or song
cohesion between different island populations of each species.
Methods used previously to recover phylogenetic relationships,
both mitochondrial DNA and microsatellites, are known to have
limitations for recovering species history (Hudson and Coyne
2002). Multilocus sequence data offers promise for revealing
the phylogenetic history of species that are recently diverged
or have complex evolutionary histories by reducing noise in
the phylogenetic signal (Pamilo and Nei 1988; Liu et al. 2008;
Edwards 2009; Camargo et al. 2012). Historical processes such
as hybridization, introgression, and mitochondrial capture can be
more easily detected using a multilocus approach that includes
both fast and slow evolving markers.
In this study, our aim is to examine the phylogenetic relationships of the Darwin’s finch radiation, evaluate the correspondence of genetic variation and species boundaries, and refine our
understanding of the role of the geographic landscape in shap-

ing diversification within this system. In our initial treatment of
“species,” we follow previous work delimiting species by morphological distinction, divergent ecological niche, and breeding
preference (Grant 1999). To better understand the general nature
of genetic divergence among species, we first evaluate species’
phylogenetic cohesion taking into account multiple populations
per species. We then consider the evidence for phylogenetic distinctness among lineages, particularly focusing on clades with
documented hybridization (ground and tree finches). Then we investigate the effects of landscape structure on genetic divergence
within and among species, and finally we evaluate whether the homogenizing effects of introgression vary across the landscape in
predictable ways. This study will elucidate not only the historical
and ongoing processes involved in the formation and maintenance
of species within the Galápagos finches, but it will inform about
the nature of speciation processes in spatially fragmented systems marked by ongoing gene-flow, introgression, and episodes
of strong selection.

Methods
TAXON SAMPLING FOR SEQUENCE-BASED
ANALYSES

A total of 54 individuals representing all recognized species of
Galápagos finches and one outgroup were included in sequencing
analysis for phylogenetic reconstruction. Each species was represented by four individuals from different islands where distributions and sampling allowed (Table 1). Species limited to a single
island (e.g., Cactospiza heliobates) were represented by two individuals from the same island. Pinaroloxias inornata from Cocos
Island and Tiaris bicolor, a closely related mainland species that
was used as the outgroup (Sato et al. 2001), were each represented
by a single individual.
Whole blood samples were collected in the field by venipuncture and dried on EDTA-treated filter paper (Petren 1998; Petren
et al. 1999a). The samples used in this study were collected on various field expeditions and, when possible, represent different parts
of the island when multiple individuals of a taxon were sampled.
DNA was extracted using previously published methods (Petren
et al. 1999a). All procedures involving animals were approved
by the University of Cincinnati IACUC (protocol #06–06–01–01,
#06–05–31–01).

INTRON AND MITOCHONDRIAL LOCI

An extensive literature search was conducted to identify potential
nuclear intron primers for use in this study, yielding 24 potential
loci. Each locus was evaluated for PCR and sequencing quality
and sequence variability across species. The final nuclear intron
dataset included 14 introns from 12 unique genes, for a total of
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Elevational map of the Galápagos Islands. Elevation ranges from sea level (light gray) to 1,707 m (dark gray). The islands

of Darwin and Wolf are 150 km to the north of Isabela, and depicted here at a higher magnification. The deep-water channel and
equator that divide the northern islands (Genovesa, Pinta, Marchena, Darwin, Wolf) from the central islands (all others) is shown in the
Supplementary Materials S1.

approximately 7100 base pairs (5.8% missing data). Two mtDNA
loci known to be variable in the Galápagos finches were also
sequenced: CytB and part of the Control Region. Detailed information for each intron and mtDNA locus evaluated, including
primer sequences, PCR conditions and literature citations, can
be found in Supplementary Materials (Supplementary Table S1).
PCR products were directly sequenced using ABI 3730 DNA
Analyzers with PCR primers or appropriate nested sequencing
primers, as necessary.
Sequences were aligned using CodonCode Aligner software v.1.5.2. (CodonCode Corporation, Dedham, MA), and
Geneious v.5.6 (created by Biomatters; available from
http://www.geneious.com), with additional adjustments made by
eye. Potentially heterozygous sites were either coded as heterozygotes and phased to haplotypes using FastPhase v.1.2 (Scheet and
Stephens 2006) if sequences were clear and well supported in
both forward and reverse reads, or coded as ambiguous characters
if uncertain. Default settings were used except modified for extra
stringency as in Spinks and Shaffer (2009). One haplotype from
each phased individual was randomly chosen for final molecular
analyses. Portions of introns that were unobtainable due to PCR
or sequencing difficulties were coded as missing data. jModelTest (Posada 2008) was used to establish the most suitable model
of evolution, with models selected using AICc (Supplementary
Materials, Supplementary Table S2).
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PHYLOGENETIC ANALYSES AND MTDNA HAPLOTYPE
NETWORK

Individual nuclear trees were generated in MrBayes 3.2.1
(Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck
2003) for use in BUCKy (Ané et al. 2010; Larget et al. 2010)
species tree estimations (see below). Each intron analysis was run
with three heated chains for 200,000,000 generations, sampling
every 20,000, with the first 10% discarded as burnin. As preliminary investigations showed poor individual resolution at the
single intron level due to identical sequences, this length of run
was determined to be sufficient because BEAST combined-intron
trees (below) showed sufficient mixing and convergence at much
shorter intervals.
Partitioned-model Bayesian analyses of all nuclear loci were
performed using BEAST v.1.7.5 (Drummond et al. 2012) with
unlinked substitution models, clocks, and a linked tree prior of
“coalescent: constant size.” The coalescent: expansion growth
tree prior was also evaluated, with no changes to topology. Both
strict clocks and lognormal relaxed clocks were assessed, with no
effect on topology. Due to low genetic divergence and low variability within this closely related dataset, models based on a strict
clock were used in all instances as recommended for populationlevel BEAST analyses. The analyses were run for 40,000,000
generations sampling every 4000 generation and used a random
starting tree. The first 10% of total generations were discarded as
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Table 1. Species and islands represented in the multi-locus sequence analyses. One individual per species per island was sampled unless
otherwise identified.

Genus

Species

Island

Geospiza
Geospiza
Geospiza
Geospiza
Geospiza
Geospiza
Geospiza
Camarhynchus
Cactospiza
Camarhynchus
Camarhynchus
Cactospiza
Platyspiza
Certhidea
Certhidea
Pinaroloxias
Tiaris

septentrionalis
difficilis
fuliginosa
scandens
fortis
magnirostris
conirostris
parvulus
pallida
psittacula
pauper
heliobates
crassirostris
olivacea
fusca
inornata
bicolor

Darwin (DW), Genovesa (GE), Wolf (WO)
Pinta (PI), Fernandina (FE), Santiago (SO)
Floreana (FL), Santa Cruz (SC), San Cristóbal (CO), Pinta
San Cristóbal, Floreana, Santiago, Marchena (MA)
Fernandina, Floreana, Isabela (IS), San Cristóbal
Fernandina, Pinta, Genovesa, Daphne (DM)
Genovesa, Española (ES)
Floreana, Santiago, Santa Cruz, Isabela
Fernandina, San Cristóbal, Santiago, Isabela
Isabela, Santa Cruz, Marchena, Pinta
Floreana (n = 2)
Isabela (n = 2)
Pinta (n = 2), Santa Cruz, Fernandina
Rábida (RA), Santa Cruz, Santiago, Isabela
Española, Pinta, Marchena, Genovesa
Cocos Island (Coco)
Puerto Rico (Puet)

burnin for both convergence and tree estimates. Convergence was
investigated using Tracer through a visual inspection of adequate
mixing and ESS estimates above 200 (Tracer v.1.5.; Rambaut
and Drummond 2007). The maximum clade credibility tree was
calculated using TreeAnnotator in BEAST.
Mitochondrial trees were estimated from concatenated CytB
and Control Region sequences in BEAST using strict clocks, a
“Coalescent: constant size” tree prior, and the SRD06 model of
sequence evolution. Relaxed, lognormal clocks, and expansion
tree priors again did not influence topology. The reading frame
for each locus was determined in Mesquite v.2.75 (Maddison and
Maddison 2008) by minimizing stop codons. In addition, we constructed a minimum spanning network of haplotypes of all individuals using statistical parsimony in TCS version 1.21 (Clement
et al. 2000) with 95% reconnection limits between haplotypes.

locus was set to 1.0 and the mutation rate for mtDNA was set at
2.6 using a strict molecular clock for all. Again, strict clocks were
employed due to the low variability and low genetic divergence
experienced within this clade. Models of molecular evolution for
each locus match those outlined above. The species tree prior was
set to birth-death to most closely match the ephemeral nature of
these populations. The population size model in the tree prior was
set at “piecewise linear and constant root.”
For our second species tree method, we estimated the
Bayesian concordance analysis (BCA) tree using BUCKy v.1.4.0
using the posterior distributions of single locus trees generated
above. Three different a priori levels of discordance (α) were explored (0.01, 1, 10). Analyses were run for 1,000,000 generations
with the first 100,000 generations discarded as burnin.

COMBINED NUCLEAR AND MITOCHONDRIAL

MICROSATELLITE ANALYSES OF POPULATION

SEQUENCE ANALYSES

STRUCTURE

We used ∗BEAST (Heled and Drummond 2010) to estimate a
species tree from the multilocus data. Species were assigned based
on the identification of each sample (based on field data of morphology, locality, and song). The simulation was first run with all
G. difficilis as a single lineage, then with the G. difficilis from
each island as separate lineages, and finally with the Genovesa,
Darwin, and Wolf populations as a single species and all others
as a single species (as strongly supported by mtDNA and the preliminary species tree results). As mtDNA is estimated to have a
mutation rate approximately 2.6 times higher than nuclear introns
in birds (Kondo et al. 2008), the substitution rate for each nuclear

A total of 1452 ground finches (Geospiza species excluding G.
cf. difficilis from Pinta, Fernandina, and Santiago), 55 G. difficilis (Pinta, Fernandina, and Santiago, hereafter referred to as G.
cf. difficilis), 194 tree finches (Camarhynchus and Cactospiza),
and 223 warbler finches (Certhidea) were analyzed for genetic
structure within and between species. These analyses investigated
both genetic structure within species (dispersed on multiple islands) and potential for introgression among species (of ground
or tree finches) on each island. Additionally, large-scale analyses
of genetic structure within each clade (ground, tree, and warbler
finches) were run to investigate larger patterns of structure. All
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individuals of known hybrid ancestry were excluded from analyses except when investigating Geospiza admixture on each island.
Microsatellite variation was analyzed at 14 loci previously
used in studies of Galápagos Finches (Petren et al. 2005). Two loci
(Gf2 and Gf10) used in previous studies were excluded because
they are sex-linked (Z-linked in birds), as determined by parentage studies (Petren et al. 1999b; Grant et al. 2001; Keller et al.
2001). Laboratory methods for microsatellite genotyping, including initial development, have been described elsewhere (Petren
1998).
We evaluated population genetic structure in two ways to address gene flow between isolated island populations within species
(meta-population structure) and gene flow between species on
each island (hybridization) using the Bayesian clustering method
implemented in STRUCTURE v.2.3.2 (Pritchard et al. 2000). We
evaluated support for distinct populations (K) using 10 replicate
runs of the admixture model under default conditions with alpha
inferred. Burnin was uniformly set as 10% of the total run length,
which ranged between 10,000 to 15,000 generations depending on
sample size. Each structure analysis was performed for Ks from 1
to n + 1, where n = the number of predefined groups in the analysis (i.e., for population structure within species, n = the number
of islands occupied; for population structure in each island between species, n = the number of species of that clade present
on the island). Each analysis was completed with and without a
location prior. Location priors for intraisland structure were assigned based on species status. Location priors for intraspecific
variation were assigned based on island origin of individuals. We
identified the K-value best fitting the data by calculating mean
Ln Pr(X|K) and K (Evanno et al. 2005). K reflects the rate of
change in the log probability of data between successive K values
by taking into account the shape of the log-likelihood curve with
increasing K and variance among estimates in multiple runs. The
“true” value of K was established by comparing K with Ln P(D)
as K cannot evaluate K = 1.
LANDSCAPE GENETICS OF INTROGRESSION

To assess whether intraisland admixture was associated with island area, maximum height, or age (Geist et al. 2014), we completed generalized linear models with the GLM function (Binomial) in the statistical program R v. 2.15.2. This analysis tests the
hypothesis that smaller island area might be correlated to a higher
level of hybridization, that older islands might have more structure
as they have had more time to “settle” the colonist species, and
that higher islands might serve as beacons for attracting migrants.
We classified islands as either admixed (best fit of K = 1) or
differentiated (best fit of K > 1). Only individuals assigned with
90% and above to a cluster were included. The compiled dataset
for GLM (island ages, etc.) is available in Supplementary Materials (Supplementary Table S3). Sequence data are available from
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Genbank (KJ944842 – KJ945635), and allelic data are available
from Dryad.

Results
INDEPENDENT MTDNA AND INTRON HAPLOTYPE
NETWORK AND TREES

The haplotype network and phylogenetic analysis using mtDNA
resolved seven major clades, yet species within ground and tree
finch clades were almost completely unresolved (Figs. 2 and 3).
Many species within these clades shared mitochondrial haplotypes (Fig. 2), yet none of these corresponded to species on the
same island except for one shared haplotype between C. heliobates and C. pallida on Isabela (Supplementary Materials, Supplementary Fig. S3).
The phylogeny generated using only nuclear introns resolved
the ground and tree finch clades, with only a few individuals categorized in the other clade such as a ground finch assigned to the
tree finch clade (Supplementary Materials, Supplementary Fig.
S2). The major difference between the intron and mitochondrial
data was the relationship between the two species of morphologically similar Certhidea. Nuclear introns strongly supported monophyly within this group, while a weak node in the mtDNA tree
supported paraphyly, similar to previously published microsatellite distance trees (Petren et al. 2005).

SPECIES TREES

The ∗BEAST tree of mitochondrial and nuclear genes showed
strong support for differentiation between the ground finch and
tree finch clades, however nodal support at the species level was
weak within each clade (Fig. 3). Cactospiza and Camarhynchus
were not supported as monophyletic groups in the nuclear and
mtDNA trees, but these genera were monophyletic in the ∗BEAST
species tree. Though Geospiza ground finches were unresolved
at the species level, it was clear that G. difficilis from Pinta, Fernandina, and Santiago were distinct from the rest of the Geospiza
including G. difficilis from Wolf, Darwin, and Genovesa (hereafter referred to as G. septentrionalis, following Rothschild and
Hartert (1899) and Swarth (1931)). Also of phylogenetic significance was the basal relationship of P. inornata to the ground,
tree, and vegetarian finch clades, a long contested phylogenetic
relationship (Petren et al. 1999a; Sato et al. 1999). Likewise, the
monophyly of the Certhidea was strongly supported, contrary to
mtDNA estimates.
The BUCKy population tree and concordance tree both
showed very little resolution within the major clades, yet they
displayed the same relationships among most major clades (Supplementary Materials, Supplementary Fig. S2). The BUCKy tree
estimates disagreed with ∗BEAST topology on the placement
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Mitochondrial haplotype networks reflect strong evidence for seven monophyletic clades (boxes) of Darwin’s finches. Patterns
within the ground finches (Geospiza), and the tree finches (Camarhynchus and Cactospiza) reflect extensive haplotype sharing among

Figure 2.

species. Sizes of filled circles are proportional to numbers of identical haplotypes. The smallest size is one haplotype. Connecting lines
represent one mutational step. Warm colors (reds, oranges, yellows) correspond to the species in the ground finch clade while greens
correspond to species in the tree finch clade.

of the Cocos Island finch (P. inornata), the vegetarian finch (P.
crassirostris), and the basal sharp-beaked ground finch (G. cf. difficilis), inverting their relative relationships to the tree finch and
ground finch clades. This relationship was shared with the mtDNA
gene tree. The basal, monophyletic relationship of the Certhidea
was shared between species tree methods. The population and
concordance trees showed different relationships within the major clades, which is a known indicator of potential introgression.
The weak concordance factors, however, made distinguishing
among inferences of ancestral polymorphisms and introgression
difficult.
GENETIC STRUCTURE WITHIN CLADES

Bayesian inference of population structure based on microsatellite variation showed that there was very little genetic structure
differentiating the currently recognized Geospiza species within
the main islands (Fig. 4). When all island populations were combined in an attempt to recover the six Geospiza species (excluding
divergent G. cf. difficilis from Santiago, Pinta, and Fernandina),

the maximum number of distinct lineages (K) recovered was three
(Fig. 4). Higher levels of K recovered some additional structure related to species differences, but also led to divisions within some
species, especially G. magnirostris, G. scandens, G. fortis, G.
fuliginosa (Supplementary Materials, Supplementary Table S5,
Supplementary Figs. S4 and S5).
Of the five morphologically distinct species within the
Camarhynchus/Cactospiza clade, two lineages were identified
roughly corresponding to the Camarhynchus/Cactospiza split
(Fig. 4). At higher values of K (>2), the Cactospiza species were
resolved from each other, but the Camarhynchus species were
never separated into distinct clusters (Supplementary Materials,
Supplementary Table S5, Supplementary Figs. S4 and S5).
Structure analyses of the warbler finches, Certhidea, revealed
a perfect match of clustering according to the two distinct species,
as might be expected from the deep and strongly supported genetic
divide found between these lineages. At higher levels of K, up
to 10 populations were correctly classified according to island,
highlighting the pronounced genetic structuring among islands
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Figure 3. Species-tree estimation of phylogenetic relationships among the Galápagos finches using ∗BEAST incorporating all mtDNA
and nuclear loci. All nodes for basal groups are strongly supported except the placement of G. diffficilis. The monophyly of the warbler
finches is strongly supported, with a deep split separating the two species. The ground finch and tree finch clades are each monophyletic

with strong support. A weak split is shown between the Cactospiza and Camarhynchus clades within the tree finches. Nodes within the
ground and tree finches are poorly supported. Branch lengths are proportional to time and genetic distance except for abbreviated basal
node depth. Photographs of profiles of each species are shown.

in these species (Supplementary Materials, Supplementary Table
S5, Supplementary Figs. S4 and S5).
LANDSCAPE GENETICS OF STRUCTURE AND
INTROGRESSION

Although up to five of the six recognized Geospiza clade species
(excluding divergent G. cf. difficilis from Santiago, Pinta, and
Fernandina) co-occur on several islands, only two to three independent lineages were recovered on each island (Supplementary
Materials, Supplementary Table S4, Fig. 4). STRUCTURE results
generally remained robust to the addition of a location/species
prior, though some assignments were occasionally clarified with
the addition of a prior. Complete STRUCTURE results, including
analyses with varying levels of K and alternative groupings by
species or island for all clades are in the Supplementary Materials
(Supplementary Tables S3–S5, Supplementary Figs. S4 and S5).
Geographic analyses showed a pattern of near-complete admixture on the more peripheral islands among Geospiza species,
including Fernandina, Isabela, Floreana, San Cristóbal, and Pinta.
These islands harbor populations of G. fortis, G. fuliginosa,
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G. magnirostris, and G. scandens. All central islands including
Santiago, Daphne, Santa Cruz, Santa Fé, and the slightly peripheral Marchena showed one or more species identified as a
separate cluster from other species on the island (Fig. 5). Admixture of Geospiza conirostris and G. septentrionalis with other
Geospiza species across islands was not explicitly assessed as they
are each codistributed with only a single other Geospiza on the
islands on which they are found. In each of these cases, however,
these two species showed significant differentiation from other
Geospiza species and each other. The amount of genetic structure
on each island appeared to be independent of age (P = 0.405),
as the oldest islands (Southeast corner) and the youngest islands
(Fernandina and Isabela) both showed complete admixture. Area
and maximum elevation were also not significantly correlated
with admixture (area, P = 0.375; maxheight, P = 0.295; Supplementary Table S3). As the members of the tree finches (Camarhynchus/Cactospiza) are only codistributed on three islands,
and the warbler finches are never in sympatry, interpretations
of island-specific differentiation are limited to the ground finch
clade.
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Figure 4. Population structure among ground finches and among tree finches based on microsatellite markers for islands with multiple
clade members. (A–L) Population structure among ground finch species on each island reflects fewer than the expected number of species

present based of morphology. (M) Combined analysis of all populations of ground finches shows increased, but still incomplete, resolution
of species. (N-P) Tree finch population structure also reflects fewer than the number of species present. (Q) Combined analysis for tree
finches shows increased resolution but it does not correspond to morphologically defined species. Also see Supplementary Materials.
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Equator

( )

Figure 5.

Geographic patterns of within-island species differen-

tiation for ground finches and tree finches based on microsatellite
population structure analysis. (1) All islands with n > 2 species
of ground finches were assessed for admixture in STRUCTURE. Islands with total species admixture (STRUCTURE results of K = 1,
dark blue) tend to be on the periphery of the archipelago, while
islands that show species differentiation (STRUCTURE results of K
> 1, yellow) are more centrally located. Islands with fewer than
three ground finch species are shown in white. (2) Deepest intraspecific genetic break within each of the eight species of tree
and ground finch were also assessed (black lines). The majority of
deepest genetic structure corresponds to the central canal dividing
the islands south of the equator from those north of the equator.
Also see Supplementary Material for species-specific maps of genetic structure.

Most species across the ground and tree finches, except C.
parvulus, had pronounced genetic structure among island populations based on microsatellite variation. Of the species distributed
throughout the main islands (excluding Darwin and Wolf), most
of the genetic breaks between clusters identified in STRUCTURE
corresponded to the wide equatorial channel separating the main
cluster of islands on the Galápagos platform from the separate
volcanic province of the northern islands (Pinta, Marchena, and
Genovesa) (Fig. 5; Supplementary Table S6, Supplementary Fig.
S6).

Discussion
GENETIC DISTINCTIVENESS WITHIN DARWIN’S
FINCHES

The Galápagos finches fall into seven distinct and independent
lineages based on genetic monophyly and morphological distinctiveness: the ground finches (Geospiza), the tree finches (Camarhynchus and Cactospiza), the vegetarian finch (Platyspiza),
the Cocos finch (Pinaroloxias), the species currently known as
some populations of Geospiza difficilis (from Santiago, Pinta,
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and Fernandina), and the two distinct species of Warbler finch
(Certhidea olivacea and C. fusca) (Figs. 2 and 3). Within the
ground finches and the tree finches, however, there is a complete lack of resolution based on sequence analysis, and even microsatellite loci are unable to resolve several recognized species
(Fig. 4). Haplotype networks of mtDNA show that shared haplotypes between species are not found on the same islands (Supplementary Fig. S3), and thus are not likely the result of recent
hybridization events within islands. Instead they are likely a signal of ancestral polymorphisms or remnants of older hybridization events with introgressed haplotypes subsequently being distributed among islands through dispersal and gene flow.
Two nonexclusive evolutionary scenarios may explain the
observed differences in the patterns of genetic and morphological
divergence that result in paraphyletic relationships and/or a lack
of resolution among several species. First, speciation may occur
by a “budding” process, in that certain populations are removed
from gene flow with other populations, which allows them to
diverge. If divergence is rapid and gene flow is low, paraphyly
may be retained for some time (Funk and Omland 2003). Support for this hypothesis comes from island-specific diversification
within recognized species (microsatellite results). The budding
process, in theory, could also occur via divergent selection within
islands (Huber et al. 2007). Second, the patterns may imply that
after initial diversification into major clades, differentiation into
monophyletic evolutionary lineages was hampered by occasional
introgression among species and convergent evolution of the gene
pools. In effect, these lineages may be pushed toward diversification by the strong forces of natural selection that have been
well documented in this system (Grant 1999), but proximity and
species permeability through hybridization continually pulls the
morphologically diverging forms back into a “swarm” of neutral
genetic variation. This hypothesis is supported by the extensive
documentation that many species hybridize on several islands
(Grant and Grant 1994, 1997a; Freeland and Boag 1999; Grant
1999; Sato et al. 1999; Grant et al. 2005).
SPECIES DELIMITATION IN THE GROUND AND TREE
FINCHES

Given the evidence of pervasive gene flow among populations
and species, and the relatively young divergence time, it is not
surprising that neutral genetic markers are limited in their ability to distinguish biological species within the ground and tree
finches. Seven lineages within the Galápagos finch radiation are
clear independent taxonomic units, which would be recognized
in almost any species concept. The difficulty in defining species
occurs within members of the Geospiza clade, the Cactospiza
clade, and the Camarhynchus clade. The combination of distinct
morphological lineages without reciprocal monophyly creates a
conundrum in defining species units based on neutral genetic loci.
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Despite admixture and possibly convergent evolution on some islands, a number of factors concerning divergence compel us to
retain current species status for previously recognized lineages
following the unified concept of species (De Queiroz 2007) for
the time being. First, a great deal of genetic structure in microsatellites supports some species divisions within these genera
(Figs. 4M and 4Q, and in Supplementary Figs. S4A (K = 6)
and S4C (K = 5)). Second, the results from this single genetic
study cannot, on their own, outweigh the distinct ecological roles,
preferential assortative mating, species-specific evolutionary responses to environmental and biotic changes, and divergent heritable morphological traits that have been documented to support
species status for most of these lineages (Mayr 1982; Grant 1999).
Future work using genomic comparisons, particularly focused on
nonneutral markers, may help clarify the distinct evolutionary lineages in this complicated system. Our only recommendation based
on the current dataset is to restore Geospiza septentrionalis to full
species status to accommodate the well-supported paraphyletic
relationships among Geospiza cf. difficilis (Snodgrass and
Heller 1903).
PHYLOGENETIC RELATIONSHIPS OF MAJOR CLADES

Despite the lack of resolution within the ground and tree finches,
this multilocus phylogeny has helped to clarify evolutionary relationships between the major clades, particularly in supporting the
long-suspected paraphyly of the G. difficilis species, the relationships between the two Certhidea lineages, and the relationships
of the vegetarian and Cocos finch to the rest of the radiation.
We advise splitting the divergent lineages of G. difficilis into
the basal G. cf. difficilis from Santiago, Pinta, and Fernandina,
and a northern, low island clade from Genovesa, Wolf, and Darwin Islands that can be referred to as the species G. septentrionalis (Rothschild and Hartert 1899). Though previous studies employing microsatellites weakly supported inclusion of the Darwin
and Wolf populations of G. septentrionalis within the Fernandina/Santiago/Pinta G. difficilis clade, and the Genovesa population
as part of the ground finch complex (Grant et al. 2000), these relationships are now strongly rejected in favor of two major genetic
lineages which reflect divergent ecology, morphology and song.
Members of G. cf. difficilis are found on Santiago, Pinta, and Fernandina, which are large, less arid, higher elevation islands. These
birds live at higher altitude in relatively moist Zanthoxylum fagara
forest. Geospiza septentrionalis is found on smaller and lower islands in the arid zone year-round (Schluter and Grant 1984; Grant
1999). Morphology and song also recognize a split between these
two lineages. When populations on Wolf and Darwin were first
discovered (Rothschild and Hartert 1899), they were estimated to
be closely related to G. scandens based on morphology, matching
the pattern seen in our molecular results. In advertisement songs,
the G. cf. difficilis sings a short, moderately complex, loud, tonal,

advertising song. The G. septentrionalis sing two songs. A tonal
song is sung on Wolf and Genovesa, resembling G. fuliginosa.
The second type of advertising song is “buzzy,” and is sung by
most males on Genovesa and all males on Darwin.
The multilocus tree also differs from previous phylogenetic
reconstructions in the topology of basal lineages. First, there is
strong support for the monophyly of the two Certhidea lineages.
This relationship is more compatible with the morphological similarity observed between these lineages than the weakly supported
paraphyletic arrangement supported by mtDNA and microsatellites reported previously (Petren et al. 2005). Second, there is
no support for the inclusion of the vegetarian finch (Platyspiza
crassirostris) within the tree finch clade. Instead, it is a basal
lineage to the entire radiation of ground and tree finches, along
with the distinct G. cf. difficilis clade and Cocos Island finch
(Pinaroloxias inornata). The exact branching pattern at the base
of the radiation between G. cf. difficilis, P. crassirostris, and P.
inornata remains in some doubt, however, as BUCKy estimates
show a reverse branching pattern to ∗BEAST estimates. Whatever
the order, the tree and ground finches form a strongly supported
monophyletic clade excluding all other lineages in species-tree
estimations. Third, species-tree estimates found the Cocos Island
finch (Pinaroloxias inornata) to be an early divergence within
the radiation, and not a tree or ground finch. Mitochondrial and
nuclear loci were not in agreement regarding the exact placement
of P. inornata. This mismatch may be explained by founder effects linked to the low number of individuals that likely colonized
remote Cocos Island. However, only a single P. inornata was included in this study, and genetic data from additional individuals
may help to clarify this conflict.
LANDSCAPE EFFECTS ON DIVERSIFICATION, GENE
FLOW, AND INTROGRESSION

The geographic locations of oceanic islands have influenced processes of speciation in many taxa including the adaptive radiation of honeycreepers in Hawaii, where morphologically distinct
species can be found on different islands. Many Galápagos species
show a similar pattern of phylogenetic diversification according
to island (Parent et al. 2008), including the Galápagos mockingbirds (Arbogast et al. 2006), however the Galápagos finches
primarily follow a different pattern of species buildup. The few
cases of substantial divergence among island forms of similar
species include G. conirostris/G. scandens and G. cf. difficilis/G.
septentrionalis, both of which are not supported genetically, and
the two Certhidea warbler finches, which is supported by genetic
divergence (Tonnis et al. 2005).
Within the ground and tree finches, a pattern of diversification linked to Galápagos island geography was recognized some
time ago by Hamilton and Rubinoff (1967) in that more isolated
islands had higher rates of endemic species or subspecies. Many
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members of the ground and tree finches are also restricted to
either central or peripheral distributions, highlighting a geographic component to divergence. Our findings add two more
dimensions to the spatial understanding of diversity within this
system: the wide channel dividing the islands on the Galápagos
platform from the separate volcanic province of the northern islands (Geist et al. 2008) reduces intraspecific gene flow for the
majority of species, and admixture between species is greater on
these and other peripheral islands (Fig. 5).
The geological divide between central and northern islands
has persisted for millions of years as islands have come and gone
on each side of the trench (Geist et al. 2014). Dynamics of the
central and peripheral islands were very different in that the peripheral islands appear to have been constantly small and isolated
through time, while some of the central islands were connected
by lower sea levels during the last glacial maximum (20 kya)
and 1 mya when a large central island formed that included Floreana, Santa Cruz, Rábida, Santiago, Pinzón, and possibly Santa
Fé (Geist et al. 2008). The separation of peripheral islands from
the majority of the breeding pools appears to be an underlying
force in divergence within the ground and tree finches, and is
therefore the most likely place to find the circumstances for the
initial stages of speciation: differentiation in allopatry (or reduced
gene low) followed by colonization and secondary contact. Eventually, and under the right conditions, this could lead to a lack
of interbreeding and speciation (Grant and Grant 2009). This gap
is reflected in the deep genetic divisions of those species straddling the central/peripheral gap, and in the fact that the peripheral
islands harbor a much higher rate of endemism than the central
islands (30–75% for peripheral islands vs. 0–14% in the central
islands) (Lack 1947; Sulloway 1982).
The pattern of reduced genetic distinctness between species
on peripheral islands could be explained by a selective advantage
of having increased genetic/morphological variation on peripheral islands that tend to be more isolated from conspecific gene
flow and are more prone to extreme environmental conditions
(Brussard 1984; Gutschick and BassiriRad 2003; Smith 2011).
The only “slightly peripheral” island with genetic structure is
Marchena, which is near the edge of the archipelago but still surrounded by two further outlying islands. This spatial relationship
with its neighboring islands could provide enough conspecific
gene flow to create an environment more akin to the truly central
islands as opposed to the outer ring. The pattern of mixing divergent gene pools in more peripheral populations, which results in
novel morphological forms better suited to these environments, is
well documented in both animal and plant models (Rieseberg
et al. 1999; Lexer et al. 2003; Servedio 2004). The centralperipheral patterns of gene flow, hybridization, and adaptation
warrant further study as a contributing factor to rapid evolution in
this system and elsewhere.
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Figure S1. Map of Galapagos Islands from Google Earth depicting underwater depth between islands.
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Figure S3. Mitochondrial haplotype networks for tree and ground finch clades according to Island.
Figure S4. Graphical representations of STRUCTURE results over a range of values for K: The Geospiza clade classified by species (A), and by islands
(B); Chamarynchus/Cactospiza clade classified by species (C), and by islands (D); Certhidea warbler finches classified by island (E).
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