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Introgressive hybridization, i.e. hybridization with backcrossing, can lead to the fusion of two species, but it can
also lead to evolution of a new trajectory through an enhancement of genetic variation in a new or changed
ecological environment. On Daphne Major Island in the Gal�apagos archipelago, ~1–2% of Geospiza fortis finches
breed with the resident G. scandens and with the rare immigrant species G. fuliginosa in each breeding season.
Previous research has demonstrated morphological convergence of G. fortis and G. scandens over a 30-year
period as a result of bidirectional introgression. Here we examine the role of hybridization with G. fuliginosa in
the evolutionary trajectory of G. fortis. Geospiza fuliginosa (~12 g) is smaller and has a more pointed beak than
G. fortis (~17 g). Genetic variation of the G. fortis population was increased by receiving genes more frequently
from G. fuliginosa than from G. scandens (~21 g). A severe drought in 2003–2005 resulted in heavy and selective
mortality of G. fortis with large beaks, and they became almost indistinguishable morphologically from
G. fuliginosa. This was followed by continuing hybridization, a further decrease in beak size and a potential
morphological fusion of the two species under entirely natural conditions. © 2015 The Linnean Society of London,
Biological Journal of the Linnean Society, 2016, 117, 812–822.

ADDITIONAL KEYWORDS: adaptive radiation – hybrid zone – introgression – natural selection – speci-
ation reversed.

INTRODUCTION

Many vertebrate species achieve post-zygotic repro-
ductive isolation only after millions of years have
elapsed since their initial separation from a common
ancestor (Prager & Wilson, 1980; Price & Bouvier,
2002; Fitzpatrick, 2004). Before that point is reached
they may be prone to hybridize. The consequences of
hybridization vary according to how different the
species or diverging lineages have become prior to
hybridizing.

In the wild hybridization often takes the form of
introgression, i.e. F1 hybrids backcross to one or other
of the parental species (Arnold, 2006; Schwenk, Brede
& Streit, 2008; Abbott et al., 2013). At one extreme
speciation may collapse and the two species fuse into
one (Dobzhansky, 1941; Grant et al., 2004; Taylor
et al., 2006; Grant & Grant, 2008, 2014a; Behm, Ives
& Boughman, 2010; Webb, Marzluff & Omland, 2011;

Garrick et al., 2014; Kleindorfer et al., 2014). At the
other extreme divergence continues, facilitated by
enhanced genetic variation and reduced covariation
among traits (Grant & Grant, 1994; Hedrick, 2013;
Selz et al., 2014), and by the transfer of selectively
favoured alleles under the influence of natural or sex-
ual selection (Pfennig & Pfennig, 2012). Filtered intro-
gression, in which some genes are exchanged and
others are not, has been reported in some animals
(Lerner et al., 2013; Parchman et al., 2013; Liu et al.,
2014; Pereira, Barreto & Burton, 2014) as well as
plant taxa (Martinsen et al., 2001; Kim et al., 2008).
Introgression may give rise to new lineages that have
the potential to become new species (Schwarzbach &
Rieseberg, 2002; Grant & Grant, 2009, 2014a; Brels-
ford, Mil�a & Irwin, 2011; Hermansen et al., 2011; Mil�a
et al., 2011; Amarel et al., 2014), and may be suffi-
ciently profound to create a swarm of recombinant
lines that form the starting point of an adaptive radia-
tion (Seehausen, 2004; Albertson & Kocher, 2005;
Hasselman et al., 2014).*Corresponding author. E-mail: prgrant@princeton.edu
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Given its prevalence and importance, hybridization
has moved to the central stage of research into the
causes of biological diversity (reviewed by Schwenk
et al., 2008; Rheindt & Edwards, 2011; Abbott et al.,
2013). Here we examine the consequences in a well-
studied group of Darwin’s finches.

DARWIN’S FINCHES

Fourteen species of Darwin’s finches occur on the
Gal�apagos islands, having diversified from a com-
mon ancestor over the last 1–2 Myr. Analyses of
finch genomes show they have been exchanging
genes by hybridizing throughout most of their his-
tory (Lamichhaney et al., 2015). Rare hybridization
appears to be currently widespread among several
sympatric pairs of closely related species throughout
the archipelago (Grant, Grant & Petren, 2005). A
long-term study on the small island of Daphne
Major has provided detailed evidence of contempo-
rary hybridization between species of similar size,
on the order of 1–2% per breeding episode, typically
as a result of learning the song of another species
(Grant et al., 2004; Grant & Grant, 2010, 2014a).
The medium ground finch Geospiza fortis Gould
hybridizes with the resident cactus finch G. scan-
dens (Gould) and rare immigrants of the small
ground finch G. fuliginosa Gould. None of these
three species hybridizes on Daphne with the much
larger G. magnirostris Gould (~30 g). There is no
evidence of genetic incompatibilities among this
young group of species, which is estimated to have
originated in the last 200 000 years (Lamichhaney
et al., 2015).

The beaks of G. fortis on Daphne Major Island
became progressively more pointed over a period of
three decades, and those of G. scandens became pro-
gressively blunter (Grant & Grant, 2014a). These
two trends were apparently caused by an exchange
of genes between G. fortis and G. scandens, and
between G. fortis and G. fuliginosa, which was facili-
tated by a change in feeding conditions associated
with an El Ni~no event in 1982–1983. We proposed
that a shift towards a relative abundance of smaller
seeds favoured the dry-season survival of hybrids.
The hypothesis of introgression to explain the mor-
phological pattern was based on observations of per-
sistent hybridization at low frequency (Grant &
Grant, 1992; Grant, 1993), relatively high survival
and breeding success of the hybrids after 1982, mea-
surements of fully grown hybrid offspring of inter-
specific pairs (Grant & Grant, 1994), limited direct
evidence of exchange of microsatellite alleles (Grant
& Grant, 2014a) and a quantified shift in seed pro-
files (Grant & Grant, 1993).

The hypothesis of introgression between G. fortis
and G. scandens was tested by five predictions, and
supported by the results (Grant & Grant, 2014a).
Support was stronger for G. scandens than for
G. fortis. There are two reasons for this. First, effects
of G. fuliginosa were omitted from the analyses
because they do not have an independent breeding
population on the island. Second G. fortis, unlike
G. scandens, experienced strong directional selection
on beak size in 2004–2005 associated with a pro-
longed drought that began in 2003: small size was
selectively favoured (Grant & Grant, 2006). There-
fore, morphological change over the years was a step
function of time produced by both selection and
introgression. The independent contribution of intro-
gression to the change in G. fortis was not analysed.

The focus of this paper is the effect of introgression
of G. fuliginosa genes on G. fortis morphology (body
size and beak dimensions). We test two predictions
of the introgression hypothesis. Given the high addi-
tive genetic variation underlying beak traits (Grant
& Grant, 1994), we predict that (1) genetically identi-
fied hybrids are morphologically intermediate
between the parental species groups, and (2) the
morphological trajectory of G. fortis (including the
hybrids) is determined by the relative frequencies of
the respective hybrids in the absence of selection. To
quantify the separate phenotypic effects on G. fortis
of introgression from G. fuliginosa (a smaller spe-
cies) and G. scandens (a larger species) we compare
genetically identified hybrids with G. fortis in the
period of weak or no selection on G. fortis (1987–
2004; Table 1). We also quantify the consequences of
selection on G. fortis. We compare G. fortis morphol-
ogy with the two groups of hybrids and G. fuliginosa
before and after selection in 2004–2005. We show
that in the period after selection G. fortis became
indistinguishable from G. fuliginosa in some traits
as a result of selection and continuing introgression.
These traits are biologically significant because they
function in species recognition and mate choice
(Grant & Grant, 2008, 2014a).

Table 1. Natural selection experienced by G. fortis after

1986

Body size Beak size Beak shape

1991–1992 Large + 0.08

2003–2004 Large + 0.23

2004–2005 Small � 0.31 Small � 0.48

2009–2010 Pointed � 0.14

Numbers are statistically significant selection coefficients

(standardized directional selection differentials). After

Grant & Grant (2014a).
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MATERIAL AND METHODS

Field methods have been described in several previ-
ous publications (Grant, 1993; Grant & Grant, 2008,
2014a). Beginning in 1973 and continuing every
year, we captured birds in mist-nets, weighed them
(g) with a Pesola balance, measured (mm) the length
of wing, tarsus and beak, as well as the depth and
width of the beak, with calipers, dividers and a
ruler, and banded them uniquely with one numbered
metal and three coloured PVC leg bands prior to
release. Nestlings were banded at day 8 and mea-
sured when captured in nets in subsequent years
when fully grown. From 1988 to 2012 we took a
small drop of blood by venipuncture from every bird,
transferred it to EDTA-soaked filter paper and
stored the papers in a jar of drierite (silica gel). For
genetic characterization of individual finches we
used the 14 autosomal microsatellite loci isolated by
Petren (1998).

Two principal components analyses were performed
on correlation matrices from the total data set to
reduce the inter-correlated variables to synthetic and
interpretable size and shape variables. Weight, wing
and tarsus length were used for an analysis of body
size (PC1), and the three beak measurements were
used for a separate analysis of beak size (PC1) and
beak shape (PC2). The percentage variance explained
by PC1 body is 83.8, and all variables loaded approxi-
mately equally. The percentage variance explained in
the beak analysis was 74.3 for PC1 and an additional
22.1 for PC2. All variables loaded strongly on PC1.
For PC2 the eigenvectors were negative and approxi-
mately equal for beak depth and width, and larger
and positive for beak length. PC2 is therefore inter-
preted as an index of pointedness (or bluntness) of
the beak (Grant & Grant, 2014a).

Assignment tests with the program STRUCTURE
(Pritchard, Stephens & Donnelly, 2000; Pritchard,
Wen & Falush, 2007) were performed on 2105
finches initially classified by morphology into three
groups (G. fortis, G. fuliginosa and G. scandens): see
Grant & Grant (2010) for procedures and model spec-
ifications. We used an ancestry model and set the
number of previous generations to two because it
performed better than a model with only one or three
previous generations. In this analysis an individual
may be genetically identified with an estimated prob-
ability of belonging to another species (generation 0),
having a parent (generation 1) or having a grandpar-
ent (generation 2) from another species. We used a
no-admixture model in preference to an admixture
model because it performed better with individuals
known from pedigree analysis in the early part of
the study to be hybrids (Grant & Grant, 1994, 2010).
Divergence of allele frequencies among populations

(net nucleotide distance) was computed by the pro-
gram.

Of the 2105 finches, 1194 were assigned by
microsatellite genotype to G. fortis, 541 to G. scan-
dens and 67 to G. fuliginosa with probabilities of
≥ 0.9 (mostly ≥ 0.98). The remaining 303 individuals
(14.4%) did not meet the 90% criterion. They had
mixed assignments and are therefore considered to
be hybrids or backcrosses. Backcross assignments
predominated. However, we make no distinction
between F1 hybrids and first-generation backcrosses
because a simulation showed that the difference
between them cannot be reliably detected with the 14
microsatellite loci (Grant & Grant, 2010). Second-
and later generation backcrosses are not identified by
this method and are included in the respective spe-
cies groups. For 286 of the 303 individuals the assign-
ment probabilities to two species summed to 0.9 or
more. They are treated as members of the G. fortis
group as potential breeders and listed as G. for-
tis 9 G. scandens if the assignment probability is
greater to G. fortis than to G. scandens; as part of
the G. scandens group and listed as G. scan-
dens 9 G. fortis if the assignment probability to
G. scandens is higher than to G. fortis; and as G. for-
tis 9 G. fuliginosa for a mixture of G. fortis and
G. fuliginosa. Geospiza fuliginosa exists as a result of
rare recurrent immigration, it does not have an inde-
pendent breeding population on the island, and hence
there is no backcrossing to this species. For the
remaining 17 individuals (< 1%) assignment probabil-
ities exceeded 0.1 for each of the three species. These
individuals are treated as G. fortis 9 G. scandens
hybrids because G. scandens and G. fuliginosa have
never been observed to hybridize. They are the result
of hybridization of G. scandens with G. for-
tis 9 G. fuliginosa F1 hybrids or backcrosses to
G. fortis (Grant & Grant, 2010).

One-way ANOVAs were used to test for
heterogeneity among samples of measurements,
and Tukey–Kramer highest significant difference
(HSD) tests were used for assessing differences in
paired comparisons of species and hybrid groups.
Non-parametric tests (Wilcoxon Matched Pairs
Signed Ranks test and Median test) were used for
testing differences between samples of frequency
data. All statistical tests were performed in JMP
version 10, and illustrations were prepared in Sig-
maPlot.

RESULTS

HYBRID INTERMEDIACY

The first prediction, that genetically identified hybrids
are morphologically intermediate between the paren-
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tal species groups, is upheld by the data in Table 2
and statistical tests with PC scores. There is a perfect
rank order correlation in average weight, wing and
beak length from the group of smallest average size
(G. fuliginosa) to the largest (G. scandens). The linear
trend is illustrated with beak length in Figure 1.

Geospiza fortis 9 G. fuliginosa hybrids and the two
parental species are significantly different in body size
(PC1, F2,1385 = 36.36, P < 0.0001), beak size (PC1,
F2,1385 = 68.19, P < 0.0001) and beak shape
(F2,1385 = 51.34, P < 0.0001), although the specific dif-
ference in body size between G. fortis 9 G. fuliginosa
and G. fortis is not significant (Tukey’s HSD test,
P = 0.9835). There is similar heterogeneity among
G. fortis, G. scandens and their hybrids in all three
traits (all F2,1797 > 100, P < 0.0001), although G. for-
tis and the G. fortis 9 G. scandens hybrids do not dif-
fer in beak size (Tukey’s HSD test, P = 0.2359). The
two groups of hybrids are not exactly intermediate
between the parental species because most are likely
to be backcrosses to G. fortis (see Methods). These
results confirm earlier findings of hybrid intermediacy
from a morphological analysis without genetic identifi-
cation of species and hybrids (Grant & Grant, 1994).

MORPHOLOGICAL TRAJECTORIES THROUGH TIME

Over the period 1987–2004, body size of G. fortis (in-
cluding unidentified hybrids) remained the same
whereas beaks became smaller on average and more
pointed (Fig. 2). These trends continued after selec-
tion occurred in 2004–2005 (Table 1). Geospiza fuligi-

nosa did not change in any of the traits either before
or after selection (N = 32 in each period; all
P > 0.05).

FREQUENCIES OF HYBRIDS THROUGH TIME

Across the study period as a whole (1981–2012),
G. fortis 9 G. fuliginosa hybrids (118) outnumbered
G. fortis 9 G. scandens hybrids (63) in the samples
by almost two to one. In the period 1987–2004, there
were 80 G. fortis 9 G. fuliginosa hybrids and 30
G. fortis 9 G. scandens hybrids. In eight out of the
nine years during this period when the combined
samples of hybrids and G. fortis exceeded 25, the
G. fortis 9 G. fuliginosa frequencies (mean = 0.105)
were greater than the G. fortis 9 G. scandens fre-
quencies (mean = 0.034; Wilcoxon S = 20.5,
P = 0.0117). In the 5 years after selection with the
same minimum sample sizes the frequencies of
G. fortis 9 G. scandens hybrids (0.082, N = 31) were
almost the same as G. fortis 9 G. fuliginosa hybrids
(0.089, N = 35).

EFFECTS OF SELECTION IN 2004–2005

As a result of selection G. fortis became more similar
to the smaller species (G. fuliginosa) and less similar
to the larger species (G. scandens). Before selection
G. fortis were clearly distinct from G. fuliginosa in
their larger and blunter beaks, as well as in average
body size (Table 3). After selection and with continu-
ing introgression G. fortis were no longer distin-
guishable from G. fuliginosa in the two size traits,

Table 2. Morphological features of species and hybrids

Species and hybrids Weight Wing Tarsus

Beak

length

Beak

depth

Beak

width PC1 body

PC1

beak

PC2

beak

G. fuliginosa (N = 65) Mean 13.68 63.91 18.57 9.73 7.78 7.60 �1.8541 �2.2870 �0.0501

SE 0.37 0.52 0.16 0.19 0.17 0.14 0.2475 0.3145 0.0654

G. fortis 9 G. fuliginosa

(N = 129)

Mean 15.50 66.70 19.09 10.59 8.73 8.34 �0.6697 �0.6228 �0.3256

SE 0.23 0.26 0.09 0.11 0.10 0.07 0.1340 0.1676 0.0409

G. fortis (N = 1194) Mean 15.65 66.93 18.98 10.67 9.00 8.55 �0.6519 �0.1995 �0.4883

SE 0.05 0.07 0.02 0.02 0.02 0.02 0.0284 0.0372 0.0101

G. fortis 9 G. scandens

(N = 65)

Mean 16.46 68.14 19.30 11.60 8.99 8.54 �0.0846 0.0546 0.0115

SE 0.28 0.37 0.13 0.16 0.09 0.07 0.1748 0.1653 0.0769

G. scandens 9 G. fortis

(N = 111)

Mean 17.74 69.12 19.97 12.26 9.06 8.73 0.7312 0.4742 0.2744

SE 0.24 0.30 0.10 0.13 0.07 0.07 0.1470 0.1351 0.0651

G. scandens (N = 543) Mean 19.12 70.86 20.56 13.65 9.02 8.61 1.6665 0.7345 1.1055

SE 0.09 0.12 0.04 0.04 0.03 0.02 0.0526 0.0449 0.0217

Weight is in grams, and the remainder in millimetres. Positive PC (principal components) means indicate large body

and beak size (PC1) and pointed beaks (PC2). Note G. fortis 9 G. scandens are genetically more similar to G. fortis than

to G. scandens, and G. scandens 9 G. fortis are genetically more similar to G. scandens than to G. fortis. Data are from

the whole study period 1981–2012.
N, sample size; SE, standard error of the mean.
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but their beaks remained more blunt on average,
although this received weak statistical support. Dif-
ferences in average beak traits between G. fortis and
G. fortis 9 G. fuliginosa hybrids disappeared.

Before selection G. fortis and G. fortis 9 G. scan-
dens hybrids were indistinguishable in size traits,
but differed in beak shape: G. fortis had blunter
beaks on average. After selection G. fortis had
become much smaller than the hybrids in both size
measures, and their beaks remained blunter than
the beaks of G. fortis 9 G. scandens hybrids.

DISCUSSION

HYBRIDIZATION ON DAPHNE MAJOR ISLAND

The situation on Daphne is dynamic, and possibly
unique in the Gal�apagos. Hybridization is tri-specific.
Introgression is bidirectional but unequal between
G. fortis and G. scandens, with genes being trans-
mitted more from G. fortis to G. scandens than in
reverse, and unidirectional from G. fuliginosa to
G. fortis (Grant & Grant, 2010). We have previously
shown that G. scandens has become morphologically
more similar to G. fortis. Here we show that G. fortis
has become more similar to G. fuliginosa (Table 3).
These effects are explicable in terms of the morpho-
logical differences among the species and the relative
frequencies of hybridization. Geospiza fuliginosa is
smaller than G. fortis in body size and beak size,
and G. scandens is larger than G. fortis in both
traits. Both of these species have more pointed beaks
than G. fortis (Table 2).

As predicted, average beak size of G. fortis
declined gradually when introgression of genes from
G. fuliginosa greatly exceeded introgression from
G. scandens in the period 1987–2004 (Fig. 2). Aver-

age beak size dropped sharply as a result of strong
natural selection in the drought of 2004–2005 (Grant
& Grant, 2006, 2008). The decline in beak size did
not persist to a statistically significant extent during
the subsequent period of continuing introgression
and no selection (2005–2012). A possible reason is
that the effects of G. fuliginosa genes on average
beak size of G. fortis were weakened but not com-
pletely nullified by opposite effects of introgression of
G. scandens genes.

Average body size of G. fortis remained approxi-
mately constant from 1987 to 2004, followed by a
short-term decrease associated with the 2004–2005
selection event, and no further change. The probable
reason is that genes introgressed from the two spe-
cies had opposite effects. The combination of occa-
sional selection for large body size (Table 1) and
introgression of G. scandens genes may have been
roughly balanced by introgression of G. fuliginosa
genes. In contrast, genes affecting beak shape that
introgressed from the two species had the same
effect on G. fortis of increasing the degree of pointed-
ness.

The interpretation based on numbers of hybrids
neglects genetic differences between the species. A
greater per-capita genetic effect on G. fortis mor-
phology is to be expected from introgression of
G. scandens genes than from G. fuliginosa genes,
for two reasons. First, G. fortis differs genetically
more from G. scandens than from G. fuliginosa.
The net nucleotide distance at microsatellite loci
between G. scandens and G. fortis is 0.76, in
contrast to only 0.28 between G. fuliginosa and
G. fortis. Second, G. scandens and G. fortis have
different beak shape allometries, whereas G. fortis
and G. fuliginosa allometries are similar (Boag,
1984; Grant & Grant, 1994). Nonetheless G. for-
tis hybridized much more often with G. fuliginosa
than with G. scandens before the selection
event of 2004–2005, and the net effect of inter-
breeding was a predominant influence of G. fuligi-
nosa genes over G. scandens genes in the G. fortis
population.

Genetic inferences are grounded in two morpholog-
ical surrogates, beak size and beak shape. The con-
nection between morphology and genes is
underpinned by high heritable variation and poly-
genic inheritance of the metric traits, and covaria-
tion within the G. fortis and G. scandens populations
(Grant & Grant, 1994). The connection is further
strengthened by identified genes that influence the
development of beak size and shape through the pro-
duction of signalling molecules (Abzhanov et al.,
2004, 2006; Mallarino et al., 2011), and by the vari-
able effects of ALX1, a regulatory gene affecting beak
shape (Lamichhaney et al., 2015).

Figure 1. Mean beak lengths (and 95% CIs) of three

interbreeding species on Daphne Major Island and their

hybrids. Abbreviations: ful, G. fuliginosa; Ff, G. fortis 9

G. fuliginosa; Fort, G. fortis; FS, G. fortis 9 G. scandens;

SF, G. scandens 9 G. fortis; Scan, G. scandens. Data

from Table 2.
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ISLANDS AND CONTINENTAL HYBRID ZONES

Parapatric, closely related species of birds often
hybridize at their borders, giving rise to broad or
narrow hybrid zones that may be stable (Mettler &
Spellman, 2009) or directionally moving (Rowher,
Bermingham & Wood, 2001; Gill, 2004; Curry, 2005;

Secondi, Faivre & Bensch, 2006). The hybrids are
typically recognized by a combination of plumage
traits that distinguish the parental species. The
study we report here is unusual in two respects.
First, the environment is a small island, there is no
spatial separation of the hybridizing species, and

Figure 2. Regression of principal components scores of G. fortis on years before and after selection in 2004–2005. Each
individual is entered only in the first year of measurement. Body size: before selection F1,799 = 0.4003, P = 0.5271

(b = 0.0042 � 0.0066); after selection F1,340 = 0.7582, P = 0.3845 (b = �0.0212 � 0.0243). Beak size: before selection

F1,799 = 8.2738, P = 0.0041 (b = �0.0243 � 0.0084); after selection F1,340 = 3.8061, P = 0.0519 (b = �0.0558 � 0.0286).

Beak shape: before selection F1,799 = 4.7363, P = 0.0298 (b = 0.0050 � 0.0023); after selection F1,340 = 14.9446,

P = 0.0001 (b = 0.0344 � 0.0089). Beaks became progressively more pointed.
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Table 3. Morphological comparison of two species and their hybrids before and after selection in 2004–2005

Comparison

Before selection

P

After selection

PPC1 body PC1 body

G. fortis �0.4831 < 0.0001 �1.0724 0.9897

G. fuliginosa �2.5547 �1.1318

G. fortis 9 G. fuliginosa �0.7059 < 0.0001 �0.6023 0.0230

G. fuliginosa �2.5547 �1.1318

G. fortis 9 G. fuliginosa �0.7059 0.2957 �0.6023 0.0234

G. fortis �0.4831 �1.0274

G. fortis 9 G. scandens �0.0053 < 0.0001 �0.1715 0.0015

G. fuliginosa �2.5547 �1.1318

G. fortis 9 G. scandens �0.0053 0.0105 �0.1715 0.2844

G. fortis 9 G. fuliginosa �0.7059 �0.6023

G. fortis 9 G. scandens �0.0053 0.0668 �0.1715 < 0.0001

G. fortis �0.4831 �1.0724

F3,999 = 40.193 F3,446 = 9.386

PC1 beak PC1 beak

G. fortis 0.1172 < 0.0001 �0.9883 0.1763

G. fuliginosa �3.0864 �1.4626

G. fortis 9 G. fuliginosa �0.5358 < 0.0001 �0.7852 0.0939

G. fuliginosa �3.0864 �1.4626

G. fortis 9 G. fuliginosa �0.5358 0.0002 �0.7852 0.7397

G. fortis 0.1172 �0.9883

G. fortis 9 G. scandens 0.0444 < 0.0001 0.0662 < 0.0001

G. fuliginosa �3.0864 �1.4626

G. fortis 9 G. scandens 0.0444 0.1651 0.0662 0.0225

G. fortis 9 G. fuliginosa �0.5358 �0.7852

G. fortis 9 G. scandens 0.0444 0.9905 0.0662 < 0.0001

G. fortis 0.1172 �0.9883

F3,999 = 60.790 F3,445 = 8.600

PC2 beak PC2 beak

G. fortis �0.5438 < 0.0001 �0.3499 0.0273

G. fuliginosa 0.0415 �0.1445

G. fortis 9 G. fuliginosa �0.3834 < 0.0001 �0.2177 0.8555

G. fuliginosa 0.0415 �0.1445

G. fortis 9 G. fuliginosa �0.3834 0.0008 �0.2177 0.1547

G. fortis �0.5438 �0.3499

G. fortis 9 G. scandens �0.0406 0.7950 0.0706 0.1446

G. fuliginosa 0.0415 �0.1445

G. fortis 9 G. scandens �0.0406 < 0.0001 0.0706 0.0117

G. fortis 9 G. fuliginosa �0.3834 �0.2177

G. fortis 9 G. scandens �0.0406 < 0.0001 0.0706 < 0.0001

G. fortis �0.5438 �0.3499

F3,999 = 48.832 F3,445 = 12.762

Mean PCs (principal components scores) are shown. The two components for beak variation refer to beak size (PC1) and

beak shape (PC2). Positive PC means indicate large body and beak size (PC1) and pointed beaks (PC2). All F tests of

heterogeneity for each group and trait combination (ANOVAs) are significant at P < 0.0001. P values in the table refer

to pairwise comparisons by Tukey–Kramer HSD tests. Sample sizes before and after selection are, respectively, 852 and

342 G. fortis, 33 and 32 G. fuliginosa, 84 and 45 G. fortis 9 G. fuliginosa, and 34 and 31 G. fortis 9 G. scandens.
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therefore hybrids and the parental species are com-
pletely intermingled; there is no hybrid zone. The
small size of the island and low population sizes,
together with the lack of migration, are advantages
in the search for ecological and behavioural causes of
hybridization as well as fitness consequences. A few
other studies share these advantages (Ryan, Moloney
& Hudon, 1994; Wiley et al., 2007; Kleindorfer et al.,
2014). Second, the key morphological traits that sep-
arate species vary continuously and not discretely,
unlike the majority of species studied elsewhere. We
have used genetic markers in addition to observa-
tions and morphological measurements to identify
hybrids.

Natural and/or sexual selection together with
recurrent hybridization and backcrossing have been
implicated in the maintenance of spatially restricted
hybrid zones in birds (McDonald et al., 2001; Bron-
son et al., 2005) and other animals (Taylor, Larson &
Harrison, 2015). These processes can be inferred
genomically (Irwin et al., 2009; Toews, Brelsford &
Irwin, 2011; Baldassarre et al., 2014; Poelstra et al.,
2014) but are difficult to study directly because
known individuals disperse out of local study areas,
and without radio-tracking are lost to the observers.
The study on Daphne is able to show the separate
effects of natural selection and introgressive
hybridization on the morphological trajectory of a
population through time. The two effects combined
synergistically (Grant & Grant, 2014b): introgression
from G. fuliginosa to G. fortis led to small average
beak size, and subsequent selection on the same trait
led to a further reduction in average beak size and
continuing introgression. An expected increase in fre-
quency of hybridization with G. fuliginosa was not
detected in the small number of samples after selec-
tion. In other situations elsewhere selection and
hybridization can have opposing effects, for example
under the numerous conditions where F1 hybrids
and backcrosses are at a selective disadvantage for
reasons of viability, fertility or mate acquisition
(Price, 2008). In these cases the opposing processes
act essentially as stabilizing selection.

SPECIATION IN REVERSE

None of the three species has hybridized with a
fourth species on Daphne, the much larger G. mag-
nirostris. Geospiza fuliginosa and G. scandens, also
of disparate size, have not interbred, although genes
may pass from G. fuliginosa to G. scandens via the
conduit of G. fortis (Grant, 1993; Grant & Grant,
2010): microsatellite profiles of a few G. fortis indi-
viduals appear to be a mosaic of genes from all three
species (see Methods). Even learning the song of
another species does not lead to hybridization when

the species differ considerably in size. Thus, overall
size, and size and shape of the beak are important
cues used in the choice of mates (Grant & Grant,
2008, 2014a). They constitute a barrier to interbreed-
ing of species.

The study provides insight into the breakdown of the
barrier, resulting in a potential collapse of two species
into one. The number of examples in the literature
where this is known or suspected is increasing, and
almost all involve a human influence (e.g. Taylor et al.,
2006; Vonlanthen et al., 2012). Kleindorfer et al. (2014)
have reported an apparent example from a study of tree
finches (Camarhynchus spp.) on the disturbed
Gal�apagos island of Floreana. Weakening of the barrier
between G. fortis and two congeners is exceptional in
occurring under natural circumstances. The key factor
was a natural change in the environment, specifically a
change in the composition of the vegetation and seed
supply in dry seasons induced by an exceptional amount
of rain in 1983 (Grant & Grant, 1993, 2014a). This
enabled hybrids to survive to the following breeding sea-
sons. Natural fusion of species is to be expected in other
taxa where populations are small, they occupy confining
habitats such as tops of mountains or small ponds, and
the environment is naturally perturbed. The outcome
may be reversed by a reversal of the environmental
state, or it may lead to the formation of a new species
along a novel evolutionary pathway (Larsen, March�an-
Rivadeneira & Baker, 2010). This has also happened on
Daphne with the formation of a new, reproductively iso-
lated, lineage (Grant & Grant, 2014a, b).
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