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abstract: This article explores how introgressive hybridization en-
hances the evolutionary effects of natural selection and how, recip-
rocally, natural selection can enhance the evolutionary effects of in-
trogression. Both types of interaction were observed during a 40-year
study of Darwin’s finches (Geospiza) on the small Galápagos island of
Daphne Major. Hybrids, produced rarely by Geospiza fortis (medium
ground finch) breeding with Geospiza scandens (cactus finch) and
Geospiza fuliginosa (small ground finch), survived and bred as well as
the parental species in the past 3 decades. By backcrossing, they in-
creased the standing genetic variation and thereby the evolutionary
responsiveness of the populations to natural selection. Natural selection
occurred in droughts and oscillated in direction as a result of climat-
ically induced fluctuations in food composition. Introgressive hybrid-
ization has led to the formation of a new lineage. It was initiated by
a large, introgressed, hybrid male with a unique song and genetic
marker that immigrated from the nearby island of Santa Cruz and
bred with local hybrids and with G. fortis. All members of the lineage
died in the 2003–2005 drought except a brother and a sister, who then
bred with each other. Subsequent increase in the lineage was facilitated
by selective mortality of the largest G. fortis. Breeding endogamously,
the lineage is behaving as a biological species.

Keywords: Darwin’s finches, Galápagos, population variation, Lo-
renzian imprinting, character displacement, hybrid speciation.

And then many kinds of creatures must have vanished
with no trace

Because they could not reproduce or hammer out a race
For any beast you look upon that drinks life-giving air
Has either wits or bravery or fleetness of foot to spare
Ensuring its survival from genesis to now

(Lucretius, De rerum natura, ∼50 BCE)
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Introduction

The notion of selective mortality has been in people’s
minds for a long time (Stott 2012). A close reading of the
text of Lucretius’s famous poem De rerum natura (Lucre-
tius [∼50 BCE] 2007) reveals a primitive understanding
of the concept of natural selection more than 2,000 years
ago: perhaps stabilizing selection, perhaps group selection.
Animal and plant breeders have employed the similar con-
cept of selective breeding for much longer. Yet how and
why selection occurs in nature became the focus of quan-
titative scientific studies only in the past century, with
interest increasing exponentially to the point where last
year Joel Kingsolver and Sarah Diamond were able to sur-
vey more than 4,600 estimates of selection from 143 field
studies conducted since just the year 1984 (Kingsolver and
Diamond 2011). The scope of data from field studies is
very impressive, and now generalizations can be made
about selection in the wild, including directions of selec-
tion on morphological, physiological, and ecological traits
(Hoekstra et al. 2001; Siepielski et al. 2011), the frequency
of stabilizing selection, the strength or intensity of selec-
tion, and topics such as the likelihood that directional
selection is made less effective by trade-offs between fitness
traits or by genetically based character correlations (King-
solver and Diamond 2011).

A similar rapid development has recently taken place
in the study of hybridization or, more generally, gene ex-
change between populations to allow for the inclusion of
horizontal gene transfer in prokaryotes and some eukary-
otes. A set of generalizations is emerging about its fre-
quency of occurrence, its taxonomic diversity, and its evo-
lutionary effects (Arnold 1997; Mallet 2005; Schwenk et
al. 2008; Hedrick 2013). Introgressive hybridization may
be widespread in nature, even though rarely common. It
is more prevalent in some taxa, especially plants, butter-
flies, and birds, than in others and more likely to occur
in groups of recently evolved species early in their radiation
such as African cichlid fish (Kocher 2004; Seehausen 2004,
2006) than in old ones such as Caribbean Anolis lizards
(Losos 2011) after genetic incompatibilities have arisen.
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Instead of inevitably leading to an evolutionary dead end,
hybridization can become the beginning of a new evolu-
tionary trajectory (e.g., Schwarz et al. 2005, 2007; Larsen
et al. 2010). Rheindt and Edwards (2011) refer to it as an
integral component of speciation.

In this article, we put natural selection and introgressive
hybridization together. How are they connected? The most
obvious linkage is the selective penalty of hybridization
through inferior viability and fertility of hybrids (Coyne
and Orr 2004). Less obvious, because apparently less com-
mon, is the opposite outcome of hybridization: hybrid
fitness superiority (Burke and Arnold 2001; Morjan and
Rieseberg 2004), in other words, a selective advantage to
hybrids in comparison with nonhybrids under some eco-
logical circumstances, for example in hybrid zones (Moore
1977), or change in abundance of resources. But there are
other important links as well, and some of them depend
on community context. Here are two.

1. Introgression augments the gene pool and facilitates
evolutionary responses to selection, either in amount or di-
rection. An outstanding recent example comes from the
work of the Heliconius Genome Consortium (2012), with
the compelling inference that blocks of genes governing
mimetic patterns on Heliconius butterfly wings have been
transferred to other Heliconius species by introgressive hy-
bridization. Three species are involved in this example:
two hybridizing species and at least one other, a visual
predator, the selective agent. The work of Loren Rieseberg’s
group with sunflowers (Rieseberg et al. 2003) and Enrico
Coen’s group with Senecio provides parallels in plants, for
example, in demonstrating that key regulatory genes have
been transferred from one species to another (Kim et al.
2008).

2. Natural selection on one species can positively or neg-
atively affect the hybrids produced by two others. The fate
of hybrids thus depends not only on their genetic consti-
tution but on the selective fate of a third species with which
they interact. The third species might be a competitor,
predator, herbivore, or parasite. Possible examples include
selection on oviposition and feeding behavior of herbi-
vores that differentially exploit hybrids (and backcrosses)
and the parental species of hybridizing oaks (Quercus:
Preszler and Boecklen 1994), cottonwoods (Populus: Paige
and Capman 1993), and eucalypts (Eucalyptus: Whitham
et al. 1999). Such interactions can be complex, and while
their ecological dynamics are understood, their evolution-
ary dynamics are not and need to be studied.

In this article, we draw on the results of a 40-year study
of Darwin’s finches to explore these two examples of syn-
ergistic connections between selection and hybridization.
The relatively small size of Daphne, its ecological sim-
plicity, and the long-term, continuous study of its inhab-
itants has allowed us to quantify selection and hybridi-

zation, to infer their causes, and to determine the
consequences. We first present the evidence of natural se-
lection and introgressive hybridization separately, then link
them together to emphasize their potential synergy, and
conclude with an example of synergy during the formation
of a new species by introgressive hybridization (Grant and
Grant 2014).

Natural Selection

We began a study of Darwin’s finches on the Galápagos
island of Daphne Major (0.34 ha) in 1973. The overarching
goal was to understand the ecological basis of speciation
and adaptive radiation. Our initial and primary focus was
on the debated evolutionary role of interspecific compe-
tition and its relevance to theories of speciation (Grant
1986). An archipelago-wide comparison of finch numbers,
diets, and morphology (Abbott et al. 1977; Smith et al.
1978) was accompanied by in-depth study of populations
of ground finches on the small island of Daphne Major:
pattern complemented by process. The island has popu-
lations of Geospiza fortis and Geospiza scandens whose
numbers fluctuated from ∼1,200 to ∼100 and ∼900 to
!100 individuals, respectively. We measured, individually
banded, and released large numbers of finches. This en-
abled us to measure selection by the longitudinal study of
marked individuals. We soon learned that evolutionary
change in average beak size and shape occurs when the
environment changes.

During droughts, many finches die, as happened in
1977, when 85% of the medium ground finch population
(G. fortis) died of starvation. Mortality was selective: large
birds with large beaks survived at a higher rate than birds
with small beaks. As a result, the average beak size of the
population increased throughout the drought year of 1977
(fig. 1). The reason was that only birds with large beaks
were able to crack the large and hard seeds of Tribulus
cistoides (caltrop) and Opuntia echios (cactus) that re-
mained in relative, though not absolute, abundance after
most of the small and soft seeds had been depleted by the
finches. Natural selection had occurred (Boag and Grant
1981), and selection gradient analysis showed that beak
depth was the most important selected trait (Price et al.
1984). This is a form of soft selection, in that the birds
brought selection upon themselves through differential de-
pletion of the food supply, preferentially eating small seeds
that are easy to exploit (Boag and Grant 1984; Price 1987).
Contrast this with hard selection, as in the case of cryptic
mice (Linnen et al. 2009; Mullen et al. 2009) or lizards
(Rosenblum and Harmon 2011), which are at the mercy
of their predators. Their chances of escaping are dependent
solely on their phenotype and not on interactions with
each other.
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Figure 1: Top, increase in beak size of Geospiza fortis (sexes combined) during a drought as a result of selective mortality. Bottom, evolutionary
response to natural selection is indicated by the average beak depth of the next generation (asterisk). Means and 1 standard error are shown.
A sample of 640 males and females combined in June 1976 was followed through January 1979 (61 survivors). Adapted from Grant and
Grant (2010b).

Beak Genetics and Evolution

Finch beaks are the key morphological trait in the Daphne
population of G. fortis as well as in all other members of
the adaptive radiation (Grant 1986). They are quantitative
traits, varying continuously, and therefore several to many
genes are likely to contribute to their development and
variation. What do we know about those genes and the
potential for evolutionary change? Some of the genes have
been identified by our collaborators, Cliff Tabin, Arhat
Abzhanov, and Ricardo Mallarino (Abzhanov et al. 2004,

2006; Mallarino et al. 2011). They have worked out how
each of the three dimensions of finch beaks can be ge-
netically altered independently by changes in the expres-
sion of signaling molecules in three different biochemical
pathways: length alone by calmodulin (CaM), depth and
width (but not length) by bone morphogenetic protein 4
(Bmp4), and, a little later in development, depth and length
(but not width) by Dickkopf-3, TGFßIIr, or ß-catenin.
There are surely a multitude of other genetic factors, and
we completely lack an understanding of the regulatory
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Figure 2: Oscillating selection on Geospiza fortis and the influence
of a competitor. Mean beak sizes (PC1) of adult G. fortis (sexes
combined) in the years 1973–2010. Vertical lines show 95% confi-
dence intervals for the estimates of the means. Horizontal lines mark
the upper and lower confidence limits for the means in 1973 to
illustrate subsequent change. The decrease in 2005 was due to com-
petition for food with the much larger Geospiza magnirostris. Adapted
from Grant and Grant (2010a).

feedback loops that structure gene expression networks,
but this is an exciting beginning to the unveiling and un-
raveling of a complex mechanism of trait development.

Second, we know that beak variation is highly heritable
(Grant and Grant 2000; Keller et al. 2001). Various checks
on potential biases such as genotype # environment cor-
relations and extra-pair paternity convince us that family
resemblance faithfully reflects genetic similarity. One day
we hope to know how the underlying gene expression
patterns vary within a single population across a beak size
axis and what happens to the genetic variation and gene
regulation when phenotypic variation is subject to selec-
tion.

Because beak size is heritable, natural selection gave rise
to an evolutionary change in the next generation (fig. 1).
Offspring of the survivors, produced in 1978, were large,
like their parents, and very close to the size predicted by
the genetic variances and genetic covariances with other
traits (Grant and Grant 1995). Thus, beak size, being
strongly inherited, had undergone a remarkable evolu-
tionary change in response to natural selection when the
environment changed and for reasons that could be un-
derstood in terms of food availability and beak mechanics
(Abbott et al. 1977; Herrel et al. 2005).

Oscillating Selection

Selection is not persistently and continuously unidirec-
tional but oscillates; large-beaked birds survive best under
some conditions, and small-beaked birds survive best un-
der others. A major determinant of the fitness of finches
is the weather and how it affects the food supply. Droughts,
associated with low temperatures across the Pacific, alter-
nate with years of the El Niño phenomenon, which brings
heavy and extensive rains to the eastern Pacific. The stron-
gest El Niño event of the past 400 years occurred in 1983,
when rain fell for 8 months instead of the usual 1 or 2.
An abundance of water transformed the vegetation from
a sparse one, in which plants producing large and hard
seeds predominated, into a community of small-seed-pro-
ducing plants. Profuse growth of vines and other plants
smothered the prostrate plants of T. cistoides and bushes
of O. echios cactus, whose large and hard seeds made the
difference between finch survival and starvation in 1977.
Two years later, in 1985, there was another drought. This
time the predominant food in the seed bank were small
seeds. Under these altered conditions in food supply,
small-beaked members of the medium ground finch pop-
ulation had a slight survival advantage over the rest. And
this oscillation has continued over the decades, with the
striking result that the two major species on the island,
the medium ground finch (G. fortis) and the cactus finch
(G. scandens), are not the same now as they were at the

beginning of our study in body size, beak size, or beak
shape. Both G. fortis and G. scandens are significantly
smaller, for reasons discussed in detail in Grant and Grant
(2014).

Thus, evolution occurs repeatedly and oscillates in di-
rection. The dominant selection regime is not stabilizing
because the environment is not constant. Moreover, se-
lection is not continuous but episodic: it is very strong at
some times and weak or absent at others (Grant and Grant
2002).

The Influence of Competitors

The direction of evolution is influenced by competitors.
In the extraordinary year of 1983, Daphne Major Island
was colonized by Geospiza magnirostris, the large ground
finch. This turned out to be a highly significant event,
albeit after a long delay, because by the time another severe
drought affected Daphne Major in 2003–2004, comparable
in magnitude to the one in 1977, there were more than
300 G. magnirostris on the island. The population of G.
fortis crashed from more than 1,300 to less than 100. But
now, unlike the last time, large G. fortis were apparently
outcompeted by the even larger G. magnirostris for the few
remaining Tribulus seeds. They died from starvation at a
higher rate than the small-beaked members of the pop-
ulation, shifting the survival advantage strongly to the
small-beaked birds, and the average beak size, which had
been stable for many years (fig. 2), plunged (Grant and
Grant 2006). This is an example of ecological character
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displacement (Pfennig and Pfennig 2012), the divergence
that occurs when separated species come into contact and
compete for the same food source. An evolutionary change
took place as a result of selection, and it has been sustained
unaltered to the present because there has been no further
selection (Grant and Grant 2010b, 2014).

In summary, in 1977, G. fortis brought selection upon
themselves by differentially depleting the food supply, pref-
erentially eating small seeds, whereas in 2006, G. magni-
rostris brought about selection on G. fortis by differentially
depleting the food supply, preferentially eating large seeds.
Intraspecific competition caused the first event, and in-
terspecific competition caused the second.

Hybridization

A second goal of studying finches on Daphne was to un-
derstand the maintenance of variation in natural popu-
lations and why some populations vary much more than
others in traits such as beak size. The prevailing theory
stressed mutation-selection balance; nevertheless, the pres-
ence of abundant polygenic variation in nature was con-
sidered theoretically to be a problem because stabilizing
selection should erode variation (Barton 1990). In 1976,
the first year of studying the breeding of finches on
Daphne, we discovered that Geospiza fortis were hybrid-
izing with a rare immigrant species, Geospiza fuliginosa,
the small ground finch (Boag and Grant 1984). This made
us realize that we could not afford to ignore hybridization
as a possible source of genetic input into a population
(Grant and Price 1981) and one of several factors affecting
the observed levels of morphological variation (Grant and
Grant 2000). We decided to quantify its occurrence and
effects.

Mating within Species

Geospiza fortis breed rarely with Geospiza scandens and
rarely with G. fuliginosa, but 98% of G. fortis breed with
other G. fortis. To understand why species occasionally
hybridize, we need to know why they usually do not. What
typically keeps the sympatric species apart? The short an-
swer is they differ in song and in beak and body size traits.
In all other respects, such as plumage, type of nest built,
and courtship behavior, Darwin’s ground finches are sim-
ilar (Grant 1986). Males sing one short song, one of a few
variants on a species-specific song theme. Work done by
Robert Bowman on captive birds in the 1970s showed that
song is learned during a short sensitive period early in life
between day 10 and day 40 after hatching (Bowman 1983).
This period coincides with the last few days in the nest
and when parents are feeding their fledglings. The male
is singing at this time, and therefore it is not surprising

that sons learn and later sing almost perfect renderings of
their father’s song. Once learned, this single short song is
retained for life, and life can be as long as 17 years. When
adult, individuals pair according to the species-specific
song learned in association with morphology during their
short sensitive period early in life. Females do not sing,
although the pattern of mating shows that they learn their
father’s song (Grant and Grant 1997). The consequence
of this Lorenzian (sexual) imprinting phenomenon is a
premating barrier between species made up of two factors:
morphology, a genetic factor; and song, a learned, cul-
turally transmitted factor (Grant and Grant 2008a). We
have seen no evidence or indication of genetic variation
in mate choice (see, e.g., Sæther et al. 2007).

Mating between Species

The barrier between species occasionally leaks; they in-
terbreed. The leak occurs when a young bird hears and
learns the song of another species during its short sensitive
period. This has happened in three ways. First, a G. scan-
dens takes over a G. fortis nest. Normally when this hap-
pens, all G. fortis eggs are removed, but occasionally one
is left behind. Then the young G. fortis grows up in a G.
scandens nest and learns its foster father’s song. A second
situation occurs when a father dies and the mother alone
raises the offspring. The young bird hears a natal neighbor,
and if that bird is a member of another species, then the
young bird will learn the song of that species. The third
scenario has occurred when two species nest close to each
other. The larger dominant male sings loudly and chases
the male of the subordinate species away. The young in
both nests then learn the song of the dominant male, which
the sons later sing.

Even though females do not sing, limited experimental
evidence with testosterone-primed subjects suggests that
they learn their father’s song (Bowman 1983). The pattern
of mating is consistent with learning paternal song: both
males and females hybridize when their father sings het-
erospecific song (Grant and Grant 1997). Learning another
species song by males and females often leads to hybrid-
ization, though not always. It does so only when the size
difference between the species is small, as it is between G.
fortis (∼17 g) and G. fuliginosa (∼12 g) or G. scandens (∼19
g). In contrast, none of the nine G. fortis that learned to
sing the song of the much larger Geospiza magnirostris (∼29
g) hybridized, and none of the G. fuliginosa hybridized
with G. scandens. In other words, the barrier to inter-
breeding leaks when both song and morphological differ-
ences are small (Grant and Grant 2008b, 2010b). Con-
versely, the barrier becomes strengthened as song and
morphology diverge.
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Figure 3: Fitness of seven cohorts of hybrids and backcrosses in relation to the parental species hatched in the years 1978–1998 on Daphne
Major Island. Initial numbers were scaled to 1,000 at fledging and converted to logarithms, then summed across years and averaged. The
hybrid groups comprise F1 hybrids and first-generation backcrosses. N p sample size. Adapted from Grant and Grant (2008a).

Hybrid Fitness

Hybridization is selectively disadvantageous when there is
some degree of genetic incompatibility between the inter-
breeding individuals. We examined whether hybrids are at
a selective disadvantage when compared to individuals of
their parental species hatched and living at the same time
(Grant and Grant 1998, 2008b). During the first 10 years
of the study, it appeared that hybrids were not viable, as
none of the hybrids survived dry seasons long enough to
breed (Grant and Grant 1993). We thought at first that
this might be due to some level of genetic incompatibility.
However, hybrids were few in number, and an alternative
reason was a scarcity of the appropriate food for birds of
intermediate beak size. This was a time when a large frac-
tion of seeds in the soil and on the ground were large and
hard; small and soft seeds were scarce. Observations of
hybrid feeding showed that they were incapable of cracking
the large and hard Tribulus seeds. They could crack Opun-
tia echios (cactus) seeds but took two to three times longer
to do so than G. scandens (Grant and Grant 1996).

After the El Niño event of 1982–1983 and during sub-
sequent wet years, small and soft seeds dominated the food
supply. Hybrids fed on these and survived long enough to
breed. This gave us the opportunity to compare the via-

bility and fertility of hybrids with individuals of the pa-
rental species hatched in the same year and surviving
through the same conditions (Grant and Grant 1992,
1993). Comparing hybrids with the parental species in
three cohorts, the wet years of 1983, 1987, and 1991, we
found no evidence of genetic incompatibility. Hybrids and
backcrosses produced by G. fortis and G. scandens survived
as well as—and perhaps even slightly better than—the
parental species hatched in the same year (fig. 3). They
also produced as many eggs, nestlings, and recruits as their
parental species. Thus, when the appropriate ecological
conditions (small soft seeds) are available for their inter-
mediate beak size and shape, hybrids are at no selective
disadvantage.

Hybrids suffered no disadvantage when seeking mates.
They backcrossed to one or other of the parental species
according to paternal song type, resulting in transfer of
genes from one species to the other. Gene flow between
G. fortis and G. scandens occurred in both directions, al-
though more from G. fortis to G. scandens than vice versa
(Grant and Grant 2008b). Average heterozygosity at mi-
crosatellite loci increased and so did beak shape variance.
Genes were transferred unidirectionally from the rare G.
fuliginosa to G. fortis (Grant and Grant 2014).
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Introgression-Selection Interactions

Synergy 1: Introgression Enhances Evolution
by Natural Selection

Introgression increases standing variation in beak traits
and thereby enhances the evolutionary response to direc-
tional selection during times of drought. The heritability
of beak traits is unusually high in the Geospiza fortis pop-
ulation, ∼0.8 (Keller et al. 2001), and distinctly lower in
Geospiza scandens (Grant and Grant 2000). We attempted
to quantify the contribution made by introgressed genes
by recalculating heritabilities after known hybrids were
removed from the samples. Additive genetic variances de-
creased by as much as 10% (Grant and Grant 1994). This
is a minimum estimate of the effect of introgression be-
cause only recent hybrids were removed.

The difference between G. fortis and G. scandens in level
of variation is consistent with the idea that introgression
causes genetic and phenotypic variation to increase. One
reason for the difference is that G. fortis receives genes
from Geospiza fuliginosa and G. scandens, whereas G. scan-
dens receives genes from only G. fortis. Another reason is
ecological: G. fortis feeds on a diverse array of seeds and
exhibits some degree of individual specialization on dif-
ferent components (Price 1987), whereas G. scandens more
uniformly specializes on flowers and fruits of Opuntia cac-
tus (Grant and Grant 2008b).

We conclude that episodic introgression, occurring at
times of appropriate ecological conditions for survival of
hybrids with intermediate beaks, increases the morpho-
logical and genetic variation on which selection acts, lead-
ing to evolution. In a new environment, this could fuel a
rapid change along a unique trajectory. Remarkably, this
is exactly what happened on Daphne.

Hybrid Speciation

In 1981, an immature male arrived on Daphne. Although
its beak identified it as G. fortis, it was exceptionally large,
28 g, and well beyond the size range of Daphne G. fortis
(average ∼17 g, maximum 23 g). It sang an unusual song
and had a distinguishing genetic marker, being homozy-
gous for a rare allele (183) at one of 16 microsatellite loci
(GF 11). We confirmed that it did not hatch on Daphne
with assignment tests applied to microsatellite data. An
examination of the genetic profile of birds on the sur-
rounding islands revealed that it came from the neigh-
boring large island of Santa Cruz and was most likely not
a G. fortis but a G. fortis # G. scandens backcross to G.
fortis (Grant and Grant 2009). Banded as 5110, it took 2
years to acquire a mate and bred first with a backcross of
similar genetic constitution hatched on Daphne and then
later with G. fortis. It lived for 13 years and produced six

young that bred. The following generations of this new
lineage were characterized by frequent close inbreeding.
All offspring were large, all males sang the 5110-type song,
and all carried at least one copy of the rare (183) allele.

All birds but two of the eight members of this lineage
in 2003 died in the two-and-a-half-year drought (2003–
2005). Surprisingly, the two survivors were brother and
sister (Grant and Grant 2009). Both were large and ho-
mozygous for the rare allele due to previous inbreeding,
and the male sang the 5110 song. The brother and sister
mated, and over the next few years produced 26 offspring.
Those surviving to breed (17) bred with each other and
produced more offspring, which in turn bred with each
other and produced more. The pedigree now extends for
seven generations in total, counting 5110 as the first. The
new lineage is behaving like a new species, having bred
entirely endogamously for the last four generations; genes
have neither flowed into or out of the lineage. The birds
continue to be distinctive. Currently, they are larger in all
dimensions than their closest relative, G. fortis, they sing
a unique song that differs from all other species on
Daphne, they carry a rare allele in nearly unique homo-
zygous form, and they hold territories contiguous with
each other, which they defend against each other. The
territories are large and overlap territories of G. fortis, G.
scandens, and Geospiza magnirostris, who generally ignore
them and are ignored by them (Grant and Grant 2014).

Thus, the new lineage is functioning as a reproductively
independent species. Will it eventually go extinct through
inbreeding depression? It might, but so far there is no sign
of it. Will it become extinct through hybridizing with G.
fortis or G. scandens, or will it persist with its genetic var-
iation augmented through introgression? Again, it might
follow either course, but so far there is no indication of
any introgression.

Synergy 2: Selection Enhances the Fitness
of an Introgressed Lineage

The synergy between selection and introgression occurred
in 2003–2005. We infer this from a quantitative knowledge
of diets, beak dimensions, and population numbers (Grant
and Grant 2009). Selective mortality of large members of
the G. fortis population through competitive interactions
with G. magnirostris resulted in unoccupied space, both
morphological (fig. 4) and ecological, which the new lin-
eage filled. Natural selection on G. fortis thereby influenced
the fate of the hybrid lineage by enabling it to increase
from two individuals to more than two dozen. A second
consequence of selective G. fortis mortality was a scarcity
of large G. fortis that might have been potential mates of
members of the lineage. Thus, selection on G. fortis may
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Figure 4: The hybrid lineage (BB) differed more from Geospiza fortis
(F) after the drought of 2003–2005 (solid ellipse) than before (broken
outline) as a result of selective mortality of G. fortis (fig. 2). Density
ellipses approximate 95% of individuals. Adapted from Grant and
Grant (2009).

have facilitated endogamous breeding of the lineage (Grant
and Grant 2014).

Selection has not yet been detected on the lineage itself.
The rapid change along a unique morphological trajectory
was initiated by hybridization on Santa Cruz and fostered
in the new environment of Daphne, especially by the se-
lective mortality of large G. fortis.

Discussion

The focal point of this article is trait variation within pop-
ulations and its evolutionary potential. Variation is en-
hanced by mutation and altered, and sometimes reduced,
by selection and by random drift. Introgression of het-
erospecific alleles makes two contributions. First, it in-
creases variation across the genome, permitting an en-
hanced evolutionary response to selection. Second, the
effects may be so profound as to initiate a new, repro-
ductively isolated lineage.

Gene flow between populations and species increases
variation in ecologically significant traits involved in feed-
ing and the avoidance of predators, with ramifying effects
in communities of interacting species (reviewed in Bolnick
et al. 2011). In an early study, Lewontin and Birch (1966)
provided both observational and experimental evidence
for a transfer of adaptive genes through hybridization that
permitted entry into a new thermal and physiological
niche. More often, the evidence for selection and hybrid-
ization is inferential. For example, phylogenetic analysis
has been used to infer an important role of introgressive

hybridization in speciation (Schwartz et al. 2005; Gom-
pertz et al. 2006; Mavárez et al. 2006; Mallet 2007; Peters
et al. 2007; Cui et al. 2013) and adaptive radiation (Barrier
et al. 1999; Seehausen 2004; Herder et al. 2006; Hudson
et al. 2011). Even human lineages show genomic signatures
of gene transfer in the past (Reich et al. 2011). Success of
hybrid lineages implies natural selection in most cases,
without excluding possibilities of sexual selection and drift.

The situation on Daphne is unusual in that we have
been able to follow a new lineage from its inception. It
affords a rare opportunity to assess the role of selection
and hybridization at the beginning of speciation. To put
this advantage in perspective, although hybridization is
widespread in birds and is often followed by introgression
(Grant and Grant 1992), it is rarely common in any one
place except in restricted hybrid zones (Moore 1977; Weir
and Price 2011). Consequently, its role in the formation
of a new species of birds is almost unknown (Brelsford et
al. 2011; Hermansen et al. 2011).

With regard to selection, we see no sign of it on mor-
phological traits of the lineage. However, success of the
population appears to have been affected indirectly by se-
lection on a competitor species. This may be a general
phenomenon: success of introgressed hybrid lineages may
depend as much on ecological context as on the genetic
characteristics of the lineage. Ecological context is also
likely to change through the evolution of the species in-
volved. We draw attention to the need for evolutionary
investigation beyond hybridizing species and the hybrids
and backcrosses they form to the evolutionary dynamics
of species they interact with, affect, and are affected by.

We have stressed the synergistic interaction of natural
selection and introgression and have referred to the con-
structive role of introgression in speciation. Under some
conditions, it may play a destructive role, causing the fu-
sion of two previously separated species. This also is hap-
pening on Daphne, with the gradual merging of Geospiza
fortis and Geospiza scandens through introgression without
penalty (Grant et al. 2004; Grant and Grant 2014). Such
speciation in reverse, when the environment changes, has
been recorded in sticklebacks (Taylor et al. 2006; Behm et
al. 2010) and other fish (Seehausen et al. 2008) and sug-
gested for sunflowers (Carney et al. 2000), sparrows (Sum-
mers-Smith 1988), and snails (Goodfriend and Gould
1996). In combination, the tendency toward fusion of two
species on Daphne and the initiation of a new one imply
ephemerality of species during the early stages of adaptive
radiation when species are morphologically distinct but
well before genetic barriers to gene exchange develop. Spe-
cies must be arising and collapsing more often than is
generally appreciated, unobserved, and unrecorded in ei-
ther fossils or molecular phylogenies.

We conclude by noting that the speciation we have de-
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scribed does not conform to existing speciation theories.
It has elements of allopatric, sympatric, founder effect and
ecological speciation while not being fully accounted for
by any one of them (Grant and Grant 2014). The key
ingredient appears to be introgressive hybridization on one
island leading to reproductive isolation from the parental
species on another. We know of no comparable examples.
Nonetheless, if speciation begins in small parts of large
geographical ranges or in small satellite demes, then the
example we have studied may not be as unusual as it
currently appears.
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Mavárez, J., C. A. Salazar, E. Bermingham, C. Salcedo, C. D. Jiggins,

and M. Linares. 2006. Speciation by hybridization in Heliconius
butterflies. Nature 441:868–871.

Moore, W. S. 1977. An evaluation of narrow hybrid zones in ver-
tebrates. Quarterly Review of Biology 52:263–277.

Morjan, C., and L. H. Rieseberg. 2004. How species evolve collec-
tively: implications of gene flow and selection for the spread of
advantageous alleles. Molecular Ecology 13:1341–1356.

Mullen, L. M., S. N. Vignieri, J. A. Core, and H. E. Hoekstra. 2009.
Adaptive basis of geographical variation in genetic, phenotypic and
environmental differences among beach mouse populations. Pro-
ceedings of the Royal Society B: Biological Sciences 276:3809–3818.

Paige, K. N., and W. C. Capman. 1993. The effects of host-plant
genotype, hybridization, and environment on gall-aphid attack and
survival in cottonwood: the importance of genetic studies and the
utility of RFLPs. Evolution 47:36–45.

Peters, J. L., Y. Zhuravlev, I. Fefelov, A. Logie, and K. E. Omland.
2007. Nuclear loci and coalescent methods support ancient hy-
bridization as cause of mitochondrial paraphyly between gadwall
and falcated duck (Anas spp.). Evolution 61:1992–2006.

Pfennig, D., and K. Pfennig. 2012. Character displacement. University
of California Press, Los Angeles.

Preszler, R. W., and W. J. Boecklen. 1994. A tri-trophic-level analysis
of the effects of plant hybridization on a leaf-mining moth. Oeco-
logia (Berlin) 100:66–73.

Price, T. D. 1987. Diet variation in a population of Darwin’s finches.
Ecology 68:1015–1028.

Price, T. D., P. R. Grant, H. L. Gibbs, and P. T. Boag. 1984. Recurrent
patterns of natural selection in a population of Darwin’s finches.
Nature 309:787–789.

Reich, D., N. Patterson, M. Kircher, F. Delfin, M. R. Nandineni, I.
Pugach, A. M.-S. Ko, et al. 2011. Denisova admixture and the first
modern human dispersals into Southeast Asia and Oceania. Amer-
ican Journal of Human Genetics 89:516–528.

Rheindt, F. E., and S. V. Edwards. 2011. Genetic introgression: an
integral but neglected component of speciation. Auk 128:620–632.

Rieseberg, L. H., O. Raymond, D. M. Rosenthal, Z. Lai, K. Living-
stone, T. Nakazato, A. E. Schwarzbach, L. Donovan, and C. Lexer.
2003. Major ecological transitions in wild sunflowers facilitated by
hybridization. Science 301:1211–1216.

Rosenblum, E. B., and L. J. Harmon. 2011. Same but different: rep-
licated ecological speciation at White Sands. Evolution 65:946–
960.

Sæther, S. A., G.-P. Saetre, T. Borge, C. Wiley, N. Svedin, G. And-
ersson, T. Veen, et al. 2007. Sex-chromosome-linked species rec-

This content downloaded from 128.112.203.079 on December 20, 2018 14:11:50 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&crossref=10.1007%2FBF00317131&citationId=p_67
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&crossref=10.1525%2Fauk.2011.128.4.620&citationId=p_71
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=21368127&crossref=10.1073%2Fpnas.1011480108&citationId=p_56
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=21368127&crossref=10.1073%2Fpnas.1011480108&citationId=p_56
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&system=10.1086%2F409995&citationId=p_60
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=11470913&crossref=10.1073%2Fpnas.161281098&citationId=p_45
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=11470913&crossref=10.1073%2Fpnas.161281098&citationId=p_45
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=19918081&crossref=10.1073%2Fpnas.0911761106&citationId=p_34
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=19918081&crossref=10.1073%2Fpnas.0911761106&citationId=p_34
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&system=10.1086%2F658341&citationId=p_49
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&system=10.1086%2F658341&citationId=p_49
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=19713521&crossref=10.1126%2Fscience.1175826&citationId=p_53
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=15341160&crossref=10.1111%2Fj.0014-3820.2004.tb01738.x&citationId=p_38
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=16901841&crossref=10.1098%2Frspb.2006.3558&citationId=p_42
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=16901841&crossref=10.1098%2Frspb.2006.3558&citationId=p_42
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&crossref=10.2307%2F1938373&citationId=p_68
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=16701374&crossref=10.1016%2Fj.tree.2005.02.010&citationId=p_57
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=16701374&crossref=10.1016%2Fj.tree.2005.02.010&citationId=p_57
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=15140081&crossref=10.1111%2Fj.1365-294X.2004.02164.x&citationId=p_61
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=20685705&crossref=10.1098%2Frspb.2010.0925&citationId=p_46
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=15131652&crossref=10.1038%2Fnrg1316&citationId=p_50
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=17683440&crossref=10.1111%2Fj.1558-5646.2007.00149.x&citationId=p_65
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&crossref=10.1093%2Ficb%2F21.4.795&citationId=p_39
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&crossref=10.1093%2Ficb%2F21.4.795&citationId=p_39
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=21771138&crossref=10.1111%2Fj.1365-294X.2011.05183.x&citationId=p_43
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=21771138&crossref=10.1111%2Fj.1365-294X.2011.05183.x&citationId=p_43
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=6738694&crossref=10.1038%2F309787a0&citationId=p_69
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=12907807&crossref=10.1126%2Fscience.1086949&citationId=p_73
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=17361174&crossref=10.1038%2Fnature05706&citationId=p_58
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=19656790&crossref=10.1098%2Frspb.2009.1146&citationId=p_62
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=19656790&crossref=10.1098%2Frspb.2009.1146&citationId=p_62
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=11737279&crossref=10.1046%2Fj.1365-2540.2001.00900.x&citationId=p_47
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=20534512&crossref=10.1073%2Fpnas.1000133107&citationId=p_51
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=20534512&crossref=10.1073%2Fpnas.1000133107&citationId=p_51
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=23906376&crossref=10.1111%2Fmec.12415&citationId=p_40
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=21944045&crossref=10.1016%2Fj.ajhg.2011.09.005&citationId=p_70
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=21944045&crossref=10.1016%2Fj.ajhg.2011.09.005&citationId=p_70
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&crossref=10.1111%2Fj.0269-8463.2005.00923.x&citationId=p_44
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=21073450&crossref=10.1111%2Fj.1558-5646.2010.01190.x&citationId=p_74
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&crossref=10.2307%2F2410116&citationId=p_63
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=19008450&crossref=10.1126%2Fscience.1164371&citationId=p_48
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=28562982&crossref=10.1111%2Fj.1558-5646.1966.tb03369.x&citationId=p_52
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&crossref=10.1007%2FBF00317131&citationId=p_67


Natural Selection and Introgression 681

ognition and evolution of reproductive isolation in flycatchers.
Science 318:95–97.

Schwarz, D., B. J. Matta, N. L. Shakir-Botteri, and B. A. McPheron.
2005. Host shift to an invasive plant triggers rapid animal hybrid
speciation. Nature 436:546–549.

Schwarz, D., K. D. Shoemaker, N. L. Botteri, and B. A. McPheron.
2007. A novel preference for an invasive plant as a mechanism for
animal hybrid speciation. Evolution 61:245–256.

Schwenk, K., N. Brede, and B. Streit. 2008. Hybridization in animals:
extent, processes and evolutionary impact. Philosophical Trans-
actions of the Royal Society B: Biological Sciences 363:2805–2811.

Seehausen, O. 2004. Hybridization and adaptive radiation. Trends in
Ecology and Evolution 19:198–207.

———. 2006. African cichlid fish: a model system in adaptive ra-
diation. Proceedings of the Royal Society B: Biological Sciences
273:1987–1998.

Seehausen, O., G. Takimoto, D. Roy, and J. Jokela. 2008. Speciation
reversal and biodiversity dynamics with hybridization in changing
environments. Molecular Ecology 17:30–44.

Siepielski, A. M., J. D. DiBattista, J. A. Evans, and S. M. Carlson.
2011. Differences in the temporal dynamics of phenotypic selection
among fitness components in the wild. Proceedings of the Royal
Society B: Biological Sciences 278:1572–1580.

Smith J. N. M., P. R. Grant, B. R. Grant, I. J. Abbott, and L. K.
Abbott. 1978. Seasonal variation in feeding habits of Darwin’s
ground finches. Ecology 59:1137–1150.

Stott, R. 2012. First evolutionists. Spiegel & Grau, Bloomsbury,
London.

Summers-Smith, J. D. 1988. The sparrows. T&AD Poyser, Calton,
England.

Taylor, E. B., J. W. Boughman, M. Groenenboom, M. Sniatynski, D.
Schluter, and J. Gow. 2006. Speciation in reverse: morphological
and genetic evidence of the collapse of a three-spined stickleback
(Gasterosteus aculeatus) species pair. Molecular Ecology 15:343–
355.

Weir, J. T., and T. D. Price. 2011. Limits to speciation inferred from
times to secondary sympatry and ages of hybridizing species along
a latitudinal gradient. American Naturalist 177:462–469.

Whitham, T. G., G. D. Martinsen, K. D. Floate, H. S. Dungey, B. M.
Potts, and P. Keim. 1999. Plant hybrid zones affect biodiversity:
tools for a genetic-based understanding of community structure.
Ecology 80:416–428.

Symposium Editor: Hopi E. Hoekstra

A young male of the new lineage (Geospiza fortis # scandens) from the island of Daphne. Photo credit: Peter R. Grant (Grant and Grant
2014, p. 255).

This content downloaded from 128.112.203.079 on December 20, 2018 14:11:50 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&crossref=10.2307%2F1938228&citationId=p_86
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&system=10.1086%2F658910&citationId=p_90
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=17916732&crossref=10.1126%2Fscience.1141506&citationId=p_75
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=17348936&crossref=10.1111%2Fj.1558-5646.2007.00027.x&citationId=p_79
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=18034800&crossref=10.1111%2Fj.1365-294X.2007.03529.x&citationId=p_83
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&crossref=10.1890%2F0012-9658%281999%29080%5B0416%3APHZABT%5D2.0.CO%3B2&citationId=p_91
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=18534946&crossref=10.1098%2Frstb.2008.0055&citationId=p_80
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=18534946&crossref=10.1098%2Frstb.2008.0055&citationId=p_80
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=16049486&crossref=10.1038%2Fnature03800&citationId=p_77
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=16701254&crossref=10.1016%2Fj.tree.2004.01.003&citationId=p_81
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=16701254&crossref=10.1016%2Fj.tree.2004.01.003&citationId=p_81
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=21047862&crossref=10.1098%2Frspb.2010.1973&citationId=p_85
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=21047862&crossref=10.1098%2Frspb.2010.1973&citationId=p_85
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=16448405&crossref=10.1111%2Fj.1365-294X.2005.02794.x&citationId=p_89
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F675496&pmid=16846905&crossref=10.1098%2Frspb.2006.3539&citationId=p_82

