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New species may be formed through hybridization and without an increase in ploidy. The challenge is
for hybrid derivatives to escape the homogenizing e�ects of gene ¯ow from parental species. The
mechanisms hypothesized to underlie this process were modelled using a computer simulation. The
model is of recombinational speciation, in which chromosomal rearrangements between parental
species result in poor fertility of F1 hybrids, but through recombination, novel homozygous types are
formed that have restored fertility. In simulations, stable populations bearing the recombinant
karyotypes originated frequently and were maintained when the fertility of F1 hybrids was high.
However, this high rate of origination was o�set by low genetic isolation, and lower F1 hybrid fertility
increased the evolutionary independence of derived populations. In addition, simulations showed that
ecological and spatial isolation were required to achieve substantial reproductive isolation of incipient
species. In the model, the opportunity for ecological isolation arose as a result of adaptation to
extreme habitats not occupied by parental species, and any form of spatial isolation (e.g. founder
events) contributed to genetic isolation. Our results con®rmed the importance of the combination of
factors that had been emphasized in verbal models and illustrate the trade-o� between the frequency
at which hybrid species arise and the genetic integrity of incipient species.
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Introduction

Hybridization between taxa can act as a creative force in
evolution and lead to cladogenesis and speciation. In
addition to the well-known cases of polyploid specia-
tion, hybridization has given rise to new species without
an increase in ploidy (homoploid speciation or hybrid
speciation, hereafter; examples reviewed in Rieseberg,
1997). Empirical studies of homoploid speciation in
plants have described several aspects of the process
(Stebbins, 1957; Grant, 1966; Abbott, 1986; Cruzan
et al., 1994; Rieseberg et al., 1995b, 1996, 1998; Hodges
et al., 1996; Abbott et al., 1998; Ungerer et al., 1998),
but the factors that in¯uence its likelihood and dynam-
ics are only beginning to be understood (McCarthy
et al., 1995). The purpose of this study was to use
computer simulations to investigate further some of the
ecological and genetic factors that a�ect the likelihood

of homoploid hybrid speciation. We used an individual-
based model in which we tracked the dynamics of
multilocus genotypes in spatially separated habitats.
By necessity, hybrid speciation must be initiated while

the parental species are in sympatry or parapatry, and in
most instances in close proximity. It is this limitation
and the resulting population dynamics that constitute
the principal challenges to understanding the process of
hybrid speciation. Although parental genotypes neces-
sarily serve as the source of hybrid genotypes, they also
limit the increase of hybrid genotypes and the develop-
ment of reproductive isolation if interbreeding among
lineages is common (e.g. hybrids backcrossing to
parental lineages).
The verbal model for homoploid hybrid speciation

hypothesizes two principal mechanisms by which hybrid
forms become stabilized (Grant, 1958). The ®rst mech-
anism is referred to as recombinational speciation and
involves hybridization between two parental species that
di�er by two or more chromosomal rearrangements
(Fig. 1; Stebbins, 1957; Grant, 1958). The chromosomal
di�erences reduce fertility in F1 hybrids and in later
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generation hybrids that are heterozygous for the rear-
rangements. The reduction in fertility can result from
impaired chromosomal pairing in meiosis, or from
crossing-over between heterologous chromosomal
blocks and a reduction in viable gametes. In either case,
the reduction of fertility in F1 hybrids constitutes a
barrier to introgression between parental species. How-
ever, backcrossing or interbreeding among F1 individuals
may give rise to some novel, chromosomally balanced
genotypes that have restored fertility. Because crosses
with the parental species will produce heterozygous
progeny, these novel genotypes are at least partially
reproductively isolated from the parental species, and if
they can persist as a lineage,may constitute a novel hybrid
species.

Empirical support exists for the applicability of the
recombinational model to at least one group containing
species of homoploid hybrid origin. Within Helianthus
sun¯owers, comparative linkage maps of two parental
species and a derived hybrid species indicate that
chromosomal rearrangements between parental species

are signi®cant barriers to introgression, and that the
genome of the hybrid species is based on a combina-
tion of structural features of parental chromosomes
(Rieseberg et al., 1995a,b).

The second mechanism that may lead to the stabili-
zation of hybrid lineages is `the segregation of a new
type isolated by external barriers' (Grant, 1981; p. 243).
The external barriers are thought to result from eco-
logical selection and niche di�erentiation among lin-
eages. Several authors have emphasized the critical role
ecological barriers are likely to play in hybrid speciation
(Kerner 1894±1895; Anderson, 1948; Grant, 1981;
Templeton, 1981; Rieseberg, 1997). In particular, it is
thought that hybrid species are able to form in sympatry
with parental species in part because of the ecological
opportunity created by available habitat that can not be
occupied by either of the parental species. The occu-
pancy of divergent niches by hybrid genotypes may give
rise to ecological isolation, the e�cacy of which is a
function of the strength of natural selection against
parental genotypes in the divergent habitat. Support for
the importance of this mechanism comes from the
observation that all of the known examples of homo-
ploid hybrid species occur in habitats that di�er from
those occupied by their parental species (Rieseberg,
1997). Often these are extreme habitats relative to the
requirements of parents, rather than habitats with
characteristics intermediate between the parental niches.
A good example of this is Helianthus anomalus, a hybrid
species that occupies sand dunes and swales, and that
exists in conditions that parental species can not tolerate
(Heiser et al., 1969).

Grant's hypothesized mechanisms for hybrid specia-
tion are not mutually exclusive and both are likely to
have contributed to the origin of most of the docu-
mented homoploid hybrid species (Rieseberg, 1997). In
the model we describe below, we examine both mech-
anisms, along with the e�ect of geographical isolation,
an additional factor that will a�ect the rate of gene
¯ow between parents and derived hybrid lineages
(Charlesworth, 1995; Rieseberg, 1997). The possibility
for recombinational speciation arises in our model by
assuming that parental species di�er for two or more
chromosomal rearrangements. We have incorporated
habitat-speci®c ecological performance and consider
cases in which hybrid species occupy a habitat in which
parents perform poorly. Finally, although hybrid speci-
ation must be initiated in sympatry, the model includes
spatial separation of habitats as a variable, because it
may confer critical geographical isolation between the
hybrid population and the parental taxa.

An earlier simulation study of recombinational spe-
ciation by McCarthy et al. (1995) developed a frame-
work for modelling homoploid speciation that we utilize

Fig. 1 Schematic representation of the model of recombina-
tional speciation. In this example, the parental species di�er by
two chromosomal inversions (indicated by shaded chromoso-
mal blocks containing upright or inverted `v'). Hybridization

produces F1 progeny that are heterozygous for the rearrange-
ments and as a result have low fertility. Mating among the F1

progeny or backcrosses can give rise to partially balanced

genotypes (two examples illustrated), as well as novel homo-
zygous genotypes. The novel homozygotes are fertile but at
least partially intersterile with the parental species.
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extensively. Their work not only led to important
conclusions about the evolutionary conditions that
might favour this mode of speciation, but also predicted
that new `recombinational species' are likely to arise
rapidly in a punctuated manner. However, important
aspects of homoploid hybrid speciation remain unex-
plored, and the earlier results (McCarthy et al., 1995)
suggested that our understanding of the dynamics of
hybrid speciation would bene®t from further study.
More speci®cally, in the McCarthy et al. (1995) simu-
lations two outcomes occurred: a favoured hybrid
genotype eventually spread throughout the spatial grid
and supplanted parental species (a type of recombina-
tional speciation), or alternatively, the favoured hybrid
genotype never increased to constitute a signi®cant
proportion (»10%) of the total number of individuals.
Consequently, the McCarthy et al. (1995) model
described conditions that favour a special case of
recombinational speciation, one in which a novel species
is generated but both parental species become locally
extinct. This type of speciation is known to have occurred
through the complete genetic merger of two Raphanus
species (cultivated radish, R. sativus, and jointed char-
lock, R. raphanistrum) in California (N. C. Ellstrand,
pers. comm.). In the other documented cases of
homoploid hybrid speciation, parental species continue
to coexist with the derived hybrid species (Rieseberg,
1997). The conditions that favour hybrid speciation and
the maintenance of parental species are likely to di�er
from those that lead to hybrid speciation through the
merger of species' genomes.
A number of the di�erences between the current

model and that of McCarthy et al. (1995) were moti-
vated by the goal of describing the conditions under
which novel hybrid species can arise and coexist with
parental species. For example, we employed a spatial
model with an initially unoccupied and ecologically
divergent habitat and that allowed for ecological di�er-
entiation and isolation of species, whereas the previous
model was of a uniform ecological environment. Sim-
ilarly, in the present model we have added spatial
isolation between species. In addition, our model
included independent genetic factors for viability and
fertility, whereas both were based on a single set in the
previous model. A ®nal re®nement was that we moni-
tored a set of marker loci to quantify the amount of
genetic isolation between parental and hybrid species.

Details of computer simulation

To investigate the e�ects of postulated intrinsic and
extrinsic factors on the likelihood of hybrid speciation,
we focused on the contribution of hybrid fertility
barriers, ecological selection, and geographical isolation

to the speciation process. We used a computer simula-
tion to quantify the frequency of hybrid speciation, as
well as the genetic integrity of derived lineages, across a
range of parameter values for the strength of fertility
and ecological selection, and the degree of geographical
isolation between populations. The model is based on
hybridization between hermaphroditic, annual plants,
but its results and conclusions should apply to other
systems as well.

Spatial grid

The frequencies of multilocus genotypes were tracked on
a spatial grid that simulated the interface between
hybridizing parental species. The spatial grid was 20
columns by 80 rows in size and each cell on the grid had
a carrying capacity of ®ve individuals. The grid was
divided into three habitat types. Rows at the ends of the
grid represented parental habitats (i.e. areas in which
parental genotypes have high survivorship). Between
parental habitats was a zone in which intermediate
hybrid genotypes survived at a higher rate than parental
types; this zone is referred to as hybrid habitat. In
addition, these habitats were geographically isolated by
`gaps' (2±8 rows) in which plants could not survive,
regardless of genotype. Parental habitats (29 rows each)
and the distance between them (22 rows) were ®xed in
size, whereas the size of the hybrid habitat could be
varied (6±18 rows) to accommodate di�erent sized gaps
separating the habitats. To minimize artifacts with
respect to dispersal (e.g. edge e�ects), the grid was
assumed to be an elongated cylinder, such that the long
edges of the grid were connected and ends of the grid
were distant from the hybrid zone. As a result, the grid
simulated a transect through a more extensive hybrid
zone.

Genetics and selection

We employed a simple genetic model for fertility in
which we assumed that the two parental species di�ered
by two chromosomal inversions (inversion haplotypes)
that reduced fertility in heterozygous individuals. Four
haplotypes would need to be tracked to simulate two
chromosomal translocations as the basis for hybrid
speciation. The number of progeny produced by indi-
viduals varied according to fertility genotype (i.e.
karyotype) and was distributed as a Poisson variable
with parameter k, where k� 4rn/2, r is the fertility of
the F1 hybrid relative to the parental species, n is the
number of heterozygous inversion haplotypes within the
genotype, and 2 is the number of chromosomal rear-
rangements by which the initial species di�ered. Thus,
individuals with parental (a/a a/a, b/b b/b) and novel
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homozygous fertility genotypes (a/a b/b and b/b a/a) had
full fertility, and completely heterozygous individuals
produced a fraction (r) of the o�spring produced by
homozygous types. This is equivalent to a two-locus
model of heterozygote inferiority with multiplicative
®tness e�ects across loci. Similarly, pollen viability was a
function of the pollen donor's fertility genotype with
p(viable pollen)� rn/2.

In our model ecological performance is a function of
two unlinked genetic loci that segregate independently
of the inversion haplotypes, and of the habitat occupied
by a plant. We assumed that the loci underlying
ecological performance interacted additively and that
the parental species were initially ®xed for alternative
alleles (e and f, with e�ects )1 and 1, respectively). This
resulted in a matrix of genotypic values that included
two novel homozygous genotypes (e/e f/f and f/f e/e)
that can be formed by hybridization:

This two-locus, two-allele model is the simplest we
could conceive; a single locus, with parents ®xed for
alternative alleles, would be insu�cient because hybrid
lineages would be heterozygous and could not breed
true.

Selection on ecological performance occurred at the
seedling stage and was habitat-speci®c. Parents were
adapted to ecological conditions present in their respec-
tive habitats. Ecological selection in the hybrid habitat
favoured the intermediate genotypic value that is found
in the two novel homozygotes and the double hetero-
zygote at the two ecological loci. A genotype's proba-
bility of survival in a given habitat was a function of the
strength of selection (s, the probability of survival for
the least ®t genotype) and the genotype's deviation (d )
from the optimum genotypic value in the habitat relative
to the largest possible deviation in that habitat (max d ):
probability of survival� 1 ) s (d/max d ).

Thus, members of the parental species had a 1 ) s
probability of survival in the habitat of the other species,
whereas potential hybrid species survived at a 1 ) s(0.5)
rate outside the hybrid habitat.

The intermediate genotypic value favoured in the
hybrid habitat does not necessarily imply intermediate
phenotypic expression. Instead, intermediate genotypic
values might be permissive of extreme phenotypes, such
as tolerance of or compensation for extreme or stressful
environmental conditions.

Outline of simulation

At the beginning of the simulation there were no plants
in the hybrid zone and the parental habitats were ®lled
to carrying capacity. In each generation the following
cycle was repeated. The number of progeny produced by
each plant as a seed parent was determined. For each
ovule, a pollen donor was chosen from plants that lay a
random number of cells from the seed parent, where the
distance was given by a geometric probability distribu-
tion with parameter 0.4. If the pollen donor produced
viable pollen, a single progeny was produced and placed
on the grid after seed dispersal (successive donors were
chosen until viable pollen was produced); the distance
of seed dispersal was given by a geometric distribution
with parameter 0.6. These geometric distributions match
the leptokurtic patterns of pollen and seed dispersal
observed in nature (Loveless & Hamrick, 1984). To
avoid pollen limitation, the progeny allowance of only
the maternal parent was decremented. Ecological selec-
tion occurred at this stage and the probability that the
seedling survived varied according to the ecological
selection function described above. Mating continued
until the progeny allowance of each plant was exhausted.
Finally, at the end of each generation the number of
individuals per cell was reduced randomly to a maxi-
mum of ®ve (population regulation) and the cycle was
repeated.

The simulation proceeded until (i) plants bearing one
of the homozygous fertility types occupied the hybrid
zone to at least 50% capacity, or (ii) 4000 generations
passed without any genotype becoming numerically
dominant in the hybrid zone. In replicates in which a
fertility type successfully colonized the hybrid habitat,
we continued the simulation to monitor its persistence.
When a population of individuals with a parental
fertility genotype occupied the hybrid zone, those
individuals always contained a recombinant, adapted
ecological genotype. We categorized this outcome as
ecological introgression if the population persisted for
an additional 100 generations. When one of the possible
hybrid fertility genotypes increased to 50% of the
capacity of the hybrid zone, this population was
recognized as a potential hybrid species and its fate
was tracked for an additional 1000 generations. If the
potential hybrid species decreased to be less common
than another fertility type in the hybrid zone, we
concluded that the hybrid species failed to persist and
terminated that replicate of the simulation.

For replicates in which recombinational species arose,
we quanti®ed genetic isolation of the species by calcu-
lating pairwise GST values (Nei, 1973) for three di�erent
portions of the genome. Separate GST values were based
on marker loci completely linked to the two ecological

Locus 2

e/e e/f f/f

e/e )4 )2 0
Locus 1 e/f )2 0 2

f/f 0 2 4
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loci and to the two inversion haplotypes, and on two
unlinkedmarkers that segregated independently of all loci
under selection. In the generation in which a potential
hybrid species became numerically dominant in the
hybrid zone, all individuals bearing its fertility type and
both parental species were marked with diagnostic alleles
at the marker loci. Thus, GST between the species was
initially maximal and we could monitor its decay.
The program for this simulation was written in the C

computer language. Source code is available from the
®rst author upon request.

Results

Effects of hybrid fertility and ecological selection

The frequency of simulation replicates ending in hybrid
speciation increased with greater hybrid fertility (r) and
stronger ecological selection (s; Fig. 2). For hybrid
speciation to occur at an appreciable frequency in
our model, relatively intense ecological selection was
required. In the majority of cases where hybrid speci-
ation did not occur, the simulation ended in ecological
introgression instead, and this type of introgression was
by far the most frequent outcome of hybridization. In
simulations with the most extreme ecological selection
(s� 0.9), some replicates ended after 4000 generations
without ecological introgression or hybrid speciation.

Over the range of hybrid fertility and ecological
selection parameters examined (0.1 £ r, s £ 0.9), we saw
no instances of hybrid species declining signi®cantly
after becoming numerically dominant; coe�cients of
variation (SD/mean ´ 100%) in population size over a
period of 1000 generations were on average below 8%.
However, although hybrid species lineages arose and
persisted for 1000 generations, observations of pairwise
GST values suggested signi®cant exchange of alleles
between these populations at some parameter values
(Fig. 3). With strong ecological selection and low hybrid
fertility, GST values decayed at a slower rate and were
higher after 1000 generations than in replicates with
weaker selection. In other words, the genomes of hybrid
species remained more isolated from parental species
when protected by stronger ecological and fertility
barriers. The decay in GST was similar for markers
linked to ecological loci and inversion haplotypes,
whereas values for markers that were not linked to loci
under selection declined more rapidly and to lower
values after 1000 generations.

Effect of geographical isolation

Because hybrid speciation occurred at an appreciable
frequency only when ecological selection was relatively
strong (s ³ 0.7), we examined the interaction of ecolog-
ical and fertility selection with geographical isolation for

Fig. 2 Proportion of simulation repli-
cates ending in ecological introgression
(light lines) or hybrid speciation (heavy
lines). Fifty replicates were run at each

combination of hybrid fertility (r) and
ecological selection (s) parameters.
Geographical isolation between habitats

was held constant at eight grid rows on
each side of the hybrid habitat. At s� 0.9
some replicates ended after 4000 gener-

ations without ecological introgression
or hybrid speciation.
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a subset of parameter combinations (see Figs 4 and 5).
Geographical isolation did not have a uniform e�ect on
the number of simulation replicates ending in hybrid
speciation and ecological introgression (Fig. 4). High F1

hybrid fertility (r� 0.9, s� 0.9) led to a high likelihood
of hybrid species formation that declined with increasing
geographical isolation. The frequency of hybrid species
formation was less a�ected by geographical isolation at
lower values for hybrid fertility (Fig. 4).

The e�ect of geographical isolation on gene ¯ow
between species and on the decay of GST was more
drastic and signi®cant (Fig. 5). Little geographical
isolation (gap size � 2) in combination with strong
fertility selection (r � 0.1, s � 0.9) could not prevent
signi®cant decay of GST, and coupled with weak fertility
selection (r � 0.9, s � 0.9) resulted in a surprising
amount of gene ¯ow between genotypically di�erentia-
ted, stable populations.

Fig. 3 Decay of GST between the derived
hybrid species and one of the parental

species over 1000 generations. Separate
GST values were calculated for markers
linked to each of the inversion haplo-

types and ecological loci, and for mark-
ers unlinked to loci under selection
(neutral loci). At each combination of

ecological selection (s) and hybrid fertil-
ity (r) parameters shown, 50 replicate
simulations were run (size of gap

between parental and hybrid habitats
was eight rows). No hybrid speciation
occurred at s� 0.1 and 0.3, and at
parameter combinations with empty

panels. Mean GST after 1000 generations
is printed in the lower left corner of each
panel.
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Discussion

By simulating a realistic model for hybridization
between di�erentiated taxa, we have shown that previ-
ously hypothesized processes may lead to homoploid
hybrid speciation without the local extinction of paren-
tal species. Our results indicate that the recombinational
speciation model, and the resulting fertility selection, are
very unlikely to lead to hybrid speciation without
additional isolating mechanisms. In combination with
strong ecological and geographical barriers to gene ¯ow
between species, hybrid speciation may be a relatively
frequent outcome of hybridization, equally likely as
the alternative, ecological introgression (Figs 2 and 4).
However, with such strong barriers to dispersal, suc-
cessful hybridization is itself rare.
Under the conditions that most frequently lead to the

formation of a population bearing a novel homozygous
combination of inversion haplotypes (i.e. a potential
hybrid species), the derived populations experience exten-
sive gene ¯ow with parental species and are unlikely to
be lineages that may continue to diverge over evolu-
tionary time. In such cases, the decay of GST values
for initially diagnostic markers is striking evidence of
the homogenizing e�ects of hybridization, whereas
the maintenance of karyotypically di�erentiated popu-
lations gives the super®cial and misleading appearance
of genetic isolation. Variability in the permeability of

portions of the genome subject to di�erent levels of
selection highlights the di�culty of delineating species
when hybridization is common (Harrison, 1990).

The underlying processes

As in McCarthy et al. (1995), increasing F1 fertility
increases the frequency at which hybrid species originate
(Figs 2 and 4). This is reasonable because a decrease in
the fertility barrier between parents makes it more likely
that parental fertility types will introgress and form
novel fertility types. Because of di�erences in the
models, the e�ect of F1 fertility is the primary compar-
ison that can be made between the results of McCarthy
et al. (1995) and those described here. In McCarthy
et al. (1995), a weak fertility barrier rapidly led to the
merger and extinction of parental species, and persistent
genetic isolation from parental species was not an issue.
In contrast, if parental species persist locally, hybrid
species should not persist if they are not well isolated.
Under the conditions that led to hybrid speciation in the
present model, populations of individuals with the novel
hybrid genotypes always remained in the hybrid zone
for at least 1000 generations after their appearance.
However, under conditions most favourable to the
origin of hybrid species, our observations of GST

revealed a considerable exchange of alleles at all marker
loci as a result of interspeci®c gene ¯ow (Fig. 3). Results

Fig. 4 Proportion of simulation repli-

cates ending in ecological introgression
(thin lines) or hybrid speciation (heavy
lines). Fifty replicates were run at each

combination of geographical isolation
(number of rows between parental and
hybrid habitats) with four pairs of

fertility (r) and ecological (s) parameters.
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under the most favourable conditions indicate that
although stable populations of derived hybrid genotypes
might persist in the hybrid zone, these can not be viewed
as independent lineages, or species. Instead these stable
populations are a component of a step cline in allele
or haplotype frequencies at loci under selection, and
individuals bearing the dominant genotype are regularly
the result of recurrent hybridization rather than being
identical by descent. They are not genetically isolated
from parental species and only evolve to alternative

allele frequencies at loci that are subject to selection that
varies among habitats.

Strong ecological selection also increases the fre-
quency at which hybrid species form. When ecological
selection is weak, individuals with the parental karyo-
types are able to survive in the hybrid zone at a relatively
high rate, and as a result, introgression at ecological loci
is the common outcome under these conditions. It is
only when ecological selection is relatively strong
that ecological introgression is less likely and hybrid

Fig. 5 Decay of GST between the derived

hybrid species and one of the parental
species over 1000 generations. Separate
GST values were calculated for markers

linked to each of the inversion haplo-
types and ecological loci, and for mark-
ers unlinked to loci under selection

(neutral loci). At each of eight combi-
nations of geographical isolation and
hybrid fertility (r) parameters, 50 repli-
cate simulations were run (ecological

selection parameter ®xed at s� 0.9).
Mean GST after 1000 generations is
printed in the lower left corner of each

panel.
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speciation increases in frequency (Fig. 2). In addition,
the genetic integrity of incipient hybrid species is
increased by stronger ecological selection (Fig. 3). As
would be expected, divergent ecological selection among
habitats creates a neighbourhood of genetically similar
individuals and acts as an isolating barrier.
The geographical context of hybrid speciation typi-

cally has been assumed to be sympatric, because of the
necessity of hybridization between progenitor species.
However, as was observed in this study, any increase in
the rate of hybridization in geographical proximity
should be o�set by the diluting e�ects of gene ¯ow with
parental species (Fig. 5). As a result, it has been noted
that hybridization is more likely to lead to speciation
when hybrids are geographically isolated from parents,
and, in the extreme, when hybrid founder events occur.
Greater distance between habitats did have the antici-
pated e�ect of genetically isolating hybrid populations
from the parental species, whereas less geographical
isolation resulted in a stable step cline and with
negligible opportunity for divergence, given the low
identity by descent of alleles (Fig. 5). In our model,
1.01% of pollen and 0.03% of seeds were dispersed a
great enough distance to cross a gap of eight rows on the
grid. This amount of geographical isolation already had
a signi®cant e�ect on the genetic integrity of hybrid
species, and with su�ciently strong fertility and ecolo-
gical selection, more extreme isolation (e.g. founder
events) would not be a necessary precondition for strong
genetic isolation.
Because we de®ned the origin of new hybrid species in

terms of the fertility genotype (i.e. karyotype) there was
the potential for hybrid species to di�er from parental
species only at inversion haplotypes. However, hybrid
speciation via recombination at both inversion haplo-
types and ecological loci was far more common than via
recombination at inversion haplotypes alone. This is
probably because substantial ecological selection was
necessary for hybrid speciation to occur and as a result
multilocus associations usually built up between inver-
sion haplotypes and ecological loci.

Assumptions and alternatives

Several components of our model require discussion of
the underlying assumptions. The ®rst of these is our
treatment of ecological performance, in which hybrids
outperform parental species in the previously unoccu-
pied habitat between parental habitats. Empirical
evidence exists to support the assumption of habitat-
speci®c performance (Lewontin & Birch, 1966; Abbott
& Horrill, 1991; Grant & Grant, 1994; Graham et al.,
1995; Arnold, 1997; Wang et al., 1997; Burke et al.,
1998; Schluter, 1998), and the possibility of hybrids

outperforming parents (review in Arnold & Hodges,
1995). Also, verbal models of hybrid speciation have
typically considered hybrid habitats that are extreme
relative to those occupied by the progenitor species
(Grant, 1981; Templeton, 1981; Rieseberg, 1997). Our
model is consistent with this if one assumes that the
intermediate ecological genotypes of hybrid species
make possible the development of extreme phenotypes,
whereas parental genotypes are relatively costly (e.g.
developmentally and physiologically) and constrain
ecological phenotypes. In addition, using a more com-
plex additive genotypic model, we have considered
transgressive segregation, in which some hybrid geno-
types have genotypic values that lie outside the range
exhibited by parental genotypes (deVicente & Tanksley,
1993). This is perhaps a more realistic genetic model,
because the production of extreme phenotypes through
transgressive segregation is a common outcome of
hybridization between species (Rieseberg & Ellstrand,
1993). This alternative model yields results equivalent to
those presented here (data not shown).
With respect to ecological selection, we chose a simple

additive genetic model for ®tness, yet it is very possible
that ecological performance and ®tness do not decline
linearly as a function of deviation from the optimum.
Alternative models for the decline in ®tness would
change the steepness of adaptive peaks in the di�erent
habitats and directly a�ect the amount of isolation
resulting from ecological selection. Similarly, plants
experienced ecological selection only in terms of vari-
ation in survivorship at the seedling stage, whereas
ecological factors presumably could also a�ect fecundity.
Additional episodes of similar selection would only
increase divergence among habitats and should thus
make hybrid speciation more likely.
In our model, individuals that are heterozygous for

chromosomal inversion haplotypes have reduced fertil-
ity, and homozygotes for the inversions have restored
fertility. This assumption is well justi®ed because
chromosomal inversions are known to have contributed
to isolation in at least one well documented example of
hybrid speciation (Rieseberg et al., 1995a,b). Moreover,
variation in F1 hybrid fertility among species pairs is
expected to be based upon variation in the size of
chromosomal rearrangements and recombination rates
within rearrangements.
Nonetheless, the question of whether a genic sterility

barrier (i.e. one not involving chromosomal rearrange-
ments) might make hybrid speciation more or less likely
is of interest given the importance of genic sterility to
isolation between many plant and animal species. One
applicable model of hybrid sterility is the Muller±
Dobzhansky model of complementary genes (Muller,
1942; Dobzhansky, 1951). In this model, isolated
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populations of an ancestral species (a/a b/b) diverge to
alternative alleles (species 1: A/A b/b; species 2: a/a B/B).
The derived species are reproductively isolated because
their novel alleles (A and B) are incompatible and
interact negatively in interspeci®c hybrids (e.g. F1

hybrid: A/a B/b). As with chromosomal rearrangements,
the recovery of fully fertile, recombinant genotypes is
straightforward if the number of genic sterility factors
is small. For example, with a two-locus model, the
recovery of the ancestral genotype (a/a b/b) results in full
fertility. However, this genotype will be completely
interfertile with both parental genotypes. This is one of
several di�culties with a hybrid speciation model that is
mediated by the sorting of genic sterility factors. In
comparison to the chromosomal model: (i) more genic
sterility factors are required to generate a recombinant
genotype that is intersterile with both parents (four or
more loci); and (ii) a much smaller number of recom-
binant genotypes will be both fertile and genetically well
isolated from the parental species. Consequently, purely
genic models for hybrid speciation will necessarily be
more complex than chromosomal models, and hybrid-
ization under a purely genic model will more often lead
to introgression rather than well isolated hybrid species.
Although genic factors probably contribute to sterility
barriers among species involved in hybrid speciation, the
requirements for a purely genic model are thus relatively
stringent.

Grant (1958) noted that recombinational speciation
should be more likely under conditions of inbreeding,
and this was con®rmed by both McCarthy et al. (1995)
and the present model (data not shown). However, the
species that are thought to have originated through
hybrid speciation in nature all have an outcrossing
mating system (Rieseberg, 1997). Thus, it was valuable
to demonstrate that hybrid speciation may occur under
previously hypothesized conditions and without the aid
of a sel®ng mating system.

Three species of sun¯owers (Helianthus spp.) are of
homoploid hybrid origin and have been studied in detail
(e.g. Rieseberg et al., 1995b, 1996; Ungerer et al., 1998).
Overall, our model matches observations of hybridiza-
tion among sun¯owers, where F1 hybrid progeny have
fertilities less than 10% (Ungerer et al., 1998) and there
are signi®cant di�erences in the habitats occupied by
parental and homoploid derivative species (Rieseberg,
1991). The observed result that hybridization more often
results in introgression rather than hybrid speciation
is consistent with the pattern among sun¯owers,
where there are only three known hybrid species, but
innumerable hybrid swarms where the parental species
meet (Heiser, 1947).

Conclusions

The recombinational model can lead to homoploid
hybrid speciation under conditions that promote isola-
tion of derived lineages. Simulations showed that hybrid
speciation can occur in completely outcrossing species
via previously hypothesized mechanisms, and without
the local extinction of parental species. In particular, the
results con®rm the importance of ecological selection
and geographical isolation in hybrid speciation that had
been suggested in verbal models. Finally, modelling the
process demonstrated that there is a trade-o� between
the rate at which hybrid species originate and the
persistence of the genetically isolated, derived species.
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