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Abstract.—We integrate experimental studies attempting to duplicate all or part of the speciation
process under controlled laboratory conditions and ask what general conclusions can be made
concerning the major models of speciation. Strong support is found for the evolution of reproductive
isolation via pleiotropy and/or genetic hitchhiking with or without allopatry. Little or no support
is found for the bottleneck and reinforcement models of speciation. We conclude that the role of
geographical separation in generating allopatry (i.e., zero gene flow induced by spatial isolation)
has been overemphasized in the past, whereas its role in generating diminished gene flow in
combination with strong, discontinuous, and multifarious divergent selection, has been largely
unappreciated.
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Beginning in the 1950s and continuing to the
present, many researchers have set out to dupli-
cate all or part of the speciation process under
controlled laboratory conditions. Here we at-
tempt to integrate these studies and ask what we
can conclude about the major models of speci-
ation. Speciation via polyploidy, which appears
to be common in plants (White 1978), and other
chromosomal mechanisms are not discussed here.
The extensive body of purely theoretical work
on speciation is deemphasized. Instead we focus
on inferences deduced from experimental stud-
ies. Throughout we define species via the bio-
logical species concept, that is, “groups of inter-
breeding natural populations that are
reproductively isolated from other such groups”
(Mayr 1963, p. 19).

To define and integrate the major models of
speciation, we begin with the “basic allopatry”
or geographical model of speciation (summa-
rized in Mayr 1963). In this model, a species
range becomes dissected into two parts by a
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physical barrier (mountain range, river, etc.),
which prevents gene flow between them. The
populations are presumed to evolve indepen-
dently because of the allopatry induced by their
physical isolation. Genetic divergence accrues as
a result of adaptation to the prevailing environ-
mental conditions and by means of sampling drift.
Prezygotic (i.e., positive assortative mating that
reduces the production of hybrids) and postzy-
gotic (i.e., reduced viability and/or fertility of
hybrids) reproductive isolation develop between
the physically isolated populations as an inci-
dental byproduct of genetic differences that grad-
ually accrue between them. Once pre- and/or
postzygotic isolation is complete, speciation has
occurred.

The three other major modes of speciation in-
clude the reinforcement, divergence-with-gene-
flow, and bottleneck models. All of these can be
expressed as simple modifications of the basic
allopatry model.

In the reinforcement model, articulated in large
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part by Dobzhansky (1937), it is presumed that
the physical barrier breaks down before complete
reproductive isolation has evolved in allopatry.
Heterotypic matings between previously sepa-
rated subpopulations are presumed to produce
low-fitness hybrid offspring, and this selects for
positive assortative mating. If this selection is
successful and leads to complete prezygotic iso-
lation, then the speciation that began in allopatry
is completed despite renewed gene flow between
subpopulations.

In the divergence-with-gene-flow model (re-
viewed in Maynard Smith 1966; Endler 1977,
Felsenstein 1981), the physical barrier to gene
flow is incomplete or absent altogether. When
different regions, habitats, or niches within the
species range have sufficiently different selection
regimes, local, habitat-, or niche-specific adap-
tation can develop despite substantial gene flow
(e.g., Endler 1973, 1977). Reproductive isolation
is hypothesized to develop gradually between the
genetically differentiated subpopulations and ul-
timately lead to speciation.

The divergence-with-gene-flow model is ac-
tually a family of models that can be viewed as
a spectrum between two extremes. At the left
extreme of the spectrum (sympatry), there is a
single population in a homogeneous environ-
ment with simultaneous selection for two op-
posing phenotypes. At the right extreme of the
spectrum (parapatry), there is a sharp disconti-
nuity in selection between a pair of divergently
selected, geographically separated subpopula-
tions. Here selection is directional within each
subpopulation but disruptive when both sub-
populations are viewed as a whole. At the center
of the spectrum (cline), there is a gradual change
in selection along a geographical gradient, and
opposing phenotypes are favored at each end.
Endler (1977) has extensively review this con-
text. Almost all of the experimental work on the
evolution of reproductive isolation examines the
two extreme portions of the spectrum (sympatry
and parapatry), and here we focus exclusively on
these forms of the divergence-with-gene-flow
model.

The bottleneck speciation model, summarized
in Mayr (1970) and Carson and Templeton
(1984), actually represents three mechanistically
distinct models that share the feature that spe-
ciation is initiated when a population passes
through a major reduction in population size
(bottleneck), such as would occur when a single
inseminated female colonizes an isolated island
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and gives rise to a new population. One of several
processes are hypothesized to lead to a “‘genetic
revolution™ (i.e., a major reorganization of the
genome), which in and of itself leads to complete
or virtually complete reproductive isolation from
the original population.

Below we integrate laboratory studies that at-
tempt to duplicate all or part of these proposed
speciation mechanisms. We make no attempt to
cite every study germane to each topic, but in-
stead we use representative examples and cite
any cases that we are aware of that contradict
the generalizations we make. In the discussion,
we ask if there is a strong consensus among ex-
periments concerning the feasibility of each pro-
posed speciation model.

THE BASIC ALLOPATRY MODEL

The major prediction to be tested concerning
the basic allopatry model is that sampling drift
and/or adaptation to different environments can
lead to genetic differentiation that produces in-
cidental reproductive isolation. Substantial ex-
perimental evidence bears on this prediction.

Sampling Drift. —One simple way to deter-
mine the potential for sampling drift to generate
reproductive isolation among isolated popula-
tions is to look for pre- and postzygotic isolation
among inbred lines. We have found no reports
of hybrid inviability or sterility in crosses be-
tween different inbred lines of Drosophila spe-
cies; however, prezygotic isolation has been ob-
served. For example Koref-Santibanez and
Waddington (1958) inbred six lines of D. mel-
anogaster by repeated brother-sister matings for
57 generations. They observed weak positive as-
sortative mating in two lines, weak negative as-
sortative mating in one line, and no statistically
significant, consistent trend in the remaining three
lines. Powell and Morton (1979) inbred (brother-
sister mated) 13 lines of D. pseudoobscura for up
to 12 generations and found no statistically sig-
nificant prezygotic isolation among them. In con-
trast, Averhoffand Richardson (1974) found that
increased levels of inbreeding led to increased
levels of negative assortative mating in D. mel-
anogaster. Both positive and negative assortative
mating were found among inbred lines of labo-
ratory mice (Yamazaki et al. 1978). Ahearn (1980)
claimed to have found prezygotic isolation be-
tween two isofemale lines of D. silvestris, one of
which had undergone two major bottlenecks un-
der laboratory culture. Reanalysis of the data,
however, indicates that no statistically significant
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positive assortative mating developed (P = 0.12;
2 x 2 contingency test). Overall studies of mating
among inbred strains suggest that sampling drift
can both contribute to or detract from isolation
among populations.

Divergent Selection and Prezygotic Isola-
tion.—Besides sampling drift, genetic differen-
tiation in response to divergent selection among
allopatric populations can lead to reproductive
isolation as a correlated response via incidental
pleiotropy or genetic hitchhiking, that is, sam-
pling error-induced linkage disequilibrium be-
tween alleles affecting the divergently selected
character(s) and alleles affecting positive assorta-
tive mating. In practice, it is usually impossible
to differentiate between pleiotropy and genetic
hitchhiking, thus we pool these two causative
factors and refer to them collectively as “plei-
otropy/hitchhiking.”

Many experimental studies have looked for
isolation as a correlated response to divergent
selection. For example, Burnet and Connolly
(1974) divided a founder stock of D. melano-
gaster into three groups. The first and second
were selected for increased and decreased loco-
motor activity, respectively, and the third was
an unselected control. After 112 generations, the
selected groups manifest markedly divergent lo-
comotor activity, in the selected directions,
whereas the controls remained unchanged. When
the lines selected for increased or decreased ac-
tivity were tested for nonrandom mating, a 50%
excess of homotypic mating was observed (i.e.,
the percentage of homotypic matings was about
75 instead of the random-mating expectation of
50). In a similar type of study using a Musca
domestica (common house fly) model system,
Hurd and Eisenberg (1975) selected for positive
and negative geotaxis. After 16 generations of
divergent selection under allopatric conditions,
a response to selection in the appropriate direc-
tion was found in both the positive and negative
selection lines. When positively and negatively
selected lines were tested for prezygotic isolation,
a 60% excess of homotypic mating was observed.

Negative results also have been reported. For
example, a 45-generation study by van Dijken
and Scharloo (1979) on locomotor activity in D.
melanogaster (i.e., the same trait selected by Bur-
net and Connolly above) found no persistent de-
viation from random mating between the pop-
ulations selected for high activity or low activity.
Negative results in Drosophila studies were also
found by Koref-Santibanez and Waddington
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(1958), Ehrman (1964, 1969), and Barker and
Cummins (1969), where divergent selection in
allopatry was applied to bristle number, tem-
perature, and bristle number, respectively.

When we surveyed 14 studies from the liter-
ature in which divergent selection was applied
to allopatric populations and then a measure was
taken for the development of prezygotic isola-
tion, we were surprised to find such a large excess
of positive results (10 positive to 4 negative; part
A of table 1). While allowing for the fact that
negative results are less likely to be published, it
still remains clear that it is not unusual to find
prezygotic isolation as a fortuitous byproduct of
adaptation to divergent selection regimes.

One issue in studies such as those outlined
above is the degree to which isolation is the result
of sampling drift that occurred while the popu-
lations were being selected in allopatry, versus
isolation, which is a byproduct of genetic differ-
ence built up because of divergent selection
among populations. In most of the studies that
we surveyed, it was impossible to tease these two
factors apart, but in two studies it was possible
(part B of table 1).

Kilias et al. (1980) collected two base popu-
lations from different geographical localities in
Greece. Each of these was split into two allopatric
populations, one of which was reared under cold-
dry-dark conditions, the other under warm-moist-
light conditions. After 5 yr of adaptation under
allopatry, divergently selected populations de-
rived from the same or different original base
populations showed prezygotic isolation (about
a 50% excess of homotypic matings relative to
the random mating expectation) but parallel-se-
lected populations experiencing the same envi-
ronmental conditions showed no isolation. If
sampling drift were a major factor leading to
prezygotic isolation, then prezygotic isolation
should have accrued between allopatric popu-
lations experiencing both divergent and parallel
selection.

Because isolation was found only among di-
vergently selected populations, this study sup-
ports the idea that pleiotropy of the selected vari-
ation itself, or tightly linked variation, was
responsible for the development of prezygotic
isolation. A similar finding of prezygotic isola-
tion among divergently selected but not among
parallel-selected lines was found by Dodd (1989)
for D. pseudoobscura populations adapted to high-
starch or high-maltose environments. These two
studies suggest that the prezygotic isolation that
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TABLE 1.
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Prezygotic isolation experiments grouped by method.

Study

Prezygotic reproductive isolation?

Part A: divergent selection in allopatry

Koref-Santibanez and Waddington 1958
Ehrman 1964, 1969

del Solar 1966

Kessler 1966

Barker and Cummins 1969
Grant and Mettler 1969
Burnet and Connolly 1974
Soans et al. 1974

Hurd and Eisenberg 1975

van Dijken and Scharloo 1979
de Oliveira and Cordeiro 1980
Kilias et al. 1980

Koepfer 1987

Dodd 1989

Part B: parallel selection in allopatry

Kilias et al. 1980
Dodd 1989

No

Yes/No, inconsistent across samples
Yes

Yes, but asymmetrical
No

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes, but asymmetrical
Yes

No
No

Part C: divergent selection with hybrid inviability in sympatry (destroy hybrids experiments)

Koopman 1950

Wallace 1953

Knight et al. 1956

Kessler 1966

Paterniani 1969

Ehrman 1971, 1973, 1979
Barker and Karlsson 1974
Crossley 1974
Dobzhansky et al. 1976

Yes

Yes, but transient

Yes

Yes

Yes

Yes, but complex pattern across years
Yes

Yes

Yes

Part D: divergent selection with hybrid viability in sympatry

Thoday and Gibson 1962
Grant and Mettler 1969
References (18 experiments) cited in
Thoday and Gibson 1970 and Scharloo 1971
Spiess and Wilke 1984

Yes
No

No, 18 of 18 experiments
No

Part E: divergent selection with hybrid viability in sympatry and with isolation via pleiotropy

Coyne and Grant 1972
Soans et al. 1974

Hurd and Eisenberg 1975
Rice 1985

Rice and Salt 1988, 1990

Yes, in one of two replicates
Yes
Yes
Yes
Yes

develops between divergently selected allopatric
populations is largely due to the pleiotropy of
genes built up directly via selection or indirectly
via tight linkage and genetic hitchhiking.

Divergent Selection and Postzygotic Isola-
tion.—Two major contexts for postzygotic iso-
lation exist. The first is unconditional and occurs
when hybrids between divergently selected lines
have lowered viability and/or fertility under be-
nign conditions. The second is environment-de-
pendent and occurs whenever hybrids have an
intermediate phenotype that is selectively infe-
rior in specific environmental contexts.

It is commonplace for hybrids (from the F,
and many offspring from backcrosses, the F,, F;,
etc.) between divergently selected lines to have
an intermediate phenotype (for review, see Fal-
coner 1981), and this will lead to environment-
dependent postzygotic isolation whenever pop-
ulations in different habitats or regions become
differentiated because of divergent selection (see
below). This type of isolation, though intuitively
obvious, is rarely measured in laboratory studies,
owing to the difficulty in duplicating divergent,
multifarious natural selection. Most laboratory
studies measure viability and fecundity only un-
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der benign conditions, and therefore will over-
look environment-dependent postzygotic isola-
tion and cause this form of isolation to be
unappreciated, despite its potential importance
in nature.

We found only two studies that looked for both
environment-dependent and unconditional
postzygotic isolation in response to divergent se-
lection in allopatric populations. de Oliveira and
Cordeiro (1980) applied divergent selection for
pH tolerance in allopatric populations of D. wil-
listoni for 122 generations (high and low treat-
ments with a control maintained at medium pH).
As expected from prior studies of quantitative
traits (Falconer 1981), hybrids had reduced fit-
ness (as measured by offspring produced per mat-
ed pair) under the demanding conditions of high
and low pH, and this supports the conclusion
that environment-dependent postzygotic isola-
tion evolved. Hybrids also had reduced fitness
under the more benign conditions of moderate
pH, however, suggesting that unconditional post-
zygotic isolation also evolved.

In the second study, Robertson (1966a,b) se-
lected for tolerance to the toxin ethylenediamine-
tetraacetate (EDTA) in areplicated set of six pop-
ulations while retaining the original unselected
stock. F, hybrids between selected lines and the
control had reduced values for a variety of fitness
characters when challenged with EDTA, but these
hybrids also had reduced fitness under the more
benign conditions of EDTA-free food. Chro-
mosomal substitution analysis indicated that all
of the major chromosomes contributed to ad-
aptation to EDTA and that substitution of the
third pair of chromosomes into the background
of the EDTA-adapted strain caused complete
sterility of females on all diets tested and lethality
of both sexes at high-EDTA conditions. This
study supports the idea that both environment-
dependent and unconditional postzygotic isola-
tion can evolve as a correlated response to ad-
aptation to new environmental conditions.

We found additional evidence for uncondi-
tional postzygotic isolation when we reanalyzed
the results of Ringo et al. (1985), in which D.
simulans populations were sequentially selected
for three different suites of traits. In this work,
25 of 216 tests for postzygotic isolation were
individually statistically significant (P < 0.05),
whereas only 5% (10.8) would be expected by
chance. This excess of individually significant
tests is collectively statistically significant (bi-
nomial P-value of 0.0006).
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The previously described study by Kilias et al.
(1980) also tested for postzygotic isolation. Re-
call that in this study highly significant prezygotic
isolation was found among allopatric populations
that were selected for different moisture-tem-
perature-humidity conditions. No net postzy-
gotic isolation was detected among their allo-
patric populations, although some components
of fitness suggested that low levels of postzygotic
isolation may have developed.

As an aside, we point out that positive het-
erosis is commonly observed between highly in-
bred lines (Falconer 1981). To the extent that
divergent selection reduces effective population
size and leads to inbreeding depression, heterosis
can reduce postzygotic isolation by at least par-
tially offsetting any reduced level of environ-
ment-dependent adaptation of hybrids.

We found no other explicit studies testing for
postzygotic isolation among divergently selected
allopatric populations. As a result, it is difficult
to make any generalizations concerning the rel-
ative frequency with which this form of'isolation
develops in laboratory studies. All we can ob-
serve is that in three of the four cases in which
unconditional postzygotic isolation was sought,
it was found.

Overall, laboratory studies strongly support the
conclusion that prezygotic and environment-de-
pendent postzygotic reproduction isolation can
readily develop as a fortuitous byproduct of plei-
otropy or hitchhiking associated with genes that
adapt populations to different environmental
conditions. Limited support for unconditional
postzygotic isolation is also present. Drift alone
may play a role in the development of such co-
incidental reproductive isolation, but the exper-
imental evidence for this is quite meager.

THE REINFORCEMENT MODEL

The observational basis for suspecting that re-
inforcement is an important speciation mecha-
nism is remarkably compelling: it is common to
observe stronger levels of prezygotic isolation in
areas where a pair of closely related species have
overlapping ranges, compared with the same
comparison when the species are sampled from
nonoverlapping portions of their ranges. We
found so many published records of this pattern
occurring in species ranging from Drosophila (see
also Coyne and Orr 1989) to fish that there seems
little doubt the pattern is general. Several ex-
amples include crickets (Otte 1989), frogs (Blair
1974), fruit flies (Ehrman 1965; Wasserman and
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Koepfer 1977), damselflies (Waage 1979), and
fish (Hubbs and Delco 1962).

These observations certainly are consistent with
the idea that prezygotic isolation has evolved to
prevent the production of low-fitness hybrid off-
spring. The logical jump between the observa-
tional data and the conclusion that the reinforce-
ment model of speciation is in fact operating is
made tenuous for three reasons: (1) there are
other biological explanations for the observed
pattern (Butlin 1989), (2) there are strong theo-
retical objections to the reinforcement models
(Felsenstein 1981), and (3) no repeatable labo-
ratory experiments have been able to duplicate
even the early stages of the reinforcement model.

One group of laboratory studies that has been
used to support the reinforcement model are the
numerous ‘‘destroy-the-hybrids” experiments,
typically carried out with Drosophila species (part
C of table 1). Many variations of the experi-
mental design exist, but the basic protocol is to
collect equal numbers of male and female virgins
from each of two genetically marked strains.
These are held separately until sexually mature
and then mixed in a common mating chamber
and finally allowed to produce offspring. Through
the use of genetic markers, offspring can be clas-
sified as being derived from homotypic or het-
erotypic matings, and from the former a new set
of males and females is collected and treated as
described above. Repeated cycles of the protocol
generate strong, multigenerational selection for
homotypic mating. Almost all of the experiments
of this kind that we have located in the literature
report the evolution of increased prezygotic iso-
lation between the selected strains (for a notable
exception, see Robertson 1966a).

These studies clearly indicate that most Dro-
sophilalaboratory populations have the requisite
additive genetic variation for the evolution of
homotypic mating. However, because all of the
hybrids are destroyed each generation, these
studies do not truly test the reinforcement model.
The protocol therefore simulates the case in which
speciation already has been completed via post-
zygotic isolation and asks if prezygotic isolation
will follow. The key “ingredient’ missing is gene
flow between the strains.

What happens when gene flow is permitted?
One of the most extensive attempts to replicate
the reinforcement model in the laboratory is the
effort described by Wallace (1982) and Ehrman
et al. (1991). Several different subexperiments
were nested within their experimental design, but
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the main protocol was the following. A base pop-
ulation of D. melanogaster was split into two
allopatric populations. One population was al-
lowed to adapt to increasing levels of NaCl,
whereas the other was allowed to adapt to in-
creasing levels of CuSO,. After 3 yr in allopatry,
the populations showed substantial adaptation
to the two environmental toxins. Next, samples
from the divergently selected populations were
mixed to simulate secondary contact between
formerly allopatric populations adapted to dif-
ferent environmental conditions. In the second-
ary contact cages, two types of food were avail-
able: vials with high levels of NaCl and those
with high levels of CuSO,.

After 4 yr of sympatry, no prezygotic isolation
was observed between the subpopulations using
the NaCl and CuSO, food types. Adaptation (i.e.,
resistance) to the two salts was reduced in the
sympatry treatment, perhaps because the diver-
gently adapted lines interbred and/or because fe- .
males did not preferentially lay eggs on the food
type to which they were adapted [oviposition
preference was not measured in the experiments
(B. Wallace, pers. comm. 1993)]. Although some
positive assortative mating was found in one rep-
licate of another related experiment, the collec-
tive results led Ehrman et al. (1991, p. 206) to
conclude that “there was no clear evidence for
incipient reproductive isolation.” We found these
very complicated experiments difficult to inter-
pret, but they nonetheless represent the most am-
bitious, long-term attempt to simulate the rein-
forcement model.

A conceptually similar study examining sec-
ondary contact between Drosophila populations
initially adapted to different environmental con-
ditions (EDTA and EDTA-free food) was done
by Robertson (1966a). These experiments were
much simpler than those described above and
simulated parapatry with restricted migration (via
narrow tubes connecting large population cages)
between adjacent, divergently selected popula-
tions. Gene flow reduced, but did not eliminate,
environment-specific adaptation compared with
allopatric controls. No prezygotic reproductive
isolation could be detected after 20 generations
of secondary contact. Because a 15-generation
“destroy-the hybrids” experiment was done in
parallel with these parapatry experiments (with
the same divergently selected stocks but with quite
small sample sizes), and because no isolation was
detected in this zero-gene-flow study, it is not
clear if the requisite additive genetic variance for



