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If there are no constraints on the process of speciation, then the number of species might be expected to match the number of

available niches and this number might be indefinitely large. One possible constraint is the opportunity for allopatric divergence.

In 1981, Felsenstein used a simple and elegant model to ask if there might also be genetic constraints. He showed that progress

towards speciation could be described by the build-up of linkage disequilibrium among divergently selected loci and between these

loci and those contributing to other forms of reproductive isolation. Therefore, speciation is opposed by recombination, because it

tends to break down linkage disequilibria. Felsenstein then introduced a crucial distinction between “two-allele” models, which are

subject to this effect, and “one-allele” models, which are free from the recombination constraint. These fundamentally important

insights have been the foundation for both empirical and theoretical studies of speciation ever since.

KEY WORDS: Linkage disequilibrium, one-allele, recombination, reproductive isolation, speciation, two allele.

∗
Roger K. Butlin, Maria R. Servedio, and Carole M. Smadja wrote the Per-

spective, contributing equally. All authors provided commentaries.

G. E. Hutchinson called his Presidential Address to the Ameri-

can Society of Naturalists, “Homage to Santa Rosalia, or why are

there so many kinds of animals?” (Hutchinson 1959). He took, as
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a starting point for discussion, the two species of corixid bug that

he found in a small pond below the sanctuary of Santa Rosalia on

Monte Pellegrino in Sicily. Asking why there were two species,

rather than 20 or 200, led him to consider how the total number

of known animal species came to be so large. His answer was that

there is an effectively unlimited number of niches available.

Hutchinson’s conclusion begs an evolutionary question: is

the evolutionary process likely to fill all available niches with

distinct species? The dominant paradigm at the time suggested

that speciation required a period of allopatry. Accepting this

position, one might rephrase the question to ask whether pat-

terns of dispersal and vicariance typically allowed sufficient

opportunity for speciation. On the other hand, there was a grow-

ing literature on sympatric or parapatric speciation and this

possibility highlighted a different direction of thought: are there

genetic constraints on speciation? This is the question that led

to “Skepticism towards Santa Rosalia, or why are there so few

kinds of animals?” (Felsenstein 1981; dedicated to Sewall Wright

in celebration of his 90th birthday). Joe Felsenstein outlined his

purpose as follows:

“The purpose of this paper is to clarify the nature of the ge-
netic forces involved in speciation, and to get some sense of
the direction in which they act and their relative strengths.”
(p.125)

In our view, he achieved this clarification with extraordinary

insight and elegance. We consider his article one of the classics in

the history of this journal and a foundational article in speciation

biology. Therefore, it is an ideal candidate to be celebrated in this

75th anniversary year of the Society for the Study of Evolution.

The core of Felsenstein’s article was a simple three-locus

model. In this model, two loci, B and C, each have two alleles,

one favored in each of two habitats (the BC haplotype has high-

est fitness in habitat 1 and the bc haplotype has higher fitness in

habitat 2). A third locus, A, which also has two alleles, is not

under direct selection but causes assortative mating (more A-A

and a-a pairs than under random mating). There is some level of

recombination between loci A and B, and between B and C, and

there is migration between the two habitats. With this simple tool,

Felsenstein demonstrated several key points:

1. That progress towards speciation requires, and can be mea-

sured by, the build-up of linkage disequilibrium (LD) between

alleles underlying reproductive isolation (at the B and C loci

for ecological, postzygotic isolation, and between these loci

and the A locus for “behavioral,” prezygotic isolation). Com-

plete LD, that is, only ABC and abc haplotypes present, the

former primarily in habitat 1 and the latter primarily in habi-

tat 2, is the end-point of the speciation process.

2. That the requirement for LD implies that speciation is op-

posed by recombination; while selection builds associations

recombination breaks them down, generating unfit Bc and bC

haplotypes.

3. That the opposition by recombination depends on the extent

of migration between habitats: in allopatry, that is, with no mi-

gration, recombination has no effect (BC is restricted to one

habitat and bc to the other) but where there is migration there

is a continuum of increasing opposition with increasing mi-

gration.

4. That the opposition by recombination can also depend on the

mechanism underlying assortative mating. When assortment

operates via the mechanism modelled with locus A, migra-

tion and recombination break down associations between the

A and B/C loci and have to be overcome by strong selec-

tion. This is a “two-allele mechanism.” However, Felsenstein

introduced an alternative mode of assortment, called a “one-

allele mechanism” (implicitly considered with another locus,

D), “where reproductive isolation is strengthened by substi-

tuting the same allele in the two nascent species” (p.133) and

where selection is, therefore, unopposed by recombination

(see Fig. 1 for further explanation of the difference between

two- and one-allele mechanisms).

5. Therefore, the constraints imposed by recombination and the

genetic architecture of reproductive isolating traits affect the

likelihood of speciation such that some ecological niches may

not be filled.

We note that Felsenstein acknowledged the fully compatible

conclusions reached previously by others, especially Caisse and

Antonovics (1978). He quoted them (p.134):

“They explicitly raise the question of why speciation does not
always occur, and conclude that ‘the conditions leading to iso-
lation are far more stringent than those permitting genetic di-
vergence’."

As is often the case, the importance of Felsenstein’s article

was not its priority but rather the way it brought together and clar-

ified key concepts. Felsenstein (1981) has been cited 678 times

(Web of Science; 968 Google Scholar; 15 Feb. 2021). Citations

peaked between 1995 and 2005 but continue (>20 in each of the

last 4 years in Web of Science).

The Impact of Felsenstein (1981)
To explore the impact of Felsenstein’s article, we (RKB, MRS &

CMS) asked 12 active speciation biologists, at a range of career

stages, to write short reflections. Together with our own personal

responses, these commentaries are provided in full in Support-

ing information Appendix 1. They provide a sample that illus-

trates the impact and influence of Felsenstein’s contributions on

the development of speciation research and its current direction.

In this Perspective, we aim to provide an overview of the major
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Figure 1. Illustration of the difference between one- and two-allele mechanisms underlying assortative mating. The example is drawn

for two populations with spatial separation and gene flow (the curved arrow), but these populations could be sympatric. The top panel

describes a two-allele mechanism and the bottom panel describes a one-allele mechanism. Under each type of mechanism, an example is

given of the action of the alleles that have spread to cause assortative mating (assortative mating is represented by the double-headed

arrows between the males and females). Two-allele mechanism: the allele(s) enhancing assortative mating between red individuals are

different from the allele(s) enhancing the assortative mating between blue individuals. Any number of loci can be involved in assortative

mating by a two-allele mechanism provided that assortative mating is enhanced by spread of an alternate allele in each population, in

this case generating a color preference difference between populations. Thus, mating preferences, for example for red or blue, could be

polygenic. One-allele mechanism: any allele that enhances assortative mating by spreading across the entire system of both populations

would constitute a one-allele mechanism. Here, an allele for choosingmates on the basis of matchingwith their own color spreads in both

populations. Again, matching could have a polygenic basis but, in a one allele mechanism no difference evolves between populations:

both have an increased tendency to choose matched mates. Additional examples of possible two- or one-allele mechanisms are listed to

the right.

contributions of the article. Although we draw on the commen-

taries (and cite them to connect our review to the individual con-

tributions), the views expressed here are not necessarily shared

by all contributors.

Ortiz-Barrientos describes Felsenstein (1981) as the “ABC”

of speciation, a neat way to summarize the general view that

this article lays crucial foundations. Many authors mentioned

each of the five key points outlined above. The need for build-

up of LD (1) was highlighted by Barton (as “coupling”; Sup-

porting information Appendix 1.2), Flaxman, Giraud, Noor, and

Smadja (Supporting information Appendix 1.4, 1.5, 1.11, 1.15).

Elucidating the central role of recombination (2) was mentioned

as a major contribution by almost all authors, often with spe-

cific reference to the process of reinforcement (Bank, Butlin,

Noor, Ortiz-Barrientos, Qvarnström, Servedio, Smadja; Support-

ing information Appendix 1.1, 1.3, 1.11, 1.12, 1.13, 1.14, 1.15).

For some authors, this led to consideration of the suppression

of recombination and of other impacts of recombination (But-

lin, Noor, Ortiz-Barrientos, Qvarnström; Supporting informa-

tion Appendix 1.3, 1.11, 1.12, 1.13). The allopatry/sympatry de-

bate (3) is less prominent today but Felsenstein’s contribution

was mentioned by Barton, Giraud, Hopkins, Larson, and Meier

(Supporting information Appendix 1.2, 1.4, 1.6, 1.7, 1.9), in some

cases related to the issue of ecological versus genetic constraints

on speciation (5). For many contributors, the one-allele, two-

allele distinction (4) was a critical revelation, although perhaps

a misunderstood and insufficiently appreciated insight. It was the

main focus for Bank, Flaxman, Maan, and Servedio (Supporting

information Appendix 1.1, 1.4, 1.8, 1.14). Interestingly, an alter-

native potential component of speciation that avoids opposition

by recombination, the “single-variation” (Rice and Hostert 1993),

“magic trait” (Gavrilets 2004; Servedio et al. 2011), or “multiple-

effect trait” (Smadja and Butlin 2011) model, was mentioned by

Giraud, Maan, Merrill, and Smadja (Supporting information Ap-

pendix 1.5, 1.8, 1.10, 1.15).

An additional, and important, recurring theme from our con-

tributors is the value of using simple models to reveal funda-

mental principles (Bank, Barton, Servedio, Smadja; Supporting
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information Appendix 1.1, 1.2, 1.14, 1.15, but see different reac-

tions from Maan and Merrill; Supporting information Appendix

1.8, 1.10). In Felsenstein’s words (p. 127), “We are interested in

this model, not as a particularly realistic model of speciation

but as a means of investigating the direction in which various

evolutionary forces are operating.” Some found this simplicity

valuable in teaching about speciation (Giraud, Servedio, Smadja;

Supporting information Appendix 1.5, 1.14, 1.15), while others

find that the distance from reality can be problematic (Butlin,

Maan; Supporting information Appendix 1.3, 1.8).

Below, we further explore some of these insights, and their

ongoing impact on speciation research.

Speciation as the Build-up of
Linkage Disequilibrium
Felsenstein’s primary goal was to clarify the nature of the genetic

forces involved in speciation and their relative strengths. To help

his readers to understand and intuit the results of his model, he

took special care to begin by explaining the general requirement

for speciation: the build-up of LD (gametic phase disequilibrium)

between alleles underlying reproductive isolation. The first level

of LD he mentioned is between the B and C loci under natu-

ral selection, which is interpreted as partial postzygotic isolation

between the two entities (the BC and bc types being more fre-

quent than the maladapted Bc and bC types). Given this incom-

plete postzygotic isolation, another level of LD, this time between

these loci under selection and the A locus, is necessary for assor-

tative mating to evolve and for further progress in the direction of

speciation to be made.

“In this model, natural selection produces linkage disequilib-
rium between B and C. With this disequilibrium established,
natural selection will act so as to increase the magnitude of
any disequilibrium between A and the B-C complex” (p.128-
129).

He emphasized that “it is only when there is initial linkage

disequilibrium that we see interaction between the assortative

mating and the natural selection,” and then interpreted the fur-

ther build-up of this association “as progress in the direction

of speciation” (p. 126). Felsenstein also clearly described why

the build-up of LD between ecological and assortment loci in his

model is adaptive: since this association “reduces the rate of pro-

duction of the maladapted […] types” (Bc or bC types that have

a lower average fitness than non-recombinant individuals BC or

bc), it “increases mean fitness” (p.126).

As most contributors highlighted, Felsenstein was able

through these clear descriptions to convey many important ideas.

Maybe the most important is that progress towards speciation

requires, and can be measured by, the build-up of LD between

alleles underlying reproductive isolation. Barton (Supporting in-

formation Appendix 1.2) refers to “coupling” to describe this

build-up of LD, a term that he introduced in 1983 in the

context of hybrid zones, and that is now commonly used to

describe the build-up of these associations among barrier ef-

fects (Flaxman, Merrill, Smadja; Supporting information Ap-

pendix 1.4, 1.10, 1.15, see also Butlin and Smadja 2018).

For many contributors, this emphasis on LD helped them as

early-career scientists to appreciate how linkage disequilibria

can result from selection (Noor; Supporting information Ap-

pendix 1.11) and the general role of LD in speciation (Bar-

ton, Flaxman, Giraud, Noor, Smadja; Supporting information

Appendix 1.2, 1.4, 1.5, 1.11, 1.15). The realization of the

importance of LD motivated its estimation in hybrid zones

(Gompert et al. 2017) and as Larson (Supporting information

Appendix 1.7) says, “in most of the hybrid zones we study (those

that persist) there is sufficient LD among genes contributing to

reproductive barriers that selection prevails, and species bound-

aries are maintained.” More recently, theoretical developments

provided insights into the expected dynamics of genomic differ-

entiation and LD in the course of the speciation process (e.g.,

Flaxman et al. 2013; Nosil et al. 2017; Schilling et al. 2018) and

these predictions have been tested in empirical systems showing

a continuum of divergence (Riesch et al. 2017; Schilling et al.

2018). However, great challenges remain to explore these patterns

in a breadth of additional systems and to gain insight into the po-

tential generality of coupling as a measure of speciation in action.

The main focus of Felsenstein’s article on the build-up of

LD between loci under selection and the locus causing assortative

mating also helped to clarify for many the mechanisms behind the

process of reinforcement (Butlin, Noor, Ortiz-Barrientos, Qvarn-

ström, Servedio, Smadja; Supporting information Appendix 1.3,

1.11, 1.12, 1.13, 1.14, 1.15). Felsenstein’s model was not the

only theoretical treatment of reinforcement available at the time

(Butlin 1987) but this “simple” three-locus model illuminated its

key ingredients: as Butlin (Supporting information Appendix 1.3)

says, “it put a finger on the nub of the problem: reinforcement de-

pends on indirect selection on mate choice and so on association

between mating and ecological traits or genes” and it clearly ex-

plained why the evolution of assortative mating in this context

is adaptive (see discussions on adaptive coupling in Barton and

de Cara 2009; Butlin and Smadja 2018). Felsenstein also framed

this point within the context of cline theory:

“When m < 0.5, BC is the most frequent genotype in subpop-
ulation I, and bc the most frequent genotype in subpopulation
II. If there is a linkage disequilibrium of these loci with A, this
is reflected in a higher frequency of one allele (say A) in sub-
population I, and a higher frequency of the other in subpop-
ulation II. In effect, there are clines in all three loci. Slatkin
(1975) has noted that when two loci have clines in the same
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region, there will be linkage disequilibrium between the two
loci, and it will tend to steepen both clines and increase the
adaptation of individuals to their environment. The cline in the
A locus is favoured in the present context because it reinforces
this disequilibrium”. (p.128)

As mentioned by Flaxman, Maan, and Smadja (Support-

ing information Appendix 1.4, 1.8, 1.15), the model also illus-

trated how indirect selection on assortative mating arises from

LD between ecological and assortment loci. Giraud (Supporting

information Appendix 1.6) emphasizes that “when mating oc-

curs at random regarding the ecological niche where selection

occurred, it is very difficult to build LD between genes of adapta-

tion, and also with genes of assortative mating,” echoing Felsen-

stein’s comment on the need for initial LD for reinforcement to

take place. Many of the contributors—as well as others in the

field (reviewed in Servedio and Noor 2003)—found motivation

in this classic article to pursue research on reinforcement, both

on theoretical (Bank, Barton, Butlin, Noor, Servedio; Support-

ing information Appendix 1.1, 1.2, 1.3, 1.11, 1.14) and empirical

(Butlin, Hopkins, Noor, Ortiz-Barrientos, Qvarnström, Smadja;

Supporting information Appendix 1.3, 1.6, 1.11, 1.12, 1.13, 1.15)

fronts.

Barton (Supporting information Appendix 1.2) notes that,

“though Felsenstein described his model as a coupling between

two loci under divergent selection, and a third that causes as-

sortative mating, the essential process is much more general.”

In 2009, Barton and de Cara generalized Felsenstein’s model

to follow associations among any number of incompatibilities,

which may include both assortment and hybrid inviability, and

showed that this process, of coupling between incompatibilities,

can go beyond the classical view of reinforcement: strong isola-

tion can evolve through the coupling of any kind of incompat-

ibility, whether prezygotic or postzygotic. This led Butlin and

Smadja (2018) to propose an extended view of reinforcement.

Moreover, the more complex the phenotypic architecture of re-

productive isolation is, the more levels of trait associations are

required, which led many authors to consider how the nature of

prezygotic barriers (signal-preference, matching rule, one-allele)

and the modes of selection on these traits influence the build-up

of LD and therefore the likelihood of speciation (e.g., Servedio

2009; Maan and Seehausen 2011; Servedio et al. 2011; Smadja

and Butlin 2011; Kopp et al. 2018).

The emphasis that Felsenstein placed on LD as the key

to speciation is valuable in itself. However, crucially, it also

enabled him to place the mechanisms that favor or prevent the

build-up of LD at the core of his article: “the association of

isolating mechanisms increases mean fitness. This in itself does

not guarantee that the association will be brought about, and

we are particularly interested in cases in which it will not”

(p.126).

The Negative Role of Recombination
The requirement for LD emphasized in Felsenstein’s model

helped to identify the main evolutionary forces at play when gene

flow occurs between the diverging entities:

“An understanding of the role of recombination between A
and the other loci is […] important. It tends to break down
the association between the prezygotic and postzygotic iso-
lating mechanisms, so that it is always eroding the degree of
progress toward speciation. In this light, it should be clear
why restricting recombination between A and B makes spe-
ciation easier. There is a continual conflict between selec-
tion, which increases the association between isolating mech-
anisms, and recombination, which reduces it. Restricting this
recombination can only improve chances for speciation. We
have now identified the evolutionary force responsible for
favouring speciation–natural selection–and the force oppos-
ing it – recombination.” (p.129)

The realisation of the negative role of recombination in spe-

ciation is certainly one of the major contributions of this arti-

cle and is highlighted by most contributors as such. Flaxman

points out that “perhaps foremost, Felsenstein’s (1981) work il-

luminated the fundamental and complex roles of recombination

in modulating stable polymorphisms, LD, the coupling of multi-

locus clines, and the coupling of pre- and postzygotic barriers”

and Noor says that “describing the impact of Felsenstein (1981)

on studies of speciation and on my career, I would highlight the

word ‘recombination’.” More generally, many authors mention

how Felsenstein’s article elegantly highlighted the tension be-

tween selection favoring assortative mating and recombination

eliminating the LD necessary for it to evolve (Butlin, Hopkins,

Larson, Merrill, Noor; Supporting information Appendix 1.3, 1.6,

1.7, 1.10, 1.11). Butlin (Supporting information Appendix 1.3)

adds that “this message was present in the other models, but

buried relatively deeply.” This key message became even more

important as genomic data revealed the importance of gene flow

in the history of divergence of many species (Butlin, Hopkins,

Meier, Qvarnström; Supporting information Appendix 1.3, 1.6,

1.9, 1.13).

Felsenstein emphasized the importance of identifying the

mechanisms restricting recombination or alleviating the tension

between selection and recombination to understand how repro-

ductive isolation can evolve in the presence of gene flow, which

has been a continuing goal in speciation research. Interestingly,

he offered testable predictions on the possible mechanisms that

could restrict this deleterious effect of recombination. The one-

allele mechanism he explored in his article is one of the solu-

tions to the problem of recombination (see next section). But

he also made predictions in the more general case of two-allele

models, noting that his results may have some “implications for

linkage relations between genes affecting the isolating mech-

anism and the genes which affect adaptation to the different
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environments,” and predicting that “we may find that there has

been some tendency for two-allele reproductive isolating mech-

anisms to have arisen at loci linked to loci which affect the sub-

stantive adaptations” (p.135). Although coupling among barrier

loci does not require physical linkage, genomic architectures that

eliminate or decrease recombination (from regions of reduced re-

combination, close physical linkage or pleiotropy) are expected

to facilitate coupling and, hence, speciation (Ortiz-Barrientos

et al. 2016; Butlin and Smadja 2018). This prediction directly

influenced research on the genetics of speciation over the past

decades.

Many researchers became interested in the role of recom-

bination modifiers and genomic regions of reduced recombina-

tion on the fate of speciation. Trickett and Butlin (1994) added

an inversion (known for its recombination suppression effects)

to Felsenstein’s initial model and found that the inversion could

spread and increase the final level of reproductive isolation.

Ortiz-Barrientos and Noor did not find support for a coloca-

tion between genes underlying enhanced mating discrimination

between two Drosophila species and known inversions (Ortiz-

Barrientos et al. 2004), but this association has been found in

various systems and the interest in the role of inversions, and

more generally chromosomal rearrangements, in speciation has

grown since 1981 both at the theoretical and empirical levels

(e.g., Rieseberg 2001; Kirkpatrick and Barton 2006; Feder et al.

2014; Faria et al. 2019). In some systems, other genomic regions

sheltered from recombination turned out to be associated with

barrier loci: as Qvarnström (Supporting information Appendix

1.13) recalls, genes underlying species-specific traits and a pref-

erence for them in Ficedula flycatchers were found on a sex

chromosome (Saether et al. 2007). Beyond these regions of re-

duced recombination, tight physical linkage among barrier loci is

also predicted by Felsenstein’s and more recent models (Yeaman

and Whitlock 2011; Yeaman 2013). Merrill (Supporting infor-

mation Appendix 1.10) points out how Felsenstein’s prediction

influenced his research on Heliconius butterflies: “as predicted

by Felsenstein [we revealed] an isolating mechanism (divergent

mating preferences) linked to loci which affect the substantive

adaptations (warning pattern) (Merrill et al. 2019).” Meier (Sup-

porting information Appendix 1.9) also mentions Felsenstein’s

article as influential for her research on cichlids and Heliconius

butterflies, where tight linkage was found between coadapted al-

leles (Marques et al. 2019; Meier et al. 2020), although she ac-

knowledges that “testing this prediction is challenging because

tightly linked loci appear as a single divergent region and often

contain genes of unknown functions.” Merrill also notes that the

polygenic nature of some barrier traits could make interpretations

about the role of tight linkage more difficult.

An alternative route to speciation that avoids opposition

by recombination is mentioned by Giraud, Maan, Merrill, and

Smadja (Supporting information Appendix 1.4, 1.8, 1.10, 1.15)

but was not discussed by Felsenstein. This is the case where one

of the loci under divergent selection (B or C) also contributes to

assortment. It can happen in two ways (Smadja and Butlin 2011):

either alleles at the selected locus can have pleiotropic effects on

both a selected trait and an assortment trait, or a single trait can

have effects on both local adaptation and assortment. Both op-

tions have been widely discussed, although they are not always

separated. They relate to the nature of the assortment process

(Kopp et al. 2018) and there are important distinctions to be made

depending on the roles of the “magic” or “multiple effect” traits in

that process (Servedio et al. 2011; Smadja and Butlin 2011). For

example, a single trait under divergent selection and contributing

to a matching rule form of assortment might increase the proba-

bility of speciation more than a trait contributing only as a signal.

The case that Giraud (Supporting information Appendix 1.5) de-

scribes is an important one, emphasizing that assortment is about

much more than mating behavior.

As noted by many contributors, progress has been made

in the characterization of the genetic basis and architecture of

reproductive isolation and the flood of genomic data provides

unprecedented opportunities, but great challenges remain in par-

ticular to reconcile Felsenstein’s framework with patterns emerg-

ing from population genomics. Characterizing the genetic basis

of reproductive isolation remains challenging in particular for

multiple and complex traits (Merrill; Supporting information Ap-

pendix 1.10), and the recent empirical focus on detecting bar-

rier loci from genomic differentiation risks missing a major con-

tribution from one-allele processes (Bank, Butlin, Meier; Sup-

porting information Appendix 1.1, 1.3, 1.9). Regions of low re-

combination, although of interest for speciation, can bias esti-

mates of genomic differentiation and selection (Nachman and

Payseur 2012; Ravinet et al. 2017; Wolf and Ellegren 2017; Lot-

terhos 2019), and the realization of the ubiquitous variation of re-

combination landscapes among individuals, populations, and taxa

(Stapley et al. 2017) makes it even more challenging to associate

recombination patterns and barrier loci (Ortiz-Barrientos et al.

2016). Noor and Ortiz Barrientos (Supporting information Ap-

pendix 1.11, 1.12) reflect this wider interest in recombination by

saying that one of Felsenstein’s impacts has been to place the

evolution of recombination rates itself as a central part of their

research. In Felsenstein’s haploid model, recombination between

the B and C loci is needed to generate the unfit Bc and bC types

and so the selection pressure for increased assortment. Low re-

combination between these loci can impede speciation. However,

Ortiz-Barrientos (Supporting information Appendix 1.12) notes

that modifiers that suppress recombination will be favored by se-

lection if linked to these loci, a process that is very like rein-

forcement. On the other hand, increased recombination is favored

during adaptation to new environments, and so perhaps in early
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stages of speciation (Ortiz-Barrientos et al. 2016). Clearly, there

are many complexities in the role of recombination that still need

to be disentangled.

Qvarnström (Supporting information Appendix 1.13) nicely

summarizes some of these challenges by saying that “40 years

after the publication of Felsenstein’s 1981 article, the genomic

basis—at the resolution of allelic variation—underlying the iden-

tified species-specific adaptations and isolating phenotypes in the

flycatchers still remains unknown. Thus, revealing how the evolu-

tion of these traits has interacted with variation in recombination

rates across the genome remains a major future challenge.” This

is probably true for most biological systems.

One- and Two-Allele Models
While Felsenstein’s (1981) observations about the negative role

of recombination in speciation are often cited in isolation, he pre-

sented this argument as integrally linked to the distinction be-

tween one- and two-allele models. This is especially clear in the

Summary section of his article, where he also presents a concise

explanation of these different mechanisms:

“This model suggests that there is an important distinction be-
tween two kinds of speciation. One involves speciation by sub-
stitution of the same alleles in the two nascent species [one-
allele models], the other by substitution of different alleles
[two-allele models]. Only in the latter case does recombina-
tion act as a force retarding or blocking speciation.” (p.136)

In Figure 1, we include a (nonexhaustive) list of potential ex-

amples of one- and two-allele mechanisms. They can vary widely

in their specific characteristics.

Virtually all of our commentators reflected on the influen-

tial nature of Felsenstein’s insight in categorizing these types of

mechanisms, and practically all mathematical models of specia-

tion can be fitted into one of these categories. Several authors also

noted, however, that the distinction between one- and two-allele

models is complex, and is often misunderstood in the literature.

Bank (Supporting information Appendix 1.1) comments, for ex-

ample, that it is easy to “mix up [the one- vs. two-allele distinc-

tion] with the distinction of matching rules and preference/trait

mechanisms of assortative mating (Kopp et al. 2018).” We have

also seen the one-/two-allele distinction confused in the literature

with the concept of “magic traits.” Flaxman (Supporting infor-

mation Appendix 1.4) notes that the distinction is “generally un-

derappreciated, in part because it is ignored or not widely under-

stood.” Butlin (Supporting information Appendix 1.3) notes that

the focus of the terminology on “alleles” rather than on divergent

versus unidirectional selection may be one source of confusion

underlying this concept.

Part of the complexity underlying the distinction between

one- and two-allele models stems from the fact, pointed out by

Bank, Noor, and Servedio (Supporting information Appendix 1.1,

1.11, 1.14), that all models must have an underlying two-allele

component in order for divergence to be possible. Servedio (Sup-

porting information Appendix 1.14) additionally points out that

although models that assume initial divergence of a two-allele

component and examine the spread of a one-allele component

will find that speciation occurs easily, and models that do the op-

posite will find it to be harder, both cases will look identical to

an observer examining the situation post-hoc. It may, therefore,

be hard for a researcher to know which component ultimately

triggered isolation. Felsenstein himself commented that “there

is nothing to prevent both kinds of processes from going on at

the same time,” and indeed many models do contain both com-

ponents evolving simultaneously. Bank et al. (2012) additionally

developed a model that included a “1.5 allele-mechanism” (where

an allele involved in premating isolation can be neutral in one of

the populations), illustrating that the one-allele two-allele distinc-

tion cannot be universally applied, even within simple models.

The picture becomes more complex in natural systems. Merrill

(Supporting information Appendix 1.10), for example, points out

that between Heliconius cydno and Heliconius melpomene there

are at least three loci that contribute to divergent mating prefer-

ences and a “highly polygenic species boundary (Martin et al.

2019)” that complicates questions of what factors are causing or

preventing divergence. While the one-allele versus two-allele dis-

tinction does apply to polygenic traits (despite the terminology of

“alleles”), this example illustrates that many natural cases are far

from being as straightforward as an initial understanding of these

model-types implies.

What, then is the evidence for one- and two-allele mod-

els in natural systems? In a section titled “Predictions,” Felsen-

stein suggested that cases fitting both one- and two-allele mod-

els should be seen in allopatry, but that two-allele models should

be less common in sympatry. However, he also stated, “I find it

easier to imagine genetic variation of the two-allele sort than

of the one-allele sort” (p.135). This is still a matter for spec-

ulation, as even 40 years later there is not enough information

on these types of mechanisms to rigorously evaluate how com-

monly they occur, let alone how often they are implicated in

the speciation process. Some, at least, of our commentators dis-

agree with Felsenstein, suggesting that one-allele mechanisms

may be more common than he anticipated, particularly when

isolation arises through modified migration, adaptive habitat se-

lection, or behavioral imprinting (Flaxman Maan, Noor, Qvarn-

ström, Smadja; Supporting information Appendix 1.4, 1.8, 1.11,

1.13, 1.15). As pointed out by several contributors, such as Bank,

Butlin, and Meier (Supporting information Appendix 1.1, 1,3,

1.9), one-allele components may be particularly difficult to iden-

tify using genetic techniques because they do not differ be-

tween species. Ortiz-Barrientos et al. (2004), however, were able
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to use high-resolution genetic mapping to identify a one-allele

mechanism that strengthened isolation between Drosophila pseu-

doobscura and Drosophila persimilis. Behavioral one-allele

mechanisms may not only be common, as suggested by our con-

tributors above, but may also be more feasible to identify than

other types of one-allele mechanism, at least in principle. Mech-

anisms, such as sexual imprinting, leading to phenotype matching

have been shown to play a role in maintaining species or popu-

lation differentiation in, for example, cichlids (Verzijden and ten

Cate 2007) and poison frogs (Yang et al. 2019), and sexual im-

printing is common in general in birds (ten Cate and Vos 1999;

Campbell and Hauber 2009). Interestingly, Maan (Supporting in-

formation Appendix 1.8) notes that in many cases these mecha-

nisms will predate divergent selection, thus, placing them in the

category that Servedio (Supporting information Appendix 1.14)

pointed out will be more difficult for speciation; an ancestral one-

allele mechanism (in this case, e.g., imprinting) with a novel two-

allele mechanism (e.g., a trait that must diverge, but not sweep,

despite gene flow).

Extrinsic Versus Intrinsic Constraints
on Speciation
Felsenstein summarized his core conclusion by saying: “We

have now identified the evolutionary force responsible for fa-

voring speciation— natural selection—and the force opposing

it—recombination” (p.129). By setting the debate in the context

of Hutchinson’s (1959) essay on species diversity, Felsenstein

placed the focus clearly on ecology as the source of the divergent

selection that drives speciation. In the absence of genetic con-

straints, he envisaged something akin to Hubbell’s (2001) neutral

model: “an ‘island biogeography’ model of speciation” where

there would be “a balance between speciation and the extinction

of small species” and he imagined “that the number of species in

nature is far smaller, and their size far larger, than such a model

would predict” (p.124). This argument depends on the fact that

genetic constraints are only relevant with gene flow. If there are

genetic constraints, such that speciation with gene flow is less

likely than allopatric speciation, then diversity is expected to de-

pend on the opportunity for allopatric divergence as well as the

strength of the genetic constraint. Thus, the issues of ecological

versus genetic determinants of species diversity and of the likeli-

hood of speciation with gene flow are intertwined.

In his commentary, Barton (Supporting information Ap-

pendix 1.2) reflects this argument (quoting Felsenstein, p.124):

“There are indefinitely many ecological niches, and only mild

restriction to gene flow is needed to allow adaptation to these

niches, and so ‘one might come away […] with the disturb-

ing impression that [speciation] is all but inevitable.’” How-

ever, there is a critical difference here because Barton is

suggesting that divergent selection can drive speciation in the

presence of substantial gene flow, in contrast to the emphasis

on strict allopatry that was prevalent in 1981. Arguably, Felsen-

stein (1981) started an important move in this direction. At a

time when much of speciation thinking was caught up in a po-

larized allopatry-sympatry debate (e.g., Bush 1994), he consid-

ered a continuum of migration from m = 0 to m = 0.5 and em-

phasized that his critical one-/two-allele distinction cut across

this migration continuum. Qvarnström (Supporting information

Appendix 1.13) sees Felsenstein’s article as a “tipping point” to-

wards thinking about this continuum and away from “heated de-

bate” about distinct alternatives. This debate was not always con-

ducted at an objective, scientific level: Maan (Supporting infor-

mation Appendix 1.8) notes that “proponents of certain mecha-

nisms [were characterized as] naïve believers, while opponents

[were] down-to-earth realists.” Hopefully, we can do better now.

The trend that Felsenstein helped to start has led to the view that

completely allopatric speciation is rare because the evolution of

reproductive isolation is typically played out over a long time in

a changeable world (Abbott et al. 2013). Within this framework,

it is more constructive to focus on mechanisms than on disputes

about modes of speciation. The spatial and temporal extent of

gene flow certainly matters for speciation but there is no sharp

allopatry-sympatry divide.

That said, the allopatry-sympatry debate was slow to subside

and remnants of it remain. It can be easier to categories than to

think about the gene flow continuum. Giraud (Supporting infor-

mation Appendix 1.5) describes Felsenstein’s model as a “simple

model of sympatric speciation,” but she also makes the interest-

ing point that fungi inhabiting different hosts are still in sympatry

because only their genotypes control their separation, and so their

probability of interbreeding (reflecting ideas about phytophagous

insects; Bush 1994). Hopkins (Supporting information Appendix

1.6) suggests that Felsenstein’s article was at the start of “a wave

of research arguing gene flow also rarely, if ever, occurs during

the evolution of reproductive isolation.” This implies that his ar-

gument for genetic constraints on speciation was, at least initially,

interpreted as support for the allopatric speciation orthodoxy (he

was also cited in this spirit in Bush 1994) whereas we tend to

see the opposite, particularly because the one-allele mechanism

partially frees the evolution of reproductive isolation from the

recombination constraint. Larson’s (Supporting information Ap-

pendix 1.7) summary that, “sympatric speciation will be rare un-

less one-allele genetic variation is common,” is closer to Felsen-

stein’s conclusion, although it would be better to say “speciation

with gene flow” than “sympatric speciation” and Barton’s point

(Supporting information Appendix 1.2) is that the constraint is

only strong when there is little obstacle to gene flow.

Meier (Supporting information Appendix 1.9) argues that

Felsenstein’s article, “highlights how genetics and ecology need
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to be combined to understand speciation and patterns of species

richness” and this closely reflects Felsenstein’s own conclusion:

“Only when we can bring genetic and ecological constraints
on speciation into a common framework will we begin to have
a satisfactory overview of the speciation process. Only then
will geneticists be able to join ecologists in paying homage to
Santa Rosalia.” (p.136)

Are we any closer now to this common framework? Meier’s

own work on cichlid species flocks in African rift valley lakes

supports the idea that both ecological opportunity and relax-

ation of genetic constraints are important for rapid diversifica-

tion (e.g., Meier et al. 2017; 2019). However, the major genetic

constraint discussed in this case is the availability of suitable vari-

ation, which is provided by hybridization. This is critical for the

rapid accumulation of diversity, because mutation is too slow, but

maybe not for the evolution of reproductive isolation in individual

speciation events. Indeed, reproductive isolation is not completed

in many cichlid taxa before further diversification occurs. More

closely related to Felsenstein’s recombination constraint is the

role of opsin gene variation, underpinning traits that are involved

in both adaptation to different niches and mate choice (Seehausen

et al. 2008).

These issues in cichlids reflect a more general problem in

the connection between the speciation process and patterns of di-

versity. Rabosky and Matute (2013) found a surprising lack of

correlation across taxa between the rate at which reproductive

isolation evolves and the rate of speciation estimated by phylo-

genetic methods. This decoupling suggests that divergent pop-

ulations may often collapse back into single units if reproduc-

tive isolation is not complete or newly evolved species may fre-

quently go extinct before they contribute to diversity on a macroe-

cological scale. In the latter case, the genetic constraints envis-

aged by Felsenstein may be critical for the speciation process but

they may be much less relevant to explaining patterns of species

diversity.

Interestingly, Germain et al. (2021) take Hutchinson’s

“Homage to Santa Rosalia” article as their starting point in con-

sidering the “Origin of Coexisting Species” but they do not cite

Felsenstein (1981). They argue that some modes of speciation

are more likely than others to generate species that can coexist

and so persist. Sadly, there is little of the integration of genetic

with ecological constraints that Felsenstein called for. Perhaps,

the decoupling observed by Rabosky and Matute (2013) means

that this integration is not needed but coexistence requires strong

reproductive isolation as well as low niche overlap (as Germain

et al. acknowledge, and see Irwin and Schluter 2021) and this

surely means that genetic constraints on the evolution of isola-

tion remain significant. Qvarnström (Supporting information Ap-

pendix 1.13) makes the related point that “speciation events may

in general be more likely when they can endure periods of gene

flow.” We would prefer to see more efforts to bring ecological

and genetic approaches to speciation together, before reaching

the conclusion that these two factors can be treated separately.

In thinking about these processes, a lack of speciation should be

viewed as just as interesting an outcome as “successful” specia-

tion, avoiding the implicit bias that Maan (Supporting informa-

tion Appendix 1.8) sees creeping into the language we use.

Value of Simple and Well-Presented
Models
What is it about this article that caused it to have such an impact

on so many researchers? Its insights are profound, but, as many

of our contributors made clear, its value is also in its essence as a

simple and well-presented model. As Noor (Supporting informa-

tion Appendix 1.11) points out, prior models on speciation and

local adaptation had presented many of the individual compo-

nents of the arguments that Felsenstein developed. Yet he follows

that “Felsenstein (1981) presented a simple, elegant, clear synthe-

sis with added insights.” Simplicity and clarity are its hallmarks.

Felsenstein commented on his goal to distil the speciation pro-

cess when he said, “…it is the simplest model I can find which

exhibits many of the genetic effects which will be found in more

complex, more realistic models of speciation” (p.125). Barton

(Supporting information Appendix 1.2) comments that in addi-

tion to “appreciat[ing] its fresh perspective,” “I also appreciated

its style—using a model as simple as possible, and using clear

logic to make a fundamental point.” Meier (Supporting informa-

tion Appendix 1.9) found this approach gave her, as a student,

a general appreciation of theoretical work, stating that “I found

it fascinating how elegantly simple models lead to clear predic-

tions.”

The power of this reductionist modelling framework has

been influential across academic generations (as mentioned

by Noor; Supporting information Appendix 1.11). Giraud

(Supporting information Appendix 1.5) summarizes the effect

of Felsenstein’s article on her as follows: “… it was because of

Felsenstein’s article (Felsenstein 1981), and also other models

on speciation (Maynard Smith 1966; Rice 1984), that I really felt

the power and interest of theoretical modelling. I have therefore

ever since used Felsenstein’s simple model (Felsenstein 1981) in

teaching each year to make the issue of speciation understandable

to my students, but also to illustrate why we need theoretical

models in evolutionary biology.”

Several contributors, like Giraud (Supporting information

Appendix 1.5), have used Felsenstein’s model as a teaching tool,

generally (but not always), finding value in its relative simplicity.

Smadja (Supporting information Appendix 1.15) covers it regu-

larly in a class to Masters students and finds that “every year, I
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am amazed by the students’ reactions to this elegantly simple but

influential model and how relevant it is as a pedagogical tool.”

Butlin (Supporting information Appendix 1.3) finds that it is

difficult for undergraduate students, although Servedio (Support-

ing information Appendix 1.14) has had success with it at that

level, albeit in a modelling class where students are already

steeped in abstraction.

Regardless of whether they use it themselves in the class-

room, one of the most consistent messages from our contributors

was that they were introduced to Felsenstein as a graduate stu-

dent (or in one case, Larson, as an undergraduate; Supporting in-

formation Appendix 1.7), and that it contributed to their intellec-

tual path into the genetics of speciation. Both for empiricists and

for theoreticians it has provided lasting clarity and understand-

ing about interactions between the evolutionary forces involved

in speciation with gene flow, as well as inspiration for both em-

pirical and theoretical speciation studies. In this way, its influ-

ence on the current generation of speciation biologists cannot be

overstated.

Conclusions
Felsenstein’s (1981) article has profoundly influenced the work

of both theoreticians and empiricists studying speciation over the

last 40 years. The reasons for its impact lie in the use of a sim-

ple model to clarify fundamentally important processes and dis-

tinctions. Flaxman (Supporting information Appendix 1.4) puts

it nicely: “Speciation genetics may have no Golden Rule of its

own, but Felsenstein (1981) distilled his own and previous works

into pithy insights that are about as close as we can get to hard

and fast rules about SWGF [speciation with gene flow].”

How will future generations use this classic work? We hope

that they will take Barton’s (Supporting information Appendix

1.2) advice and “occasionally look up from the flood of simula-

tion and sequence data that engulfs us, to remember the big ques-

tions that Felsenstein addressed in his classic paper.” It seems

that Meier (Supporting information Appendix 1.9) recognizes

this need because she says, “Big data has led to a shift from

hypothesis-driven to more data-driven science. Despite having

started at the beginning of this shift, I hope articles like Felsen-

stein (1981) will soon become more central again in speciation

research. Combining theory and big data will likely advance our

understanding the fastest.” We also hope that ecological and ge-

netic approaches to speciation and diversity can also be brought

together in the way that Felsenstein envisaged, leading towards

a complete answer to the question, “Why are there so few/many

species?”
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