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Although clearly a major focus of evolutionary biology, the study of speciation 

has never emerged as a coherent discipline. 

-(Harrison 1991, 282) 

Speciation is the process by which ancestral species diverge into two or 

more descendant lineages. As such, speciation has occurred at each of the 

branching events that have generated the 8-14 million species thought to 

exist across the domains oflife (Hawksworth et al. 1995; Mora et al. 2011). 

The theory of speciation has played an important role in the modem de

velopment of evolutionary thinking and indeed could be said to have been 

at the forefront of evolutionary theory since the publication of Darwin's 

(1859) On the Origin of Species. 

The Diversity of Reproductive Barriers between Species 

In this chapter we review speciation theory and describe how it has pro

vided insights into the fundamental ecological, genetic, and geographic 

processes causing speciation. Our focus is exclusively on speciation in sexu

ally reproducing organisms, which is commonly conceived of as the evolu

tion of barriers to gene exchange (Mayr 1963; Coyne and Orr 2010). Isolat

ing barriers are often divided into those acting before or after fertilization: 

Prezygotic barriers occur prior to the formation of a zygote and include 

ecological, temporal, geographic, behavioral, and mechanical barriers ( col

lectively known as pre-mating barriers), as well as post-mating prezygotic 

barriers such as gamete interactions and female reproductive tract inter

actions. Postzygotic barriers include zygotic mortality, hybrid sterility, and 
hybrid inviability. Barriers resulting from interactions with the biotic or 
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Table 15.1. The Theory of Speciation 

Domain: The process of speciation through the evolution of reproductive isolation. 

Propositions: 

1. Barriers to gene flow can occur at both pre- and postzygotic life stages and can be driven by 
intrinsic and extrinsic factors. 

2. Reproductive barriers can evolve owing to divergent evolution between allopatric lineages 
experiencing little or no gene flow. 

3. Intrinsic postzygotic reproductive isolation can result from negative epistatic interactions 
between loci evolving independently in diverging lineages. 

4. Selection to decrease costly hybridization favors the accumulation of prezygotic reproduc
tive isolation between sympatric lineages (reinforcement). 

5. Local adaptation to divergent environments can drive pre- and postzygotic isolation be
tween lineages (ecological speciation). 

6. Reproductive isolation can evolve between sympatric lineages experiencing gene flow. 
7. Sexual selection can drive divergence in mating systems, contributing to reproductive 

isolation. 
8. Genomic changes such as chromosomal rearrangements and polyploidy can contribute to 

divergence and reproductive isolation 

abiotic environment are known as extrinsic barriers, while those that act 

independently of the environment are known as intrinsic barriers. This 

categorization of speciation barriers as extrinsic or intrinsic ( table 15.1) 

does not imply that they all cause species divergence, since most specia

tion events likely involve a combination of such forces. Instead the ideas 

classify particular barriers to reproduction that together explain a lack of 

current gene flow between diverging lineages. Although they used different 

terms, Darwin and the early Darwinians also discussed isolating barriers 

and theorized how they might arise. However, the major work exploring 

the evolution of reproductive barriers began during the modern synthesis 

and has been extended since. 

What Is Speciation? What Are Species? 

Both empirical and theoretical speciation research ultimately rest on co

gent definitions of species, a topic that is fraught with disagreement (Na

than and Cracraft, chap. 6). Nonetheless, we believe that discussions of 

speciation can proceed productively even in the absence of universal agree

ment on the definition of species. Species are divergent metapopulation 

lineages ( de Queiroz 2007). However, this fundamental lineage concept 

of species fails to distinguish species from nonspecies, but instead argues 

that species as taxa can be recognized by a variety of criteria, including the 
biological species concept (Mayr 1942), the phylogenetic species concept 
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(Cracraft 1983), and others. However, if speciation is to be distinguished 

from within-species evolution, we need a criterion of species rather than a 

generalized concept of gradual divergence. The conflicting criteria for spe

cies ( e.g., monophyly, diagnosability, reproductive isolation, evolutionary 

independence) are manifestations of fundamental genetic and ecological 

processes that are subject to the vagaries of Earth history, divergence times 

and rates of divergence via natural selection, and drift or other processes 

(de Queiroz 2007). 

In this chapter, by species we mean divergent forms that can overlap 

spatially and maintain differences at multiple regions of their genomes. 

These genomic differences might be maintained via intrinsic incompat

ibilities or extrinsic, ecological selection. For geographically or temporally 

separated forms the definition becomes somewhat arbitrary, but we do not 

believe that this hinders understanding models of speciation. Speciation 

theory can focus on how species diverge to achieve the ability to overlap 

spatially or in other words to achieve reproductive isolation-if not across 

the whole genome then at least at key genes that allow further phenotypic 

and genetic divergence. 

The Goals of Speciation Theory 

Speciation theory can help both to explain :findings from empirical studies 

and to provide testable predictions to guide future empirical studies. Specia

tion theory is built on a large foundation of verbal models based on empir

ical observations and experimental evidence. Most of these verbal ideas are 

based on an understanding of how geography ( allopatry versus sympatry) 

and timing (pre- versus postzygotic) influence the evolution of reproduc

tive isolation (proposition 1, table 15.1 )-an understanding that does not 

necessarily depend on mathematics (Turelli et al. 2001). Built on these ver

bal arguments are many hundreds of mathematical and numerical studies 

detailing which specific conditions are conducive to the evolution of bar

riers to reproduction. The sheer number of complex mathematical models 

can make a broad understanding of general speciation theory challenging 

(Kirkpatrick and Ravigne 2002). It can also provide an impenetrable shield 

to empiricists attempting to find broader meaning in their results. 

There are many communication difficulties between empiricists and 

theoreticians in the realm of speciation. For example, empiricists are often 

interested in and tend to investigate the evolutionary forces acting on ex

isting trait variation. How much reproductive isolation does the trait con
fer? Is the trait under natural selection or sexual selection? Is there migra-
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tion between populations or gene flow between species? By contrast, when 

theoreticians study speciation they generally investigate the evolutionary 

conditions that allow divergence to occur (Turelli et al. 2001) and are less 

interested in which traits might contribute to reproductive isolation. How 

strong does nonrandom mating need to be? How strong does natural se

lection or sexual selection need to be? Can there be gene flow and if so 

how much? 

Another example of a gap between theory and empirical studies con

cerns how biologists measure reproductive isolation. Empiricists will often 
conduct crosses or compare fitness of hybrids and parental types to esti

mate the degree of isolation between species (Sobel and Chen 2014). By 

contrast, theoreticians often assume a simple measure of genetic differen
tiation as an index of a history of isolation, such as when species differ in 

their allelic identities within a set of polymorphic loci. Gametic association 
of alleles at different loci between species, also known as linkage disequi

libria, provide another common measure of the progress of speciation ( see 

the seminal theoretical papers on speciation of Felsenstein 1981; Kirkpat

rick and Ravigne 2002). In models leading to the evolution of reproductive 

barriers, the reduction of gene flow causes elevated linkage disequilibrium. 

Without reproductive isolation, in a population characterized by random 

mating and recombination, linkage disequilibria will decline to zero ex
ponentially with time. As reproductive isolation evolves, gametic associa

tions accumulate between alleles at multiple loci that differentiate species. 

Strong linkage disequilibrium is also implied by our definition of species as 
divergent forms that can overlap spatially and maintain differences at mul

tiple regions of their genomes. In contrast, empiricists rarely discuss repro

ductive isolation in terms of linkage disequilibrium, although other mea
sures of genetic differentiation are sometimes used (Coyne and Orr 1997). 

The proliferation of highly specific mathematical theories is likely a re
sult of the complexity of evolutionary factors influencing speciation. Se

lection, epistasis, gene-by-environment interactions, nonrandom mating, 
spatial structure, and gene flow are all difficult to model singly, and com

bining them all into a broad theory of speciation is exceedingly difficult 
(Kirkpatrick and Ravigne 2002; Gavrilets 2014). Furthermore, it is widely 
accepted that, in most cases, speciation results from the evolution of many 

reproductive barriers. Mathematical models do not yet account for the di

versity of evolutionary forces affecting these multiple barriers. The solution 

to this complexity has been to develop models that investigate a particu
lar scenario or set of circumstances for a certain type of barrier to repro
duction. Hundreds of these models, both analytical and using numerical 
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simulations, have been published, each exploring specific combinations of 

evolutionary forces with specific assumptions. In the absence of a general 

mathematically based theory about speciation, we often fall back on ver

bal theories to guide our understanding of the evolution of reproductive 

isolation. 

Evolution of Reproductive Isolation in Allopatry 

Mayr firmly established the importance of allopatry in speciation, a para

digm that is not strongly challenged today (proposition 2, table 15.1). We 
currently have methods, albeit indirect and subject to bias, to estimate the 

proportion of speciation events on a phylogeny that may have occurred 

in allopatry or involved some sort of sympatry (Barraclough and Vogler 
2000; Fitzpatrick and Turelli 2006). Some of these methods implicitly or 

explicitly assume that allopatry is the expected speciation scenario in the 

absence of additional evidence-the null model. But it is not obvious that 
the null model of allopatry should be accepted even if the simple alterna

tive hypothesis of sympatry is rejected. Given the increasing prevalence in 
the literature of scenarios of speciation involving gene flow at some time 

or another, lack of evidence for secondary contact or ongoing genetic or 

behavioral interactions between diverging species is not a solid basis for 

accepting that species have evolved in allopatry. 

The increasing interest in sympatric speciation, reinforcement, porous 
species boundaries, and other scenarios involving interactions between in

dividuals and populations raises questions: For populations that have di

verged in allopatry, is secondary contact necessary to complete the specia
tion process? What proportion of speciation events have occurred solely 

in allopatry without some gene flow? The challenges in answering these 
questions lie largely in the difficulties of reconstructing historical ranges of 

species accurately on recent or ancient timescales. Although new tools such 
as niche modeling and geographic information systems permit informed 

guesses as to the dynamics of species ranges in the past, and fossils occa
sionally provide insight into whether diverging species experienced sym

patry in the past, it is rare that these multiple sources of data allow us to 

reconstruct the geography of speciation unambiguously. 

Theories of Intrinsic Postzygotic Barriers to Reproduction 

How postzygotic reproductive isolation could evolve was one of the first 
conundrums of speciation theory. How do two lineages diverge such that 
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their hybrids are inferior but neither of the two lineages passes through 

a period of low fitness? This mystery plagued Darwin as he was working 

through his theories on natural selection and the evolution of species. Dar

win (1859) argued that natural selection could not favor hybrid sterility 

or hybrid inferiority. He argued that rather than being intended and the 

essence of speciation, as creationists such as Buff on (1753) had postulated 

earlier, hybrid sterility and inviability were accidental by-products of evolu

tionary divergence. New insights into this problem were gained during the 

modern synthesis as a new understanding of genes and population genet

ics emerged. These theories centered on understanding how genie intrinsic 

postzygotic reproductive isolation can evolve. 

Dobzhansky-Muller Incompatibilities (DMis) 

It was proposed that epistatic interactions between alleles at different genes 

could result in intrinsic reproductive isolation (proposition 3, table 15.1 ). 

Although this idea was initially discussed by W. Bateson ( 1909 ), the genetic 

hypothesis was first clearly developed by Dobzhansky (1937a) and Muller 

(1942), and so loci that show this pattern are often today referred to as 

Dobzhansky-Muller incompatibilities (DMis). In the basic verbal theory, 

two lineages that diverge in allopatry ( or with virtually no gene flow be

tween them) can accumulate neutral or selected substitutions at different 

genes. Within each lineage, genes evolve without the opposition of inter

mediate steps or allelic combinations by selection. Then, crosses between 

these two diverged lineages bring together divergent alleles in combina

tions never before seen by natural selection. These new combinations of al

leles have negative interactions that make hybrids unfit, sterile, or inviable 

(fig. 15.1). 

Based on the negative epistatic mechanism of incompatibility, theory 

predicts that the numbers of DMis will accumulate faster than linearly as 

the number of substitutions differentiating the two species increases. The 

numbers of DMis are expected to "snowball" and accumulate with the 

square of the number of substitutions separating two diverging lineages; 

if three or more loci generate an incompatibility, the snowballing effect 

will be even faster (H. A. Orr 1995; H. A. Orr and Turelli 2001). Because 

each new substitution in one lineage has the potential to interact with any 

of the previous substitutions, the number of possible interactions between 

substitutions is much greater than the raw number of substitutions. The 

beauty of the overall idea is that DMis will inevitably accumulate between 

isolated populations as divergence occurs between species, even if neutral 
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Figure 15.1. Negative epistatic interactions between loci can cause hybrid inviability or 
sterility. (A) Schematic of the evolution of a Dobzhansky-Muller-incompatibility. Two 

loci independently evolve in diverging lineages such that one lineage has a mutation in 
one locus (a ► A) while the other lineage has a mutation in a second locus (b ··► B). In the 
hybrid the two derived alleles may interact to reduce hybrid fitness. (B) A schematic of a 
holey landscape as described by Gavrilets (1997) in which fitness is either zero or one. 
The genotypic space is scattered with regions of incompatibilities causing low fitness. 

drift within species is the only driving force. In its simplest form, evolution 

within species is neutral and the field of gene combinations is a "holey 

landscape": a flat surface representing equal fitness, while some gene com

binations are in deep "holes" of low fitness (Gavrilets 1997). 

Recent Studies on Incompatibilities 

Research in the past two decades has clarified the relationships between 

DMis and speciation. The early 1990s was a time of renewed awareness of 

DMis and the first empirical characterizations of putative incompatibilities 
(H. A. Orr 1993; H. A. Orr and Turelli 1996; Presgraves and Orr 1998; Pres

graves et al. 2003; Phadnis and Orr 2009). This work frequently focused 

specifically on hybrid breakdown and attempted to link the hybrid break

down observed in the laboratory, and sometimes confirmed in nature, with 

the speciation process. Because they cause hybrid inviability or sterility, 
DMls became termed "speciation genes"-a "perhaps unfortunate term" 

(H. A. Orr 2005). It has subsequently been argued that many such specia

tion genes might not have been the original drivers of speciation because 

they could have evolved long after speciation was complete (Via and West 

2008; Mallet 2010; K. L. Shaw and Mullen 2011 ). 

Separation of populations in allopatry was classically considered a key 
requirement for the evolution of DMis (Orzack and Sober 2001; Coyne 
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and Orr 2004). It is commonly acknowledged that all species segregate 

deleterious recessive mutations (some causing lethality), and through the 
same logic recently it has been observed that deleterious incompatibilities 

between loci can also segregate within populations (Corbett-Detig et al. 

2013). Thus, DMis could play an important role in the distribution of fit

ness effects not only between species but within species as well. Given that 

empirical examples of DMis often reveal positive selection (Tang and Pres
graves 2009; Sweigart and Flagel 2015; Tang and Presgraves 2015), the up

per surface of the holey landscape ( fig. 15 .1 B) is unlikely to be completely 
flat for these loci, and this positive selection may counter some level of 

gene flow. Complete allopatry may not be required. 
The verbal theory of the origin of DMis has been validated not only 

mathematically (H. A. Orr and Turelli 2001 ), but also via empirical investi

gations of gene loci in Drosophila that epistatically generate hybrid incom
patibility (Presgraves et al. 2003; Brideau et al. 2006; Masly and Presgraves 

2007; Tang and Presgraves 2009). Experimental evolutionary studies in 

yeast have perhaps yielded the clearest picture yet of the relationship be

tween divergent evolution in allopatry and the genie basis of DMis (Dett

man et al. 2007; J.B. Anderson et al. 2010; Stukenbrock 2013), as well as 

compelling examples of ecological speciation. Although the relevance to 
natural systems can always be debated, these studies yield sensible and in

telligible connections between the genes exhibiting DMis in hybrids and 

their role in divergent ecological settings in ways that genetic studies on 

long-diverged species in nature have not. 
The snowball theory of the accumulation of DMis over time has been 

tested in animals (Matute et al. 2010) and plants (Moyle and Nakazato 

2010), and in a meta-analysis (Gourbiere and Mallet 2010), all of which 
generally confirm the nonlinear accumulation of incompatibilities pre

dicted by the theory. The logic of snowball DMI evolution is compelling 
and successfully explains Haldane's rule (see below). Two problems may 
lead to difficulties with tests using comparative data: First, stochastic ac
cumulation of a few incompatibilities initially, each of which may have 

quite large and variable fitness effects on hybrids (Turelli and Moyle 2007), 
can result in very noisy changes in hybrid fitness, making the expected 

curvature hard to detect (Gourbiere and Mallet 2010; Turelli et al. 2014). 
Second, the extent to which other, nonepistatic incompatibilities such as 
underdominance of chromosome rearrangements, or the effects of addi

tive loci undergoing quantitative genetic adaptation to divergent niches, 

contribute to hybrid inviability and sterility between species is still unclear 
(Gourbiere and Mallet 2010). In many systems, it is likely that ecologi-
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cal divergence and mate choice contribute more to reproductive isolation 

between recently diverged species than incidental DMis (Schemske 2010; 

Turelli et al. 2014). Overall the prediction and testing of the snowball ef

fect represent major refinements in our understanding of the genetics of 

incompatibilities, but the extent to which DMis cause speciation in nature 

remains unclear. 

Haldane's Rule 

Perhaps the most famous examples of DMI evolution obey Haldane's 
rule, which states that if hybrids of one sex suffer most from inviability or 
sterility, it is most likely the heterogametic sex, the sex with different sex 

chromosomes (Haldane 1922). The heterogametic sex is the male (XY) in 
Drosophila and mammals, or the female (ZW) in birds and butterflies. Hal
dane's original observation sparked decades of empirical work investigating 

the generality of the rule as well as theoretical work attempting to under
stand the causal mechanism of the pattern. To date, four general theoretical 

explanations for Haldane's rule have been put forward: dominance theory, 

faster-male theory, faster-X theory, and meiotic drive (Schilthuizen et al. 

2011). Each of these explanations consists of a cluster of models within the 

constitutive theory of speciation. The genetic scenarios described in these 
theories are extensions of scenarios in DMI evolution, albeit applied to the 

heterogametic sex. 
The dominance theory posits that homogametic hybrids, for example, 

male birds (ZZ) or female monkeys (XX), will suffer only from DMis that 

are dominant. Those loci may be linked or unlinked to the X or Z sex chro
mosomes and do not cause a major bias between the sexes. Fl hybrids will 
additionally suffer from DMis affected by recessive alleles on the X or Z 
chromosome that are expressed only in the heterogametic sex, although 

the interacting partner loci may be dominant and on autosomes. In the 
flour-beetle Tribolium, autosomal loci differing between geographic popula
tions as well as environmental effects influence the expression of Haldane's 
rule, as well as sex-linked recessives; this suggests that local adaptation to 
different environments may be a driver of the DMis involved in Haldane's 

rule (Wade et al. 1994; Wade et al. 1999). 
In addition, faster-male theory proposes that more rapid selective pro

cesses occurring in males ( e.g., sexual selection on seminal fluids involved 

in sperm competition) lead to an accumulation of greater hybrid steril
ity or inviability in males than in females. A third idea, faster-X theory, 
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proposes that the sometimes heterogametic X or Z chromosome evolves 

faster because advantageous recessive mutations will be exposed to selec

tion in the heterogametic sex more rapidly than in the homogametic sex. 

Even after incorporating the frequent observation of faster evolution for 

genes with male-biased expression that presumably underlie male traits 

subject to sexual selection, recessiveness on the X chromosome was still 

required to explain Haldane's rule (Turelli and Orr 1995). Both faster male 
evolution and a more rapid accumulation of DMis on the X or Z chromo

some have been observed in natural systems ( e.g., Masly and Presgraves 
2007). However, for obvious reasons, faster-male theory cannot explain 
Haldane's rule in birds and butterflies, whereas dominance theory certainly 

can. It is unclear how great a role faster-X theory plays in general, but in 

Drosophila there is some evidence for more rapid accumulation of hybrid 
incompatibility-causing alleles on the X than on the autosomes ( e.g., Masly 

and Presgraves 2007). 
Other proposed mechanisms leading to Haldane's rule include accu

mulation of suppressors of meiotic drive on the sex chromosomes. Early 

statements of this model (Frank 1991; Hurst and Pomiankowski 1991) 

envisioned suppressors of meiotic drive accumulating on the sex chromo

somes, causing rapid co-evolutionary arms races that increase divergence 

and incompatibilities between species. Empirical results consistent with 
this model have appeared, mostly in Drosophila, but a number of caveats 

apply, not the least of which is the inability of the theory to explain the ac
cumulation of meiotic drive suppressors on sex chromosomes as opposed 

to autosomes (McDermott and Noor 2010). In conclusion, meiotic drive 

and a bias toward faster sex chromosome evolution, together with faster 
male evolution in male-heterogametic species, all play a role in Haldane's 

rule incompatibilities in Drosophila, but linkage of a recessive allele to an 

asymmetrically inherited genomic component (the dominance theory), 
usually a sex chromosome, is required for the very widespread obedience 

to the rule (Turelli and Moyle 2007). 

Reinforcement and the Evolution of 
Prezygotic Reproductive Isolation 

Alfred Russel Wallace (1889) was the first to lay out a coherent argument 

that reproductive isolation could evolve by natural selection, even though, 
in earlier correspondence, he had seemingly accepted Darwin's (1868) ar
guments against it. His idea, sometimes termed the Wallace effect ( N. A. 
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Johnson 2008), was elaborated and refined during the modern synthesis, 

and when applied to the evolution of assortative mating, is today termed 

reinforcement. The general verbal theory asserts that two lineages, after 

diverging in allopatry, produce hybrids that may suffer from postmating 

incompatibilities when the two meet in secondary contact. The cost of pro

ducing hybrids or of mating with the other lineage will create a selection 

pressure to increase prezygotic reproductive isolation. Reinforcement is 

therefore the evolution of prezygotic reproductive isolation via selection 

to reduce the costly effects of hybridization (proposition 4, table 15.1; 

fig. 15.2). 
The history of reinforcement research is marked by controversy (N. A. 

Johnson 2008). During the modern synthesis, Dobzhansky (1937a, 1940) 
championed the theory of reinforcement. He and others performed em

pirical studies documenting patterns of reproductive isolation consistent 

Figure 15.2. A schematic of the process of reinforcement. Two 
lineages diverge from a common ancestor and, in secondary 

contact, produce maladaptive, sterile, or inviable hybrids. This 
creates selection to decrease hybridization and leads to further 

divergence between the lineages in sympatric populations. 
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with reinforcement and performed experimental evolution to demonstrate 

the feasibility of the process. On the other hand, although Ernst Mayr 

(1942, 1963, 1970) believed that mating behavior evolved to aid species 

recognition, he argued that evolution of divergent mating behavior was 

normally achieved in allopatry, rather than by a process of reinforcement. 

Theoretical results accumulated that appeared to support the feasibility of 

reinforcement (Maynard Smith 1966; Dickinson and Antonovics 1973). 
However, by the 1980s additional theory suggested that gene flow and re

combination would often prevent a buildup of linkage disequilibrium be
tween divergently selected loci that caused postzygotic isolation and loci 

that affected mating behavior (Felsenstein 1981; Spencer et al. 1986; Butlin 

1987). This sort of recombination may lead one species to go extinct be
cause, for example, it acquires alleles that cause it to be attracted to the 

other species and to produce offspring with reduced fertility or viability. 
Despite theoreticians' doubts, empiricists continued to report examples 

of reproductive isolation that likely evolved owing to reinforcement. Test
ing for reinforcement was popular in the 1980s and was reinvigorated by 

landmark studies in Drosophila and other groups, confirming key predic

tions of the reinforcement model, including a greater propensity to mat

ing assortatively in areas of sympatry with sister species and a decrease in 

fitness of interspecific hybrids (Noor 1995). The identification of specific 

genes contributing to reinforcement in natural populations has also rein

vigorated this model (Hopkins and Rausher 2011 ), and the measurement 

of reinforcing selection in a natural system has demonstrated the role t~at 

it can play in speciation (Hopkins and Rausher 2012). 

Accompanying the abundance of empirical examples of reinforcement 
has been a deluge of theoretical studies investigating the feasibility of re
inforcement as a function of the strength of selection, the extent of gene 

flow, and the genetic architecture of traits (Liou and Price 1994; Servedio 
and Kirkpatrick 1997; Barton and de Cara 2009). Clearly reinforcement 

suffers acutely from the problem faced by most speciation theory-too 
many specific models and little general theoretical framework. Neverthe
less, there is currently a general understanding that reinforcement can oc

cur within a wide range of parameters (N. A. Johnson 2008). As discussed 
below, selection can be strong enough to maintain high linkage disequi
librium in the face of gene flow and recombination. Reinforcement has 

thus emerged as an increasingly viable hypothesis for species divergence in 
natural systems, particularly when researchers seek it in appropriate study 

systems and use a carefully controlled experimental design. 
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One of the reasons why reinforcement may be more successful in na

ture than the models of Felsenstein (1981) and others would predict is 

that genetic divergence, for instance in ecological adaptation, can often 

have an indirect or pleiotropic effect that can lead to assortative mating. 

For example, divergence in ecological niche may entail habitat choice, but 

because individuals tend to mate with others in the same location, this di

vergence will also affect mating behavior (Diehl and Bush 1989). Any eco
logically divergent trait that also affects mating behavior can thus improve 

the chances of speciation (Servedio et al. 2011 ). 
The direct experimental evidence for reinforcement, however, does not 

answer questions about the generality of reinforcement; for these, com
parative studies are required. Perhaps the most comprehensive dataset that 

exists is that compiled by Coyne and Orr (1997) for Drosophila species. Tak

ing genetic divergence between species pairs as a surrogate for time since 
separation, the study examined levels of premating and postmating varia

tion as measured in captivity. The study compared sympatric and allopat

ric species pairs and showed that in both, postmating isolation evolved at 

roughly the same rate. Premating isolation in currently allopatric species 

evolved at a similar rate to postmating isolation, but in sympatry premat

ing isolation seems to have evolved much faster than postmating barriers. 

The greater rate of assortative mating evolution in pairs of sympatric spe

cies argues that reinforcement was likely pervasive. 

Recently, Coyne and Orr's data were updated and reanalyzed in the 

hopes of finding some patterns in the causes of premating isolation. Curi

ously, in recently evolved pairs of sympatric species, there was no evidence 
that the strength of postmating incompatibilities, host plant differences 
(a surrogate for ecological postmating isolation), or X-chromosome size, 

which is expected to be correlated with increased rapidity of DMI evolu

tion via Haldane's rule, had any effects on mating isolation (Turelli et al. 
2014 ). And yet around half of all recently evolved species overlap spa
tially, show strong mating isolation, and are probably separated in some 
way ecologically. These results suggest that underestimates of the strength 
of postmating isolation in sympatric species are caused by inaccuracies of 

laboratory assays and shifts in host plant use. Although geography is un
doubtedly involved, "the pervasiveness of the reinforcement pattern and 

the commonness of range overlap for close relatives indicate that specia

tion in Drosophila is often not purely allopatric" (Turelli et al. 2014, 1176). 
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Reproductive Isolation through Local 
Adaptation to Divergent Environments 

Ecological Speciation 

In the past twenty years, the role of ecology in speciation has garnered re

newed attention, with diverse scenarios coalescing under the title of "eco
logical speciation" (proposition 5, table 15.1 ). During the modem synthe

sis, ecological and habitat differences were found to be widespread among 
closely related species in nature, and ecological divergence formed a key 
component of the process of speciation (Turesson 1922; Clausen et al. 

1939; Mayr 1963; Schluter 2000; Rundle and Nosil 2005; Nosil 2012). The 

notion that ecological adaptation drives divergence and eventually spe
ciation has a strong and consistent history in the plant literature (Lowry 

2012), although research in animals has been increasing. The more recent 

increase in appreciation of ecology in speciation was driven in part by new 

statistical tools that allowed the measurement of natural selection in the 

wild and the fitness of hybrid individuals in the habitats of the parental 

species as well as intermediate habitats (Hoekstra et al. 2001; Kingsolver 

et al. 2001; Ramsey et al. 2003; Wang et al. 2013). Ecological speciation 

has also become more popular because of the ability to employ data from 

both the field and experiments in the lab to test hypotheses about mech
anisms (Lowry et al. 2008a). Finally, the recent focus on ecological spe

ciation (Nosil 2012) has been driven largely by spectacular findings from 
natural, nonmodel systems, pointing to mechanisms whereby adaptation 

to novel environments or niches ultimately results in the evolution of pre

or postzygotic isolating mechanisms in nature (Rundle et al. 2000; Haw

thorne and Via 2001; Jiggins et al. 2001; H. D. Bradshaw and Schemske 
2003; Lowry et al. 20086 ). These systems demonstrate ecological causes of 
divergent selection; evidence for ecological differences with pleiotropic ef

fects on assortative mating; and linkages between ecological selection and 
genes driving reproductive isolation (Rundle and Nosil 2005). 

The theoretical foundations for ecological speciation can be traced back 

to Darwin's principle of divergence. In general, empirical studies ( e.g., host 
shifts of Rhagoletis fruit flies from hawthorn to apple, G. L. Bush 1969; 

Feder et al. 1988; McPheron et al. 1988; Berlocher 2000; Feder et al. 2003) 

have played a more prominent role in the development of the field of 

ecological speciation than has mathematical theory (M. R. Orr and Smith 
1998; Schemske 2010; Nosil 2012). However, the two approaches are com-
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plementary, with hybrid sterility studies emphasizing genetic mechanisms 

of incompatibility and ecological genomics emphasizing the generation of 

incompatibilities via ecological adaptation. Although some argue that the 

focus on ecological speciation is hardly new (Harrison 2012), it is argu

ably an advance over the more restricted search for speciation genes if only 

because it explicitly incorporates ecological and behavioral drivers of diver

gence and their consequences for genomic divergence and incompatibility. 

The Evolution of Reproductive Isolation in Sympatry 

Speciation in sympatry, or in the presence of gene flow, has been far more 

controversial than speciation in allopatry (proposition 6, table 15.1 ). In 

his monumental work Animal Species and Evolution, Mayr's (1963) empha

sis on allopatric speciation led many in the field to discount the possibility 

of sympatric speciation. Mayr's insistence, longevity, and strong influence 

on the field led to the idea that allopatric speciation should be a strong 

null hypothesis that should generally be accepted, unless a clear set of tests 

favor sympatric speciation or speciation in the face of substantial gene flow 

(Coyne and Orr 2004). Many complex patterns of phenotypic variation, 

including ring species (Moritz et al. 1992; Irwin et al. 2001; Alcaide et al. 

2014 ), appear compatible with allopatric speciation, or at least with para

patric speciation accompanied by limited gene flow. But even Mayr (2002) 
eventually admitted the possibility and occasional occurrence in some 

groups ( especially freshwater fishes) of sympatric speciation. As stated pre

viously, it is inappropriate to accept allopatric speciation as a null model 
merely because it cannot be rejected. Additionally, recent findings of cryp
tic introgression between phenotypically distinct species in many groups, 

such as hominins (Green et al. 2010), birds (Rheindt and Edwards 2011), 
and butterflies (S. H. Martin et al. 2013), suggest that more complex specia

tion scenarios than simple isolation in divergence may often be warranted. 
Others, particularly those working with host-specific parasitic or phy

tophagous insects, have long argued that there are simply too many species 

to be explained entirely by the slow grind of Earth's geography. Addition
ally, the evolution of ecological niches can create mating barriers between 
derived and ancestral populations (G. L. Bush 19756, 1975a; White 1978; 
P. W. Price 1980). Pleiotropy between locally adapted traits and reproduc

tive isolating barriers will be abundantly present in the adaptation of, for 

example, a parasitic insect to a new host. This debate in the speciation liter
ature has sparked theoretical investigations of how reproductive isolation 
evolves with gene flow between diverging lineages. 
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Models of Sympatric Speciation 

We can trace the origin of quantitative models of sympatric speciation to 

Maynard Smith's (1966) model involving two niches, the establishment 

of a stable polymorphism for the ecological ( or postmating isolation) 

trait, and the subsequent evolution of premating reproductive isolation. 

This classic paper was not so much an argument for sympatric speciation 
as an outline of the conditions under which it might happen. The most 

favorable situation proposed by Maynard Smith was what he called plei
otropism: a single-locus ecological trait causing habitat selection that also 

has a pleiotropic effect on mating behavior. Maynard Smith raised and im
mediately dismissed the idea in three lines as very unlikely. Yet in modem 

and perhaps less clear terminology "pleiotropism" is none other than a 
"magic trait," an ecologically adapted trait that also acts as a barrier to re

production. Today this seems rather more likely than hitherto (Servedio 

et al. 2011 ), and it was the basis of earlier verbal arguments for sympatric 
speciation (G. L. Bush 19756, 1975a). Felsenstein (1981), in a highly influ

ential paper, also regarded pleiotropy as an unlikely one-allele model, giv

ing the Maynard Smith model as an example. Felsenstein pointed out that 

recombination between loci conferring divergent ecological advantages in 

specific habitats and loci specifying assortative mating could make sym

patric speciation difficult because disequilibria between the loci would be 
degraded. By the 1980s, many considered sympatric speciation to be virtu

ally impossible. 
Consider the following argument. Suppose m is the rate of gene flow 

between two incipient species, and after every gene flow event introgressed 

genomes recombine randomly. Magic trait models assume that m < 0.5 
between divergently adapted genotypes, which favors speciation because 
divergence due to natural selection becomes easier than in panmictic pop

ulations. However, the greatest challenge is to model speciation in a single 
population with panmixia, where m = 0.5 initially between the incipient 
species. For this reason, models of sympatric speciation usually start with 

panmixia. 
A recent innovation in modeling the combination of population ecol

ogy and evolutionary dynamics is known as adaptive dynamics. Traditional 

population genetic models have often ignored population growth, possibly 
to the detriment of their realism. Adaptive dynamics models of speciation 
suggest a relatively wide set of conditions under which sympatric specia

tion might take place (Dieckmann and Doebeli 1999). Adaptive dynamics 
theories typically propose a phenotypic model of evolutionary divergence 
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based on demography and ecological competition. Speciation is envisaged 

as a branching process where one population splits into two phenotypic 

clusters as a result of ecological pressures (Metz 2011). Unlike population 

genetic models, most adaptive dynamics theory does not explicitly include 

genetic considerations or reproductive isolation. Rather, it explicitly mod

els population growth and the demography of ecological competition as 

drivers of divergence. Darwin (1859) proposed his own principle of diver

gence based on Malthusian ideas of geometric population growth and eco
logical competition that drove divergence in very much the same vein, and 

the adaptive dynamics community therefore claim that they are modeling 
Darwin's ideas more closely than traditional population genetics models 

(Metz 2011). Dieckmann and Doebeli's (1999) innovation to the adap
tive dynamics literature was to add a simple quantitative genetic model 

of an ecological phenotype and genetic assortative mating to the adaptive 

dynamics models. The reason that branching took place was that competi
tion for the available resource spectrum drove the populations apart, with 

the populations acquiring premating isolation as a result of reinforcement. 

However, the adaptive dynamics model may be unrealistic. In the Di
eckmann and Doebeli (1999) model, branching took place because the 

model allowed mutations only of small effect so that there was better ex

ploitation of the resource when there were two isolated panmictic species 
than if one was occupying the center of the resource. If variable effect mu

tations were allowed, a single population perfectly exploiting the Gaussian 

resource would be able to evolve that could not be invaded by another 
species (Polechova and Barton 2005). The Dieckmann and Doebeli model 

predicts that linkage disequilibrium between the ecological and mating 
loci will develop, but it requires an initial chance deviation from linkage 
equilibrium on which selection is able to act. This model provides an inter

esting case in which random drift might kick-start a higher-order selective 
process. 

Today's many models of sympatric speciation can be viewed as exten

sions of a simple and very early single-population model of migration/ 
selection balance (Haldane 1930, 1932). Haldane showed that a one-locus 
polymorphism will be maintained provided that divergent selection is 
greater than gene flow (fig. 15.3). The same will be true for more loci, al
though the overall selection will now act on multilocus genotypes, and a 

buildup of linkage disequilibrium comes into play, so that recombination 
as well as gene flow is important. Although we have highlighted the influ

ential although contested contribution of Dieckmann and Doebeli (1999), 
many others before and since also have shown that sympatric speciation 



Scott V. Edwards, Robin Hopkins, and James Mallet/ 313 

a b 

gene flow, 

hybridization 

pre-mating 
barriers - m ----::::;;...---- (mate recognitio 

a b - a 

s 

disruptive or 
divergent selection 

= post-mating 
barriers 

Figure 15.3. Simplified diagram of speciation with gene flow. Selection (s) for divergently 
selected loci A, B in two different ecological niches allows some differentiation to take 

place, maintaining a balanced polymorphism ( due to migration-selection balance) 
and linkage disequilibrium of adapted loci between niches. This is opposed by gene 

flow (m) and recombination (r) that can produce less-well-adapted or even deleterious 
intermediates (i.e., DM!s, see fig. 15. lA) within each niche. Such polymorphisms 

must be selected strongly enough to avoid swamping by gene flow: only ifs > m will 
such a polymorphism exist. A second step in most models of sympatric speciation 
is reinforcement: the evolution of assortative mating can then further reduce gene 

flow. The combination of these two steps can then allow more weakly selected 
divergent loci to evolve, which in turn causes an increase in cumulative selection 

against migrants and recombinants and further selection for reinforcement. 

is possible under a wide variety of circumstances (Maynard Smith 1966; 

Diehl and Bush 1989; Fry 2003). It is clear that sympatric speciation can 

occur in theory; the only remaining questions are whether the models are 

realistic and how often sympatric speciation occurs in nature (Coyne and 

Orr 2004). 

Sexual Selection and the Evolution of Reproductive Barriers 

Sexual selection is differences in mating success among members of one 

sex. Advantages of mate choice may be direct ( e.g., ensuring parental assis

tance) or indirect ( e.g., superior fitness of offspring). There are two major 

flavors of indirect sexual selection, usually termed good genes models or 

runaway models. In good genes models, the offspring have superior fitness 

in general, while in runaway models, the offspring merely have superior 
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mating success that may conflict with ecological fitness (Kirkpatrick and 

Ryan 1991). Speciation by reinforcement is a form of good genes sexual 

selection (proposition 7, table 15.1). Some models of mate choice, such 

as those envisioning an avoidance of "bad genes" (Iwasa et al. 1991), may 

capture certain aspects of reinforcement as well. 

Verbal theory predicts that divergent mating preferences and sexual sig

nals arising in allopatry could impede the merging of species upon second
ary contact (Ritchie 2007; Safran et al. 2013). Sexual selection may also 
accelerate speciation in sympatry (Higashi et al. 1999), but unambiguous 
empirical examples of the process are rare or nonexistent. While sexual 

selection can promote speciation, it may impede speciation in sympatry 
(Kondrashov and Shpak 1998; Kirkpatrick and Nuismer 2004) or in pe

ripheral isolates (Servedio and Burger 2015). 

Sexual selection as a driver of speciation has been tested in compara

tive studies of birds (T. Price 1998; Edwards et al. 2005; T. Price 2008), fish 

such as cichlids (Seehausen et al. 1999; Seehausen and van Alphen 1999; 

A. B. Wilson et al. 2000), and in insects, with a group of flightless Hawaiian 

crickets being a prominent example (Mendelson and Shaw 2005). Learn

ing and phenotypic plasticity of mate choice can facilitate speciation in 

some situations (Verzijden et al. 2012), but can also retard it (Nonaka et al. 
2015). More recently, little correlation between sexual dimorphism and di
versification rates has been found in comparative studies (Morrow et al. 

2003; Ritchie 2007). Distinguishing between sexual selection and selection 
on traits other than mate choice as drivers of speciation can be challenging; 

Safran et al. (2013) suggest that focusing on traits that have clear functions 

in fecundity and survival rather than in mate choice may help. 

Genomic and Chromosomal Barriers to Reproduction 

Plants, animals, and fungi all exhibit enormous amounts of chromosomal 
variability (Deakin and Ezaz 2014; Baack et al. 2015; Manicardi et al. 
2015) that may play a role in speciation (proposition 8, table 15.1). Often 
variation occurs among populations or species, and connections between 

chromosomal variation, instability, and speciation have been postulated 
(A. C. Wilson et al. 1975; White 1978). Chromosomal rearrangements and 

inversions between species are potent inhibitors of hybridization, given 

the challenges they pose to normal pairing during meiosis (Dobzhansky 
1937a; White 1973; Lande 1984). Yet the loss of fitness during meiosis can 
provide a strong barrier to the evolution and :fixation of these very same 
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chromosomal rearrangements in natural populations (Lande 1983; Baker 

and Bickham 1986). The challenges of explaining the fixation of chromo

somal rearrangements has led to an extensive literature, with recent work 

suggesting that some types of rearrangements may not require extreme lev

els of genetic drift or overdominant selection to become established (Kirk

patrick and Barton 2006; Kirkpatrick 2010). The importance of genetic 

drift in chromosomal evolution and speciation, especially founder-effect 
speciation, is today generally deprecated (Barton and Charlesworth 1984; 

Coyne and Orr 1997, 2004 ). However, the possibility of evolution through 
Wright's (1982) shifting balance process, particularly in chromosomal evo

lution (Barton and Rouhani 1991), deserves to be reexamined (Coyne and 
Orr 1997). 

Polyploidy 

The abundance of examples of ploidy differences between closely related 

plant species has led researchers to consider chromosomal mechanisms of 

speciation a major force in plant speciation (Baack et al. 2015). Because hy

brids between a tetraploid and its diploid ancestor usually produce infertile 

triploid hybrids, polyploidy can be an instantaneous mechanism of specia

tion. Whole-genome duplications are inferred to have occurred in many 
lineages across the eukaryotic tree of life; in plants, the correspondence 

between polyploidy and recent speciation is particularly widespread. The 
possibility that changes in ploidy can drive speciation in plants is increased 
in cases where species can produce offspring by selfing (autopolyploidy), 

which in a novel polyploid would ameliorate the problem of finding a 

mate. Polyploidization can also occur in conjunction with hybridization 

(allopolyploidy). Disagreement exists as to whether allopolyploidy (Soltis 

and Soltis 2009) or autopolyploidy (Ramsey and Schemske 2002) is the 
more common mechanism. A recent survey found approximate parity be
tween the two modes: although autopolyploids are produced more rap
idly, they also seem to be more prone to extinction (Barker et al. 2016). 

The greater abundance of even versus odd chromosome numbers, among 
other evidence, suggests that approximately 15 percent of angiosperm 
and 31 percent of recent fern species evolved as a result of chromosome 
doubling (Otto and Whitton 2000; T. E. Wood et al. 2009). Macroevolu
tionary analyses of comparative genomics suggest an association between 

polyploidization and the diversification of plants (Jiao et al. 2011; Jiao 
et al. 2012; Tank et al. 2015). While whole genome duplication may have 



316 / Chapter 15: Speciation 

contributed to evolutionary flexibility and diversification deep in the tree 

of life, recent polyploidy events, in contrast, generally seem to slow down 

rates of diversification (T. E. Wood et al. 2009; Mayrose et al. 2011). 

Inversions and Local Adaptation 

Another type of genomic rearrangement that shows conspicuous connec

tions with speciation is chromosomal inversion. Inversions maintain their 

distinctness between species by suppressing recombination, and may cre

ate fixed divergent adaptations between populations or species, even in the 

presence of gene flow, explaining their tendency to accumulate between 

species (Kirkpatrick and Barton 2006). Inversions that reduce recombi

nation have increasingly been found to harbor genes underlying species 

differences and reproductive isolation (Noor et al. 2001; Lowry and Wil

lis 2010). In recent years, genomic dissection of a number of species that 

exhibit chromosomal differences or striking intraspecific polymorphisms 

have revealed that inversions are hotspots of evolutionary novelty, some

times harboring multiple loci that work in concert to promote reproduc

tive isolation (Joron et al. 2011; Kunte et al. 2014; Kupper et al. 2016; Lami

chhaney et al. 2016a; Tuttle et al. 2016). Polymorphic inversions represent 

an evolutionary alternative to speciation, since each inversion morph may 

allow exploitation of divergent environments in the face of potential gene 

flow. However, such polymorphisms could also have the potential to lead 

to speciation, perhaps when they become geographically isolated and ad

ditional genome-wide divergence accumulates. 

Conclusion 

Almost thirty years ago, Harrison (1991, 282) wrote, "Although clearly 

a major focus of evolutionary biology, the study of speciation has never 

emerged as a coherent discipline." Speciation research remains a wonder

fully, if sometimes frustratingly, diverse subfield within evolutionary biol

ogy. Even today, researchers from systematists to geneticists to ecologists, 

publishing in a wide array of journals, purport to study speciation, often 

without reference to major lines of research within the field of speciation. 

The focus of speciation research has changed over time, often adopt

ing new paradigms or approaches as technical or conceptual advances have 

been made, or sometimes spearheaded by key publications ( e.g., Maynard 

Smith 1966; Felsenstein 1981) or new genomic technologies. The most re
cent trend in speciation research is one of integration: How synthetic is a 
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single study or research program, and how many levels in the hierarchy of 

mechanisms, from molecular to ecological, are spanned? Does the model 

system chosen for study lend itself to both ecological and genetic manipu

lation and investigation? These are the questions that drive the choice of 

species and topics in speciation research today. 

Building on research agendas laid out during the modem synthesis, a 

new generation of experimental studies, using the latest tools of genomics 

and high-throughput phenotyping, has emerged in the past twenty years 
that focuses on the details of genetic incompatibilities or reinforcement, 
or that links fitness in the wild with allelic variation at specific genes. We 

believe that both descriptive (biogeographic/historical) and experimental 
research have valuable contributions to make to our understanding of spe

ciation. Because speciation is in essence a historical event, experimental 

studies necessarily have to consider what is known of the particular history 

of the organisms being studied, and to ask how this history might con
strain the details of genetic or ecological interactions observed in that study 

system today. 
Despite the overwhelming evidence for the role of allopatry in specia

tion, this chapter has emphasized the importance of interactions among 

lineages found together in either primary or secondary sympatry. We have 

also emphasized the importance of verbal theories and the two-way flow of 

information between empirical and theoretical studies of speciation. Many 

mathematical theories of speciation understandably often envision very 
simple genetic mechanisms for some extrinsic traits, such as models 'that 

envision a single locus controlling mate or habitat choice (Kirkpatrick and 
Ravigne 2002). Such models, while necessarily simplistic, are useful in so 

far as they can envision a collection of processes that could result in spe
ciation in the quantitative genetic limit of single genes controlling single 

traits. We agree with Turelli et al. (2001, 330) that "given the complexity of 

speciation, mathematical theory is subordinate to verbal theory and gener
alizations about data." Empirical studies of speciation are the most useful 
means of determining the relative strength and roles of intrinsic and ex
trinsic forces in speciation in nature, and arbitrate as to which mechanisms 

of speciation are most prevalent. In particular, the recent flush of genomic 
studies of speciation (Seehausen et al. 2014) has provided a detailed win

dow into the genetic processes and genomic restructuring that accompany, 
or cause, speciation. Ultimately, empirical, historical, theoretical, and ex

perimental studies will all be essential for evaluating the relative roles of 

selective versus random processes in speciation, whether at the level of ge
nomes, individuals, or populations. 
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Speciation in the past was regarded as a key element in evolutionary 

theory: "Without speciation there would be no diversification of the or

ganic world" (Mayr 1963, 621). However, Mayr's ideas conflicted some

what with the uniformitarian Darwinian view that the processes we see 

operating within species, if extended, will lead naturally toward speciation. 

Notwithstanding Mayr's great contributions to the field, theories of spe

ciation today tend to revert to a more Darwinian view of divergence. Spe

ciation is seen instead as part of a continuum of diversification, with the 

species boundary no longer as clearly defined as it seemed to zoologists of 
the 1960s and 1970s (Nathan and Cracraft, chap. 6). Today we can more 

clearly perceive that within-species processes of natural and sexual selec
tion, and likely some stochastic processes, can drive prezygotic isolation 

directly, by altering mating behavior, or by driving evolution in different 
directions in each lineage, leading indirectly to epistatic or other incom

patibilities. Thus, today's theory of speciation would perhaps have been 

somewhat unexpected to earlier generations, but it is nonetheless coherent 
and well-formed, in contrast to Harrison's (1991) earlier view of the field. 

Our theory of speciation (table 15.1) thus successfully bridges theories of 
microevolution and of macroevolution, yet without needing to establish 

any clear hiatus between the two. 
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