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Abstract

The field of speciation has seen much renewed interest in the past few years, with the-

oretical and empirical advances that have moved it from a descriptive field to a predic-

tive and testable one. The goal of this review is to provide a general background on

research on speciation as it pertains to fishes. Three major components to the question

are first discussed: the spatial, ecological and sexual factors that influence speciation

mechanisms. We then move to the latest developments in the field of speciation

genomics. Affordable and rapidly available, massively parallel sequencing data allow

speciation studies to converge into a single comprehensive line of investigation, where

the focus has shifted to the search for speciation genes and genomic islands of specia-

tion. We argue that fish present a very diverse array of scenarios, making them an ideal

model to study speciation processes.
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In the past two decades the field of speciation has seen

a renewed interest with major theoretical and empirical

advances (Rice & Hostert 1993; Howard & Berlocher

1998), accompanied by the publication of seminal books

that placed the field within a strong theoretical frame-

work (Coyne & Orr 2004; Dieckman et al. 2004; Gravi-

lets 2004; Price 2007; Nosil 2012). Molecular approaches

applied to aquatic organisms have traditionally lagged

behind their terrestrial counterparts, and this also

applies to the field of speciation. In a few cases, how-

ever, fishes have been at the forefront of speciation

studies. Examples of parallel divergence of sympatric

sticklebacks and runaway antagonistic sexual selection

in cichlids, which will be discussed later, come to mind

(Rundle & Schluter 2004; Parnell & Streelman 2013).

The goal of this study is to review the state of knowl-

edge of speciation in fishes and synthesize its idiosyn-

crasies and breakthroughs.

As there are numerous definitions, a treatment on

species concepts goes beyond the scope of this review

(De Queiroz 1998; Richards 2010; Hausdorf 2011;

Carstens et al. 2013). Early species concepts mostly

influenced by Mayr’s biological species concept (BSC)

assumed some level of reproductive isolation (Mayr

1942). This concept, however, is clearly insufficient even

for some simple cases, such as asexual and unisexual

species, but also cannot accommodate for the funda-

mental and growing evidence of speciation in the

absence of breeding barriers (Coyne & Orr 2004). Haus-

dorf (2013) argues that defining species as units that

reach fitness maxima, and where any exchange would

lower their fitness, encompass most situations and may

tend towards a universal species concept. Importantly,

many studies that will be mentioned in this review are

more concerned by the speciation mechanisms rather

than the end product of the species. So for all practical

purposes, we will be using Hausdorf’s species concept

(Hausdorf 2011) as it will suffice for our discussion.

Understanding how divergence emerges, which is the

study of speciation, is a question that has been

approached in fishes using three different angles. One

approach considers the spatial and geographical compo-

nent of speciation, another tack has focused on the eco-

logical component of speciation, and a third has mostly

considered the sexual part of the equation. These three

approaches do intersect, at times rather significantly,

but for clarity’s sake, we will distinguish them here. All

three aspects of speciation are rooted in traditional

studies and are entering the realm of genomics, making
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a review of the material timely. Thus, this study, which

is constrained by its size, will limit itself by first provid-

ing a general background on fish, their taxonomy and

genomics, then will describe the history of the three

approaches to the study of speciation and their latest

developments, and will conclude by trying to bring

them together for a comprehensive view of the ques-

tion.

What are fishes?—general background

Fish are a paraphyletic group of vertebrates that have

evolved for the past 500 My and comprise approxi-

mately 30 000 species (Nelson 2006). Similarly to other

groups of organisms, fish species diversification is not

particularly related to the age of the group (Rabosky

et al. 2012). Fish include the agnathans (jawless fishes:

hagfish and lampreys, with about 70 species) and the

gnathostomes, which are jawed vertebrates that

comprise the chondrichthyans (cartilaginous fishes:

chimaeras, sharks and rays, with about 1000 species),

the actinopterygians (ray-finned fishes, with more than

25 000 species) and the sarcopterygians (lobe-finned

fishes: lungfishes and coelacanths, 11 species) that are

closely related to tetrapods (Nelson 2006). While 2.8%

of the earth’s water is fresh and 2.7909% is not usable

by fish, approximately 35% of fish species are found in

freshwater. Therefore, freshwater habitats are about

10 000 times more speciose than marine ones, although

this may be more a reflection of an ancient marine

extinction rather than an actual mechanistic cause (Vega

& Wiens 2012). The centre of marine fish diversity is

the coral triangle, an area bound by the Philippines,

Indonesia and Papua New Guinea, where the highest

diversity of marine reef fishes is found, with approxi-

mately 2500–4000 species, mostly belonging to the order

Perciformes (Carpenter & Springer 2005; Allen 2008;

Allen & Erdmann 2012). The centre of freshwater fish

diversity is the Amazon Basin, with approximately 2600

species, mostly belonging to the superorder Ostario-

physi (catfish, piranhas; Albert & Reis 2011; Chen et al.

2013). Most fishes are oviparous, and females produce

eggs, which are either released in the water (broadcast

spawners) or laid on a surface (benthic spawners; Helf-

man et al. 2009). In marine fishes, eggs (for broadcast

spawners) or larvae (for benthic spawners) move with

currents and disperse during a pelagic phase, which

typically lasts from a few days to several weeks (pelagic

larval duration or PLD; Leis 1991), as opposed to fresh-

water systems where most species do not have pelagic

eggs (Kunz-Ramsey 2008). Parental care, generally in

the form of male guarding, is common in fishes (Gross

& Sargent 1985). A few species of marine fishes lack a

pelagic larval stage (apelagic fishes), by either brooding

their offspring (surfperches, Embiotocidae), mouthbroo-

ding (Banggai cardinalfish, Pterapogon kauderni) or

guarding their babies (some damselfishes, Acanthochr-

omis polyacanthus, Altrichthys azurelineatus, A. curatus;

Bernardi 2011). The genetic effects of such different life

histories also have a strong influence on the population

structure of these species (Doherty et al. 1995). Fishes

mature at very small sizes (<1 cm, Paedocypris progeneti-

ca, Trimmatom nanus and Schindleria brevipinguis) or very

large ones (whale shark, Rhincodon typus, about 10 m),

and their lifespan varies between <1 year (annual killif-

ishes, e.g. Cynolebias, Notobranchius) to more than

150 years (e.g. rockfishes of the genus Sebastes). Taken

together, these characteristics result in variations in

mutation rates and are to be considered when estimat-

ing divergence and coalescence times.

Fish genomics

Vertebrate genomes have undergone an early duplica-

tion (1R) that was followed by a secondary duplication

(2R; Ohno 1970). In ray-finned fishes, a third round of

duplication, termed ‘fish-specific genome duplication’

(FSGD, 3R), occurred (Ohno 1970; Taylor et al. 2003;

Meyer & Van de Peer 2005; Steinke et al. 2006; Kuraku

& Meyer 2010). Further duplication events may have

happened in additional lineages, most notably in salmo-

nids where a recent (50–100 Mya) duplication is well

documented (Allendorf & Thorgaard 1984; Koop &

Davidson 2008). In general, fish DNA base composition

is relatively homogeneous along the genome, resulting

in symmetrical peaks in denaturation curves and cae-

sium chloride (CsCl) ultracentrifugation gradients (Ber-

nardi & Bernardi 1990; Bucciarelli et al. 2002), which

also translates in weak banding patterns in fish chromo-

somes (Medrano et al. 1988). The size range of fish

genomes, a value known for more than 40 years (Hine-

gardner & Rosen 1972), varies widely from the smallest

size in some puffers (390 Mb, about one-eighth of the

human genome) to more than 300 times that size in

Protopterus aethiopicus (marbled lungfish, 130 000 Mb,

about 40 times the human genome; Metcalfe et al. 2012).

The difference in size is reflected by a large difference

in repeated sequences and transposable elements (Pizon

et al. 1984), which in turn prompted the early sequenc-

ing of the genome of puffers Takifugu rubripes and Tetra-

odon fluviatilis (Brenner et al. 1993; Jaillon et al. 2004). A

number of additional fish genomes were sequenced in

succession, including zebrafish, medaka, stickleback

and tilapia (Colosimo et al. 2005; Kasahara et al. 2007;

Guyon et al. 2012; Howe et al. 2013). Many fish genomes

are currently being sequenced, with an additional

several hundreds being targeted in the near future (Ber-

nardi et al. 2012a,b). Besides the sequencing of entire
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genomes, scanning approaches that give a comprehen-

sive picture of the salient characteristics of a genome,

such as restriction site-associated DNA (RAD) sequenc-

ing, have been applied to fishes, in particular to stickle-

backs, salmonids and whitefish (Hohenlohe et al. 2010a;

Gagnaire et al. 2012a,b; Limborg et al. 2012).

Spatial component

In its early days, the field of speciation was greatly

influenced by the search for allopatric situations that

would produce the genetic divergence necessary for

reproductive isolation (Mayr 1942). Indeed, the descrip-

tion of trans-isthmian geminate fish species in Panama

was a key step towards understanding allopatric specia-

tion processes (Jordan 1908). To this day, geminate spe-

cies are used to calibrate molecular clocks (Bermingham

et al. 1997; Donaldson & Wilson 1999; Marko 2002;

Domingues et al. 2005; Lessios 2008). Biogeographical

data, where species distributions yield some insight into

the speciation process, have been used since the allo-

zyme era (Stepien et al. 1994), soon followed by studies

based on mtDNA markers (Avise 1992; Grant & Bowen

1998; Bowen et al. 2001). Yet, biogeographical data

based on species-level approaches can only give a very

coarse idea of the speciation process. These approaches

were, in turn, replaced by within-species-level studies,

the realm of phylogeography (Avise 2000). An entire

field of investigation started and is still active, where an

explicit geographical component is combined with

genetic data to identify the potential for abiotic factors

to play a role in various biotic processes, including spe-

ciation (Rocha & Bowen 2008; Puritz et al. 2012; Andrew

et al. 2013). For marine fishes, biogeographical bound-

aries were seen as the potential nexus of population

genetic discontinuities (Dawson 2001; von der Heyden

et al. 2011), be it the large expanse of open water

between the western and eastern Pacific Ocean (Lessios

& Robertson 2009), the somewhat permeable southern

tip of the Baja California Peninsula (Present 1987; Terry

et al. 2000; Huang & Bernardi 2001; Bernardi et al. 2003;

Schinske et al. 2010), the stretched Hawaiian Archipel-

ago (Ramon et al. 2008; Craig et al. 2010; Eble et al.

2011), the Mona Passage in the Caribbean Sea (Shulman

& Bermingham 1995; Taylor & Hellberg 2006) or the

complex Indo-West Pacific (Messmer et al. 2005; Drew

& Barber 2012; Gaither & Rocha 2013). Physical bound-

aries that limit gene flow are mostly absent in marine

systems, and an interplay between dispersal capabili-

ties, via long PLDs, and oceanic currents was suggested

as the main cause for incipient speciation and the sub-

ject of further research (Weersing & Toonen 2009; White

et al. 2010; Faurby & Barber 2012). Several studies spe-

cifically investigated the relationship between PLD and

gene flow with mixed results (Waples 1987; Doherty

et al. 1995; Shulman & Bermingham 1995; Riginos &

Victor 2001). However, the lack of a simple correlation

between PLD and gene flow was attributed, at least in

part, to theoretical and technical limitations (Weersing

& Toonen 2009; Faurby & Barber 2012).

The next step was to better assess and understand

the role of larval movement in marine fishes. The unex-

pected discovery of high levels of self-recruitment in

coral reef fishes in the late 1990s (Jones et al. 1999;

Swearer et al. 1999) prompted the use of microsatellites

and paternity analyses to identify the path of individual

fish larvae (Jones et al. 2005; Almany et al. 2007; Saenz-

Agudelo et al. 2009; Bernardi et al. 2012a,b; Berumen

et al. 2012; Harrison et al. 2012). These studies showed,

for the first time, that coral reef fish larvae may not tra-

vel far from their natal grounds, resulting in great

potential for reduced gene flow, philopatry and local

adaptation. These results ultimately reconciled the

apparent paradox between the lack of physical barrier

in the ocean, theoretically preventing allopatric specia-

tion, and high species diversity in coral reefs. Reduced

gene flow and assortative mating, evoked to explain the

population structure of Acanthochromis polyacanthus, an

apelagic damselfish, were also consistent with these

results (Planes & Doherty 1997; Planes et al. 2001; Van

Herwerden & Doherty 2006).

In general, freshwater bodies tend to be relatively

small, thus providing limited possibility for spatial dif-

ferentiation, diversity of ecological niches and ulti-

mately speciation. Indeed, a quest to find allopatric

isolation within a body of water was not as developed

in freshwater systems for two main reasons (Puebla

2009). First, the larvae of freshwater fishes tend, in gen-

eral, not to be transported over long distances by cur-

rents, because most freshwater species do not have

dispersive larvae. Second, it is rare to find semi-perme-

able boundaries in freshwater systems. Nevertheless,

when possible and relevant, this question has been

investigated. For example, glacial cycles in North Amer-

ica created pockets of allopatry that produced large

numbers of freshwater fish species and were character-

ized as ‘speciation pumps’ (April et al. 2013a,b).

Another classic example is the rise and fall over geolog-

ical times of the water level in Lake Tanganyika that

resulted in almost complete physical separation of smal-

ler bodies of water within the lake, eventually leading

to allopatric genetic divergence for populations of cich-

lids trapped in those isolated pools. These were later

rejoined when water levels rose again, the secondary

contact completing the speciation process (Sturmbauer

& Meyer 1992). This was shown in both rock-dwelling

and open-water cichlids, including the spectacular case

of the rock-dwelling Tropheus using amplified fragment
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length polymorphism (AFLP) data, where allopatric sit-

uations due to water level fluctuations resulted in more

than 100 populations and sister species (Egger et al.

2007; Fig. 1). Similarly, allopatric situations emerged

due to the high flow of large rivers, such as the Ama-

zon or the Congo, which are essentially impassable for

most fishes, and are just as effective a barrier to gene

flow as a hard physical boundary (Albert & Crampton

2010; Lundberg et al. 2010; Markert et al. 2010). Indeed,

the Amazon outflow on the coast of Brazil is so power-

ful that it also greatly influences speciation in marine

species (Rocha 2003). For freshwater fishes, where river

drainages provide physical boundaries, the focus

shifted to the historical component of freshwater drain-

ages that over time shifted their locations or resulted in

captures (Burridge et al. 2006). In Africa, for example,

plate tilting was shown to play an essential role in river

captures resulting in fish speciation (Giddelo 2002; Her-

mann et al. 2011; Koblm€uller et al. 2012; Musilov�a et al.

2013). In North America, the freshwater darters (genus

Percina) are a case in point, where allopatric speciation

resulted in more than 50 species among river systems

found on the eastern continental divide of the United

States (Near et al. 2011).

While geographical isolation, in itself, does eventually

result in speciation, the mechanisms of reproductive

isolation do not follow a single mode. The simplest one,

at the mechanistic level, is drift, where in due time

markers become fixed by chance alone (n or 4n genera-

tions in populations of n individuals, for mitochondrial

and nuclear markers, respectively; Avise 2004). In this

case, for accurate estimation of drift, markers must be

neutral. Yet, more complex and realistic scenarios

involve situations where assortative mating, reduced

gene flow and local adaptation, which are in direct vio-

lation of Hardy–Weinberg equilibrium requirements, all

play an important role in creating reproductive barriers

(Puebla et al. 2012). For example, in livebearing fishes of

the genus Poecilia, independent invasion of extreme

habitats (sulphide springs) repeatedly resulted in local

adaptation leading to speciation (Tobler et al. 2011; Kel-

ley et al. 2012; Plath et al. 2013). In general, these situa-

tions are much more complex to assess genetically, and

the power of few mitochondrial, or nuclear loci, is usu-

ally insufficient (thus, the prevalence of neutral studies

in the literature). The use of thousands of single nucleo-

tide polymorphisms (SNPs), once difficult to obtain, has

recently become reachable with the advent of massively

parallel sequencing (MPS) and has efficiently been used

in both marine and freshwater systems (Hohenlohe et al.

2010a; Seeb et al. 2011; Puritz et al. 2012). In sticklebacks,

Fig. 1 Map of Lake Tanganyika showing colour morphs diver-

sity of cichlids in the genus Tropheus. Deep-water basins of the

lake are represented with grey shading. The dots marking sam-

pling sites were colour-coded to show the distribution of the

four major AFLP clades. Note the genetic divergence as it

relates to allopatric distribution at low-water levels. Redrawn

from Egger et al. (2007).

Fig. 2 Distribution of the yellow (circles), blue (diamonds) and

white (triangles) forms of the reef goby Elacatinus evelynae

across the Bahamas and Caribbean Sea. Green squares indicate

localities where both blue and yellow forms have been

reported. The 17 localities that were sampled by Taylor & Hell-

berg (2003) are indicated with orange lines. Redrawn from

Taylor & Hellberg (2003).

© 2013 John Wiley & Sons Ltd

5490 G. BERNARDI



isolation of populations during the last glaciations and

evidence of local adaptation have both been shown

using RAD sequencing (Hohenlohe et al. 2010a,b).

Ecological component

Early work on the ecological component of speciation

in fishes focused on feeding competition, resource parti-

tioning and character displacement (Fryer & Iles 1972).

The ecological guild of marine surfperches (Embiotoci-

dae) in California, for example, was described as a

small flock with partitioned resources (Ebeling & Laur

1986). In some cases, such as the separation of the clo-

sely related black surfperch, Embiotoca jacksoni and

striped surfperch, E. lateralis, morphological differences

in the feeding apparatus (the musculature of the pha-

ryngeal jaws) allowed winnowing (sorting food within

the mouth; E. jacksoni), or not (E. lateralis), resulting in

competition disequilibrium (Drucker & Jensen 1991). It

is within this context that studies on feeding specializa-

tion and fish species flocks were set. Species flocks have

been studied in few marine systems, such as the rockf-

ishes in California (genus Sebastes), the notothens in the

Antarctic, the South African clinids and the New Zea-

land triplefins (Johns & Avise 1998; Alesandrini & Ber-

nardi 1999; Hickey et al. 2009; von der Heyden et al.

2011; Janko et al. 2011). In contrast, literature on fresh-

water systems abounds. Extinct species flocks of sem-

ionotid fishes (related to the extant gars) have been

described from ancient Mesozoic freshwater rift lakes

within continental North America (McCune 2004),

where both spatial and temporal fossil series are avail-

able (McCune et al. 1984), so the phenomenon of adap-

tive speciation within a lake is not new. Yet the study

of current situations helped clarify some key questions

as to the mechanisms of speciation within a confined

environment. This started with the seminal study by

Fryer and Iles on the cichlid species flocks of the Great

Lakes of Africa (Fryer & Iles 1972), followed by the dis-

covery of other, more reduced, species flocks such as

the Cyprinodon pupfishes in the Yucatan Peninsula

(Humphries & Miller 1981), the barbs of lake Tana,

Ethiopia (Nagelkerke et al. 1994), the sculpins of Lake

Baikal (Kontula et al. 2003) and the sailfin silversides of

the Malili Lakes, Sulawesi (Herder et al. 2006). Niche

partitioning and feeding mechanisms were a major

focus, and indeed feeding specialization followed by

reproductive isolation is central to ecological speciation

in fish species flocks (Barlow 2000; Nosil 2012) and not

unlike what is observed in Darwin’s finches (Grant &

Grant 2006; Rands et al. 2013). Cichlid flocks that

evolved independently in the Great African Lakes

(Meyer et al. 1990; Verheyen et al. 2003; Sturmbauer

et al. 2011; Loh et al. 2013) belong together with the

wrasses and damselfishes to the Ovalentaria, a group of

fish with highly developed and specialized pharyngeal

jaws (Wainwright et al. 2012; Betancur et al. 2013; Near

et al. 2013). With more than 500 species found within a

single lake (Lowe-McConnell 1994), early morphological

work on feeding specializations begat the search for

developmental genes responsible for the origin of mor-

phological differences in pharyngeal jaws, a proxy to

understand the underpinnings of ecological speciation

via feeding specialization in this group (Albertson et al.

2003). Yet, the mechanisms of speciation within a lake

are the result of several interconnected factors, diver-

gent selection on feeding types being just one of them.

Indeed, besides the well-known cichlids, other, nonla-

broid species, such as Mastacembelid eels and Synodon-

tis catfish also show adaptive radiation in those lakes,

albeit in lesser numbers (Day & Wilkinson 2006; Brown

et al. 2010; Wright 2011). To tease out the various fac-

tors involved, much simpler systems were sought.

The ecological component may be evaluated in its

simplest form, when only two ecotypes are found. In

that situation, ecological speciation occurs as a result of

the adaptation to two different environments, later fol-

lowed by secondary contact and reproductive isolation

(with reinforcement if hybrids exhibit lowered fitness;

Rundle & Schluter 2004). A perfect case scenario was

found in three-spined sticklebacks (Gasterosteus aculea-

tus), a species complex that is found both in freshwater

and in coastal marine environments of the higher lati-

tudes in the northern hemisphere. In postglacial fresh-

water lakes in British Columbia, Canada, two sympatric

forms are present, a limnetic form that specialized on

plankton feeding and a benthic form that feeds primar-

ily on benthic invertebrates, the primary source of their

ecological divergence (Schluter & McPhail 1992; Schluter

1993). They consequently show differences in their

shape and in particular in their gill rakers, which are

comb-like structures used to trap food and most devel-

oped in planktonic feeding forms. This situation arose

independently several times, suggesting similar evolu-

tionary constraints and thus becoming a very clear and

simple model for parallel evolution, adaptive radiation

and ecological speciation (Nagel & Schluter 1998; Sch-

luter 2000; McKinnon & Rundle 2002; but see Ishikawa

et al. 2013). With the sequencing of more than 20 stick-

leback genomes and population-level genome scans

(RAD sequencing), the genomic regions under selection

were recently identified (Hohenlohe, et al. 2010a; Jones

et al. 2012). Importantly, the limnetic–benthic model

goes beyond sticklebacks. It was found in other sys-

tems, mostly in North American glacial regions (Taylor

1999), such as the lake whitefish (Coregonus clupeaformis;

Gagnaire et al. 2013), but also in the Neotropical Midas

cichlid species complex (Muschick et al. 2011).
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The stickleback system fits the ecological speciation

model, yet it does not require sympatry, at least not in

its first stage, because in this model, adaptation to dif-

ferent environments may occur in allopatry. Indeed, it

has been suggested that the limnetic form may be

genetically more closely related to marine populations

than to the benthic form, thus indicating that sympatric

speciation within each lake may not be the most parsi-

monious explanation. Thus, the possibility of sympatric

speciation was tantalizing but still contentious.

Where situations are more complex than the simple

limnetic–benthic dichotomy, more than two species are

observed (Østbye et al. 2006), and ultimately when the

size of the body of water and the diversity of potential

ecological niches are great, then species flocks may

emerge, as is the case for Great African Lake cichlids

(Sturmbauer et al. 2011). At the macroscopic scale,

where phylogenies may be seen as evidence of specia-

tion past (Barraclough & Nee 2001), early work

suggested that the cichlid species flocks found in the

Great African Lakes had evolved within each lake, thus

sympatric speciation in some groups was a likely expla-

nation (Meyer et al. 1990; Verheyen et al. 2003; but see

Loh et al. 2013). In simpler situations, cichlids offered

better situations to test for sympatric speciation, namely

in Cameroon’s and Nicaragua’s crater lakes (Schliewen

et al. 1994, 2001; Barluenga et al. 2006a). In the latter

case, a combined morphological, ecological, phylogeo-

graphical and genetic approach provided convincing

evidence that sympatric speciation had occurred in the

Midas cichlid (Amphilophus sp.) species complex in Lake

Apoyo, Nicaragua (Barluenga et al. 2006a), a claim that

resulted in some debate (Barluenga et al. 2006b; Schlie-

wen et al. 2006). In marine systems, evidence for sym-

patric speciation is much more difficult to assess. In the

Neotropical reef gobies in the genus Elacatinus, where

about 30 species are found around the Isthmus of Pan-

ama, no sister relationships were found across the Isth-

mus (geminate species); instead, all sister relationships

were found within an ocean basin (Taylor & Hellberg

2005). Genetic differences instead matched ecological

and coloration patterns and were suggestive of sympat-

ric speciation (Fig. 2; Taylor & Hellberg 2003, 2005,

2006). Coyne & Orr (2004) defined four criteria needing

to be fulfilled for sympatric speciation to be inferred: a

sympatric distribution, a monophyletic sister species

relationship, an ecological setting where allopatric spe-

ciation is unlikely, such as a crater lake of recent origin

as described above, and complete reproductive isola-

tion. The latter condition, however, needs to be quali-

fied because more recent speciation concepts

specifically do not require reproductive isolation (Haus-

dorf 2011). For greenling from Japan (genus Hexagram-

mos), where these conditions are met (except for

reproductive isolation), a combination of experiments

and fitness levels of artificial crosses were tested, thus

providing a solid case for sympatric speciation in mar-

ine fishes (Crow et al. 2010).

Sexual component

Studies that focus on the sexual component of specia-

tion have steadily been increasing in the past few years

(Coyne & Orr 2004). In fishes, male courtship translates

primarily in behavioural displays and coloration sig-

nals. Where water is naturally turbid, male display may

take unusual forms. One spectacular example is found

in West Africa’s mormyrid elephant fishes that use

weak electric fields generated by muscular contractions

to assess their environment and feed. There, an entire

species flock is the result of sexual selection on male

electric displays (Sullivan et al. 2002; Arnegard et al.

2010). In clear water, the most prominent aspect of male

display involves reflection and coloration (Maan et al.

2010). Indeed, when clear water becomes turbid due to

unnatural alterations, as was the case in Lake Victoria

following the introduction of the Nile perch (which

required smoking as opposed to the traditional drying

of smaller cichlid fishes, thus leading to deforestation

and the subsequent soil runoff), break down of assorta-

tive mating resulted in rampant hybridization and its

associated loss of diversity in local cichlids (Goldsch-

midt 1996; Seehausen 1997).

Divergent selection on sensory systems may cause

speciation through sensory drive. This is observed

when female sensory bias plays a role in initiating the

process of a given display as was shown in swordtails

(genus Xiphophorus), where females select large colour-

ful swords (Meyer 1997; Rosenthal & Evans 1998). For

mouthbrooding haplochromine cichlids, high speciation

rates were presumed to be driven by sensory bias

where females are attracted to egg spots (egg-shaped

markings in the males’ anal fin), but experimental work

determined that this was unlikely (Henning & Meyer

2012). In contrast, female sensory bias for particular

male nuptial colours was theoretically predicted, mod-

elled and observed in Lake Victoria (Maan et al. 2006;

Kawata et al. 2007; Seehausen et al. 2008). A correlation

was found between the colour of Pundamilia cichlids

(red or blue) and their visual pigments (opsin genes;

Carleton et al. 2005). There, opsins are first adapted to

different shallow- and deep-water light environments

with their respective H and P alleles. Allele H is most

associated with red male nuptial display, while the P

allele is mostly associated with the blue phenotype.

Males specifically display in wavelengths that are best

seen by females, resulting in assortative mating pairs,

and eventually speciation is the outcome of sensory
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drive. The predicted replicated blue/red species pairs

were observed several times in the Pundamilia species

complex (Seehausen et al. 2008; Terai & Okada 2011;

Fig. 3). Expectedly, mate choice based on male colora-

tion is a way to rapidly create reproductive isolation

(Wagner et al. 2012). The resulting assortative mating

has been widely observed directly or indirectly (using

genetic signatures), in both marine and freshwater

fishes (Knight & Turner 2004; Puebla et al. 2007, 2012;

Blais et al. 2009; Leray et al. 2010; Smadja & Butlin

2011). For example, at least nine colour morphs of the

Caribbean hamlets (genus Hypoplectrus) have been

observed mating assortatively, as suggested prior to

incipient speciation (Fischer 1980; Domeier 1994; Puebla

et al. 2007, 2012), yet nearly no genetic divergence has

yet been found between Hypoplectrus morphospecies

when using a number of different molecular assays

(McCartney et al. 2003; Ramon et al. 2003; Puebla et al.

2007, 2012; Barreto & McCartney 2008).

To fully appreciate the visual environment of fishes,

work has been done either at the ecological level, as for

the classic case of guppies (Endler 1980; Kodric-Brown

1985), looking at visual pigments (Cummings &

Partridge 2001), or by sequencing opsin genes (visual

pigments) to indirectly elucidate visual potential driven

by sexual selection, as mentioned above and in other

cases as well (Carleton et al. 2005; Terai et al. 2006; See-

hausen et al. 2008; Miyagi et al. 2012). The more difficult

task of identifying the genes responsible for display col-

oration was achieved by looking at differential expres-

sion in transcriptomes of divergent colour morphs of

the Midas cichlid (Henning et al. 2013).

An intriguing case of potential runaway selection was

uncovered in species of Lake Malawi mbuna (rock-

dwelling) cichlids. Ecological and molecular mapping

work was done on a colour morph, orange blotch (OB),

which is predominantly found in females in both Lake

Malawi and Lake Victoria (Streelman et al. 2003; Ser

et al. 2010). Recently, the situation became more com-

plex because the interest in coloration and mating

shifted to the issue of sexual conflicts. In this context,

speciation may occur through the interplay of assorta-

tive mating, sexual conflict and colour patterns (Kocher

2004; Parnell & Streelman 2013). What was unexpected

was that the OB colour was found to be linked with the

ZW female sex-determining locus (found on chromo-

some 5), and the blue nuptial colour pattern was linked

with two XY male sex-determining loci found on two

different chromosomes (Parnell & Streelman 2013).

Thus, this system is a perfect setup for a role of ‘poly-

genic sex-determining systems in rapid evolutionary

diversification’ (Parnell & Streelman 2013). This system

may explain both the high diversification of Great Afri-

can Lake cichlid flocks and its unusual fast rate.

As discussed above, prezygotic isolation via assorta-

tive mating is well documented in fish. The fertilization

stage has also been an important topic of investigation

as it relates to potential for reproductive barriers. The

study of the fast-evolving gamete recognition proteins

is key to understanding speciation in marine inverte-

brates (Vacquier 1998; Palumbi 2009); yet, little is

known about their counterparts in vertebrates in

general and in fishes in particular. Zona pellucida, ZP,

Fig. 3 The male nuptial phenotypes and long-wave sensitive

opsin (LWS) allele group frequencies of all studied sympatric

species and population pairs of Pundamilia. The hatched line

separates the P. pundamilia/P. nyererei complex from other spe-

cies pairs. Left column: blue types, right column: red dorsum

and red chest types. From top: representative males of blue

and reddish phenotypes in the variable but predominantly

blue Pundamilia population from Marumbi Island; representa-

tive males of blue and reddish phenotypes in the variable but

predominantly blue Pundamilia population from Luanso Island;

representative males of the blue and red incipient species from

Kissenda Island; representative males of the blue and red

incipient species from Python Island; representative males of

P. pundamilia and P. nyererei from Makobe Island; representa-

tive males of P. pundamilia and P. igneopinnis from Igombe

Island; representative males of P. azurea and P. sp. ‘red head’

(red chest type) from Ruti and Zue islands respectively, these

species are sympatric and syntopic at Mabibi Islands, situated

between Zue and Ruti Islands. Numbers in the allele frequency

pies are the number of haplotypes sequenced. From Seehausen

et al. (2008).
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glycoproteins, which are represented by at least seven

genes in fish, have been sequenced and are good candi-

dates for the egg portion of the equation, but no experi-

mental work has been done to relate genotype, gamete

incompatibilities and speciation in fishes (Sun et al.

2010). Instead, an indirect measure of sexual conflict

and sperm competition has been gathered in a very

large number of studies through the evaluation of levels

of multiple paternity or multiple maternity (in reversed

gender role pipefish and seahorses) in fishes (Jones &

Avise 1994; Reisser et al. 2009; Coleman & Jones 2011;

Liu & Avise 2011). High levels of multiple paternity

(intraspecific) and hybridization (interspecific) clearly

show that prezygotic isolation at the fertilization stage

is not the primary means of reproductive isolation in

fishes. In fact, in some cases, hybridization has gener-

ated diversity resulting in speciation (Dowling & DeMa-

rais 1993; Keller et al. 2012). For example, in cases

where new ecological niches can quickly be invaded,

fitness advantages may be gained by populations where

hybridization is common (Seehausen 2004). Following

this model, empirical data have been accumulating,

showing that this phenomenon, once considered extre-

mely rare, may be more common than once thought

(Salzburger et al. 2002; Koblm€uller et al. 2007; Genner &

Turner 2012; Ward et al. 2012; Cui et al. 2013). The gen-

eral (and likely more common) rule, however, that post-

zygotic isolation occurs via lowered hybrid fitness

(known as the Dobzhansky–Muller model of hybrid

incompatibility) has been show in several examples

(Rogers & Bernatchez 2006; Crow et al. 2007, 2010;

Gagnaire et al. 2012a,b; Montanari et al. 2012).

Conclusion—towards a unifying genomic
approach

Speciation in different systems tend to result from some

predominant factor; yet, artificially separating the differ-

ent factors that play a role in speciation, as was done

above, is to caricature a complex process that has multi-

ple facets. Luckily, it is now possible to take a more

comprehensive view of the entire process (Maan & See-

hausen 2011). As was shown extensively above, fish

present a very diverse array of scenarios, making them

an ideal model to study speciation processes. That said,

speciation in fishes has constraints that are peculiar to

this group. Mating processes that rely on communica-

tion have to accommodate the aquatic medium, be it

turbid, clear, with or without colour, ultraviolet or

polarized light. This in turn will influence female choice

and male display, which will drive the strength of

assortative mating (Langerhans & Makowicz 2013; Lan-

gerhans & Riesch 2013). External fertilization has also

resulted in strong potential for prezygotic isolation.

Once fertilized, eggs and larvae generally move freely

in the water column and thus influence dispersal, gene

flow and the likelihood of breeding incompatibilities

via neutral processes.

All these factors have been studied at length, as we

have discussed, but mostly in isolation. For technical

reasons, trying to understand speciation at the genetic

level used to be restricted to the search of a single or

few genes that would be the speciation smoking gun.

Following the Dobzhansky–Muller (DM) model of

hybrid incompatibility, where a gene would bring over-

all fitness to zero in a hybrid, the melanoma-causing

gene Xmrk-2 in Xiphophorus swordtail hybrids, which

has also deleterious effects in other fish species, such as

medaka, was considered a good speciation gene candi-

date (Wu & Ting 2004). The recent developments of

massively parallel sequencing are now allowing us to

have a much more global view of the speciation

process. They are bringing together, for the first time,

genomic approaches that are unifying the language of

speciation (Butlin et al. 2012; Gagnaire et al. 2013). All

the factors influencing speciation leave strong genomic

signatures and time is ripe to identify the fundamental

molecular mechanisms responsible for these effects

(Andrew et al. 2013).

In the early phase of speciation, gene flow occurs

between two incipient species, which is theoretically an

impediment to the genetic diversification necessary to

produce a breeding barrier (Kulathinal et al. 2009). At

the genomic level, however, chromosomal rearrange-

ments and differential recombination will produce dif-

ferential geneflow levels along the genome (Rieseberg

2001). In the best studied case of recent speciation,

humans and chimps, genomic regions that are syntenic

(where gene order is maintained in a colinear fashion)

show much higher levels of gene flow than regions that

are not (Farr�e et al. 2013). These regions are visualized

as a local increase in Fst levels and create an opportu-

nity for genetic disruption resulting in speciation, and

these regions are often referred to as speciation islands

(Nielsen et al. 2009; Nosil & Feder 2012; Hemmer-Han-

sen et al. 2013; Fig. 4). Therefore, high recombination

would theoretically increase speciation rates. Genomic

regions of high recombination were identified either as

GC-rich regions or as fragile regions where GC content

rapidly changes along the chromosomes (Fullerton et al.

2001; Marsolier-Kergoat & Yeramian 2009; Watanabe &

Maekawa 2013). In general, fishes tend to be AT rich

and homogeneous (meaning with few compositional

jumps in their genome; Bucciarelli et al. 2002, 2009),

suggesting that at the macroscopic scale, speciation

rates should be relatively low in fishes.

Within the islands of speciation, it is unclear what

may produce breeding barriers. The rapid divergence of
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regions that experience low levels of gene flow may, in

itself, prevent effective reproduction, not unlike the pre-

dictions of the DM model of hybrid incompatibility. In

that respect, the islands of speciation, which persist in

the face of high gene flow, were proposed to contain

the genes responsible for reproductive isolation (Turner

et al. 2005), which would be identified using Fst outlier

methods for example (Storz 2005); however, this is

clearly not always the case (Macaya-Sanz et al. 2011).

Instead, reproductive barriers may simply be generated

by genetic incompatibilities due to a lack of syntenic

regions (Stukenbrock et al. 2010), and there should be

little difference if the regions are coding or noncoding,

yet this remains controversial (Woolston 2013). Admit-

tedly, the presence in those regions of key genes

involved in reproduction predicts an increase in specia-

tion rates. Because genes tend to be at higher concentra-

tion in GC-rich regions (Bernardi 2000) and those are

subjected to higher recombination levels, there may be

a link between a higher than expected concentration of

genes and the location of speciation islands.

These are exciting times for the field of speciation,

because we have new tools to quickly identify large

numbers of SNPs and their significance to genetic diver-

gence and speciation (Bernatchez et al. 2010; Hohenlohe

et al. 2012; Kr€uck et al. 2013). Vast amount of sequenc-

ing is affordable (e.g. Amemiya et al. 2013), and analyti-

cal tools are available to assess the demographic history

of a species using the genomic sequence of very few or

even a single individual, thus allowing for probing spe-

ciation events from the recent past (Li & Durbin 2011;

Miller et al. 2012). Yet, as genomic tools become incredi-

bly powerful and affordable, major biological questions

remain, and these can only be fully understood in the

light of careful examination and understanding of the

actual organism in its natural environment. It is ironic

that the mechanisms of speciation are becoming best

understood in an era where the environment that

promotes speciation is being relentlessly degraded.

Acknowledgements

I would like to thank my colleagues of the Department of Ecol-

ogy and Evolutionary Biology at the University of California

Santa Cruz for having broadened my biological knowledge

over the years, in particular Pete Raimondi, Mark Carr, Grant

Pogson, Bruce Lyon, Barry Sinervo and John Thompson. I

would like to thank Kendall Clements for numerous discussion

on fish ecology and speciation. I would like to thank my father,

Giorgio Bernardi, for discussing genome evolution for the better

part of the last 30 years. Finally, I would also like to thank the

members of my laboratory for their patience, good food and

good humour, which makes my daily work most enjoyable.

References

Albert JS, Crampton WGR (2010) The geography and ecology

of diversification in neotropical freshwaters. Nature Education

Knowledge, 3, 13.

Albert JS, Reis R (2011) Historical Biogeography of Neotropical

Freshwater Fishes. University of California Press, Berkeley, CA.

Albertson RC, Streelman JT, Kocher TD (2003) Directional

selection has shaped the oral jaws of Lake Malawi cichlid

fishes. Proceedings of the National Academy of Sciences of the

United States of America, 2003, 5252–5257.
Alesandrini S, Bernardi G (1999) Ancient species flocks and

recent speciation events: what can Rockfish teach us about

Cichlids (and vice versa)? Journal of Molecular Evolution, 49,

814–818.
Allen GR (2008) Conservation hotspots of biodiversity and

endemism for Indo-Pacific coral reef fishes. Aquatic Conserva-

tion: Marine and Freshwater Ecosystems, 18, 541–556.

Allen G, Erdmann MV (2012) Reef Fishes of the East Indies.

University of Hawaii Press, Perth, Australia.

Allendorf FW, Thorgaard GH (1984) Tetraploidy and the evolu-

tion of Salmonid fishes. In: Evolutionary Genetics of Fishes (ed.

Turner BJ), pp. 1–54. Plenum Press, New York, New York.

Almany GR, Berumen ML, Thorrold SR, Planes S, Jones GP

(2007) Local replenishment of coral reef fish populations in a

marine reserve. Science (New York, NY), 316, 742–744.

Amemiya CT, Alf€oldi J, Lee AP et al. (2013) The African coela-

canth genome provides insights into tetrapod evolution.

Nature, 496, 311–316.
Andrew RL, Bernatchez L, Bonin A et al. (2013) A road map

for molecular ecology. Molecular Ecology, 22, 2605–2626.
April J, Hanner RH, Dion-Côt�e A-M, Bernatchez L (2013a) Gla-

cial cycles as an allopatric speciation pump in north-eastern

American freshwater fishes. Molecular Ecology, 22, 409–422.

April J, Hanner RH, Mayden RL, Bernatchez L (2013b) Meta-

bolic rate and climatic fluctuations shape continental wide

pattern of genetic divergence and biodiversity in fishes (ed.

Liu Z). PLoS One, 8, e70296.

Arnegard ME, McIntyre PB, Harmon LJ et al. (2010) Sexual sig-

nal evolution outpaces ecological divergence during electric

fish species radiation. The American Naturalist, 176, 335–356.

Selected locus

Tightly- linked
  neutral loci

Loosely- linked
  neutral loci

neutrally evolving
regions

Sea level = upper

Sea floor = purely

limit of expected
neutral divergence

Island of Speciation

G
en

et
ic

 d
iv

er
ge

nc
e

(F
st

)

Trenches = loci
under balancing

selection

Fig. 4 Genomic islands of speciation. Schematic illustration of

expected patterns of differentiation along a chromosome.

Trenches represent regions under balancing selection that may

be lower than average neutral loci (O’Farrell et al. 2012), sea

floor represents purely neutrally evolving regions, and sea

level represents a ‘neutrality threshold’. Islands are genomic

regions exhibiting greater differentiation than expected under

neutrality, thereby rising above sea level. Drawing modified

from Nosil et al. (2009).

© 2013 John Wiley & Sons Ltd

SPECIATION IN FISHES 5495



Avise JC (1992) Molecular population structure and the biogeo-

graphic history of a regional fauna: a case history with les-

sons for conservation biology. Oikos, 63, 62–76.

Avise JC (2000) Phylogeography: The History and Formation of Spe-

cies. Harvard University Press, Cambridge, Massachusetts.

Avise JC (2004) Molecular Markers, Natural History, and Evolu-

tion. Sinauer, Sunderland, Massachusetts.

Barlow GW (2000) The Cichlid Fishes: Nature’s Grand Experiment

in Evolution. Perseus, Cambridge, Massachusetts.

Barluenga M, Stoelting KN, Salzburger W, Muschick M, Meyer

A (2006a) Evolutionary biology—evidence for sympatric spe-

ciation? Reply Nature, 444, E13.

Barluenga M, St€olting KN, Salzburger W, Muschick M, Meyer

A (2006b) Sympatric speciation in Nicaraguan crater lake

cichlid fish. Nature, 439, 719–723.

Barraclough TG, Nee S (2001) Phylogenetics and speciation.

Trends in Ecology and Evolution, 16, 391–399.

Barreto FS, McCartney MA (2008) Extraordinary AFLP finger-

print similarity despite strong assortative mating between

reef fish color morphospecies. Evolution, 62, 226–233.
Bermingham E, McCafferty S, Martin AP (1997) Fish biogeogra-

phy and molecular clocks: perspectives from the Panamanian

Isthmus. In: Molecular Systematics of Fishes (eds Kocher TD,

Stepien CA), pp. 113–128. Academic Press, New York, New

York.

Bernardi G (2000) Isochores and the evolutionary genomics of

vertebrates. Gene, 241, 3–17.

Bernardi G (2011) Monophyletic origin of brood care in dam-

selfishes. Molecular Phylogenetics and Evolution, 59, 245–248.
Bernardi G, Bernardi G (1990) Compositional patterns in the

nuclear genome of cold-blooded vertebrates. Journal of Molec-

ular Evolution, 31, 265–281.

Bernardi G, Findley L, Rocha-Olivares A (2003) Vicariance and

dispersal across Baja California in disjunct marine fish popu-

lations. Evolution, 57, 1599–1609.
Bernardi G, Beldade R, Holbrook SJ, Schmitt RJ (2012a) Full-

Sibs in Cohorts of Newly Settled Coral Reef Fishes (ed. Ferse

SCA). PLoS One, 7, e44953.

Bernardi G, Wiley EO, Mansour H et al. (2012b) The fishes of

Genome 10K. Marine Genomics, 7, 3–6.

Bernatchez L, Renaut S, Whiteley AR et al. (2010) On the origin

of species: insights from the ecological genomics of lake

whitefish. Philosophical Transactions of the Royal Society of Lon-

don. Series B, Biological Sciences, 365, 1783–1800.

Berumen ML, Almany GR, Planes S et al. (2012) Persistence of

self-recruitment and patterns of larval connectivity in a mar-

ine protected area network. Ecology and Evolution, 2, 444–452.
Betancur-R R, Broughton RE, Wiley EO et al. (2013) The tree of

life and a new classification of bony fishes. PLOS Currents

Tree of Life, doi: 10.1371/currents.tol.53ba26640df0ccaee75bb1

65c8c26288.

Blais J, Plenderleith M, Rico C et al. (2009) Assortative mating

among Lake Malawi cichlid fish populations is not simply

predictable from male nuptial colour. BMC Evolutionary Biol-

ogy, 9, 53.

Bowen BW, Bass AL, Rocha LA, Grant WS, Robertson DR (2001)

Phylogeography of the trumpetfishes (Aulostomus): ring spe-

cies complex on a global scale. Evolution, 55, 1029–1039.

Brenner S, Elgar G, Sandford R et al. (1993) Characterization of

the pufferfish (Fugu) genome as a compact model vertebrate

genome. Nature, 366, 265–268.

Brown KJ, R€uber L, Bills R, Day JJ (2010) Mastacembelid eels

support Lake Tanganyika as an evolutionary hotspot of

diversification. BMC Evolutionary Biology, 10, 188.

Bucciarelli G, Bernardi G, Bernardi G (2002) An ultracentrifu-

gation analysis of two hundred fish genomes. Gene, 295, 153–

162.

Bucciarelli G, Di Filippo M, Costagliola D et al. (2009) Environ-

mental genomics: a tale of two fishes. Molecular Biology and

Evolution, 26, 1235–1243.

Burridge CP, Craw D, Waters JM (2006) River capture, range

expansion, and cladogenesis: the genetic signature of fresh-

water vicariance. Evolution, 60, 1038–1049.
Butlin R, Debelle A, Kerth C et al. (2012) What do we need to

know about speciation? Trends in Ecology and Evolution, 27,

27–39.

Carleton KL, Parry JWL, Bowmaker JK, Hunt DM, Seehausen

O (2005) Colour vision and speciation in Lake Victoria cich-

lids of the genus Pundamilia. Molecular Ecology, 14, 4341–
4353.

Carpenter KE, Springer VG (2005) The center of the center of

marine shore fish biodiversity: the Philippine Islands. Envi-

ronmental Biology of Fishes, 72, 467–480.
Carstens BC, Pelletier TA, Reid NM, Satler JD (2013) How to

fail at species delimitation. Molecular Ecology, 22, 4369–4383.
Chen W-J, Lavou�e S, Mayden RL (2013) Evolutionary origin

and early biogeography of otophysan fishes (ostariophysi: te-

leostei). Evolution; International Journal of Organic Evolution,

67, 2218–2239.

Coleman SW, Jones AG (2011) Patterns of multiple paternity

and maternity in fishes. Biological Journal of the Linnean Soci-

ety, 103, 735–760.
Colosimo PF, Hosemann KE, Balabhadra S et al. (2005) Wide-

spread parallel evolution in sticklebacks by repeated fixation

of ectodysplasin alleles. Science, 307, 1928–1933.

Coyne JA, Orr HA (2004) Speciation. Sinauer Associates Inc.,

Sunderland, Massachusetts.

Craig MT, Eble JA, Bowen BW (2010) Origins, ages and popu-

lation histories: comparative phylogeography of endemic

Hawaiian butterflyfishes (genus Chaetodon). Journal of Bioge-

ography, 37, 2125–2136.

Crow KD, Munehara H, Kanamoto Z et al. (2007) Maintenance

of species boundaries despite rampant hybridization

between three species of reef fishes (Hexagrammidae): implica-

tions for the role of selection. Biological Journal of the Linnean

Society, 91, 135–147.
Crow KD, Munehara H, Bernardi G (2010) Sympatric specia-

tion in a genus of marine reef fishes. Molecular Ecology, 19,

2089–2105.

Cui R, Schumer M, Kruesi K et al. (2013) Phylogenomics

reveals extensive reticulate evolution in Xiphophorus fishes.

Evolution, 67, 2166–2179.
Cummings ME, Partridge JC (2001) Visual pigments and opti-

cal habitats of surfperch (Embiotocidae) in the California

kelp forest. Journal of Comparative Physiology A Neuroethology

Sensory Neural and Behavioral Physiology, 187, 875–889.
Dawson MN (2001) Phylogeography in coastal marine animals:

a solution from California? Journal of Biogeography, 28,

723–736.

Day JJ, Wilkinson M (2006) On the origin of the Synodontis cat-

fish species flock from Lake Tanganyika. Biology Letters, 2,

548–552.

© 2013 John Wiley & Sons Ltd

5496 G. BERNARDI



De Queiroz K (1998) The general lineage concept of species,

species criteria, and the process of speciation: a conceptual

unification and terminological recommendations. In: Endless

Forms Species and Speciation (eds Howard DJ, Berlocher SH),

pp. 57–75. Oxford University Press, New York, New York.

Dieckman U, Doebeli M, Metz JAJ, Tautz D (2004) Adaptive

Speciation. Cambridge University Press, Cambridge, UK.

Doherty PJ, Planes S, Mather P (1995) Gene flow and larval

duration in seven species of fish from the Great Barrier Reef.

Ecology, 76, 2373–2391.
Domeier ML (1994) Speciation in the serranid fish Hypoplectrus.

Bulletin of Marine Science, 54, 103–141.
Domingues VS, Bucciarelli G, Almada VC, Bernardi G (2005)

Historical colonization and demography of the Mediterra-

nean damselfish, Chromis chromis. Molecular Ecology, 14,

4051–4063.
Donaldson KA, Wilson RR (1999) Amphi-panamic geminates

of snook (Percoidei: Centropomidae) provide a calibration of

the divergence rate in the mitochondrial DNA control region

of fishes. Molecular Phylogenetics and Evolution, 13, 208–213.
Dowling TE, DeMarais BD (1993) Evolutionary significance of

introgressive hybridization in cyprinid fishes. Nature, 362,

444–446.

Drew JA, Barber PH (2012) Comparative phylogeography in

Fijian coral reef fishes: a multi-taxa approach towards marine

reserve design (ed. Matz MV). PLoS One, 7, e47710.

Drucker EG, Jensen JS (1991) Functional analysis of a special-

ized prey processing behavior: winnowing by surfperches

(Teleostei: Embiotocidae). Journal of Morphology, 210, 267–287.
Ebeling AW, Laur DR (1986) Foraging in surfperches—resource

partitioning or individualistic responses. Environmental Biol-

ogy of Fishes, 16, 123–133.

Eble J, Toonen R, Sorenson L et al. (2011) Escaping paradise:

larval export from Hawaii in an Indo-Pacific reef fish, the

yellow tang Zebrasoma flavescens. Marine Ecology Progress

Series, 428, 245–258.

Egger B, Koblm€uller S, Sturmbauer C, Sefc KM (2007) Nuclear

and mitochondrial data reveal different evolutionary pro-

cesses in the Lake Tanganyika cichlid genus Tropheus. BMC

Evolutionary Biology, 7, 137.

Endler JA (1980) Natural selection on color patterns in Poecilia

reticulata. Evolution of Species Flocks, 34, 76–91.

Farr�e M, Micheletti D, Ruiz-Herrera A (2013) Recombination

rates and genomic shuffling in human and chimpanzee–a

new twist in the chromosomal speciation theory. Molecular

Biology and Evolution, 30, 853–864.

Faurby S, Barber PH (2012) Theoretical limits to the correlation

between pelagic larval duration and population genetic

structure. Molecular Ecology, 21, 3419–3432.
Fischer EA (1980) Speciation in the Hamlets (Hypoplectrus:

Serranidae): a continuing enigma. Copeia, 1980, 649–659.
Fryer G, Iles TD (1972) The Cichlid Fishes of the Great Lakes of

Africa (ed. Oliver & Boyd), pp. 1–641. Oliver & Boyd, Edin-

burgh, UK.

Fullerton SM, Carvalho AB, Clark AG (2001) Local rates of

recombination are positively correlated with GC content in the

human genome.Molecular Biology and Evolution, 18, 1139–1142.
Gagnaire P-A, Normandeau E, Bernatchez L (2012a) Compara-

tive genomics reveals adaptive protein evolution and a possi-

ble cytonuclear incompatibility between European and

American Eels. Molecular Biology and Evolution, 29, 2909–2919.

Gagnaire P-A, Normandeau E, Pavey SA, Bernatchez L (2012b)

Mapping phenotypic, expression and transmission ratio dis-

tortion QTL using RAD markers in the Lake Whitefish

(Coregonus clupeaformis). Molecular Ecology, 22, 3036–3048.
Gagnaire P-A, Pavey SA, Normandeau E, Bernatchez L (2013)

The genetic architecture of reproductive isolation during speci-

ation-with-gene-flow in Lake Whitefish species pairs assessed

by Rad-Sequencing. Evolution, 67, 2483–2497.
Gaither MR, Rocha LA (2013) Origins of species richness in the

Indo-Malay-Philippine biodiversity hotspot: evidence for the

centre of overlap hypothesis. Journal of Biogeography, 40,

1638–1648.
Genner MJ, Turner GF (2012) Ancient hybridization and phe-

notypic novelty within Lake Malawi’s cichlid fish radiation.

Molecular Biology and Evolution, 29, 195–206.

Giddelo C (2002) Impact of rifting and hydrography on the

genetic structure of Clarias gariepinus in eastern Africa. Jour-

nal of Fish Biology, 60, 1252–1266.
Goldschmidt T (1996) Darwin’s Dreampond: Drama on Lake Vic-

toria. MIT Press, Cambridge, Massachusetts.

Grant WS, Bowen BW (1998) Shallow population histories in

deep evolutionary lineages of marine fishes: insights from

sardines and anchovies and lessons for conservation. Journal

of Heredity, 89, 415–426.
Grant PR, Grant BR (2006) Evolution of character displacement

in Darwin’s finches. Science (New York, NY), 313, 224–226.
Gravilets S (2004) Fitness Landscapes and the Origin of Species.

Princeton University Press, Princeton, New Jersey.

Gross MR, Sargent RC (1985) The evolution of male and female

parental care in fishes. American Zoologist, 25, 807–822.

Guyon R, Rakotomanga M, Azzouzi N et al. (2012) A high-res-

olution map of the Nile tilapia genome: a resource for study-

ing cichlids and other percomorphs. BMC Genomics, 13, 222.

Harrison HB, Williamson DH, Evans RD et al. (2012) Larval

export from marine reserves and the recruitment benefit for

fish and fisheries. Current Biology: CB, 22, 1023–1028.

Hausdorf B (2011) Progress toward a general species concept.

Evolution, 65, 923–931.

Helfman G, Collette BB, Facey DE, Bowen BW (2009) The

Diversity of Fishes: Biology, Evolution, and Ecology. Wiley-

Blackwell, Hoboken, New Jersey.

Hemmer-Hansen J, Nielsen EE, Therkildsen NO et al. (2013) A

genomic island linked to ecotype divergence in Atlantic cod.

Molecular Ecology, 22, 2653–2667.

Henning F, Meyer A (2012) Eggspot number and sexual selec-

tion in the cichlid fish Astatotilapia burtoni. PLoS One, 7,

e43695.

Henning F, Jones JC, Franchini P, Meyer A (2013) Transcripto-

mics of morphological color change in polychromatic Midas

cichlids. BMC Genomics, 14, 171.

Herder F, Nolte AW, Pfaender J et al. (2006) Adaptive radiation

and hybridization in Wallace’s Dreamponds: evidence from

sailfin silversides in the Malili Lakes of Sulawesi. Proceedings

of the Royal Society B Biological Sciences, London, 273, 2209–

2217.

Hermann CM, Sefc KM, Koblm€uller S (2011) Ancient origin

and recent divergence of a haplochromine cichlid lineage

from isolated water bodies in the East African Rift system.

Journal of Fish Biology, 79, 1356–1369.
von der Heyden S, Bowie RCK, Prochazka K et al. (2011)

Phylogeographic patterns and cryptic speciation across

© 2013 John Wiley & Sons Ltd

SPECIATION IN FISHES 5497



oceanographic barriers in South African intertidal fishes.

Journal of Evolutionary Biology, 24, 2505–2519.
Hickey AJR, Lavery SD, Hannan DA, Baker CS, Clements KD

(2009) New Zealand triplefin fishes (family Tripterygiidae):

contrasting population structure and mtDNA diversity

within a marine species flock. Molecular Ecology, 18, 680–696.
Hinegardner R, Rosen DE (1972) Cellular DNA content and the

evolution of Teleostean fishes. The American Naturalist, 106,

621–644.

Hohenlohe PA, Bassham S, Etter PD, et al. (2010a) Population

genomics of parallel adaptation in threespine stickleback

using sequenced RAD tags. PLoS Genetics, 6, e1000862.

Hohenlohe PA, Phillips PC, Cresko WA (2010b) Using popula-

tion genomics to detect selection in natural populations: key

concepts and methodological considerations. International

Journal of Plant Sciences, 171, 1059–1071.
Hohenlohe PA, Bassham S, Currey M, Cresko WA (2012) Exten-

sive linkage disequilibrium and parallel adaptive divergence

across threespine stickleback genomes. Philosophical Transac-

tions of the Royal Society of London Series B-Biological Sciences,

367, 395–408.

Howard DJ, Berlocher SH (1998) Endless Forms: Species and Spe-

ciation (eds Howard DJ, Berlocher SH), pp. 1–470. Oxford

University Press, New York, New York.

Howe K, Clark MD, Torroja CF et al. (2013) The zebrafish refer-

ence genome sequence and its relationship to the human

genome. Nature, 496, 498–503.

Huang D, Bernardi G (2001) Disjunct Sea of Cortez-Pacific

Ocean Gillichthys mirabilis populations and the evolutionary

origin of their Sea of Cortez endemic relative, Gillichthys

seta. Marine Biology, 138, 421–428.
Humphries JM, Miller RR (1981) A remarkable species flock of

pupfishes, genus Cyprinodon, from Yucatan, Mexico. Copeia,

1981, 52–64.

Ishikawa A, Takeuchi N, Kusakabe M et al. (2013) Speciation in

ninespine stickleback: reproductive isolation and phenotypic

divergence among cryptic species of Japanese ninespine

stickleback. Journal of Evolutionary Biology, 26, 1417–1430.

Jaillon O, Aury J-M, Brunet F et al. (2004) Genome duplication

in the teleost fish Tetraodon nigroviridis reveals the early

vertebrate proto-karyotype. Nature, 431, 946–957.
Janko K, Marshall C, Musilov�a Z et al. (2011) Multilocus analy-

ses of an Antarctic fish species flock (Teleostei, Notothenioi-

dei, Trematominae): phylogenetic approach and test of the

early-radiation event. Molecular Phylogenetics and Evolution,

60, 305–316.

Johns GC, Avise JC (1998) Tests for ancient species flocks

based on molecular phylogenetic appraisals of Sebastes

rockfishes and other marine fishes. Evolution, 52, 1135–1146.
Jones AG, Avise JC (1994) Mating systems and sexual selection

in male-pregnant pipefishes and seahorses: insights from mi-

crosatellite-based studies of maternity. The Journal of Heredity,

92, 150–158.
Jones GP, Milicich MJ, Emslie MJ, Lunow C (1999) Self-

recruitment in a coral reef fish population. Nature, 402, 802–
804.

Jones GP, Planes S, Thorrold SR (2005) Coral reef fish larvae

settle close to home. Current Biology: CB, 15, 1314–1318.

Jones FC, Grabherr MG, Chan YF et al. (2012) The genomic

basis of adaptive evolution in threespine sticklebacks. Nature,

484, 55–61.

Jordan DS (1908) The law of geminate species. American Natu-

ralist, 42, 73–80.
Kasahara M, Naruse K, Sasaki S et al. (2007) The medaka draft

genome and insights into vertebrate genome evolution. Nat-

ure, 447, 714–719.

Kawata M, Shoji A, Kawamura S, Seehausen O (2007) A geneti-

cally explicit model of speciation by sensory drive within a

continuous population in aquatic environments. BMC Evolu-

tionary Biology, 7, 99.

Keller I, Wagner CE, Greuter L et al. (2012) Population genomic

signatures of divergent adaptation, gene flow and hybrid

speciation in the rapid radiation of Lake Victoria cichlid

fishes. Molecular Ecology, 22, 2848–2863.

Kelley JL, Passow CN, Plath M et al. (2012) Genomic resources

for a model in adaptation and speciation research: character-

ization of the Poecilia mexicana transcriptome. BMC Genomics,

13, 652.

Knight ME, Turner GF (2004) Laboratory mating trials indicate

incipient speciation by sexual selection among populations

of the cichlid fish Pseudotropheus zebra from Lake Malawi.

Proceedings of the Royal Society B Biological Sciences, London, 271,

675–680.
Koblm€uller S, Duftner N, Sefc KM et al. (2007) Reticulate phy-

logeny of gastropod-shell-breeding cichlids from Lake Tang-

anyika–the result of repeated introgressive hybridization.

BMC Evolutionary Biology, 7, 7.

Koblm€uller S, Katongo C, Phiri H, Sturmbauer C (2012) Past

connection of the upper reaches of a Lake Tanganyika

tributary with the upper Congo drainage suggested by genetic

data of riverine cichlid fishes. African Zoology, 47, 182–186.

Kocher TD (2004) Adaptive evolution and explosive speciation:

the cichlid fish model. Nature reviews. Genetics, 5, 288–298.

Kodric-Brown A (1985) Female preference and sexual selection

for male coloration in the guppy (Poecilia reticulata). Behav-

ioral Ecology and Sociobiology, 17, 199–205.
Kontula T, Kirilchik SV, V€ain€ol€a R (2003) Endemic diversifica-

tion of the monophyletic cottoid fish species flock in Lake

Baikal explored with mtDNA sequencing. Molecular Phyloge-

netics and Evolution, 27, 143–155.
Koop BF, Davidson WS (2008) Genomics and the genome

duplication in salmonids. In: Fisheries for Global Welfare and

Environment, 5th World Fisheries Congress (eds Tsukamoto K,

Kawamura T, Takeuchi T, Beard TD Jr, Kaiser MJ), pp.

77–86. Terrapub, Tokyo, Japan.

Kr€uck NC, Innes DI, Ovenden JR (2013) New SNPs for popula-

tion genetic analysis reveal possible cryptic speciation of

eastern Australian sea mullet (Mugil cephalus). Molecular Ecol-

ogy Resources, 13, 715–725.

Kulathinal RJ, Stevison LS, Noor MAF (2009) The genomics of

speciation in Drosophila: diversity, divergence, and intro-

gression estimated using low-coverage genome sequencing.

PLoS Genetics, 5, e1000550.

Kunz-Ramsey Y (2008) Developmental Biology of Teleost Fishes.

Springer, New York, New york.

Kuraku S, Meyer A (2010) Whole genome duplications and the

radiation of vertebrates. In: Evolution after Gene Duplication

(eds Dittmar K, Liberles D), pp. 299–311. Wiley-Blackwell,

Hoboken, New Jersey.

Langerhans RB, Makowicz AM (2013) Sexual selection paves

the road to sexual isolation during ecological speciation. Evo-

lutionary Ecology Research, 15, 633–651.

© 2013 John Wiley & Sons Ltd

5498 G. BERNARDI



Langerhans RB, Riesch R (2013) Speciation by selection: a

framework for understanding ecology’s role in speciation.

Current Zoology, 59, 31–52.

Leis JM (1991) The pelagic stage of reef fishes. In: The Ecology

of Fishes on Coral Reefs (ed. Sale P), pp. 182–229. Academic

Press Inc., San Diego, California.

Leray M, Beldade R, Holbrook SJ et al. (2010) Allopatric diver-

gence and speciation in coral reef fish: the three-spot dascyl-

lus, Dascyllus trimaculatus, species complex. Evolution, 64,

1218–1230.
Lessios HA (2008) The Great American Schism: divergence of

marine organisms after the rise of the Central American Isth-

mus. Annual Review of Ecology, Evolution, and Systematics, 39,

63–91.
Lessios HA, Robertson DR (2009) Crossing the impassable:

genetic connections in 20 reef fishes across the eastern Pacific

barrier Crossing the impassable: genetic connections in 20

reef fishes across the eastern Pacific barrier. Proceedings of the

Royal Society B Biological Sciences, London, 273, 2201–2208.

Li H, Durbin R (2011) Inference of human population history

from individual whole-genome sequences. Nature, 475, 493–

496.

Limborg MT, Blankenship SM, Young SF et al. (2012) Signa-

tures of natural selection among lineages and habitats in

Oncorhynchus mykiss. Ecology and Evolution, 2, 1–18.

Liu J-X, Avise JC (2011) High degree of multiple paternity in the

viviparous Shiner Perch, Cymatogaster aggregata, a fish with

long-term female sperm storage.Marine Biology, 158, 893–901.

Loh Y-HE, Bezault E, Muenzel FM et al. (2013) Origins of

shared genetic variation in African cichlids. Molecular Biology

and Evolution, 30, 906–917.
Lowe-McConnell RH (1994) The roles of ecological and behav-

iour studies of cichlids in understanding fish diversity and

speciation in the African Great Lakes: a review (eds Martens

K, Goddeeris B, Coulter GW). Ergebnisse der Limnologie, 79,

335–345.

Lundberg JG, Sabaj P�erez MH, Dahdul WM, Aguilera OA

(2010) The Amazonian Neogene fish fauna. In: Amazonia,

Landscape and Species Evolution: A Look into the Past (eds

Hoorn CM, Wesselingh FP), pp. 281–301. Blackwell Publish-

ing, London, UK.

Maan ME, Seehausen O (2011) Ecology, sexual selection and

speciation. Ecology letters, 14, 591–602.
Maan ME, Hofker KD, Van Alphen JJM, Seehausen O (2006)

Sensory drive in cichlid speciation. The American Naturalist,

167, 947–954.

Maan ME, Seehausen O, Van Alphen JJM (2010) Female mating

preferences and male coloration covary with water transpar-

ency in a Lake Victoria cichlid fish. Biological Journal of the

Linnean Society, 99, 398–406.

Macaya-Sanz D, Suter L, Joseph J et al. (2011) Genetic analysis

of post-mating reproductive barriers in hybridizing Euro-

pean Populus species. Heredity, 107, 478–486.
Markert JA, Schelly RC, Stiassny ML (2010) Genetic isolation

and morphological divergence mediated by high-energy rap-

ids in two cichlid genera from the lower Congo rapids. BMC

Evolutionary Biology, 10, 149.

Marko PB (2002) Fossil calibration of molecular clocks and the

divergence times of geminate species pairs separated by the

isthmus of panama. Molecular Biology and Evolution, 19, 2005–

2021.

Marsolier-Kergoat M-C, Yeramian E (2009) GC content and

recombination: reassessing the causal effects for the Saccharo-

myces cerevisiae genome. Genetics, 183, 31–38.

Mayr E (1942) Systematics and the Origin of Species from the View-

point of a Zoologist. Columbia University Press, New York,

New York.

McCartney MA, Acevedo J, Heredia C et al. (2003) Genetic mosaic

in a marine species flock.Molecular Ecology, 12, 2963–2973.
McCune AR (2004) Diversity and speciation of semionotid

fishes in Mesozoic rift lakes. In: Adaptive Speciation (eds

Dieckman U, Doebeli M, Metz JAJ, Tautz D), pp. 362–379.

Cambridge University Press, Cambridge, UK.

McCune AR, Thomson KS, Olsen PE (1984) Semionotid fishes

from the Mesozoic great lakes of North America. In: Evolu-

tion of Species Flocks (eds Echelle AA, Kornfield I), pp. 27–44.

University of Maine Press, Orono, Maine.

McKinnon JS, Rundle HD (2002) Speciation in nature: the

threespine stickleback model systems. Trends in Ecology &

Evolution, 17, 480–488.

Medrano L, Bernardi G, Couturier J, Dutrillaux B, Bernardi G

(1988) Chromosome banding and genome compartmentaliza-

tion in fishes. Chromosoma, 96, 178–183.
Messmer V, Van Herwerden L, Munday PL, Jones GP (2005)

Phylogeography of colour polymorphism in the coral reef

fish Pseudochromis fuscus, from Papua New Guinea and the

Great Barrier Reef. Coral Reefs, 24, 392–402.
Metcalfe CJ, Fil�ee J, Germon I, Joss J, Casane D (2012) Evolu-

tion of the Australian lungfish (Neoceratodus forsteri) genome:

a major role for CR1 and L2 LINE elements. Molecular Biol-

ogy and Evolution, 29, 3529–3539.

Meyer A (1997) The evolution of sexually selected traits in

male swordtail fishes (Xiphophorus: Poeciliidae). Heredity, 79,

329–337.
Meyer A, Van de Peer Y (2005) From 2R to 3R: evidence for a fish-

specific genome duplication (FSGD). BioEssays, 27, 937–945.
Meyer A, Kocher TD, Basasibwaki P, Wilson AC (1990) Mono-

phyletic origin of Lake Victoria cichlid fishes suggested by

mitochondrial DNA sequences. Nature, 347, 550–553.

Miller W, Schuster SC, Welch AJ et al. (2012) Polar and brown

bear genomes reveal ancient admixture and demographic

footprints of past climate change. Proceedings of the National

Academy of Sciences of the United States of America, 109, E2382–

E2390.

Miyagi R, Terai Y, Aibara M et al. (2012) Correlation between

nuptial colors and visual sensitivities tuned by opsins leads

to species richness in sympatric Lake Victoria cichlid fishes.

Molecular Biology and Evolution, 29, 3281–3296.
Montanari SR, van Herwerden L, Pratchett MS, Hobbs J-PA,

Fugedi A (2012) Reef fish hybridization: lessons learnt from

butterflyfishes (genus Chaetodon). Ecology and Evolution, 2,

310–328.
Muschick M, Barluenga M, Salzburger W, Meyer A (2011)

Adaptive phenotypic plasticity in the Midas cichlid fish pha-

ryngeal jaw and its relevance in adaptive radiation. BMC

Evolutionary Biology, 11, 116.

Musilov�a Z, Kalous L, Petrt�yl M, Chaloupkov�a P (2013) Cichlid

fishes in the Angolan Headwaters Region: molecular evi-

dence of the ichthyofaunal contact between the Cuanza and

Okavango-Zambezi systems. PLoS One, 8, e65047.

Nagel L, Schluter D (1998) Body size, natural selection, and

speciation in sticklebacks. Evolution, 52, 209–218.

© 2013 John Wiley & Sons Ltd

SPECIATION IN FISHES 5499



Nagelkerke LAJ, Sibbing FA, Van Den Boogaart JGM, Lam-

mens EHRR, Osse JWM (1994) The barbs (Barbus spp.) of

Lake Tana: a forgotten species flock? Environmental Biology of

Fishes, 39, 1–22.
Near TJ, Bossu CM, Bradburd GS et al. (2011) Phylogeny and

temporal diversification of darters (Percidae: Etheostomatinae).

Systematic Biology, 60, 565–595.

Near TJ, Dornburg A, Eytan RI et al. (2013) Phylogeny and

tempo of diversification in the superradiation of spiny-rayed

fishes. Proceedings of the National Academy of Sciences of the

United States of America, 101, 12738–21743.

Nelson JS (2006) Fishes of the World. John Wiley and Sons,

Hoboken, New Jersey.

Nielsen EE, Hemmer-Hansen J, Poulsen NA et al. (2009) Geno-

mic signatures of local directional selection in a high gene

flow marine organism; the Atlantic cod (Gadus morhua). BMC

Evolutionary Biology, 9, 276.

Nosil P (2012) Ecological Speciation. Oxford University Press,

Oxford, UK.

Nosil P, Feder JL (2012) Genomic divergence during speciation:

causes and consequences. Philosophical transactions of the Royal

Society of London. Series B, Biological Sciences, 367, 332–342.
Nosil P, Funk DJ, Ortiz-Barrientos D (2009) Divergent selection

and heterogeneous genomic divergence. Molecular Ecology,

18, 375–402.

O’Farrell B, Dennis C, Benzie JA et al. (2012) Balancing selec-

tion on MHC class I in wild brown trout Salmo trutta. Journal

of Fish Biology, 81, 1357–1374.

Ohno S (1970) Evolution by Gene Duplication (ed. Unwin A).

Springer-Verlag, New York, New York.

Østbye K, Amundsen P, Bernatchez L et al. (2006) Parallel evo-

lution of ecomorphological traits in the European whitefish

Coregonus lavaretus (L.) species complex during postglacial

times. Molecular Ecology, 15, 3983–4001.

Palumbi SR (2009) Speciation and the evolution of gamete rec-

ognition genes: pattern and process. Heredity, 102, 66–76.

Parnell NF, Streelman JT (2013) Genetic interactions controlling

sex and color establish the potential for sexual conflict in

Lake Malawi cichlid fishes. Heredity, 110, 239–246.
Pizon V, Cuny G, Bernardi G (1984) Nucleotide sequence orga-

nization in the very small genome of a tetraodontid fish, Aro-

thron diadematus. European Journal of Biochemistry, 30, 25–30.

Planes S, Doherty PJ (1997) Genetic relationships of the colour

morphs of Acanthochromis polyacanthus (Pomacentridae) on the

northern Great Barrier Reef. Marine Biology, 130, 109–117.
Planes S, Doherty PJ, Bernardi G (2001) Strong genetic diver-

gence among populations of a marine fish with limited dis-

persal, Acanthochromis polyacanthus, within the Great Barrier

Reef and the Coral Sea. Evolution, 55, 2263–2273.
Plath M, Pfenninger M, Lerp H et al. (2013) Genetic differentia-

tion and selection against migrants in evolutionarily repli-

cated extreme environments. Evolution, 67, 2643–2661.

Present TMC (1987) Genetic differentiation of disjunct Gulf of

California and Pacific outer coast populations of Hypsoblen-

nius jenkinsi. Copeia, 1987, 1010–1024.
Price T (2007) Speciation in Birds. Roberts & Company Publish-

ers, Greenwood Village, Colorado.

Puebla O (2009) Ecological speciation in marine v. freshwater

fishes. Journal of Fish Biology, 75, 960–996.
Puebla O, Bermingham E, Guichard F, Whiteman E (2007) Col-

our pattern as a single trait driving speciation in Hypoplec-

trus coral reef fishes? Proceedings of the Royal Society B

Biological Sciences, London, 274, 1265–1271.
Puebla O, Bermingham E, Guichard F (2012) Pairing dynamics

and the origin of species. Proceedings of the Royal Society B

Biological Sciences, London, 279, 1085–1092.

Puritz JB, Addison Ja, Toonen RJ (2012) Next-generation phy-

logeography: a targeted approach for multilocus sequencing

of non-model organisms. PLoS One, 7, e34241.

Rabosky DL, Slater GJ, Alfaro ME (2012) Clade age and species

richness are decoupled across the eukaryotic tree of life.

PLoS Biology, 10, e1001381.

Ramon ML, Lobel PS, Sorenson MD (2003) Lack of mitochon-

drial genetic structure in hamlets (Hypoplectrus spp.): recent

speciation or ongoing hybridization? Molecular Ecology, 12,

2975–2980.

Ramon ML, Nelson PA, Martini E, Walsh WJ, Bernardi G

(2008) Phylogeography, historical demography, and the role

of post-settlement ecology in two Hawaiian damselfish spe-

cies. Marine Biology, 153, 1207–1217.

Rands CM, Darling A, Fujita M et al. (2013) Insights into the evo-

lution of Darwin’s finches from comparative analysis of the

Geospiza magnirostris genome sequence. BMC Genomics, 14, 95.

Reisser CMO, Beldade R, Bernardi G (2009) Multiple paternity

and competition in sympatric congeneric reef fishes, Embiot-

oca jacksoni and E. lateralis. Molecular Ecology, 18, 1504–1510.

Rice WR, Hostert EE (1993) Laboratory experiments on specia-

tion: what have we learned in 40 years? (ed. Ridley M). Evo-

lution, 47, 1637–1653.

Richards RA (2010) The Species Problem. Cambridge University

Press, Cambridge.

Rieseberg LH (2001) Chromosomal rearrangements and specia-

tion. Trends in Ecology & Evolution, 16, 351–358.

Riginos C, Victor BC (2001) Larval spatial distributions and

other early life-history characteristics predict genetic differ-

entiation in eastern Pacific blennioid fishes. Proceedings of the

Royal Society B Biological Sciences, London, 268, 1931–1936.

Rocha LA (2003) Patterns of distribution and processes of spe-

ciation in Brazilian reef fishes. Journal of Biogeography, 30,

1161–1171.
Rocha LA, Bowen BW (2008) Speciation in coral-reef fishes.

Journal of Fish Biology, 72, 1101–1121.
Rogers SM, Bernatchez L (2006) The genetic basis of intrinsic

and extrinsic post-zygotic reproductive isolation jointly pro-

moting speciation in the lake whitefish species complex

(Coregonus clupeaformis). Journal of Evolutionary Biology, 19,

1979–1994.

Rosenthal GG, Evans CS (1998) Female preference for swords

in Xiphophorus helleri reflects a bias for large apparent size.

Proceedings of the National Academy of Sciences of the United

States of America, 95, 4431–4436.

Rundle HD, Schluter D (2004) Natural selection and ecological

speciation in sticklebacks. In: Adaptive Speciation (eds Dieck-

man U, Doebeli M, Metz JAJ, Tautz D), pp. 192–209. Cam-

bridge University Press, Cambridge, Massachusetts.

Saenz-Agudelo P, Jones GP, Thorrold SR, Planes S (2009) Esti-

mating connectivity in marine populations: an empirical eval-

uation of assignment tests and parentage analysis under

different gene flow scenarios.Molecular Ecology, 18, 1765–1776.

Salzburger W, Baric S, Sturmbauer C (2002) Speciation via

introgressive hybridization in East African cichlids? Molecu-

lar Ecology, 11, 619–625.

© 2013 John Wiley & Sons Ltd

5500 G. BERNARDI



Schinske JN, Bernardi G, Jacobs DK, Routman EJ (2010)

Phylogeography of the diamond turbot (Hypsopsetta guttulata)

across the Baja California Peninsula. Marine Biology, 157, 123–

134.

Schliewen UK, Tautz D, Paabo SV (1994) Sympatric speciation

suggested by monophyly of crater lake cichlids. Nature, 368,

629–632.

Schliewen U, Rassmann K, Markmann M et al. (2001) Genetic

and ecological divergence of a monophyletic cichlid species

pair under fully sympatric conditions in Lake Ejagham,

Cameroon. Molecular Ecology, 10, 1471–1488.

Schliewen UK, Kocher TD, McKaye KR, Seehausen O, Tautz D

(2006) Evolutionary biology: evidence for sympatric specia-

tion? Nature, 444, E12–E13; discussion E13.

Schluter D (1993) Adaptive radiation in sticklebacks: size,

shape, and habitat use efficiency. Ecology, 74, 699–709.
Schluter D (2000) The Ecology of Adaptive Radiation. Oxford

University Press, Oxford, UK.

Schluter D, McPhail JD (1992) Ecological character displace-

ment and speciation in sticklebacks. The American Naturalist,

140, 85–108.

Seeb JE, Carvalho G, Hauser L et al. (2011) Single-nucleotide

polymorphism (SNP) discovery and applications of SNP

genotyping in nonmodel organisms. Molecular Ecology

Resources, 11(Suppl 1), 1–8.

Seehausen O (1997) Cichlid fish diversity threatened by

eutrophication that curbs sexual selection. Science, 277, 1808–

1811.

Seehausen O (2004) Hybridization and adaptive radiation.

Trends in Ecology & Evolution, 19, 198–207.

Seehausen O, Terai Y, Magalhaes IS et al. (2008) Speciation

through sensory drive in cichlid fish. Nature, 455, 620–626.

Ser JR, Roberts RB, Kocher TD (2010) Multiple interacting loci

control sex determination in Lake Malawi cichlid fish. Evolu-

tion, 64, 486–501.
Shulman MJ, Bermingham E (1995) Early life histories, ocean

currents, and the population genetics of Caribbean reef

fishes. Evolution, 49, 897–910.

Smadja CM, Butlin RK (2011) A framework for comparing pro-

cesses of speciation in the presence of gene flow. Molecular

Ecology, 512, 3–5140.
Steinke D, Hoegg S, Brinkmann H, Meyer A (2006) Three

rounds (1R/2R/3R) of genome duplications and the evolution

of the glycolytic pathway in vertebrates. BMC Biology, 4, 16.

Stepien CA, Randall JE, Rosenblatt RH (1994) Genetic and

Morphological divergence of a circumtropical complex of

goatfishes: Mulloidichthys vanicolensis, M. dentatus, and,

M. martinicus. Pacific Science, 48, 44–56.

Storz JF (2005) Using genome scans of DNA polymorphism to

infer adaptive population divergence. Molecular Ecology, 14,

671–688.
Streelman JT, Albertson RC, Kocher TD (2003) Genome map-

ping of the orange blotch colour pattern in cichlid fishes.

Molecular Ecology, 12, 2465–2471.

Stukenbrock EH, Jørgensen FG, Zala M et al. (2010) Whole-gen-

ome and chromosome evolution associated with host adapta-

tion and speciation of the wheat pathogen Mycosphaerella

graminicola. PLoS Genetics, 6, e1001189.

Sturmbauer C, Meyer A (1992) Genetic divergence, speciation

and morphological stasis in a lineage of African cichlid

fishes. Nature, 358, 578–581.

Sturmbauer C, Husemann M, Danley PD (2011) Explosive spe-

ciation and adaptive radiation of East African cichlid fishes.

In: Biodiversity Hotspots (eds Zachos FE, Habel JC), pp. 333–

362. Springer, Berlin, Heidelberg.

Sullivan JP, Lavou�e S, Hopkins CD (2002) Discovery and phy-

logenetic analysis of a riverine species flock of African elec-

tric fishes (Mormyridae: Teleostei). Evolution, 56, 597–616.

Sun Y, Yu H, Zhang Q et al. (2010) Molecular characterization

and expression pattern of two zona pellucida genes in half-

smooth tongue sole (Cynoglossus semilaevis). Comparative Bio-

chemistry and Physiology Part B: Biochemistry and Molecular

Biology, 155, 316–321.
Swearer SE, Caselle JE, Lea DW, Warner RR (1999) Larval

retention and recruitment in an island population of a coral-

reef fish. Nature, 402, 799–802.

Taylor EB (1999) Species pairs of north temperate freshwater

fishes: evolution, taxonomy, and conservation. Reviews in Fish

Biology and Fisheries, 9, 299–324.
Taylor MS, Hellberg ME (2003) Genetic evidence for local

retention of pelagic larvae in a Caribbean reef fish. Science

(New York, NY), 299, 107–109.

Taylor MS, Hellberg ME (2005) Marine radiations at small geo-

graphic scales: speciation in neotropical reef gobies (Elacati-

nus). Evolution, 59, 374–385.
Taylor MS, Hellberg ME (2006) Comparative phylogeography

in a genus of coral reef fishes: biogeographic and genetic

concordance in the Caribbean. Molecular Ecology, 15, 695–707.

Taylor JS, Braasch I, Frickey T, Meyer A, Van De Peer Y (2003)

Genome duplication, a trait shared by 22,000 species of ray-

finned fish. Genome Research, 13, 382–390.

Terai Y, Okada N (2011) Speciation of cichlid fishes by sensory

drive. In: From Genes to Animal Behavior (eds Inoue-Murayama

M, Kawamura S, Weiss A), pp. 311–328. Springer, Tokyo, Japan.
Terai Y, Seehausen O, Sasaki T et al. (2006) Divergent selection

on opsins drives incipient speciation in Lake Victoria cich-

lids. PLoS Biology, 4, e433.

Terry A, Bucciarelli G, Bernardi G (2000) Restricted gene flow

and incipient speciation in disjunct Pacific Ocean and Sea of

Cortez populations of a reef fish species, Girella nigricans.

Evolution, 54, 652–659.

Tobler M, Palacios M, Chapman LJ et al. (2011) Evolution in

extreme environments: replicated phenotypic differentiation

in livebearing fish inhabiting sulfidic springs. Evolution; Inter-

national Journal of Organic Evolution, 65, 2213–2228.

Turner TL, Hahn MW, Nuzhdin SV (2005) Genomic islands of

speciation in Anopheles gambiae. PLoS Biology, 3, e285.

Vacquier VD (1998) Evolution of gamete recognition proteins.

Science, 281, 1995–1998.

Van Herwerden L, Doherty PJ (2006) Contrasting genetic struc-

tures across two hybrid zones of a tropical reef fish, Acanth-

ochromis polyacanthus (Bleeker 1855). Journal of Evolutionary

Biology, 19, 239–252.

Vega GC, Wiens JJ (2012) Why are there so few fish in the sea?

Proceedings of the Royal Society B Biological Sciences, London,

279, 2323–2329.
Verheyen E, Salzburger W, Snoeks J, Meyer A (2003) Origin of

the superflock of cichlid fishes from Lake Victoria, East

Africa. Science (New York, NY), 300, 325–329.

Wagner CE, McCune AR, Lovette IJ (2012) Recent speciation

between sympatric Tanganyikan cichlid colour morphs.

Molecular Ecology, 21, 3283–3292.

© 2013 John Wiley & Sons Ltd

SPECIATION IN FISHES 5501



Wainwright PC, Smith WL, Price SA et al. (2012) The evolution

of pharyngognathy: a phylogenetic and functional appraisal

of the pharyngeal jaw key innovation in labroid fishes and

beyond. Systematic Biology, 0, 1–27.
Waples RS (1987) A multispecies approach to the analysis of

gene flow in marine shore fishes. Evolution, 41, 385–400.
Ward JL, Blum MJ, Walters DM et al. (2012) Discordant intro-

gression in a rapidly expanding hybrid swarm. Evolutionary

Applications, 5, 380–392.

Watanabe Y, Maekawa M (2013) R/G-band boundaries: geno-

mic instability and human disease. Clinica Chimica Acta,

419C, 108–112.
Weersing K, Toonen R (2009) Population genetics, larval dis-

persal, and connectivity in marine systems. Marine Ecology

Progress Series, 393, 1–12.

White C, Selkoe KA, Watson J et al. (2010) Ocean currents help

explain population genetic structure Ocean currents help

explain population genetic structure. Proceedings of the Royal

Society B Biological Sciences, London, 277, 1685–1694.
Woolston C (2013) “Living fossil” genome unlocked. Nature,

496, 283.

Wright JJ (2011) Conservative coevolution of M€ullerian mim-

icry in a group of rift lake catfish. Evolution, 65, 395–407.
Wu C-I, Ting C-T (2004) Genes and speciation. Nature Reviews.

Genetics, 5, 114–122.

G.B. is a professor at the University of California Santa

Cruz. His interests include phylogeography, speciation

and molecular ecology of fishes, particularly fishes lack-

ing a pelagic larval phase

© 2013 John Wiley & Sons Ltd

5502 G. BERNARDI


