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Chapter 2

Hybridization and speciation in centrarchids
D. I. Bolnick

2.1 Introduction

Open any field guide and you will find a list of species, with brief descriptions of how to distinguish each species from
other closely related species. Such field guides convey an impression of stable, cleanly delineated groups. This can lead to
significant confusion when our orderly Linnean categories run into the sometimes messy reality of biology. For example,
consider the recent controversy in the community of North American bird watchers. Birding, the leading magazine for
bird hobbyists publishes photographic puzzles regularly, challenging its readers to identify the species. Although often the
challenge is made difficult by blurry photographs, bad lighting, bad angles, or drab juvenile plumages, the editor recently
published several photographs of interspecific hybrids. To Birding’s readers, who are passionately devoted to assigning
each bird to a particular species, this trick was unacceptable. Angry letters poured in to the editor’s office, accusing him
of staging “unfair” and “unrealistic” puzzles of “freaks.” Put on the defensive, Birding’s editor, Dr. Ted Floyd, wrote a
rebuttal. He argued that far from being freaks, hybrids are a common occurrence in nature, and bird watchers’ passion for
identifying everything to a species had blinded them to the animals’ biology and natural history.

Hybridization is far more common among freshwater fishes than it is in birds (Campton 1987). Scribner et al . (2001)
provide an extensive survey of natural hybrids in freshwater fish, documenting over 150 pairs of hybridizing species
and 20% of them are drawn from within Centrarchidae. These hybrids complicate the task of identifying species in an
already challenging group. Indeed, a number of hybrids were sufficiently puzzling to earn their own species names, such
as Lepomis euryorus which was only later discovered to be the hybrids from matings between Lepomis cyanellus and
Lepomis gibbosus (Hubbs and Hubbs 1932; Hubbs 1944).

The goal of this chapter is to avoid the bird watchers’ trap, and promote the view that hybridization is not an annoying
impediment to proper identification of species, but a useful window on many aspects of centrarchid biology. Hybrids are
a vital tool in both academic and applied research, telling us volumes about the origin of species (Darwin devoted a whole
chapter of the Origin of Species to hybridization), genetics, and development, while offering both aquacultural opportunities
and conservation challenges. This chapter begins with a brief discussion of the incidence of hybridization in centrarchids,
and then reviews a variety of subjects that have been illuminated, rather than clouded, by studies of centrarchid hybrids.

2.2 Incidence of hybridization in centrarchids

A significant portion of the centrarchid hybrid literature is devoted to documenting the natural history of hybrids: who
hybridizes, when, and how much. Much of this body of writing emphasizes the high rate of natural hybridization in
centrarchids. Although this may be true relative to other groups of vertebrates, it is still striking how few pairs of species
actually hybridize. The 33 described species of centrarchids could in principle produce 528 pairs of species. This represents
an overestimate of the number of possible hybrid combinations, as not all species’ ranges overlap. Not counting recently
introduced populations, a brief look at range maps (Lee et al . 1981) suggests that there are approximately 250 pairs of
centrarchid species with at least some geographic overlap. Only 31 of these 250 species pairs actually hybridize in nature
(Table 2.1). These hybrids almost always occur among species of the same genus, though natural Centrarchus*Pomoxis
hybrids are known (Burr 1974).
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Table 2.1 Species known to hybridize in nature (including disturbed and man-made habitats). The order of species names
for a given pair of species does not indicate maternal or paternal status. Evidence for hybridization is morphological unless
otherwise noted. References are representative, but are not meant to be exhaustive.

Parent species Evidence References

Ambloplites cavifrons A. rupestrus Cashner and Jenkins (1982)

Centrarchus macropterus Pomoxis annularis Burr (1974)

E. gloriosus E. obsus Allozyme, mtDNA Graham and Felley (1985)

L. auritus L. cyanellus Allozyme, mtDNA Avise and Saunders (1984), Raney (1940)

L. auritus L. gibbosus Greeley and Bishop (1933)

L. auritus L. gulosus McAtee and Weed (1915)

L. auritus L. macrochirus Bailey and Lagler (1938)

L. cyanellus L. gibbosus Allozyme Bailey and Lagler (1938), Dawley (1987)

L. cyanellus L. gulosus McAtee and Weed (1915)

L. cyanellus L. humilis Hubbs and Ortenberger (1929)

L. cyanellus L. macrochirus Allozyme, mtDNA Avise and Saunders (1984), Bailey and Lagler (1938)

L. cyanellus L. megalotis Allozyme, mtDNA Dawley (1987), Hubbs and Cooper (1935), Cross and
Moore (1952)

L. cyanellus L. microlophus Trautman (1957)

L. gibbosus L. gulosus Radcliffe (1914)

L. gibbosus L. humilis Bailey and Lagler (1938), O’Donnell
(1953), Thompson (1935)

L. gibbosus L. macrochirus Allozyme Bailey and Lagler (1938), Dawley (1987), Colgan
et al. (1976), Hubbs and Hubbs (1933), Konkle and
Philipp (1992)

L. gibbosus L. megalotis Hubbs (1926)

L. gulosus L. macrochirus Avise and Saunders (1984), Birdsong and Yerger
(1967), Hubbs (1920)

L. gulosus L. microlophus Childers (1967), Childers and Bennett (1961)

L. humilis L. macrochirus Bailey and Lagler (1938), Cross and Moore (1952),
O’Donnell (1953)

L. humilis L. megalotis O’Donnell (1953)

L. macrochirus L. megalotis Cross and Moore (1952)

L. macrochirus L. punctatus Childers (1967), Childers and Bennett (1961)

L. miniatus L. punctatus Warren (1992)

L. macrochirus L. microlophus Allozyme, mtDNA Avise and Saunders (1984), Bailey and Lagler (1938),
Cross and Moore (1952)

M. coosae M. dolomieu Allozyme Pipas and Bulow (1998)

M. dolomieu M. punctulatus Allozyme, mtDNA Pierce and Van den Avyle (1997), Koppelman et al.
(2000), Avise et al. (1997)

M. dolomieu M. salmoides Allozyme Whitmore and Hellier (1988)

M. dolomieu M. treculi Allozyme Whitmore (1983), Morizot et al. (1991), Whitmore and
Butler (1982)

M. salmoides M. treculi Allozyme Morizot et al. (1991)

P. annularis P. nigromaculatus Allozyme Hubbs (1955), Buck and Hooe (1986), Maceina and
Greenbaum (1988), Smith et al. (1994), Near et al.
(2004), Spier and Heidinger (2003), Travnichek
et al. (1996), Travnichek et al. (1997)
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When hybrids do occur, they generally make up a small fraction of the local centrarchid population. At two sites in
Georgia, Avise and Saunders (1984) found that only 1.3% of the sampled centrarchids were hybrids. Similarly, Konkle
and Philipp (1992) found hybrids comprised ∼5% of sympatric bluegill and pumpkinseed populations, and Whitmore and
Hellier (1988) found Micropterus salmoides *M. dolomieu hybrids were <5% of the Micropterus population in a Texas
reservoir (less than expected under random mating). Certain locations or species pairs do exhibit much higher rates of
hybridization. In a few localities, Lepomis hybrids make up 75% or more of the sunfish population (Trautman 1957).
Micropterus treculi have been swamped by hybridization in their native range following the introduction of M. salmoides
and M. dolomieu, with hybrids comprising between 20 and 46% of Micropterus populations throughout M. treculi ’s
range (Morizot et al . 1991). Hybridization with introduced M. punctulatus has effectively extirpated native M. dolomieu
in a Georgia reservoir (Avise et al . 1997). Hybrids of Pomoxis nigromaculatus and Pomoxis annularis are similarly
abundant, reaching frequencies of 29.3 to 54.5% at some sites (Dunham et al . 1994). However, the vast majority of
sites with sympatric Pomoxis species have few or no hybrids (Hooe and Buck 1991; Dunham et al . 1994; Maceina and
Greenbaum 1988; Travnichek et al . 1996). Pomoxis hybrids appear to reach exceptionally high frequencies in certain
reservoirs (Weiss Lake and two reservoirs on the Coosa River; Dunham et al . 1994; Smith et al . 1994; Travnichek
et al . 1996).

Most estimates of hybrid abundance are based on molecular genetic analyses (statistical details reviewed in Scribner
et al . 2001). One consistent lesson from these surveys is the difficulty of identifying hybrids based on morphology alone
(but see Colgan et al . 1976). For instance, hybrid Pomoxis look nearly indistinguishable from P. nigromaculatus (Dunham
et al . 1994). Molecular surveys thus play a key role in documenting the incidence of hybridization in wild popula-
tions (Scribner et al . 2001), but have been limited to a few locations and sets of species. Consequently, the extent of
hybridization may be underestimated in some cases because hybrids are not always readily recognizable. Nonetheless,
it appears safe to say that the vast majority of possible hybridizations do not occur. Both the presence and absence of
hybrids can tell us a great deal about the mechanisms by which new species arise and remain distinct, as discussed in the
following section.

2.3 What centrarchid hybrids tell us about speciation

2.3.1 Background on speciation

When two populations are able to interbreed, any favorable new mutation occurring in one population is able to spread to the
other population as well. Such gene flow inhibits genetic and morphological divergence between populations (Slatkin 1985;
Garcia-Ramos and Kirkpatrick 1997; Lenormand 2002; Nosil and Crespi 2004). On the other hand, if these populations are
unable to interbreed, for instance when there are geographic barriers to dispersal (Box 2.1), each population may accumulate
unique genetic traits. Consequently, many systematists use interbreeding as a litmus test for whether two populations are
independently evolving units. This view is codified in the most widely used definition of the term “species” in the
Biological Species Concept (BSC) as follows: “species are groups of actually or potentially interbreeding populations,
which are reproductively isolated from other such groups” (Mayr 1942). Under this definition, “speciation” is defined as
the process by which a single species is subdivided into two reproductively isolated groups. The origin of a new species
is thus linked to the loss of ability to interbreed.

Box 2.1 The geography of speciation

Geography plays a vital role in speciation. When a species is subdivided into geographically isolated (allopatric)
populations with little or no gene flow, these populations may begin to accumulate genetic differences that ultimately
lead to reproductive isolation (Box 2.2). These differences may accrue either due to natural or sexual selection, or
by neutral processes (Coyne and Orr 2004). In theory, speciation is also possible when populations are adjoining
(parapatric), if selection in different habitats is strong enough to overwhelm the homogenizing effects of gene flow
(Gavrilets 2004). Sympatric speciation, in which a single population splits into two isolated species without any
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geographic structure, also seems to require the action of disruptive natural selection, though its feasibility has been
the subject of debate for over half a century (Ting et al . 1998; Wu 2001; Barbash et al . 2003; Coyne and Orr 2004;
Dieckmann et al . 2004; Bolnick and Fitzpatrick 2007). Allopatry is generally assumed to be the default explanation
for speciation, though some comparative methods have been used to evaluate the frequency of other approaches by
examining the present distribution of sister species (Barraclough and Vogler 2000; Coyne and Price 2000).

In centrarchids, a number of sister species have broadly overlapping ranges (L. cyanellus and L. symmetricus;
Leptotyphlops humilis and Lepomis macrochirus; Lepomis marginatus and L. megalotis; Enneacanthus gloriosus ,
E. obesus and E. chaetodon; and the two Pomoxis), contrary to David Starr Jordan’s Rule that closely related species’
ranges do not overlap. Although this might argue in favor of sympatric speciation, the current distributions of these
species may be a poor guide to their ranges at the time of speciation. Glaciations and other geological shifts have
doubtless caused major changes in species’ ranges, erasing much of the historical signal of the geography of speciation.
Indeed, a preliminary study (Bolnick, unpublished), suggests that current levels of sympatry are no greater than what
one might expect to see by chance.

The difficulty with this definition is that the ability to interbreed is not lost instantaneously, but declines steadily and
gradually as the populations diverge and accumulate genetic incompatibilities (Box 2.2). We are therefore left trying to
assign a cutoff to a continuous process: how rare does hybridization have to be before we accept populations as distinct
species: 5%, 1%, or 0.001%? Or do populations become species only when there are no hybrids at all? While some workers
have advocated this strict interpretation of the BSC (Barton and Hewitt 1985), it often has unacceptable consequences:
clearly distinct organisms that everyone intuitively considers as distinct species suddenly have to be combined because
they can hybridize on a rare occasion. For example, if we collapsed all groups capable of some gene flow, we would
be left with only one or a few species of Lepomis. A more satisfying solution is to abandon such arbitrary cutoffs and
acknowledge that speciation is a continuous and gradual process. This is not to reject the concept of species, but to
recognize that there is no precise point at which two populations become different species.

Box 2.2 Genetic incompatibilities

Why does evolutionary divergence lead to hybrid sterility or inviability? In the early part of the twentieth century,
Bateson (1909), Dobzhansky (1934), and Muller (1939) proposed an answer that seems to have withstood the test of
time. The basic idea is that incompatibilities arise when two loci, whose products normally interact, diverge in two
populations to the point where this interaction no longer occurs correctly. Examples of such interacting (or “epistatic”)
genes might include genes for two metabolic proteins that interact, structural proteins that normally form a dimer, or
one gene produces a transcription factor that must bind to another gene’s regulatory site. Consider a single species
with two loci, A and B, whose products interact. If the species is split into two geographically isolated populations,
both with diploid genotypes AABB, new mutations arising in one population (say, A → a) will not spread to the other
population. Note that this new allele a can only spread if it is compatible with both alleles A and B. Consequently, this
mutation cannot by itself reduce the fitness of hybrids between populations. If a different mutation spreads in the other
population (B → b), there is some chance that the two derived alleles a and b are incompatible, as they have never
been tested together in a single organism. Therefore, any hybrid (AaBb) has some chance that the gene products of
alleles a and b fail to work together, reducing hybrid fitness. As a single such incompatibility may be enough to cause
hybrid sterility or inviability (Barbash et al . 2003; Ting et al . 1998; Wu 2001), it is also possible that this dysfunction
evolves gradually as the populations incrementally build up an ever-growing collection of these incompatibilities.
Such epistatic deleterious gene interactions have been identified in a few systems (Kenyon and Moraes Carlos 1997;
Lewontin 1997; Presgraves 2003; Rawson and Burton 2002) and are called Dobzhansky–Muller incompatibilities.

One consequence of this evolutionary view of speciation is that hybrids are no longer freaks or headaches. Rather,
they are an understandable reflection of the evolutionary process. At any point in time, we should expect that there
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would be some pairs of populations that are partway down the path toward complete speciation, and that are therefore
capable of hybridizing. We can take advantage of this fact to learn a great deal about the process of speciation. With
very few notable exceptions (Dobzhansky and Pavlovsky 1971; Gottlieb 1973; Carroll et al . 1997; Filchak et al . 2000;
Feder et al . 2003), speciation is far too slow for biologists to follow from inception to completion within one or even
few lifetimes. However, if we simultaneously consider many pairs of species that have progressed different distances
down the path toward speciation, we can create a comparative transect through evolutionary time. By documenting the
conditions that permit (or prevent) hybridization, we can learn what genetic changes cause speciation and how they
evolve.

The bulk of this chapter focuses on what the study of centrarchid hybrids tells us about reproductive isolation and
speciation. As mentioned above, there are roughly 250 pairs of centrarchid species with at least partly overlapping
geographic ranges. As only about 15% of those pairs are known to hybridize, there must be nongeographic barriers to
interspecific mating. Dobzhansky (1951) categorized these barriers into three main types: reproductive isolation can occur
when species do not spawn with each other (premating isolation), if spawning fails to produce embryos (gametic isolation),
and/or if those embryos are inviable or infertile (postzygotic isolation).

2.3.2 Premating barriers to hybridization in centrarchids

Each type of isolation can be further subdivided into categories that reflect a variety of causal mechanisms (Coyne and Orr
2004). For instance, premating isolation occurs when species spawn in different habitats (habitat isolation), at different
times of the year (or day) (temporal isolation), or discriminate against heterospecific mates on the basis of morphology
or behavior (ethological isolation).

Coyne and Orr (2004, pg 182) define habitat isolation as “genetic or biological propensities to occupy different habi-
tats when they occur in the same general area, thus preventing or limiting gene exchange through spatial separation
during the breeding season. This isolation can be caused by differential adaptation, differential preference, competition, or
combinations of these factors.” It is clear that centrarchids vary in their habitat preferences (Breder 1936), ranging from
swamps and backwaters (Centrarchus) to deep channels of moderate to fast-flowing gravel-bottomed streams (Amblo-
plites ariommus) or large lakes (L. gibbosus) (Boschung and Mayden 2004). Habitat isolation may therefore play an
important role in limiting hybridization, but this effect has not been tested quantitatively. Anecdotal evidence suggests
that hybridization is more common in “disturbed habitats” (Hubbs 1955) where habitat isolation might have broken
down.

More subtle isolation can occur when species differ in nesting site within a given habitat. For example, Clark and
Keenleyside (1967) note that L. gibbosus tend to build nests closer to shore and in shallower water than Lepomis
macrochirus in the same pond. Although the difference was statistically significant, the distributions overlapped such
that nest location was not an effective barrier to hybridization (Figure 2.1). Other co-occurring species are described as
having distinct nesting preferences, but these examples are anecdotal and qualitative, making them hard to evaluate. Clark
and Keenleyside (1967) also carried out one of the few quantitative studies of temporal (or allochronic) isolation. Although
L. gibbosus began nesting earlier and at colder water temperatures (13–17◦C) than L. macrochirus (17–23◦C), both species
had extended and broadly overlapping nesting seasons. Nearly all centrarchid species have extended breeding seasons,
often ranging from April until August. It therefore appears unlikely that seasonal isolation plays a major role in maintaining
species boundaries in centrarchids (Breder 1936).

Although Clark and Keenleyside (1967) found a substantial overlap in nest timing and location of co-occurring Lepomis
species, they found no phenotypically intermediate individuals. As Lepomis hybrids are generally viable, the lack of hybrids
is presumably because the species did not spawn together (ethological isolation). Miller (1963) noted that L. macrochirus
males would actively court conspecific females by circling their nest rim, while attacking or ignoring L. gibbosus females.
Similar observations have been made for a number of other centrarchids (largely among Lepomis species), suggesting
that behavioral premating isolation is an important component of reproductive isolation (Clark and Keenleyside 1967;
Keenleyside 1967; Gerald 1971; Steele and Keenleyside 1971; Clark et al . 1984). For instance L. gibbosus and Lepomis
megalotis females showed strong preference for conspecific males, while males of either species were unselective (Steele
and Keenleyside 1971; but see Keenleyside 1967).
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Figure 2.1 Extensive overlap in nesting habitats of bluegills (L. macrochirus) and pumpkinseeds (L. gibbosus), as measured
by depth and distance from shore. The intersections represent the mean value for depth and distance for bluegill and for
pumpkinseeds (21 and 44 nests, respectively). Thick lines represent ±1 s.d., thin lines represent observed range. (Adapted
from Figure 10 of Clark and Keenleyside (1967) Public source Government of Canada.)

2.3.2.1 Mechanisms of species recognition

For assortative mating to occur, fish must be able to distinguish between the conspecifics and heterospecifics. This requires
both distinctive phenotypic signals from the prospective mates and a neurological mechanism for the recipient to detect the
signal and translate that into a behavioral response. The following discussion focuses exclusively on the types of signals
that differentiate species, as we are not aware of any work on the sensory ecology or neuroethology of the recipient’s side
of this equation in centrarchids.

Visual cues for species identification include morphological structures, sequences of courtship behaviors, and color.
The sexually dimorphic opercular tabs of some Lepomis are thought to be an important morphological signal, as they are
flared during courtship dances (Keenleyside 1967) and highlighted by brightly colored margins or colorful spots. These
tabs are subject to sexual selection within species, as shown by an experimental study by Goddard and Mathis (1997),
who manipulated the length of L. megalotis opercular tabs. Females spend more time near males with longer opercular
tabs (Figure 2.2), indicating that tabs are used for selecting among conspecific males. It appears likely that this same
sexual selection plays a role in species recognition, judging by an experiment in which Childers (1967) stocked two ponds
with male L. microlophus and female L. macrochirus. In one pond, the males’ red opercular tabs were left intact and no
hybrid fry were found later that year. In contrast, the males’ tabs were clipped in the second pond. In the absence of this
visual signal, the females were willing to mate with the males of the other species, producing thousands of hybrid fry.
This unreplicated experiment is still the only study to directly test whether a visual signal permits species recognition in
centrarchids.

Unfortunately, Childers’ experiment did not separate out the role of the tab shape from the effect of the red spot that
gives L. microlophus its common name, red-ear sunfish. As far as we are aware, there have been no rigorous studies of
the role of color in mate choice and reproductive isolation in centrarchids. Goddard and Mathis (1997) cited Noble (1934)
as showing that “sunfishes . . . use characters such as behavior or color patterns in sex recognition,” but the cited paper
provides anecdotes suggesting quite the contrary. Live females, formalin-preserved females, painted plasticine models,
and leaves of approximately the same shape had the same effect. “All these objects induced the circling, butting and
gentle biting characteristic of courtship” (Noble 1934, pg 153). Given the bright colors and distinctive differences among
Lepomis species, it is difficult to imagine color has no impact on mate choice. Investigating color preferences (and sensory
bias) in centrarchids is likely to be a highly profitable direction for future research.

Species also differ in the sequence and execution of courtship behaviors. Sunfish courtship generally follows a roughly
similar sequence of events (Clark et al . 1984): courtship is initiated by a female approaching a male’s nest, the male



Cooke Jayshree c02 V1 - 12/11/2008 10:43pm P. 45

Hybridization and speciation in centrarchids 45

0

200

400

600

800

T
im

e 
ne

ar
 e

ac
h 

m
al

e 
(s

ec
)

0

5

10

15

20

N
um

be
r 

of
 d

is
pl

ay
s

Short LongNormal

Experiment A Experiment B

Male opercular tab length

Figure 2.2 Female longear sunfish (L. megalotis) prefer males with longer opercular flaps. Females were presented with a
choice between two males: artificially shortened flap versus normal flap (experiment A) or normal flap versus artificially extended
flap (experiment B). Preference is measured by comparing the amount of time the female spends near each male or the number
of displays to each male. (Adapted from Figure 3 of Goddard and Mathis (1997); Publisher of Ethology, Ecology & Evolution.)

leaves the nest to approach her, and she either avoids him or enters the nest. If she avoids the male, he may pursue her,
returning to his nest either alone or with the female. Once in the nest, the female becomes stationary while the male
circles her. Ultimately both fish circle, leading to the female tilting to present her genital opening to the male at which
point spawning occurs. Quantitative comparisons of this basic sequence between L. macrochirus and L. gibbosus found
important differences between the species (Ballantyne and Colgan 1978; Clark et al . 1984). L. gibbosus has a broader
repertoire of actions that precedes circling. These sequences are fairly flexible, reflecting a signal–response interaction
between the male and female, rather than an inflexible ritual. The species differed in their response to certain signals
in the courtship sequence. Hybrids adopt some courtship sequences from each parent, producing a distinctive sequence
that reduces the likelihood of backcrossing with either parent (Clark et al . 1984). This intermediate behavior in hybrids
indicates that courtship sequences are at least partially heritable and able to evolve.

Steele and Keenleyside (1971) tested the preference of both male and female L. gibbosus and L. megalotis for
conspecific mates, and found that female L. gibbosus preferred gibbosus males even in the absence of visual cues.
This is most likely a response to auditory cues: hydrophones placed near sunfish nests recorded grunts and popping sounds
during mating (Figure 2.3a). The mechanical basis of these sounds is not well studied, but may result from oral (Gerald
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Figure 2.3 (a) Courtship sounds of Lepomis megalotis. The sonograph (top) displays frequency as a function of time, while
the oscilloscope trace displays amplitude by time. (b) Lepomis species have distinctive courtship calls, as shown by differences
in duration and pulse frequency for L. cyanellus, L. humilis, L. macrochirus, L. microlophus, L. megalotis, and L. punctulatus.
Boxes represent two standard errors around the species mean. (From Figures 1 and 9 of Gerald (1971). Blackwell Publishing
(1971) 25:75–87 JournalsRights@oxon.blackwellpublishing.com.)

1971) or pharyngeal jaw movement (Ballantyne and Colgan 1978). These sounds accompany changes in behavior during
courtship (Ballantyne and Colgan 1978) and differ among species based on pulse rates, timing, and duration (Figure 2.3b).
Playback experiments to nesting males produced immediate aggressive responses, while a control playback of Grofe’s
Grand Canyon Suite did not (Gerald 1971). Fish were more likely to respond to the call recorded from their own species,
judging by disproportionate capture of conspecifics during playbacks to wild fish.

2.3.2.2 Breakdown of premating barriers

The premating barriers discussed above can be very effective in preventing hybridization and introgression between
the species. Despite these barriers, some pairs of centrarchid species do hybridize in laboratory trials and/or in nature.
Natural hybrids have been documented for pairs of species that have been separated for up to about 15.5 million years
(my) of independent evolution, such as L. gibbosus × L. macrochirus (Lagler and Steinmetz 1957) and L. gibbosus ×
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L. cyanellus (Dawley 1987). Spawning can even occur between different genera, such as female Archoplites interruptus
and male Ambloplites rupestris (Bolnick and Miller 2006.). Incomplete premating isolation may be attributed to any of
the following factors:

(1) Habitat or behavioral isolation may never have been complete between the species, particularly if they have never
been sympatric. Entirely allopatric species are never subject to reinforcement—natural selection favoring individuals
that can recognize and avoid mating with the other species (Coyne and Orr 1998). This may explain the high rate of
hybridization rate that has followed after the introduction of a species outside its native range (see Section 2.5). It
may not be coincidental that the most divergent pair of centrarchid species known to voluntarily spawn (Archoplites
and A. rupestris) does not occur in sympatry (Bolnick and Miller 2006).

(2) Previously strong premating isolation may be diminished by environmental changes (Hubbs 1955). Both habitat
and ethological isolation depend on the abiotic environment. When co-occurring species prefer different spawning
locations, habitat disturbance may eliminate or degrade habitats, forcing them to nest together. When the species are
isolated by visual, auditory, or olfactory cues, hybridization may result if environmental changes reduce their ability
to transmit the relevant signals. The most obvious example of this is turbidity due to erosion or eutrophication, which
reduces visibility in general and transmission of certain wavelengths in light, in particular, reducing the species’
ability to identify conspecific mates (See Hausen et al . 1997). Hubbs’ (1955) statement that centrarchid hybrids are
more common in turbid habitats is widely cited, but this anecdotal observation has not been supported by the few
rigorous tests. Travnichek et al . (1996) found no correlation between turbidity (secchi depth) and the frequency of
hybrid Pomoxis in a survey of 10 lakes (see also Dallimer 1992). Olfactory and acoustic signals may be more reliable,
but there is no data on how their transmission depends on environmental factors.

(3) Fish may be unable to exercise their preferences. At high-population densities, both males and females may be
unable to evaluate a candidate mate long enough to reach a conclusion. It has been suggested, for instance, that at
high density males spend so much time defending their nest that they cannot execute a complete courting sequence,
eliminating an important criterion for mate choice (Hubbs 1955). Alternative mating tactics might also bypass the
normal process of mate evaluation. If sneaker males (Gross and Charnov 1980) do not discriminate among species
effectively, they may steal fertilizations without giving the female an opportunity to determine that mate’s species
identity. Jennings and Philipp (2002) observed sneaker male L. microlophus intruding into the nests of adjacent
L. megalotis males to try to fertilize eggs.

(4) Finally, species may hybridize despite complete information about their potential mate, if no alternatives are available.
Laboratory studies of premating isolation can either be “choice” or “no-choice” experiments. In the former, a female
(or male) is presented with two or more potential mates of different species, allowing the researcher to evaluate her
(or his) preferences. In the latter, the female is presented with a single potential mate in an all-or-nothing test. In
many cases, a fish with a strong preference for its own species, when given a choice, may nonetheless spawn with
another species when no conspecifics are available (Childers 1967). While no-choice experiments may underestimate
the strength of premating isolation under normal conditions, they may accurately reflect the natural situations in
which one species is quite rare. A survey of hybrid Lepomis in Georgia has found that hybrids tend to occur when
one of the parental species is rare and that rare species tends to be the female parent (Avise and Saunders 1984).
This suggests that females may accept heterospecific males if no more appropriate males are available. In contrast,
Pomoxis frequently hybridize even when both parental species are abundant (Travnichek et al . 1996).

2.3.3 Postmating reproductive isolation in centrarchids

Premating isolation is an important and often effective barrier to hybridization. However, because mate choice depends
on environmental conditions, premating isolation can be weakened or eliminated by environmental changes, as described
above. Speciation by habitat or mating differences alone is thus a tenuous and potentially reversible process. When
premating barriers fail, species will spawn and may produce hybrids. If these hybrids are viable and fertile, they may
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in turn mate with other hybrids or the parental species to create F2 and backcross hybrids. Successive generations of
backcrossing can eliminate the genetic differences between the species, leading to the loss of one or both parental types,
a process known as introgression.

While premating barriers may be unreliable in the face of environmental change, postmating isolation can ensure
irreversible divergence between emerging species. Introgression can be blocked if the two species’ gametes fail to fuse
(gametic incompatibility), if the resulting hybrids are inviable, or if the surviving adult hybrids are sterile or otherwise
unable to produce viable and fertile backcross or F2 progeny (postzygotic isolation).

2.3.3.1 Gametic incompatibility

Mating between species does not guarantee hybrid embryos, as the species’ gametes may fail to fuse. Indeed, gametic
incompatibility is a major form of reproductive isolation in some species, such as broadcast spawning in marine inverte-
brates (Palumbi 1999). The protein receptors involved in gamete binding and recognition are known to evolve rapidly in
some species because sperm competition favors more efficient fertilization mechanisms, while eggs must evolve defenses
to avoid fatal multiple fertilizations (Palumbi 1999). The resulting coevolution of interacting proteins is highly con-
ducive to Dobzhansky–Müller incompatibilities, so one might expect that gametic incompatibilities would play a major
role in postmating isolation.

Gametic incompatibility has been tested in centrarchids through artificial fertilization experiments in which eggs and
sperm are stripped from adult fish and mixed in the laboratory. Fertilization rates are measured by counting the proportion
of eggs that have undergone cleavage into the two- or four-cell stage; such data have been reported for both interspecific
(Smitherman and Hester 1962) and intergeneric (West and Hester 1966; Merriner 1971) crosses in centrarchids. Unfor-
tunately, the high variance of success in artificial fertilization experiments can make these data difficult to interpret. For
instance, fertilization rates ranged from 36 to 98% for 12 replicate crosses of Pomoxis * Micropterus (Merriner 1971).
Although the lower end of this range might indicate gametic incompatibility, it may also reflect immature gametes or poor
rearing conditions. The latter explanation is more likely, as the same study found that even within species Pomoxis crosses
had variable fertilization rates (48.6–96.1%). Taking these control crosses into account, it appears that gametic incompat-
ibility plays a minor role in reproductive isolation even among long diverged species. For instance, Lepomis gulosus has
average fertilization rates of 89.3% in crosses with Micropterus, 87.7% with Pomoxis, and 85.3% with L. macrochirus,
compared to an intraspecific control of 86.4% fertilization (Merriner 1971). Fertility of >90% is possible for all combi-
nations of Pomoxis, Micropterus, and Lepomis that have been attempted (Merriner 1971). Similarly, Parker et al . (1985a)
found that fertilization rates do not decline as one moved from closely to distantly related pairs of centrarchid species.
Other studies have found much lower fertilization rates for similar crosses (Smitherman and Hester 1962; West and Hester
1966), but did not carry out such extensive replication. Although further tests would be helpful, we feel confident that
gametic incompatibility plays a fairly minor role in reproductive isolation in centrarchids. Consequently, low hatching
success of eggs from artificial fertilization experiments can be attributed to hybrid inviability.

2.3.3.2 Hybrid inviability

It has long been known that hybrid viability reflects the evolutionary relationship of the two parent species. Charles
Darwin (1859) commented on this relationship, though he noted that the rule is not always reliable. Later workers
simply assumed that hybrid viability declines with divergence, and used hybridization success to determine membership
in Linnean taxonomic ranks (Hubbs and Drewry 1959) and phylogenetic relationships (West and Hester 1966; Hester
1970; Tyus 1973). Unfortunately, this approach can yield misleading results if hybrid viability is not a perfect measure
of evolutionary divergence. For instance, the warmouth (L. gulosus, formerly Chaenobryttus) yields more viable hybrids
when crossed with Micropterus than with other Lepomis species (Hester 1970), despite strong evidence of the warmouth’s
closer relationship to the latter (Near et al . 2004).

Recently, evolutionary biologists have begun to use molecular phylogenetic data to rigorously test the relationship
between reproductive isolation and evolutionary distance. This trend is often attributed to Coyne and Orr (1989), who
showed that reproductive isolation among fruit fly species (Drosophila) increases with allozyme divergence. In fact,
similar analyses had already been carried out in centrarchids (Parker et al . 1985a,b), albeit without some of the statistical
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innovations introduced by Coyne and Orr. Equivalent studies have since been done for birds, frogs, butterflies, and plants,
all finding similar patterns: reproductive isolation increases with divergence (Sasa et al . 1998; Presgraves 2002; Price and
Bouvier 2002; Tubaro and Lijtmaer 2002; Lijtmaer et al . 2003; Mendelson 2003; Russell 2003; Moyle et al . 2004). This
phenomenon has been dubbed a “speciation clock” (Coyne and Orr 1998), although this is not strictly accurate as many
of these studies only examine postmating isolation, not total reproductive isolation.

A recent paper by Bolnick and Near (2005) combined all available data on centrarchid hybrid viability to estimate the
rate at which hybrid viability is lost with time. What set this study apart from previous papers is its use of a carefully
fossil-calibrated, multigene phylogeny to measure evolutionary distance in units of time (millions of years—my; Near
et al . 2005). In addition to providing the most precise estimate yet available for the rate of a speciation clock, this study
led to several novel insights into the evolution of reproductive isolation. The remainder of this section reviews these
findings to illustrate the kinds of general insights into speciation that can be gained through the study of centrarchid
hybrids.

The central result from Bolnick and Near (2005) was a regression analysis showing that hybrid viability declined linearly
with the length of evolutionary time separating the parental species, at an average rate of 3.13% per my (Figure 2.4). This
result was based on 130 published measurements of the hatching success of hybrid embryos from 37 pairs of centrarchid
species (Smitherman and Hester 1962; West and Hester 1966; Childers 1967; Hester 1970; Merriner 1971; Tyus 1973;
Philipp et al . 1983a; Philipp et al . 1983b; Parker et al . 1985a; Parker et al . 1985b; Philipp et al . 1985; Epifanio and
Phillip 1994). Although larval viability data is more limited, similar analyses show that it evolves at the same rate as
embryonic viability (Figure 2.5).

While it is not surprising that hybrid viability declines as one moves from closely to distantly related species, this study
was the first to measure the rate of this decline in units of time. More importantly, details of the rate, curvature, and scatter
of this decline can shed light on the mechanisms driving the speciation. Five main insights emerged from the Bolnick and
Near (2005) study.

(1) Hybrid inviability is the result of many Dobzhansky–Müller incompatibilities of small effect. A handful of studies have
identified individual genes that cause almost complete inviability in hybrids between Drosophila species (Ting et al . 1998;
Barbash et al . 2003), leading some workers to posit that speciation is usually the result of one or a few Dobzhansky–Müller
incompatibilities of large effect (Wu 2001). However, if this were the case, hybrids would be either largely viable or largely
inviable. As different species pairs would make the transition between these states at different points in time, we would
expect a weak correlation between hybrid inviability and divergence time. In contrast, centrarchids exhibit the tightest
age–viability correlation yet documented (r = −0.85, p < 0.001). As inviability declines gradually and continuously, we
can conclude that it reflects the cumulative effect of many small genetic incompatibilities.
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Figure 2.4 The viability of hybrids declines gradually with the length of time separating the parents (p < 0.001, r2 = 0.73).
Viability is measured as the percentage of hybrid embryos that hatch, divided by the hatching rate for a within-species cross
(controlling for egg viability). Divergence time is estimated from a molecular clock analysis of seven genes, calibrated with six
fossils. Viabilities are averaged for all hybrid crosses for a particular divergence time, using independent contrasts to account
for phylogenetic nonindependence. (Adapted from Bolnick et al ., 2008.)
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Figure 2.5 The percentage of larvae showing visible morphological deformities increases with the divergence time separating
the parent species (p = 0.047, r2 = 0.78). Deformity frequencies are averaged for a given node in the phylogeny to account for
phylogenetic nonindependence. (From Bolnick et al ., 2008.)

(2) There is a lag phase between the start of genetic divergence and when inviability begins to accrue. The linear
regression in Figure 2.4 seems to predict that hybrids of species pairs with close to zero genetic divergence would have
close to 120% viability—clearly a biologically spurious result. This occurs because on average, hybrid viability does not
drop below 100% until the parental species have diverged for over 6 my. Hence, there is a significant delay between the
start of genetic divergence between populations, and the point at which this divergence results in reduced viability. It is
currently unknown whether this corresponds to a “snowball effect” in which inviability accumulates at an accelerating
rate (Orr and Turelli 2001), or the temporary effects of outbreeding benefit compensating for any early loss of viability.
The high incidence of heterosis in hybrids of young species argues for the latter effect. For instance, Lepomis auritus *
L. macrochirus hybrids experience 20% higher hatching success than within-species crosses.

(3) Speciation is driven largely by prezygotic isolation. On average, sister species in centrarchids are separated by only
4.3 my. The average time between speciation events is at most 4.66 my, shorter if we assume some past speciation
events went unrecorded because one of the resulting species went extinct. Clearly, the interval between speciation events
is much shorter than the time required to accumulate any hybrid inviability (or infertility, judging by what limited data
exist). By process of elimination, we are forced to conclude that premating isolation plays the leading role in speciation
in centrarchids.

(4) Ecological divergence promotes the accumulation of genetic incompatibilities. Deviations above (or below) the
regression line in Figure 2.4 represent instances of slower- (or faster-) than average loss of hybrid viability. Factors that
are correlated with this residual variation may be processes that speed up or slow down the evolution of reproductive
isolation (Fitzpatrick 2002). In centrarchids, body size disparity is correlated with hybrid inviability (Bolnick et al . 2006).
Statistically controlling for the confounding effect of divergence time, species with greater size disparity produced less
viable hybrids (Figure 2.6). As body size disparity is associated with ecological divergence and dietary differences among
species, it appears likely that the natural selection for ecological divergence facilitates the evolution of reproductive
isolation. This is not unexpected, as selection can speed up the rate of genetic substitutions, increasing the chances of
accruing Dobzhansky–Müller incompatibilities.

(5) Centrarchids lose hybrid viability slowly relative to other taxa. One of the long-term goals of this type of “speciation
clock” study is to be able to compare the rate at which different taxonomic groups accrue reproductive isolation and
explain any variation among groups. This study remains out of reach, because the various studies have used different
measures of viability and of divergence. However, using certain benchmarks, we can conclude that centrarchids retain the
ability to hybridize far longer than other groups studied to date. The minimum age for total hybrid inviability is 1.5 my in
anurans (Sasa et al . 1998), 2 my in Drosophila (Coyne and Orr 1998), 4 my in Lepidoptera (Presgraves 2002), 5.5 my in
birds (Price and Bouvier 2002; Lijtmaer et al . 2003), and 25.25 my in centrarchids (Bolnick and Near, unpublished data).
This earliest instance of zero compatibility is only for one direction of crosses between L. microlophus × M. salmoides
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Figure 2.6 Body size differences promote reproductive isolation between centrarchid species. As species diverge with time,
they produce less viable hybrids and they diverge more in body size. Consequently, one must remove the confounding effect
of divergence time in order to test whether the body size differences affect the hybrid viability. This can be done by taking
the residuals of size differences (or hybrid viability) regressed against divergence time. Applying this approach to centrarchids,
there is a significant relationship between the residuals (P = 0.026), indicating that the body size differences are correlated with
greater hybrid inviability. (From Bolnick et al . 2006.)

(the reciprocal cross has 43% compatibility). Only three crosses (M. salmoides * A. rupestrus or either Pomoxis) yield
completely inviable hybrid embryos in either direction, while 10 other crosses of the same age (28.94 my) are partially
viable. Considering a different benchmark, the maximum age for heterosis is thought to be 0.5 to 1.4 my (mammals),
0.05 my (birds), 6.7 to 9.5 my (amphibians), 3 to 4.3 my (insects), or 8.3 my (crustaceans) (Edmands 2002). In contrast,
heterosis has been recorded in centrarchids for a number of crosses between the taxa diverged for 12.21 my and even
13.68 my. This slower evolution of reproductive isolation is also reflected in the overall diversification rate: centrarchids
have the second slowest rate of any clade of vertebrates yet investigated (after Ictalurus catfish, Bolnick and Near 2005).

Why do centrarchids accrue postzygotic isolation so slowly? We can only speculate at this point, but would propose that
the lack of distinct sex chromosomes in centrarchids (Roberts 1964) might contribute to this. Both theoretical work (Orr
and Turelli 2001) and comparative studies in Drosophila (Turelli and Begun 1997) suggest that the species with larger
X chromosomes evolve inviability faster. This is because most Dobzhansky–Müller incompatibilities will be recessive
and only expressed when they involve a gene on a sex chromosome (see Section 2.3.3.2; Box 2.3). The larger the sex
chromosome is the greater are the opportunities for gene–gene incompatibilies. As sex chromosomes are either small
or absent in centrarchids, only the much rarer dominant Dobzhansky–Müller incompatibilities will contribute inviability,
slowing the rate of reproductive isolation. The minimal size of the sex-determining region in sunfish was confirmed by
a study of amplified fragment length polymorphism (AFLP) segregation in a laboratory cross of L. cyanellus, in which
only 1 out of over 500 polymorphic makers was diagnostic for sex (Lopez-Fernandez and Bolnick, 2007). Interestingly,
the three vertebrate clades with the slowest diversification rates all lack distinct sex chromosomes (Coyne and Orr 2004;
Bolnick and Near 2005).

Box 2.3 Summary of Haldane’s rule and relevance to hybridization

Haldane’s rule states that “when in the F1 offspring of two different animal races one sex is absent, rare, or sterile, that
sex is the heterozygous [heterogametic] sex” (Haldane 1922). This generalization has been called “the most tantalizing
regularity in animal speciation” (Turelli 1998), holding for 99% of the documented cases of sex-specific hybrid sterility
and 90% of cases of sex-specific inviability (Laurie 1997; Barbash et al . 2003; Dieckmann et al . 2004). The most
general of explanation for this pattern is the “dominance theory” (Laurie 1997; Barraclough and Vogler 2000; Coyne
and Orr 2004).
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Box 2.2 described how hybrids AaBb may have low viability if the derived alleles a and b fail to interact correctly.
However, this assumes that the deleterious interaction between a and b is dominant. As recessive incompatibilities
seem far more likely (Orr and Turelli 1996), the Dobzhansky–Müller incompatibilities described in Box 2.1 are likely
to be rare, and accumulate slowly. However, now imagine a case where one of the genes is sex-linked (e.g., on the
X chromosome of an XY male/XX female system). In this case recessive Dobzhansky–Müller incompatibilities will
be covered by the functional dominant alleles in females (XAXaBb). In hemizygous males (YXaBb) the deleterious
interaction will be fully expressed, leading to sterility or inviability. Note that the larger the hemizygous chromosome
is, the more genes it contains that might yield incompatibilities (Turelli and Begun 1997; Orr and Turelli 2001).

2.3.3.3 Genetic and developmental basis of hybrid dysfunction

The preceding section discussed the patterns of hybrid inviability in depth, but was unclear as to the exact mechanisms
causing that inviability. In fact, we do have some clues as to the nature of Dobzhansky–Müller incompatibilities in
centrarchids. Hybrid inviability appears to be linked to developmental errors resulting in visible deformities in features
such as larval eyes (Micropterus*Lepomis, Parker et al . 1985a) and jaws (Whitt et al . 1977) (Figure 2.7). Such deformities
accrue at the same rate as inviability, with the same lag time (Figures 2.4 and 2.5; Bolnick and Near 2005). Even
in species with viable hybrids such as the three Enneacanthus, hybrids have a higher rate of asymmetries, reflecting
developmental instability (Graham and Felley 1985). It is also clear that the inviability has a genetic basis: in a hybrid
cross between the green and longear sunfish (L. cyanellus and L. megalotis), slightly over half the hybrids survived to
larval stage. These survivors showed a high rate of segregation distortion at AFLP genetic markers, relative to a control
cross (Lopez-Fernandez and Bolnick, In press). Such segregation distortion will occur when one or both parents are
heterozygous for genes causing hybrid mortality. Markers linked to hybrid-lethal alleles disappear, resulting in an excess
of markers linked to nonhybrid-lethal alleles, relative to Mendelian expectations. This cross thus indicates that at least
some of the inviability in hybrids has an autosomal genetic basis, and that the responsible loci are polymorphic in natural
populations.

The next question is how these incompatibilities might arise. One possibility is that structural genes may be incompatible
if their proteins fail to interact. For instance, in vitro assays show that hybrid copepods suffer metabolic failure because
cytochrome c oxidase and cytochrome c proteins from divergent parents fail to interact correctly (Rawson and Burton
2002). Alternatively, one gene’s protein may normally be used to activate the expression of a second gene. If the regulatory
protein fails to recognize the regulatory domain of the target gene, the latter may be misexpressed (Orr and Presgraves
2000; Michalak and Noor 2003).

There is direct evidence for gene regulation failures in hybrid centrarchids, which show aberrant expression of allozymes
during development (Figure 2.8). Most often, this entails a delayed onset of gene expression, though expression may also
occur early or not at all (; Whitt et al . 1977; Philipp et al . 1983b; Parker et al . 1985b). This misexpression is not because
hybrids are developmentally intermediate between the parents: in many cases the parents express the gene at the same stage
of development (e.g., Ck-B, Ldh-C; Philipp et al . 1983b). The implication is that the parental species have diverged in
how they turn on a gene, even while they maintained similar timing for when to turn it on (Whitt et al . 1977). Presumably
a diverged regulatory gene from one species fails to efficiently activate the copy of its target gene derived from the other
species, which is thus not transcribed at all, or is expressed later once the transcription factor accumulates to a highenough
concentration to overcome its weakened binding efficiency (Whitt et al . 1977).

These allozyme studies also point to an interesting deviation from the basic Dobzhansky–Müller model. The standard
model (Box 2.1) assumes that incompatibilities arise between two loci within the hybrid. However, eggs are packed
with maternally encoded transcription factors that govern where and when embryonic genes are turned on (Davidson
2001). Genetic divergence between species may mean that these maternal transcription factors stimulate expression of
the maternally derived allele, but fail to activate the paternally derived allele from another species. In other words,
Dobzhansky–Müller incompatibilities can arise between the maternal and embryonic loci. This appears to be the case in
centrarchids: the maternal and paternal alleles were often asynchronously expressed (Parker et al . 1985a,b; Epifanio and
Phillip 1994). In almost all cases it is the paternal allele, which is in an unfamiliar cytoplasmic background, that is expressed
late (Figure 2.9; Gpi-B, Ldh-C, Ck-A, Mdh-B) or not at all (6-Pgdh-A, Sod-A) (Philipp et al . 1983b). It should be kept
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Figure 2.7 Photographs of L. cyanellus * L. megalotis hybrids. (a) Arrow pointing to a deformed heart that resembles a known
gene mutation (‘‘heartstring’’) in zebrafish. (b) Arrow pointing to the deformed spine. Photographs by H. Lopez-Fernandez.

in mind, however, that not all delays can be ascribed to cyto–nuclear interactions, as instances do exist of symmetrical
delay or misexpression of the maternal allele (e.g., L. cyanellus*M. salmoides, Philipp et al . 1983).

Deviations in enzyme expression (and activity) are correlated with both hybrid viability and the genetic divergence
between the parental species (Figure 2.10; Whitt et al . 1972; Philipp et al . 1983a; Parker et al . 1985b). It should be kept in
mind, however, that this correlation does not prove that gene expression flaws are directly responsible for hybrid inviability.
Because both structural and regulatory genes diverge with time, we cannot rule out the possibility that inviability is the
result of incompatibilities at unmeasured loci (structural or regulatory) that have evolved independently but at a similar
rate. We have no direct information about the developmental impact of the hybrid expression patterns and no mechanistic
explanation for how allozyme expression delays affect fitness. Further progress will require experiments that isolate the
effect of particular sets of genes. Even in model systems with extensive genetic tools, it has proved very difficult to
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Figure 2.8 Expression profile of creatine kinase isozymes in M. salmoides and L. cyanellus embryos during ontogeny,
and of M. salmoides * L. cyanellus hybrids. The x-axis is the time after hatching and the y-axis is the electrophoretic
migration distance (anodes and cathodes marked with—and + signs). In the hybrid profile, the last two lanes are samples
from the parental species, for comparison (M. salmoides = largemouth bass (LMB); L. cyanellus = green sunfish (GSF).
Hybrids fail to express some isozymes. (Redrawn from Figure 4 of Whitt et al . (1977). Blackwell Publishing (1977) 9:97–109
JournalsRights@oxon.blackwellpublishing.com.)

identify the precise genes responsible for hybrid inviability. So far, only four genes have been found with known roles
in generating hybrid dysfunction (one in Xiphophorus fish, three in Drosophila flies; Malitschek et al . 1995; Ting et al .
1998; Barbash et al . 2003; Presgraves 2003; Presgraves et al . 2003). Although great progress is being made in identifying
more such genes in Drosophila (Presgraves 2003), this has required the use of advanced molecular tools for deletion
mapping that are unavailable in systems like centrarchids.

Another form of cytoplasm–nuclear incompatibility involves interactions between the mitochondrial and nuclear genes.
In a recent theoretical model, Turelli and Moyle (2007) show that if one species undergoes accelerated mitochondrial
evolution, there will be more opportunities for genetic incompatibilities when that species is the maternal parent (donating
mitochondria to the hybrids) than in the reciprocal cross. Under the normal Dobzhansky–Müller model, hybrids would
have genotype AaBb regardless of which species was the maternal parent, and therefore hybrid viability should be identical
for reciprocal crosses, but the mitochondrial genes do not impose this symmetry. Thus, asymmetric viabilities can be used
to test for mitochondrial-nuclear incompatibilities. This prediction was recently tested using centrarchids, which show
extensive asymmetries in F1 hybrid viabilities. Of the 19 pairs of centrarchid species for which reciprocal cross data are
available, 17 show significant asymmetries (Bolnick and Near 2005). In 13 out of 17 cases (significantly different from
50%, P = 0.048),
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Figure 2.9 Timing of expression of GPI-A allozyme in pure Micropterus salmoides and Lepomis cyanellus embryos and in recip-
rocal hybrids. Shaded bars indicate times in which GPI-A is expressed. In hybrids, maternal and paternal allele expression timing
can be distinguished electrophoretically, and are shown separately with black shading for the Micropterus allele and stippling for
the Lepomis allele. The paternal allele is consistently delayed in the hybrids regardless of which species is the paternal parent.
(Adapted from Whitt et al . (1977). Blackwell Publishing (1977) 9:97–109 JournalsRights@oxon.blackwellpublishing.com.)
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Figure 2.10 Hybrid hatching success declines as enzyme expression is increasingly disturbed (correlation = −0.954,
p < 0.05). Hybrid hatching success is relative to intraspecific controls and the enzyme expression disturbance is mea-
sured as described in Parker et al . (1985). Two caveats must be noted. First, this regression is not statistically robust: the points
are not statistically independent due to phylogenetic history. Second, both variables increase with divergence time, so at least
some of this correlation is a result of mutual correlation with a third variable. (Drawn from tabular data in Figure 3 of Parker et al .
(1985a). Wiley (1985) 233: 451–466 pricabla@wiley.com.)
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the maternal parent for the worse cross direction had higher rates of mitochondrial evolution (Bolnick et al . 2008). This
provides correlative evidence that mitochondrial-nuclear incompatibilities make a significant contribution to the evolution
of reproductive isolation in centrarchids.

2.3.3.4 Hybrid sterility

Hybridization will only cause introgression between the parent species if the hybrids (and F2s and backcrosses) are both
viable and fertile. In fact, there are many instances of centrarchid hybrids that are viable but partially or fully infertile.
For instance, 99% of L. macrochirus × L. cyanellus hybrids are viable (range: 79–140% of the control cross rate; Bolnick
and Near 2005). Despite this high viability, backcrosses are limited due to a biased sex ratio: 68 to 97% of the hybrids
are male (Childers 1967). These males have low fertility due to a high frequency of unreduced sperm (Wills and Sheehan
2000). Consequently, the preceding discussion of hybrid viability represents an underestimate of the total postmating
isolation between species. Unfortunately, there are not enough data on hybrid fertility to conduct an analogous study of
the rate at which fertility is lost.

What data that do exist suggest that most intrageneric hybrids are partially or fully fertile, while intergeneric hybrids
are infertile. L. microlophus and L. cyanellus have diverged for approximately 14.6 my, but their hybrids are fertile and
produce viable F2 progeny (Childers and Bennett 1961), as is also the case for L. gulosus*L.macrochirus (West 1970).
P. annularis and P. nigromaculatus (12.0 my) have fertile F1, F2, and F3 hybrids, though fertility declines beyond the
F1 generation (Hooe and Buck 1991). There do not appear to be any cases of fertile hybrids between species more than
14.6 my apart.

Hybrid infertility may result from genetic incompatibilities that disrupt gonadal development. For example, L. gulosus
× M. salmoides hybrids (25.25 my) fail to develop mature gonads (West 1970). Males possess small nodes of connective
tissue in place of testes, and females produce few (<2%) mature oocytes (West 1970). L. gulosus *L. macrochirus males
have testes ranging from “mere strands of tissue” to fully normal testes with functional spermatozoa (Birdsong and Yerger
1967). Alternatively, reduced gonad function can be due to meiotic problems. L. macrochirus × L. cyanellus hybrids
(13.11 my) have intact gonads but are only semifertile due to a low frequency of unreduced 2N gametes (12%), and
L. gibbosus × L. cyanellus (14.63 my) hybrids produce a small number of mostly deformed sperms (Dawley et al . 1985).
Crosses of L. gulosus*M. salmoides showed abnormal meiosis 1, in which chromosomes lined up on the metaphase
plate but did not migrate along the spindle, resulting in chromatin stretched among daughter cells, fragmentation of
chromosomes, or unequal distribution of chromosomes among daughter cells (West 1970). These failures might reflect
karyotypic differences: both M. salmoides and L. cyanellus have 46 chromosomes, compared to the usual 48 in most other
centrarchids (Roberts 1964). A promising test of this hypothesis would be to compare the fertility of crosses between
L. cyanellus and another Lepomis, using both 2N = 48 and 2N = 46 strains of cyanellus.

Even when hybrids are fully fertile, introgression may be limited. As discussed in the section on premating isolation,
hybrids may show aberrant courting behavior that reduces their ability to mate (Clark and Keenleyside 1967). When they do
manage to mate, the resulting F2 or backcross progeny may themselves be inviable or infertile. L. macrochirus * L. gulosus
hybrids are viable and mostly fertile, but F2 hybrids and backcrosses to macrochirus and gulosus have viabilities of only
1.1, 6.5, and 2.4%, respectively (West 1970). One explanation for this loss of viability in second-generation hybrids is
chromosomal nondisjunction in the F1 hybrids. This was clearly demonstrated in a study of backcrosses from hybrid
L. gibbosus and L. cyanellus. The hybrid females produce nearly 100% triploid backcross progeny with two copies of the
maternal genome, because the female F1 hybrids fail to reduce oocyte ploidy during meiosis (Dawley et al . 1985). The
resulting triploid progeny are viable but largely sterile, with clear milt from males. Female triploid F2s were partially
fertile, but produced inviable and morphologically abnormal progeny with fragmented chromosomes (Dawley et al . 1985).
So while a natural population of L. gibbosus and L. cyanellus hybrids had abundant F1s and some F2s or backcrosses,
introgression did not occur between the parental species.

2.3.3.5 Hybrid sex ratios

Many interspecific crosses among centrarchids yield strongly male-biased sex ratios. The lack of female hybrids can
also contribute to reproductive isolation by eliminating any ability to produce F2s or certain backcrosses. There is a
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Table 2.2 Sex ratios of hybrid crosses. The average percent male is calculated across all available
published estimates.

Dam Sire Average % male References

L. cyanellus L. macrochirus 97 Childers (1967)

L. macrochirus L. cyanellus 68 Childers (1967)

L. gulosus L. macrochirus 69 Childers (1967)

L. cyanellus L. gulosus 84 Childers (1967)

L. gulosus L. cyanellus 16 Childers (1967)

P. annularis P. nigromaculatus 50 Epifanio and Philipp (2001)

L. cyanellus L. microlophus 69 Childers (1967)

L. microlophus L. cyanellus 48 Childers (1967)

L. gulosus L. microlophus 55 Childers (1967)

L. macrochirus L. microlophus 97 Childers (1967)

L. microlophus L. macrochirus 97 Childers (1967)

significant deviation from the expected 50:50 ratio in 26 out of 30 crosses for which published sex ratio data are available
(Table 2.2). In all but one case, these biases favor male hybrids (68–100% of hybrids, depending on the cross). The one
counterexample is a cross of L. cyanellus*L. gulosus, yielding 16% males, though the reciprocal cross produced 84%
males (Childers 1967). This case is aberrant enough that there is some question as to its reliability, particularly given the
odd coincidence that the reciprocal sex ratios add to 100% (might the former ratio have been accidentally inverted?).

Haldane’s Rule (Box 2.2) has been invoked to explain this consistent male bias in centrarchid hybrids. If females are
the heterogametic sex (e.g., XY, whereas males are XX), then Haldane’s Rule predicts females to be sterile or inviable,
the latter possibility resulting in a biased sex ratio (Krumholz 1950; Birdsong and Yerger 1967; Childers 1967). However,
if the sex ratio bias arose from female inviability, any excess of males must be accompanied by a loss of hybrid survival.
This does not seem to occur: viability remains high (∼100%) even when sex ratios are strongly biased. Therefore, the
sex ratio bias is not due to lower female viability as required by Haldane’s Rule, which is not surprising given the lack
of distinct sex chromosomes in centrarchids (Roberts 1964). Although there is some indication that males may be the
heterogametic sex in centrarchids (Gomelsky et al . 2002), the sex-specific chromosomal region may be restricted to a
few hundred kilobases or fewer of male-specific sequence as in some other fish species (Kondo et al . 2003). Such small
sex-specific regions are probably insufficient to cause an appreciable sex bias, because males will be hemizygous for very
few loci, limiting the possible number of Dobzhansky–Müller incompatibilities involving hemizygous genes (Turelli and
Begun 1997; Orr and Turelli 2001). As Haldane’s Rule is thought to be a major cause of postzygotic isolation in many
taxa, its absence in centrarchids might help explain their relatively slow evolution of reproductive isolation.

If Haldane’s Rule cannot explain the sex ratio bias, what can? One hypothesis currently under investigation in our lab
is that these male-biased populations are composed actually of genetically male and female individuals, but genetic female
hybrids fail to develop normally. This could happen if there is a Dobzhansky–Müller incompatibility affecting sex deter-
mination; for instance, if transcription factors that normally initiate female-specific gene expression during development
fail to operate suitably in hybrids.

2.3.3.6 Ecologically dependent postmating isolation

The preceding discussion of postmating reproductive isolation was largely concerned with “intrinsic” inviability or sterility
arising solely from genetic incompatibilities. It is also possible for hybrid dysfunction to be variable depending on
environmental conditions. Perhaps the most prominent example of this effect is in hybrids between the benthic and
limnetic species of sticklebacks (Gasterosteus aculeatus spp). These hybrids are fully viable and fertile in laboratory
conditions, but are unable to compete or find mates when placed in more natural settings (Hatfield and Schluter 1999).
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This ecologically dependent (“extrinsic”) reproductive isolation has received little attention in centrarchids, where hybrid
viability is almost always measured in the laboratory or in artificial ponds. What little evidence is available suggests that
hybrids are highly competitive in stocked ponds, often growing faster than pure-species individuals (Hubbs and Hubbs
1931; Hooe and Buck 1991). For instance, L. microlophus*L. cyanellus hybrids grow faster than their reciprocal, and both
hybrids outgrow either parent (Pasdar et al . 1984b). This heterosis may be environmentally dependent as there was little
difference in hybrid and parental growth rates at low density, but a larger difference when competition was strong (Childers
and Bennett 1961).

Wheat et al . (1974) conducted one of the few studies of hybrid growth in natural environments. Backcrosses of
M. salmoides*M. dolomieu hybrids with M. salmoides had lower survival than pure-species fry in natural ponds. In
contrast, the backcrosses had higher survival in artificial ponds, where cannibalism was the main source of mortality. This
appears to have occurred because the backcrosses grew faster than the pure species and so were the cannibals rather than
the cannibalized. Further analysis of environmental dependence of hybrid viability, growth, competitiveness, predation
risk, and mating success may prove very rewarding.

2.3.4 Speciation summary

Studies of natural and artificial hybrids provide a vital tool for understanding speciation. Centrarchids are an exceptionally
promising system for such studies, with their widespread hybridization, the ability to create artificial hybrids, and extensive
variation in all these components of reproductive isolation. Although there is still much work to be done on this topic,
several important conclusions are possible. First, it is clear that speciation in centrarchids is primarily a result of premating
isolation. Judging by the divergence times discussed in Chapter 1, the waiting time for a newly arisen species to split
by itself into daughter species is about 4.66 my. This is much shorter than the lag phase before hybrid inviability and
infertility begin to accrue, indicating that postmating isolation is relatively unimportant in initiating speciation. However,
premating isolation can break down under environmental change, so inviability and infertility play a vital role in buttressing
the reproductive isolation of young species pairs. Postmating isolation evolves slowly, perhaps due to the lack of large
hemizygous sex chromosomes, and mostly seems to reflect the cumulative action of many genetic incompatibilities of
small effect (Bolnick and Near 2005), at least some of which involve cytoplasmic–nuclear incompatibilities (Whitt et al .
1977). These insights from centrarchids have been a significant contribution to our general knowledge of how new species
arise.

2.4 Applied value of hybrids

Understanding the evolutionary and genetic basis of reproductive isolation may ultimately have practical benefits. The
patterns of hybrid viability and fertility described above will allow us to predict the outcomes of other crosses and identify
new hybrid combinations that are likely to be successful and/or have desirable traits. This will have benefits for both
genetic research and aquaculture.

2.4.1 Hybrids as tools for genetic analyses

A century and a half after Mendel’s pioneering work on peas, the ability to make crosses between two genetic strains
remains one of the most important tools in genetics. When faced with two phenotypically distinct strains (be they family
groups, populations, or species), geneticists often want to identify the gene(s) that cause these differences, the dominance,
pleiotropic and epistatic effects of those genes, genetic covariances between traits, and linkages between different genetic
loci. Simply sequencing genes from the two strains is insufficient as they will almost always differ at many loci, making it
impossible to identify the exact gene responsible for phenotypic differences. Answering such questions requires crosses to
make F1 and F2 progeny. This is not a problem for studies of intraspecific variation, but has long posed a major challenge
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for geneticists interested in understanding the genetic basis of differences between species. As fully divergent species
are reproductively isolated, one cannot carry out a genetic analysis of their differences. Groups like centrarchids, which
retain hybrid viability and fertility for millions of years, provide an exceptionally promising system for understanding
what genetic changes make species different—behaviorally, ecologically, morphologically, and physiologically.

So far there has been relatively little work done on the genetics of species differences in centrarchids. A number
of studies have compared morphological or physiological traits of hybrids and their parents, but no formal quantitative
genetics were applied to estimate dominance effects, number of loci, or other genetic parameters. Body condition index and
growth rates of hybrid M. salmoides * M. floridanus resembled more closely the maternal parent (Maceina and Murphy
1988; Philipp 1991; Philipp and Whitt 1991), suggesting partially dominant inheritance of these traits. A number of other
traits showed additive inheritance, indicated by phenotypically intermediate hybrids. Studies of enzyme activities showed
that L. cyanellus * L. microlophus hybrids were intermediate between their parents (Pasdar et al . 1984b), as were most
morphological traits in hybrids between L. gibbosus and L. macrochirus (Colgan et al . 1976). There is significant heterosis
in both growth and viability in many hybrids between younger species pairs (Bolnick and Near In review; Hubbs 1955).
The genetic basis of this is unknown, but might reflect an outbreeding benefit from increased heterozygosity covering a
background genetic load of recessive deleterious alleles in the parental species. Centrarchids are a promising, but nearly
untapped, resource for quantitative genetic analysis of species differences. The development of a linkage map of genetic
markers for quantitative trait locus (QTL) analysis would be particularly useful, and knowledge of reproductive isolation
patterns is necessary to guide the choice of species to use in developing these markers. Another promising avenue is the
application of gene expression arrays to understand between-species differences, though the level of genetic divergence
among centrarchids may limit cross-species comparisons of these arrays.

One area where the genetic potential of hybrid centrarchids has been exploited is linkage analysis. In the 1970s and
1980s, there was an active group of researchers studying linkage between enzyme loci in Pomoxis (Epifanio and Phillip
1993) and Lepomis (Wheat et al . 1973; Whitt et al . 1976; Pasdar et al . 1984b). This research group identified a couple
of sets of linked enzyme loci (e.g., G2dh, Pgk, and Sod in Lepomis (Pasdar et al . 1984c); 6 pgdh and α-Gpdh (Wheat
et al . 1973)), but not enough data was collected to allow rigorous conclusions about linkage group conservation within
centrarchidae or across fish families. This research program fell by the wayside, however, with the advent of more advanced
genetic tools.

2.4.2 Hybrids in aquaculture

Data on reproductive isolation and the genetics of species differences will, in turn, have economic applications. Centrarchids
are popular among sport fishermen, who often want to stock centrarchids in both natural and man-made water bodies.
The demand for fish for stocking in turn creates a market for hatchery-raised fish. As of 2000, there were approxi-
mately 485 commercial hatcheries producing Lepomis in the United States, with an emphasis on L. macrochirus and
L. microlophus (Morris and Mischke 2000). Micropterus and Pomoxis are also widely raised species. These hatcheries
predominantly serve the demand for stocking and sport fishing, but there is thought to be promising potential for marketing
sunfish as food. There is also some thought of stocking centrarchids as biocontrol agents for pests such as mosquitoes
(C. Miller, personal communication).

Sunfish hatcheries in particular often raise hybrids rather than pure-strain species (about 25% of hatcheries, Morris
and Mischke 2000), and hybrids are also popular among private farm owners for stocking ponds. The benefits of hybrids
include: (i) faster growth or survival (heterosis), (ii) more efficient conversion of food to biomass, (iii) greater disease or
stress resistance, (iv) novel combinations of phenotypes, (v) biased sex ratios can be valuable if one sex is particularly
valuable, and (vi) sterility. Hybrid sterility can be further reinforced by inducing triploidy via an environmental shock
(temperature or hydrostatic) early in development, a process with high survival rates yielding 90 to 100% triploids. These
triploids are almost uniformly sterile but viable (Parsons and Meals 1997; Morris and Mischke 2000).

In centrarchids, hybrid Lepomis and Pomoxis are known for their fast growth (Hubbs and Hubbs 1931; Krumholz
1950) (Figure 2.11). This elevated growth is associated with more aggressive feeding behavior, which facilitates raising
fish on artificial food and makes it easier for anglers to catch them. Hybrid Lepomis are also more tolerant of low
oxygen concentrations (Tidwell et al . 1992). Sex bias and sterility are also desirable traits for two reasons. First, stocked
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Figure 2.11 Heterosis for growth in hybrid sunfishes, comparing growth curves for a cohort of Lepomis cyanellus (formerly
Apomotis), L. gibbosus (formerly Eupomotis), and their hybrids. (Redrawn from Hubbs and Hubbs (1931). Publisher no longer
exists. Papers of the Michigan Academy of Sciences, Arts, and Letters.)

ponds of Lepomis and Pomoxis often experience fast population growth leading to crowding and severe stunting. The
low reproductive rate of hybrid centrarchids (due to sex ratio bias or partial sterility) limits their population growth
and so avoids crowding (Krumholz 1950; Hooe and Buck 1991). The partial sterility of hybrids can be reinforced by
artificially inducing triploidy in the hybrids (Will et al . 1994). Second, hybrid infertility prevents interbreeding with native
centrarchids. Given the high rate of introductions and stocking of centrarchids, introgression with native species is a
growing conservation concern.

2.5 Hybrids as a conservation threat

Hybridization poses significant risks for natural populations of centrarchids. Species with incomplete reproductive isolation
are at risk of genetic mixing (“introgression”). Over successive generations of backcrossing, foreign alleles can be intro-
duced into the parental populations, possibly replacing the original genotypes (Rhymer and Simberloff 1996; Allendorf
et al . 2001). This can result in the loss of genetic diversity for selected genes (Wilson and Bernatchez 1998). In centrar-
chids, M. floridanus allozyme alleles have been shown to invade and persist in native populations of M. salmoides (Johnson
and Fulton 1999). Persistent hybridization can lead to the ultimate extinction of both parental lineages, leaving a genetically
intermediate population entirely composed of Fx hybrids (Epifanio and Philipp 2001). This appears to have occurred in
several populations of centrarchids that are dominated by hybrids (Pomoxis, Dunham et al . 1994; Lepomis, Dunham et al .
1994; Micropterus, Whitmore 1983; Philipp 1991). One dramatic example is a case of introgression between M. salmoides
and M. floridanus that were both introduced to a newly created reservoir in Texas (Aquilla Lake). After the dam was built
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in 1983, hybrid Micropterus increased from ∼2% of the population in 1984 to nearly 40% in 1987, at the expense of both
parent species (Maceina et al . 1988).

Asymmetrical hybridization can lead to the ultimate elimination of a species. Following the introduction of M. salmoides
and M. dolomieu into the native range of M. treculi, extensive hybridization has led to a decline in the native species
(Whitmore 1983; Morizot et al . 1991). A genetic survey of reservoir populations in the southeast found that the introduced
M. dolomieu and hybrids were swamping out the native M. punctulatus (only 2 out of 276 fish in one lake had pure
punctulatus genotypes) (Pierce and Van den Avyle 1997). A similar swamping has occurred after the introduction of
M. punctulatus into a reservoir with native M. dolomieu. After only 15 years, pure M. dolomieu fish comprised only 1%
of the population, the remainder being hybrids or the introduced species (Avise et al . 1997). Even when hybrids are
completely sterile or inviable (preventing introgression), hybridization can threaten a species with extinction (Konkle and
Philipp 1992; Konishi and Takata 2004). This is because individuals may expend much of their reproductive energy on
mating with another species (yielding inviable progeny), rather than with their own species. The resulting loss of fecundity
can lead to extinction.

Given the incomplete premating and postmating isolation in centrarchids, there is good reason to be concerned about
introgression and/or extinction due to hybridization. This is particularly alarming given the high rate of stocking and
anthropogenic introductions in centrarchids. Introductions should be avoided where possible, minimizing both stocking
and escapees from aquaculture facilities. Where introductions are deemed necessary, care should be taken to assess
hybridization potential and, if possible, use species least likely to hybridize with native fishes. Currently, there is no
effective remedy for ill-conceived fish introductions and hybridization once they are established. One caveat should be
added to this warning: there is emerging evidence that hybridization can result in the origin of new species, rather than
in the elimination of old ones (Rieseberg et al . 1995; Coyne and Orr 2004). When hybrids are viable but reproductively
isolated from either parent, they may produce a third genetically independent lineage. Eliminating all hybridization (which
can be a natural process) may thus get in the way of further accumulation of biodiversity (Allendorf et al . 2001). However,
as there is currently no evidence for hybrid speciation in centrarchids, it is not clear that this caveat applies to this group
of fishes.

2.6 Future directions

Throughout this chapter we have indicated areas where further research would be particularly valuable. Despite the
long history of research on centrarchid hybrids, much of the early work was largely anecdotal. Consequently there are
many topics that have been addressed in a preliminary manner, but need more rigorous documentation. Perhaps the best
example is the list of factors that promote natural hybridization (Hubbs 1955), including turbidity, disturbed habitats,
and unequal ratios of parental species. As these factors may indeed make interspecific spawning more likely, there is
no statistically robust evidence for such effects. Consequently, there is great mileage to be gained from just conducting
more systematic surveys of the incidence of natural hybrids, viability of artificial hybrids, and levels of postzygotic
isolation. A more systematic survey would require broader sampling of habitats or species pairs with sufficient replication
to test particular hypotheses, and should take advantage of the recent advances in centrarchid phylogenetics that provide
a comparative framework for statistical analysis. The resulting data could be used to more rigorously test hypotheses
about environmental factors that facilitate hybridization, the rate at which premating and postmating isolation evolves, or
other large-scale questions giving insight into the mechanisms of speciation. Rather than attempt a thorough catalogue
of promising avenues for future research, we will highlight three subjects that appear particularly interesting and have
received little attention.

First, there is a growing recognition that ecological divergence can facilitate speciation (Schluter and Nagel 1995;
Hatfield and Schluter 1999; Boughman 2001; Nosil et al . 2002; Rundle 2002). Adaptation to distinct habitats or niches
can result in divergence of both ecological and mating phenotypes. Ecological differences may mean that hybrids are poorly
adapted to either parental niche (Hatfield and Schluter 1999). Mating traits can also change between habitats: adaptation to
different depths or water qualities may cause divergence in color signaling used to select mates, in which case ecologically
divergent individuals may experience prezygotic isolation (Boughman 2001). In centrarchids, there is almost no data on
ecology’s role in premating or postmating isolation, or the effects of niche divergence on mating behavior or coloration.
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Second, centrarchids are a promising system for studies of reinforcement. Reinforcement occurs when previously
allopatric species are brought into contact and begin to hybridize (Coyne and Orr 2004). If the hybrids have reduced
fitness, the parental species will waste energy and effort by hybridizing as their efforts will not yield viable and fer-
tile progeny. Any individual who discriminates against the other species will avoid this waste. Consequently, there is
indirect selection for stronger mating discrimination (Kirkpatrick 2001), “reinforcing” the reproductive isolation between
species. The reinforcement model therefore predicts that premating isolation is stronger between sympatric species
than between allopatric species. Many centrarchid species have partial geographic overlap with other species, making
it possible to measure premating isolation for both sympatric populations and allopatric populations for a given pair
of species. For example, it is interesting to note that the greatest hybridization among Pomoxis species occurs close
to where both species are allopatric (Weiss Lake) and hence may have evolutionary history selecting for the ability
to avoid hybridization (Dunham et al . 1994; Travnichek et al . 1996). Such comparisons could be made for multiple
species pairs spanning a range of degrees of postmating isolation. An even more promising approach would be to
document the evolution of premating isolation following anthropogenic range expansion. Humans have introduced many
species beyond their native ranges, creating new areas of sympatry between species that have never interacted before.
Reinforcement theory predicts that these recently sympatric populations should be in the process of evolving stronger
isolation.

Finally, centrarchids are a potentially valuable system for genetic analyses of the ecological, behavioral, morphological,
physiological, or biomechanical differences between species. The ability to make extensive interspecific crosses is a
valuable tool for understanding the genetics of species differences. The ecologically and behaviorally diverse species of
Lepomis are particularly promising, given their diversity and high levels of hybrid viability. However, genetic analyses of
species differences require a number of genetic tools that are currently unavailable. High-density linkage maps of genetic
markers must be developed before QTL analyses are possible. Gene microarrays offer a promising avenue into the study
of gene expression differences among species (and in hybrids), but they must first be evaluated for their robustness to the
extensive sequence divergence among centrarchid species. Given such tools, centrarchid hybrids may make fundamental
contributions to our understanding of the genetic basis of reproductive isolation and phenotypic divergence.

2.7 Conclusions and summary

There is no question that natural hybridization can cause serious headaches for taxonomists and naturalists interested in
species identification. But these headaches arise from imposing arbitrary boundaries on the gradual and continuous process
of speciation. At any one point in time we should expect to catch some pairs of populations that are neither fully compatible
nor fully isolated. This is indeed the case in the family Centrarchidae, in which various species pairs span the range from
slight to complete behavioral isolation, and whose hybrids range from fully viable and fertile, to completely sterile or even
inviable. This variation in reproductive isolation provides valuable opportunities to study the progress of speciation and the
genetic basis of species differences. For instance, studies of centrarchid hybridization has shown that postzygotic isolation
accrues very gradually in taxa without distinct sex chromosomes, suggesting that sex determination mechanisms may
influence speciation rates. Isolation also appears to accrue through the gradual accumulation of many inviabilities of small
effect, some of which may involve not the traditional gene–gene interactions described by Dobzhansky and Müller, but
by failed interactions between cytoplasmic transcription factors and nuclear genes. The incomplete hybrid inviability, so
useful for research (and aquaculture) has its costs as well: anthropogenic introductions threaten the genetic distinctiveness
and even the existence of a number of centrarchid species. Apart from being viewed as a tool kit for academic research,
economic resource, or conservation concern, hybrid centrarchids have been a rich source of biological insight, and offer
promising avenues for future research.
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