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The First Stage of Speciation
as Seen in Organisms Separated
by the Isthmus of Panama

H. A. Lessios

The study of speciation, like the study of many other
dynamic historical processes, consists of assessing the
status of fixed stages and placing them in a chronologi-
cal series, so that a trajectory can be reconstructed. Mayr
(1954a) has pointed out that in this respect the method-
ology of evolutionary biology is not unlike that of cytol-
ogy or any other process-oriented branch of science. In
this idealized view, populations at various stages of spe-
ciation are analogous to results of natural experiments
allowed to run for different lengths of time. In practice,
however, the study of speciation is more similar to an
experiment in which most traces of materials and meth-
ods have been lost and need to be reconstructed from the
results themselves. Thus, the nature, efficacy, and tim-
ing of an extrinsic barrier thought to have resulted in
geographic speciation are rarely self-evident and must be
deduced from present-day distributions and patterns of
divergence. Such reconstructions by necessity have to rest
on many assumptions. It is therefore not surprising that
critics of Mayr’s insistence on the primacy of geographic
isolation (e.g., Bush 1975, 1994; Bush and Howard 1986;
White 1978; Tauber and Tauber 1989; King 1993) often
complain that many speciation studies shoehorn their
interpretation of the mode of speciation into a precon-
ceived geographic model.

One setting in which the barrier that split populations
can be identified with confidence consists of the tropi-
cal marine species on the two sides of Central America.
Geological (Woodring 1966; Emiliani et al. 1972; Saito
1976; Keigwin 1978, 1982; Jones and Hasson 1985;
Keller et al. 1989; Duque-Caro 1990; Coates et al. 1992;
Coates and Obando 1996) as well as biogeographic (Jor-
dan 1908; Ekman 1953; Briggs 1974; Vermeij 1978)
evidence makes it clear that the tropical Atlantic and
Pacific oceans were connected until the Pliocene. As the
Central American land barrier emerged, it removed any
potential for gene exchange between populations of tropi-
cal marine organisms on either side and allowed for the
independent evolution in allopatry considered necessary

for geographic speciation. Successive sedimentological
(Duque-Caro 1990; Coates et al. 1992) and paleontologi-
cal studies of both marine (Woodring 1966; Saito 1976;
Keigwin 1978, 1982; Jones and Hasson 1985; Coates
et al. 1992) and terrestrial (Marshall et al. 1979, 1982;
Marshall 1985) organisms have narrowed the estimates
of the timing of the final isthmus completion to 3.0-3.5
million years (but see Crouch and Poag [1979] and Keller
et al. [1989] for estimates of more recent closure). Thus,
this particular natural experiment is one in which mate-
rials and methods have not been completely lost, or rather
one in which they can be reconstructed from independent
evidence. It should therefore have a great deal to tell us
about the allopatric stage of geographic speciation. The
isolates on the two sides of the isthmus, known as “gemi-
nates”—a term coined by Jordan (1908) and equally use-
ful whether or not Atlantic and Pacific populations are
recognized as separate species—should be helpful in
shedding light on the factors that affect rates of diver-
gence and the emergence of reproductive isolation, in-
formation that is difficult to gather in other marine or
terrestrial organisms.

In this chapter I first give a general overview of the
advantages of studying speciation on the two sides of the
Isthmus of Panama, a brief historical account of the stud-
ies that have used the isthmus as a backdrop for such stud-
ies, and a list of the possible pitfalls that can cause mis-
interpretation of the results. I then discuss the existing
data on divergence and reproductive isolation between
marine populations from the Caribbean and the eastern
Pacific and their relevance to understanding allopatric
speciation.

Why Study Speciation on the Two Coasts
of Central America?

As pointed out above, the very fact that an identified and
fairly well-dated barrier to gene flow exists to the present
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day is sufficient motive for conducting studies of geo-
graphic speciation on the two coasts of tropical America.
As Vermeij (1993) has put i, “tropical America will con-
tinue to be perhaps the finest laboratory in which to
answer the big questions about what controls biological
diversity” (p. 1604). However, there are additional rea-
sons that bring this particular setting closer to the ideal
for providing information on the first stage of geographic
speciation.

(1) The time scale is right. The elapsed time since the
final completion of the isthmus is not only well defined
geologically but also sufficient for the accumulation of
measurable interpopulational differentiation. Yet the
vicariant event is not so ancient as to lead to the emer-
gence of higher taxa and major uncertainties about the
relationships of the species in question.

(2) There is no question about the efficacy of the bar-
rier. Unlike most obstacles to migration that restrict, but
do not completely sever, gene flow, the presence of a strip
of land, interrupted only by the recently completed (1914)
freshwater Panama Canal, ensures that nearly all contem-
porary populations do not exchange propagules.

(3) Populations of organisms belonging to many phyla
were separated by the same barrier. The presumably
simultaneous separation of populations from many taxa,
with different life histories, population densities, genera-
tion times, fertilization systems, and dispersal abilities,
provides ample opportunities for comparisons that could
help tease apart the contribution of each of these factors
to the probability of differentiation and speciation.

(4) There are well-defined differences in the environ-
ments on the two sides of the isthmus. Neotropical Atlan-
tic and Pacific environments differ both in physical
(Glynn 1972) and biotic (Glynn 1982) parameters. Most
of these dissimilarities owe their existence to the pres-
ence of the isthmus itself, and have thus been in place
for the last 3 million years (Cronin 1985; Jackson et al.
1993; Cronin and Dowsett 1996). Thus, comparisons
between sister species can provide information on how
adaptation to specific environmental differences can
affect genetic divergence and speciation.

A Brief History of Studies Conducted with
Geminate Species

For more than a century, evolutionary biologists have
recognized the advantages of the isthmus for evolution-
ary studies and have employed the geminate species of
Panama as examples of vicariant separation and geo-
graphic speciation (table 14.1). Giinther (1868) was the
first to note the faunal similarities of fishes on the two
sides of the Isthmus of Panama. Based on this evidence,
he proposed a prior connection between the Caribbean
and the eastern Pacific. Following this study, the initial
work in each taxonomic group consisted of recognizing
and enumerating sister species in the two oceans (Jordan
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1885; Meek and Hildebrand 1923-1928; Mortensen
1928-1950; de Laubenfels 1936; Hedgpeth 1948; Bayer
et al. 1970; Chesher 1972; Vermeij 1978; Thomson et al.
1979; Voight 1988). Then came generalizations regard-
ing factors responsible for divergence and speciation
through the examination of distributions of geminate
species among taxonomic lines (Rosenblatt 1963, 1967)
or ecological habitats (Ekman 1953; Rosenblatt 1963;
Vermeij 1978). Quantitative estimates of morphological
divergence started early (Rubinoff 1963) but—consider-
ing the ease with which they can be conducted—are still
limited in number (Lessios 1981a; Weinberg and Starczak
1988, 1989; Lessios and Weinberg 1994). Estimates of
genetic divergence through protein (Gorman et al. 1976;
Gorman and Kim 1977; Lessios 1979a,b, 1981a; Vawter
et al. 1980; West 1980; Laguna 1987; Bermingham and
Lessios 1993; Knowlton et al. 1993; Lessios and Wein-
berg 1994) or mitochondrial DNA (mtDNA) comparisons
(Collins 1989; Bermingham and Lessios 1993; Knowlton
et al. 1993) appeared as these techniques became avail-
able. With the exception of the pioneering work of
Rubinoff and Rubinoff (1971), studies of the emergence
of reproductive isolation between the geminates (Les-
sios 1984; Lessios and Cunningham 1990; Knowlton
et al. 1993; Lessios and Weinberg 1993) were late in
coming—despite their importance for understanding spe-
ciation—probably because they required the permanent
establishment of evolutionary biologists in the tropics.
Studies of adaptation of each member of a geminate pair
to its respective environment (Graham 1971; Lessios
1979a, 1981b; Graves et al. 1983; Lessios 1990), though
not intended to address questions of speciation per se,
provided information on some of the factors responsible
for divergence in particular traits. The possibility of a
saltwater sea-level canal, taken seriously in the late 1960s
and early 1970s, was the catalyst of many speculative
articles regarding the biological effects of renewed fau-
nal exchange between the oceans (Menzies 1968; Briggs
1969; Topp 1969; Rubinoff 1968, 1970; Glynn 1982),
but of little original research. Though not directly ad-
dressing speciation issues, several works (e.g., Bowen
et al. 1991; Martin et al. 1992; Cunningham and Collins
1994; Lessios et al. 1995; Shulman and Bermingham
1995; Collins 1996) have taken advantage of the well-
defined times of splitting between geminate species to
calibrate rates of molecular divergence.

Potential Problems

Although the geminate species hold many advantages as
model organisms for the study of the first stage of spe-
ciation, the interpretation of observed patterns still en-
counters problems. As with any other reconstruction of
evolutionary processes, one has to consider various pos-
sible pathways through which the present-day patterns
of distribution and divergence have come to be. The in-
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Table 14.1. Studies of genetic divergence and speciation using the setting of the Central American isthmus.

Reference Emphasis of Study Study Organisms
Giinther (1868) Biogeography Fishes

Jordan (1908) Mode of speciation Fishes

Mayr (1954a) Mode of speciation Sea urchins
Rosenblatt (1963) Rates of divergence Fishes

Rubinoff (1963) Morphological divergence Fishes

Rubinoff and Rubinoff (1971) Reproductive isolation Fishes

Gorman et al. (1976) Molecular (protein) divergence Fishes

Gorman and Kim (1977) Molecular (protein) divergence Fishes

Vermeij (1978) Morphological adaptation Gastropods

Lessios (1979a)

Lessios (1979b)

Vawter et al. (1980)

West (1980)

Lessios (1981a)

Lessios (1984)

Cronin (1985)

Collins (1989)

Weinberg and Starczak (1989)
Lessios and Cunningham (1990)
Bermingham and Lessios (1993)
Knowlton et al. (1993)

Molecular, morphological, and ecological divergence
Molecular (protein) divergence

Molecular (protein) divergence

Molecular (protein) divergence

Molecular (protein) and morphological divergence
Temporal reproductive isolation

Rates of speciation

Molecular (mtDNA) divergence

Morphological divergence

Gametic reproductive isolation

Molecular (protein, mtDNA) divergence

Molecular (protein, mtDNA) and behavioral divergence

Sea urchins
Sea urchins
Fishes
Crabs

Sea urchins
Sea urchins
Ostracodes
Gastropods
Isopods
Sea urchins
Sea urchins
Alpheid shrimp

Lessios and Weinberg (1993)
Lessios and Weinberg (1994)

Reproductive isolation
Genetic (protein) and morphological divergence

Isopods
Isopods

formation we have is pairs of species, apparently closely
related, with each member of the pair on one side of the
isthmus. The most parsimonious explanation is that they
were created by the splitting of an ancestral range by the
isthmus (I will call this the “true geminate” model), but
other possibilities exist. There is no doubt that the final
closure of the Isthmus of Panama separated many spe-
cies at roughly the same time, but any given pair of
alleged geminate species may not represent a “typical”
case. The potential problems of incorrectly assuming
that present-day patterns have resulted from the true
geminate model are obvious and have already been con-
sidered on an ad hoc basis in the literature (e.g., Gorman
et al. 1976; Lessios 1979b, 1981a; Vawter et al. 1980;
Selander 1982; Weinberg and Starczak 1989; Lessios and
Cunningham 1990; Knowlton et al. 1993; Lessios and
Weinberg 1994; Collins 1996). However, it may be ad-
vantageous to mention them all in one place and to ex-
amine the degree to which they can affect conclusions.

The first problem is one of identifying which of many
potential candidates in each ocean are geminate species.
This requires evidence supporting not just their status as
sister species, but also their splitting through the erection
of the Central American isthmus. Traditionally both the
phylogenetic relationships and the assumption about the
timing of the split have rested on morphology (e.g., Meek
and Hildebrand 1923-1928; Mortensen 1928-1950;
Hedgpeth 1948; Rubinoff 1963; Chesher 1972; Vermeij
1978; Thomson et al. 1979). However, lacking a “‘mor-

phological clock,” we have no means of estimating the
amount of morphological change expected to occur in
3 million years. Thus, lists of geminate pairs prepared by
various authors (e.g. Jordan 1908; Mayr 1954a; Bayer
et al. 1970; Chesher 1972; Thomson et al. 1979) do not
always include the same species. In groups such as sea
urchins, in which most of the genera have only one spe-
cies on each side of the isthmus (Chesher 1972), the
potential for confusion of true sister species relationships
(figure 14.1A) is minimized. The danger of inclusion of
a species into the wrong pair increases as the gaps be-
tween lincages leading to the supposed geminates become
smaller. Thus, in genera such as the fish Abudefduf o
Kyphosus, with at least two species on each coast, and in
the much more speciose ones such as the shrimp genus
Alpheus, with a minimum of 23 species in the eastern
Pacific (Kim and Abele 1988) and 22 in the Caribbean
(Chace 1972), or the gastropod genus Conus, with 22
proposed geminate pairs (Vermeij 1978), the probabil-
ity of error in presumed sister pair affiliation is consid-
erably higher.

The second possible source of error involves the as-
sumption of simultaneous splitting in all pairs. Species
on either side of the isthmus may have been separated by
the same barrier, but the final interruption of gene flow
may not have occurred at the same time (figure 14.1B).
As Ekman (1953) concluded on biogeographic consid-
erations alone, deep water species were probably split
much earlier than shallow water ones. The shoaling of
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Construed

P, A, P,

Figure 14.1. Possible mistakes in interpretation arising from making wrong assumptions regarding phylogeny and
times of splitting of organisms that appear, on the basis of present-day distribution and divergence, to be geminate
species. Cladograms on the left depict real phylogenies; cladograms on the right, phylogenies as they may be mis-
construed. Letters with the same subscript indicate true members of geminate pairs. Vertical bar indicates the Cen-
tral American isthmus. A, species in the Atlantic; P, species in the Pacific.

the isthmus is thought to have proceeded for a period
longer than the length of time between the final closure
and the present (for reviews, see Jones and Hasson 1985;
Coates and Obando 1996). In the Late Miocene (6-7 mya)
the channels connecting the Caribbean to the Pacific were
150 meters deep. The restrictions to circulation presum-

ably increased with time, finally becoming complete in
the late Pliocene, approximately 3 mya (Holcombe and
Moore 1977; Coates and Obando 1996). Thus, the pos-
sibility of different times of final interruption of gene
flow, because of differences in mode of dispersal, habi-
tat preferences, physiological tolerances, and vagility of
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adults and larvae, is one that needs to be considered, even
for shallow water species.

Erroneous times of separation may also arise from re-
placement of a species in one of the two oceans by another
species invading the region from somewhere else. This is
amore likely possibility for the eastern Pacific, where many
species of clear Indo-Pacific origin are found (Rosenblatt
et al. 1972; Glynn and Wellington 1983; Vermeij 1991;
Lessios et al. 1996). Indeed, extinctions and incomplete
sampling of species can cause many errors in presumed
phylogenies. The most extreme case would occur if mem-
bers of two different geminate pairs in opposite oceans
became extinct (or were not sampled), and if the clades
leading to each pair were not so dissimilar as to preclude
assumptions of geminate relationships between the remain-
ing species (figure 14.1C). Then both present-day distri-
butions and divergence would lead one to think that spe-
cies that had speciated before the rise of the isthmus for
other reasons and coexisted in the same ocean during part
of their history are members of a geminate pair.

The final alternative to the true geminate model is that
there was gene flow between members of the geminate
species after the completion (or near-completion) of the
Central American Isthmus (figure 14.1D). There are vari-
ous ways this could have happened. For example, it is
possible that with sea level fluctuations occurring over
the last 3 million years (Golik 1968; Haq et al. 1987),
the lowest parts of the isthmus were breached by salt
water incursions (Coates and Obando 1996; Cronin and
Dowsett 1996). Even though such breaches must have
been limited in extent and duration (otherwise they would
have obliterated the biogeographic signature of the gemi-
nate species), they may have resulted in reticulate evolu-
tion in some species pairs. Limited foraminiferan evidence
suggests that “incipient littoral-neritic leakage™ may have
occurred across the Panama Isthmus as recently as 1.8 mya
(Crouch and Poag 1979; Keller et al. 1989). More recent
introductions of lineages of euryhaline species into the
wrong ocean may have occurred through the fresh waters
of the Panama Canal (Hildebrand 1939; Rubinoff and
Rubinoff 1969; McCosker and Dawson 1975). Ballast
water taken by ships transiting the canal may transport
planktonic organisms and larvae (Chesher 1968; Carlton
and Geller 1993). A similar possibility of anthropogenic
conveyance exists for fouling organisms attached to ship
hulls (Spivey 1976). Finally, cosmopolitan species may
maintain gene flow between the two coasts of America
via circumglobal dispersal.

Do these potential confounding factors negate the
advantages of geminate species as objects of speciation
studies? 1 think not. Although it is dangerous to assume,
without any corroborating evidence, that any two species
on either side of the isthmus are ipso facto geminates
separated for 3 million years, there are solutions to most
of these problems, The greatest advantage of the histori-
cal setting of the Isthmus of Panama for evolutionary
studies is that it separated marine organisms of a vast
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array of taxa. Many of the possible errors in inference can
be avoided through the judicious choice of organisms
with characteristics tailored to the question of a particu-
lar study. Thus, it would be foolhardy to use holoplank-
tonic or fouling organisms to calibrate rates of genetic
divergence under the assumption that they have not ex-
changed genes for 3 million years. However, it is easy to
find species for which the assumption of lack of passage
through the Panama Canal is likely to hold true. There
are many marine invertebrates with larvae unlikely to
survive a trip through pump impellers and the effects of
antifouling paint in sufficient numbers to have a measur-
able probability of reaching sexual maturity and thus of
transporting genes from one ocean to the other (Rubinoff
1970). Similarly, choice of species with similar modes
of dispersal can increase the possibility of simultaneous
times of splitting, when this assumption is crucial (Lessios
1979b). What is more, most of the erroneous reconstruc-
tions of phylogenetic topology depicted in figure 14.1 can
be avoided by adequate sampling of species and charac-
ters. The misidentification of geminate pairs depicted in
figure 14.1A will disappear through simple pairwise com-
parisons of divergence when any phylogenetically infor-
mative character is measured, as long as all closely re-
lated species on each side of the isthmus are sampled.
Differences in separation times (figure 14.1A-14.1D) can
also be detected through the use of multiple character sets
to estimate divergence (e.g., Lessios 1981a; Bermingham
and Lessios 1993; Knowlton et al. 1993). It is likely that
species pairs that were split earlier than the rest will show
more differentiation between their members in several
unrelated sets of characters even if these characters do
not evolve in a clocklike manner. Such pairs can be ex-
cluded from comparisons requiring the assumption of
simultaneous separation. Conversely, each additional
character set showing equivalent degrees of divergence
between members of several pairs increases confidence
that they conform to the true geminate model. For ex-
ample, general agreement in mtDNA, protein, and behav-
ioral compatibility divergence values in alpheid shrimp
on the two sides of the Panama isthmus (Knowlton et al.
1993) has produced compelling evidence that three pre-
sumed species pairs were split at various times (and pos-
sibly due to different causes) before the closure of the
isthmus, but it has also produced evidence that four addi-
tional species pairs, which cluster around a central value
for each measure of intrapair divergence, were split at
roughly the same time (Cunningham and Collins 1994).
Future studies of geminate alpheid shrimp that need to
compare evolution between species split simultaneously
will have the benefit of knowing which species to use and
which to avoid. Problems will undoubtedly remain. For
example, when various lines of evidence suggest differ-
ent times of splitting between species on either side of
Central America (e.g., Knowlton et al. 1993), it is still
not possible to distinguish whether this is due to the
gradual shoaling of the Isthmus (figure 14.1B), or
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whether it might be due to incorrect assumptions regard-
ing sister species relationships (i.e., figure 14.1A,0). Only
extensive fossil evidence (such as that presented in Jack-
son et al. [1993] for strombinid gastropods) can help with
the complications arising from extinctions. However, the
important point is that the geminate species provide the
means with which to verify the assumptions on which
conclusions will rest.

What Questions about Speciation Have
the Geminate Species Helped Answer?

The first (and possibly most important) conceptual ad-
vance to which geminate species contributed was support
for geographic speciation. Using the sister species of
Panama along with other examples, D. S. Jordan (1908)
proposed the “law of geminate species™:

Given any species in any region, the nearest related
species is not to be found in the same region nor in a
remote region, but in a neighboring district separated
from the first by a barrier of some sort or at least by a
belt of country, the breadth of which gives the effect
of a barrier. (p. 73)

In today’s intellectual climate in which the debate has
shifted toward the question of whether sympatric spe-
ciation is even possible (Bush 1975; Bush and Howard
1986), Jordan’s (1905, 1908) advocacy of Wagner’s
(1868) hypothesis of geographic speciation may not seem
a great insight, but coming at a time in which DeVries’s
(1901) ideas about saltational emergence of new species
through macromutations reigned supreme among experi-
mental biologists, this was an important step in the his-
tory of speciation research (Mayr 1963, p. 487).

Of course, if support for the geographic speciation
model was all that geminate species had to offer to spe-
ciation research, there would be little need to write about
them today, except as a note in the history of science.
However, there are few questions in speciation that have
been closed, and thus many hypotheses for which the
geminate species can provide pertinent evidence. The rest
of this paper is devoted to exploring the relevance of data
from geminate species to the two major components of
speciation: the accumulation of overall genomic diver-
gence and the emergence and perfection of reproductive
isolation. How the two are related to each other and what
factors affect the evolution of each are questions central
to the study of speciation.

Divergence and Reproductive Isolation in
Geminate Species

Because both the magnitude of genetic divergence and
the probability of emergence of reproductive isolation
between allopatric populations are related to the time two
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isolates have remained separate, they are often correlated
with each other (Coyne and Orr 1989, 1997). For this rea-
son it is difficult to determine whether divergence has
caused reproductive isolation, as most models of geo-
graphic isolation tacitly assume (Wright 1940, 1982a,b;
Muller 1942; Mayr 1954b, 1963, 1982; Carson 1968, 1975,
1982, 1985; Templeton 1980, 1982; Carson and Templeton
1984; Barton and Charlesworth 1984) or whether repro-
ductive isolation can appear independently of major ge-
netic restructuring, as a minority has postulated (Lewontin
1974; Bush 1975; Nei et al. 1983; Wu 1985). The gemi-
nate species pairs that were split simultaneously can pro-
vide information on this relation between reproductive
isolation and genetic distance by eliminating the confound-
ing effect of time from the comparisons. Because sister
species are allopatric but some of them are in the same
ocean as other congeners, they can also help evaluate the
importance of reinforcement (Dobzhansky 1940, 1970;
Butlin 1989) in perfecting prezygotic reproductive isola-
tion. Finally, because the species pairs that have been com-
pared across the Isthmus of Panama differ in dispersal
ability, and because informed guesses can be made about
the past ranges of some of them, they can help evaluate
the importance of vagility and of restrictions in effective
population size in determining whether geographically
separated populations will speciate.

Table 14.2 presents data on divergence between mem-
bers of geminate pairs of sea urchins, fish, shrimp, and
isopods in which reproductive isolation has been assessed
or can be reasonably inferred. Three species pairs of shrimp
from the Knowlton et al. (1993) comparisons have been
omitted, because both isozymes and mtDNA indicate that
they may have been split earlier than the rest. To avoid
circularity, it is necessary to use at least one character set
as an external clock that would indicate whether the as-
sumption of simultaneous splitting holds. Mitochondrial
DNA appears to fit this requirement for the three spe-
cies of sea urchins studied by Bermingham and Lessios
(1993), and for four species of shrimp studied by
Knowlton et al. (1993) (though not for all presumed
geminate species; see Lessios et al. [1995] for a much
smaller value of mtDNA percentage dissimilarity in a
species pair of the fish genus Abudefduf). The uniformity
of mtDNA divergence values even holds fairly well
across phyla and assaying techniques. Though the esti-
mates of percentage dissimilarity in this molecule come
from restriction fragment length polymorphisms (RFLPs)
in sea urchins and from sequencing of 681 base pairs in
the Cytochrome Oxidase 1 (COI) region in shrimp, their
range is rather narrow (5.3-8.5% dissimilarity), thus sug-
gesting that it is reasonable to assume that the timing of
bifurcation in all of these independent lineages is (on a
geologic time scale) comparable. Preliminary data from
approximately 620 base pairs in the COI region in sea
urchins (Gonzalez and Lessios, unpublished) suggest that
Diadema (4.7% sequence dissimilarity between D. antil-
larum and D. mexicanum) may have diverged more re-



lablf; 143. Morphological, isozyme, and mtDNA divergence between geminate species of Panama in which reproductive isolation was assessed or can
e inferred.

Ocean Morphology Isozymes mtDNA Reproductive Isolation

. N Within Between  Within Between Within  Between
Atlantic Pacific Species  Species  Species  Species Species  Species Prezygotic ~ Postzygotic

Sea urchins

Diadema antillarum D. mexicanum 8.041! 7.827! 0.013*  0.051° 0.0044* 0.0534 Temporal, —
. bidirectional
Echinometra lucunter E. vanbrunti 5.325! 6.412! 0.023%  0.341° 0.003*  0.061* Gametic, —
' o unidirectional
Echinometra vtrz.dfs. E. vanbrunti 4.788! 12.913'  0.015'  0.524° 0.006*  0.0814 None known —
E. lucunter—E. viridis 4.803! 11.746!  0.021>  0.2013 0.0044  0.065* Gametic, Complete
Fish unidirectional
Bathygobius soporator B. ramosus — 6.5152 — 0.420° — — Behavioral, —
) ) incomplete
Bathygobius soporator B. andrei — 8.4022 —_ 0.146° — — Behavioral, —
. incomplete
B.andrei—B. ramosus — 7.9802 — 0.4183 — — Behavioral, Complete
Shri complete
imp
Alpheus paracrinitus sp. b A. rostratus — — — 0.028* — 0.077° Behavioral, —
incomplete
Alpheus paracrinitus sp.a  A. paracrinitus — — — 0.114% — 0.066° Behav?oral, —
incomplete
Alpheus formosus sp. a A. panamensis — — — 0.1093 — 0.077° Behavioral, —
incomplete
Alpheus cylindricus A. cylindricus — — — 0.121° — 0.085% Behavioral, —
incomplete
Isopods
Excirolana braziliensis E. braziliensis 0.778! 2.263! 0.059°  0.215° — — ? Complete?
morph C morph C'
Excirolana braziliensis E. braziliensis 0.649! 7.035! 0.122*  0.763° — — ? Complete?
morph C morph P
E. braziliensis 0.650! 8.134! 0.125*  0.665° — — ? Almost

morph C'—morph P complete

Where more than one value of divergence is available because of multiple intraspecific sampling, the mean is shown. Where there is ambiguity of geminate
relationship, rows in boldface indicate most likely geminate pair. The column labeled “postzygotic” includes information on whether genetic data indicate
the absence of introgression, even though it is not known whether this is due to truly postzygotic isolation or an unstudied mechanism of prezygotic isola-
tion. Data from Rubinoff and Rubinoff (1971), Gorman et al. (1976), Lessios (1981a, 1984), Lessios and Cunningham (1990), Bermingham and Lessios
(1993), Knowlton et al. (1993), Lessios and Weinberg (1994), Bermingham and Lessios (unpublished).

'Mahalanobis’s (1936) VD?

2Coefficient of difference (Mayr et al. 1953).
INei’s (1987) D.

4Nei and Miller’s (1990) D,,.

SKimura’s (1980) corrected percentage sequence divergence.
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cently than Echinometra (9.8% dissimilarity between
E. lucunter and E. vanbrunti), but if true, this would only
serve to strengthen the inferences from geminate compari-
sons regarding the role of genetic divergence in the emer-
gence of reproductive isolation (see below). Because no
mtDNA data exist for the isopod Excirolana braziliensis,
the question of whether the Caribbean morph C and the
eastern Pacific morph C', which are actually different spe-
cies (see Lessios and Weinberg 1993, 1994), split at the
same time as the sea urchin and shrimp geminates must be
regarded as open. However, the extensive sampling of
Excirolana on both coasts of Central America by Weinberg
and Starczak (1988, 1989), Lessios et al. (1994), and
Lessios and Weinberg (1993, 1994) suggests that the only
other extant possible geminate is a morph called P’ on the
Atlantic coast of Brazil, which is likely to be a sister spe-
cies of the Pacific P morph (Weinberg and Starczak 1989).
Thus, the possibility that an unsampled species might re-
sult in confusion between members of different geminate
pairs in Excirolana is remote. Weinberg and Starczak
(1988) and Lessios and Weinberg (1994) considered the
possibility that the C—C' pair may be the result of a recent
introduction through the Panama Canal, but rejected it in
part due to the distributions of the two forms.

Information on reproductive isolation and genetic
divergence from additional species, congeneric and sym-
patric with one of the geminates, is also included in table
14.2 when available. For sympatric species, genetic data
can indicate whether or not they exchange genes. Thus,
two allozyme loci fixed for different alleles (Bermingham
and Lessios, unpublished) indicate that the sympatric sea
urchin species Echinometra lucunter and E. viridis are
not hybridizing in nature, even though they show only
unidirectional gametic isolation in the laboratory (Lessios
and Cunningham 1990). Lack of introgression is likely
to be the result of postzygotic isolation, because the an-
nual reproductive cycles of these species overlap (Lessios
1981b, 1985a) and because they show no lunar cycles in
their spawning (Lessios 1991). Similarly, the sympatric
species of the goby Bathygobius will not hybridize in
captivity (Rubinoff and Rubinoff 1971), and genetic data
indicate that they do not exchange genes in nature, be-
cause they show no shared alleles at five loci (Gorman
et al. 1976). Evidence for reproductive isolation in
Excirolana comes only from the genetics of natural popu-
lations (Lessios and Weinberg 1993, 1994), and can thus
not be conclusive in the case of allopatric morphs. How-
ever, reproductive isolation in this species complex, as
measured by the excess of migration over gene flow, is
present even between adjacent populations of the same
morph (Lessios and Weinberg 1993). It would therefore
be very surprising if the allopatric and divergent C and
C' morphs hybridized freely if they were to find them-
selves in the same ocean.

What can these eight species pairs tell us about fac-
tors that affect genetic divergence and reproductive isola-
tion in allopatry? The first question they can help answer
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is whether overall genetic divergence is a requirement for
the emergence of reproductive isolation. It should be re-
membered that even though speciation is the emergence
of reproductive isolation, most models of speciation only
deal with genomic divergence. This is because it is im-
plicitly assumed that reproductive isolation is the prod-
uct of small effects of many loci (Mayr 1963; Barton and
Charlesworth 1984 Paterson 1985), and can thus come
about only as the result of a general overhaul of the
genome. In part, this general belief seems to have its ori-
gins on the overreliance of evolutionary biology on evi-
dence from terrestrial vertebrates and insects. In these
groups complicated courtship rituals and the exchange of
multiple behavioral cues, the necessary prerequisites to
successful mating, are likely to have a polygenic basis.
Change in such traits usually (but not always) may re-
quire genetic substitutions in many loci (see Zouros 1991;
Coyne 1992), or else may be controlled by relatively few
loci but with major developmental effects (Lewontin
1974; Templeton 1981; Bush and Howard 1986). The
evidence from the geminate species, though still very lim-
ited, indicates that species that depend on courtship show
a correlation between divergence and premating repro-
ductive isolation, whereas species lacking courtship may
show prezygotic reproductive isolation that is indepen-
dent of divergence. In shrimp, for which behavioral inter-
actions are important, the pair consisting of Alpheus
paracrinitus sp. b and A. rostratus, which has the aber-
rantly smallest value of Nei’s D (table 14.2), is also the
pair in which laboratory experiments show the highest
compatibility between members (Knowlton et al. 1993).
However, among free-spawning sea urchins, complete
reproductive isolation through gamete release at differ-
ent lunar phases has evolved among the geminates of
Diadema, the genus in which both isozyme and morpho-
logical transisthmian differentiation is not substantially
larger than intraspecific variability (Lessios 1984). The
geminate species of Echinometra, on the other hand,
E. Iucunter and E. vanbrunti, even though they are one
order of magnitude more divergent in allozymes than the
species of Diadema (and somewhat more divergent in
morphology and mtDNA as well), show only unidirec-
tional gametic isolation. Even this partial mechanism is
absent between the allopatric E. viridis and E. vanbrunti,
the most differentiated pair in the trio. Although other,
as yet undiscovered, mechanisms of reproductive isola-
tion may exist in Echinometra (Lessios and Cunningham
1990, 1993), the evidence at hand suggests that in these
organisms with external fertilization the emergence of
reproductive isolation may be unrelated to the amount of
accumulated genetic divergence. Such decoupling is easy
to understand if gametic recognition depends on muta-
tions in only two loci, those controlling the gamete recog-
nition molecules bindin (Palumbi and Metz 1991) and
bindin receptor (Foltz et al. 1993), or if spawning time
is under simple genetic control. Lack of correlation be-
tween genetic divergence and reproductive isolation in
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organisms with simple genetic control of reproduction
does not necessarily mean that speciation will be either
frequent or rapid. Because there will be strong selection
against mutant genotypes that produce incompatible
gametes or spawn asynchronously with the rest of the
population, the rise of new species through such mecha-
nisms requires the convergence of many events of low
probability to occur (Lessios and Cunningham 1990).

A similar dichotomy between species with and with-
out courtship is suggested when one considers the role
of reinforcement of reproductive isolation through selec-
tion to avoid hybridization in sympatry. In the fish Bathy-
gobius, single-pair no-choice experiments in aquaria
suggested that mating discrimination between the two
geminates, and between each of them and the more dis-
tantly related B. ramosus, was complete. However, when
males of a second species were introduced in a tank
containing both sexes of another, some heterospecific
spawnings occurred between allopatric species, but not
between sympatric ones. This led Rubinoff and Rubinoff
(1971) to conclude that reinforcement had perfected re-
productive isolation in sympatry. This conclusion remains
robust if one considers the possible effects of time, be-
cause the outgroup species, B. ramosus, is equidistant in
both morphology and isozymes from the two members
of the geminate pair (table 14.2). These results from fish
contrast with results from sea urchins. In Echinometra,
eggs of E. lucunter are less likely to be fertilized by sperm
of the allopatric E. vanbrunti than by sperm of the sym-
patric E. viridis (Lessios and Cunningham 1990), the
opposite of what the reinforcement hypothesis would
expect. Time cannot be factored out in this comparison.
Even though the RFLP data shown in table 14.2 cannot
resolve the phylogeny of the three species of Echino-
metra, sequencing of the COI region of mtDNA (Gon-
zalez and Lessios, unpublished) indicates that the two
sympatric species split from a common stock that had
been already separated from the Pacific E. vanbrunti.
There was, therefore, less time for E. lucunter to evolve
reproductive isolation toward the sympatric E. viridis
than toward E. vanbrunti. However, if gametic isolation
depended on time alone, one would expect not just
E. lucunter but also E. viridis to show gametic incom-
patibility with E. vanbrunti, and this is not so (Lessios
and Cunningham 1990). Thus, reinforcement seems to
have been important in the evolution of prezygotic iso-
lation of fish, but not of sea urchins, suggesting that in
the latter the emergence of reproductive isolation is more
amatter of chance appearance in a lineage than of selec-
tion to avoid wasting gametes in inferior hybrids.

The Importance of Population Size in
Divergence and Reproductive Isolation

The second question about which geminate species can
provide relevant data concerns the importance of popu-
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lation size restrictions in causing rapid speciation. Most
speciation models which assume that reproductive iso-
lation results from overall genetic divergence also pos-
tulate passage through small population size as a mecha-
nism of rapid genetic change. Authors of such models
envision different ways in which population bottlenecks
will destabilize the genome, but they all believe that the
consequences will be drastic; they have accordingly
coined appropriately radical terms for these events.
Thus, there is “genetic revolution” (Mayr 1954b, 1963),
“founder-flush cycles” (Carson 1975), and “genetic
trasilience” (Templeton 1980). Although none of these
authors deny that, given enough time, separation of large
populations can also cause speciation, the assumption is
that divergence in the absence of bottlenecks will pro-
ceed at much slower rates and that large isolates have a
much higher chance of fusing if the geographic barrier
is removed (e.g., Grant 1963; Carson 1982). A necessary
consequence is the belief that most species are the prod-
ucts of peripatric speciation, that is, speciation that in-
volves small isolates at the periphery of the species range
(see Bush 1975, 1994; Mayr 1982; Lynch 1989). How-
ever, Barton and Charlesworth (1984) and Barton (1989),
even though they also believe that reproductive isolation
requires genomic divergence, have argued that restric-
tions in population size are unimportant in speciation,
because passage from one adaptive peak to another can
be achieved even in large populations.

Coyne and Orr (1989) have concluded from a review
of extensive data on electrophoretic differentiation and
reproductive isolation that speciation in Drosophila re-
quires 1.5-3.5 million years to be completed, and Coyne
and Orr (1997) have estimated that allopatric species in
this genus require 2.7 million years to speciate. If small
population size is important in the completion of repro-
ductive isolation, most speciation in Drosophila presum-
ably has involved restrictions in population size. Geo-
graphic isolation in the geminate species of Panama,
however, is more likely to conform to what has come
to be known as the dumbbell (Mayr 1982), vicariance
(Lynch 1989), or dichopatric (Bush 1994) model, that is,
one thatinvolves populations sufficiently large to exclude
inbreeding as a factor, and would thus be expected to
show few, if any, isolating mechanisms. Mayr (1967) has
speculated the bisection of the Panamic biogeographic
province must have left “two colossal gene pools” on
either side of the isthmus, and that, for this reason, “dif-
ferences are still either nonexistent or they are so slight
that one doesn’t really like to rank these as species”
(p. 49).

Mayr’s estimate of the size of gene pools was prob-
ably correct. Fractionation of large populations is sug-
gested by the present-day ranges of geminate specics. If
the completion of the isthmus separated only a periph-
eral deme of each genus in one of the oceans, is 3 mil-
lion years enough time for all such demes to have ex-
panded their populations, such that they range in the entire



196 GEOGRAPHY, ECOLOGY, AND POPULATION STRUCTURE

tropical portion of each ocean as most of them do? Even
if this is a possibility for other groups, fossil evidence
of echinoids—despite this group’s propensity to fossil-
ize poorly (Kier 1977; Gordon 1991)—suggests that the
ranges of both isolates of various genera that include
presumed geminates (Chesher 1972) have remained wide
from the Miocene to the Recent (figure 14.2).

Genetic variability in extant populations also provides
evidence for a long history of large population size. Both
isozyme heterozygosity (18.1-27.8%, Lessios 1979b)
and intraspecific mtDNA diversity (0.237-0.614%,
Bermingham and Lessios, unpublished) in Diadema and
Echinometra are high and approximately equal in all
species. Heterozygosities in shrimp (1.6~ 8.0%, Know!-
ton et al. 1993) and in Bathygobius (2.7-6.9%, Gorman
et al. 1976) are lower than in sea urchins, but still not
suggestive of bottlenecks in either ocean. Despite the
apparent lack of drastic reductions in history of popula-
tion size, the allopatric species of Diadema, Alpheus, and
Bathygobius show premating reproductive isolation, thus
giving credence to Barton and Charlesworth’s (1984)
claim that speciation does not require small demes.

0__

Another piece of evidence suggesting that the impor-
tance of population bottlenecks as a cause of divergence
may have been overemphasized comes from a catastro-
phe that befell one of the geminate species. Diadema
antillarum suffered mass mortality in 1983, which re-
duced populations throughout the western Atlantic by
more than 97% (Lessios et al. 1984a,b; Lessios 1988a,b).
This drastic reduction had no effects on the average
heterozygosity, number of alleles, or gene frequencies of
D. antillarum populations (Lessios 1985b). In 1993 the
populations in Panama were still at less than 3.5% of their
premortality levels (Lessios 1995a), but genetic variabil-
ity and gene frequencies remained unaltered despite the
prolonged reduction in population size (Lessios 1995b).

In addition to historical fluctuations in population size,
genetic divergence and the emergence of reproductive
isolation should theoretically be affected by the mode of
dispersal of the organisms in question. Though he gave
no quantitative estimates, Rosenblatt (1963) stated that
there are more recognized geminate species among fami-
lies of large fish with a long-lived planktonic larval stage
than among families of small fish that lead a sedentary

Q0° 60°
n fossils of species considered to be members of geminate
1950), Grant and Hertlein (1938), Kier (1963), Cooke (1961),
Gordon (1991), Gordon and Donovan (1992), Donovan and Gordon (1993), Donovan and Embden (1996). Genera:

|, Eucidaris; 2, Arbacia; 3, Lytechinus; 4, Tripneustes; 5, Echinometra; 6, Diadema or Astropyga. Epochs: M,
Miocene: Pc, Pliocene; Lpc, late Pliocene; Ps, Pleistocene; EPs, early Pleistocene; LPs, late Pleistocene; mC, mid-

Figure 14.2. Localities and epochs in which sea urchi
pairs have been found. Compiled from Mortensen (1928—

Cenozoic; PPc, post-Pliocene.
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existence as adults and have a short-lived larval stage. He
suggested that the pattern is due to accelerated rates of
divergence among the latter, produced by lower levels
of intraoceanic gene flow and more pronounced genetic
structuring. However, more recent genetic data from other
geminate species, with much more pronounced differ-
ences in vagility than large and small fish, have failed to
support this view. Sea urchins, shrimp, and fish have
planktonic larvae that can disperse over wide ranges. Iso-
pods, on the other hand, are brooders with no dispersal
phase other than possible rafting of adults. This seden-
tary habit of all life stages, along with infrequent extinc-
tions and colonizations of intertidal environments from
asingle source (Lessios et al. 1994), has resulted in popu-
lations of Excirolana braziliensis that are highly struc-
tured genetically. Populations of the same morph less than
1 km apart are fixed for alternate alleles (Lessios and
Weinberg 1994) and show incipient reproductive isola-
tion (Lessios and Weinberg 1993). Despite these high
levels of intraoceanic genetic divergence, however, the
allozyme transisthmian divergence between geminate
morphs of isopods is no larger than that of most sea
urchins, shrimp, or fish (table 14.2), possibly because
ancestral alleles are preserved in low frequencies in each
ocean by occasional hybridization between populations
and morphs (Lessios and Weinberg 1994). Thus, the ex-
pectation that organisms with low dispersal would tend
to have accelerated rates of divergence and higher prob-
ability of speciation is not fulfilled. Whether this is a gen-
eral result, or whether it is the consequence of the peculi-
arities of the population genetics of Excirolana, remains
to be seen.

Conclusions

The geminate species on the two sides of Central America
have had a long history of contributing evidence relevant
to speciation, though they have yet to be used to their full
potential. From eight species pairs for which there are
multiple measures of genetic divergence and assessments
of reproductive isolation, I have concluded that in organ-
isms lacking copulation and courtship, reproductive iso-
lation in allopatry may arise even in the absence of major
reorganization of the genome, and that reinforcement is
not important in perfecting reproductive isolation. It is
obvious that comparisons between eight species pairs, no
matter how well their history of splitting is known, can-
not provide definitive answers to questions that have not
been answered in 100 years of speciation research. It is
entirely possible, indeed it is likely, that the next study
using geminate species may generate evidence that would
lead to exactly the opposite conclusions from the ones
reached here. A result that may remain unaltered, on the
other hand, is that Atlantic and Pacific populations in each
pair have acquired varying degrees of reproductive iso-
lation despite the absence of bottlenecks, which suggests
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that restrictions in population size may not be of primary
importance in speciation. No matter how tuture studies
turn out, if this chapter has provided a flavor of the kinds
of questions geminate species can help answer and con-
vinced some evolutionary biologists that they are a very
underutilized tool for understanding vicariant speciation,
it will have served its purpose. As Jones and Hasson
(1985) have put it, “The evolutionary experiment begun
in the late Pliocene by the uplift of Central America has
been performed; more investigators are needed to inter-
pret the data” (p. 351).

Acknowledgments 1thank M. McCartney, W. G. Eber-
hard, B. R. Grant, D. J. Howard, B. Kessing, I. Rubinoft,
M.-J. West-Eberhard, and an anonymous reviewer for
comments on the manuscript, and D. Howard and
S. Berlocher for the invitation to participate in the “End-
less Forms” conference. The Smithsonian Tropical
Research Institute has supported 18 out of the 20 post-
1954 studies listed in table 14.1, so it is accurate to state
that this chapter would not have been written with-
out it.

References

Barton, N. H. 1989. Founder effect speciation. In D. Otte and
J. A. Endler (eds.). Speciation and Its Consequences.
Sunderland, Mass.: Sinauer, pp. 229-256.

Barton, N. H., and B. Charlesworth. 1984, Genetic revolutions,
founder effects, and speciation. Annu. Rev. Ecol. Syst.
15:133-164.

Bayer, F. M., G. L. Voss, and C. R. Robins. 1970. Bioenvi-
ronmental and Radiological Safety Feasibility Studies
Atlantic-pacific Interoceanic Canal. Miami: University
of Miami Rosenstiel School of Marine and Atmospheric
Sciences.

Bermingham, E. B., and H. A. Lessios. 1993. Rate variation of
protein and mtDNA evolution as revealed by sea urchins
separated by the Isthmus of Panama. Proc. Natl. Acad. Sci.
USA 90:2734-2738.

Bowen, B. W., A. B. Meylan, and J. C. Avise. 1991. Evolu-
tionary distinctiveness of the endangered Kemp’s Ridlcy
sea turtle. Nature 352:709-711.

Briggs, J. C. 1969. The sea-level Panama Canal: potential bio-
logical catastrophe. Bioscience 19:44-47.

Briggs, J. C. 1974. Marine Zoogeography. New York: McGraw-
Hill.

Bush, G. L. 1975. Modes of animal speciation. Annu. Rev.
Ecol. Syst. 6:339-364.

Bush, G. L. 1994. Sympatric speciation in animals: new wine
in old bottles. Trends Ecol. Evol. 9:285-288.

Bush, G. L., and D. J. Howard. 1986. Allopatric and non-
allopatric speciation: assumptions and evidence. In S. Kar-
lin and E. Nevo (eds.). Evolutionary Process and Theory.
Orlando: Academic Press, pp. 411-438.

Butlin, R. 1989. Reinforcement of premating isolation. In D.
Otte and J. A. Endler (eds.). Speciation and Its conse-
quences. Sunderland, Mass.: Sinauer, pp. 158-179.



198

Carlton, J. T, and J. B. Geller. 1993. Ecological roulette: the
global transport of nonindigenous marine organisms.,
Science 261:78-82.

Carson, H. L. 1968. The population flush and its genetic con-
sequences. In R. C. Lewontin (ed.). Population Biology
and Evolution. New York: Syracuse University Press,
pp. 123-137.

Carson, H. L. 1975, The genetics of speciation at the diploid
level. Am. Nat. 109:83-92.

Carson, H. L. 1982. Speciation as a major reorganization of
polygenic balances. In C. Barigozzi (Ed.). Mechanisms
of Speciation. New York: Liss, pp. 411-433,

Carson, H. L. 1985. Unification of speciation theory in plants
and animals. Syst. Bot. 10:380-390.

Carson, H. L., and A. R. Templeton. 1984. Genetic revolutions
in relation to speciation phenomena: the founding of new
populations. Annu. Rev. Ecol, Syst. 15:97-131.

Chace, F. A., Jr. 1972. The shrimps of the Smithsonian-Bredin
Caribbean expeditions with a summary of the West Indian
shallow-water species (Crustacea: Decapoda: Natantia).
Smithsonian Contrib. Zool. 98:1-179.

Chesher, R. H. 1968. Transport of marine plankton through the
Panama Canal. Limnol. Oceanogr. 13:387-388.

Chesher, R. H. 1972, The status of knowledge of Panamanian
echinoids, 1971, with comments on other echinoderms.
Bull. Biol. Soc. Wash. 2:139-158.

Coates, A. G., and J. A. Obando. 1996. The geologic evolu-
tion of the Central American Isthmus. In J. B. C. Jack-
son, A. F. Budd, and A. G. Coates (eds.). Evolution and
Environment in Tropical America. Chicago: University
of Chicago Press, pp. 21-56.

Coates, A. G., J. B. C. Jackson, L. S. Collins, T. M. Cronin,
H. J. Dowset, L. M. Bybell, P. Jung, and J. A. Obando.
1992. Closure of the Isthmus of Panama: the near-shore
marine record of Costa Rica and western Panama. Bull.
Geol. Soc. Am. 104:814-828.

Collins, T. M. 1989. Rates of Mitochondrial DNA Divergence
in Transisthmian Geminate Species. Ph.D. Dissertation,
Yale University.

Collins, T. M. 1996, Molecular comparisons of transisthmian
species pairs: rates and patterns of evolution. In J. B. C.
Jackson, A. F. Budd, and A. G. Coates (eds.). Evolution
and Environment in Tropical America. Chicago: Univer-
sity of Chicago Press, pp. 303-334,

Cooke, C. W. 1961. Cenozoic and Cretaceous echinoids from
Trinidad and Venezuela. Smithsonian Misc. Coll. 142:1—
35.

Coyne, J. A. 1992. Genetics and speciation. Nature 355:511—
515.

Coyne, J. A., and H. A. Orr. 1989. Patterns of speciation in
Drosophila. Evolution 43:362-381.

Coyne, J. A., and H. A. Orr. 1997. “Patterns of speciation in
Drosophila™ revisited. Evolution 51:295-303.

Cronin, T. M. 1985. Speciation and stasis in marine ostracoda:
climatic modulation of evolution. Science 227:60-63.

Cronin, T. M., and H. J. Dowsett. 1996. Biotic and oceano-
graphic response to the Pliocene closing of the Central
American Isthmus. In J.B.C. Jackson, A. F. Budd, and
A. G. Coates (eds.). Evolution and Environment in Tro-

GEOGRAPHY, ECOLOGY, AND POPULATION STRUCTURE

pical America. Chicago: University of Chicago Press,
pp. 76-104.

Crouch, R. W., and W. C. Poag. 1979. Amphistegina gibbosa
D’Orbigny from the California borderlands: the Carib-
bean connection. J. Forminif, Res. 9:85-105.

Cunningham, C. W., and T. M. Collins. 1994. Developing model
systems for molecular biogeography: vicariance and inter-
change in marine invertebrates. In B, Schierwater, B.
Streit, G. P. Wagner, and R. Desalle (eds.). Molecular
Ecology and Evolution: Approaches and Applications.
Switzerland: Birkhauser Verlag, pp. 405-433.

de Laubenfels, M. W. 1936. A comparison of the shallow-water
Sponges near the Pacific end of the Panama Canal with
those at the Caribbean end. Proc, U.S. Nat. Mus. 83:44]1—
466.

DeVries, H. 1901. Die Mutation und die Mutationsperioden bei
der Entstehung der Arten. Verh. Ges. Deut. Naturf. Artzte
73:202-212.

Dobzhansky, T. 1940, Speciation as a stage in evolutionary
divergence. Am. Nat. 74:312-321.

Dobzhansky, T. 1970. Genetics of the Evolutionary Process.
New York: Columbia University Press.

Donovan, S. K., and B. J. Embden. 1996. Early Pleistocene
echinoids of the Manchioneal formation, Jamaica. J.
Paleont. 70:485-493,

Donovan, S. K., and C. M. Gordon. 1993. Echinoid taphonomy
and the fossil record: supporting evidence from the Plio-
Pleistocene of the Caribbean. Palaios 8:304-306.

Duque-Caro, H. 1990. Neogene stratigraphy, paleoceanography
and paleobiogeography in northwest South America
and the evolution of the Panama seaway. Palaeogeog.
Palaeocl. Palaeoec. 77:203-234.

Ekman, S. 1953, Zoogeography of the Sea. London: Sidgwick
and Jackson.

Emiliani, C., S. Gartner, and B. Lidz. 1972. Neogene sedimen-
tation on the Blake Plateau and the emergence of the Cen-
tral American Isthmus. Palaeogeog. Palacocl. Palaeoec.
11:1-10.

Foltz, K. R, I. S. Partin, and W. J. Lennarz. 1993. Sea urchin
egg receptor for sperm: sequence similarity of binding
domain and HSP70. Science 259:1421-1425,

Glynn, P. W. 1972. Observations on the ecology of the Carib-
bean and Pacific coasts of Panama. Bull. Biol. Soc. Wash.
2:13-30.

Glynn, P. W. 1982, Coral communities and their modifications
relative to past and prospective Central American sea-
ways. Adv. Mar. Biol. 19:91—132.

Glynn, P. W., and G. M. Wellington. 1983. Corals and Coral
Reefs of the Galdpagos Islands. Berkeley: University of
California Press.

Golik, A. 1968. History of Holocene transgression in the Gulf
of Panama. Journal of Geology 76:497-507.

Gordon, C. M. 1991. The poor fossil record of Echinometra
(Echinodermata: Echinoidea) in the Caribbean region. J.
Geol. Soc. Jamaica 28:37-41.

Gordon, C. M., and S. K. Donovan. 1992, Disarticulated echi-
noid ossicles in paleoecology and taphonomy: the last
interglacial Falmouth Formation of Jamaica. Palaios
7:157-166.




GEOGRAPHIC SPECIATION IN PANAMA

Gorman, G. C., and Y. J. Kim. 1977. Genotypic evolution in the
face of phenotypic conservativeness: Abudefduf (Poma-
centridae) from the Atlantic and Pacific sides of Panama.
Copeia 1977:694-697.

Gorman, G. C., Y. J. Kim, and R. W. Rubinoff. 1976. Genetic
relationships of three species of Bathygobius from the
Atlantic and Pacific sides of Panama. Copeia 1976:361—
364.

Graham, J. B. 1971. Temperature tolerances of some closely
related tropical Atlantic and Pacific fish species. Science
172:861-863.

Grant, U. S., IV, and L. G. Hertlein. 1938. The west American
Cenozoic Echinoids. University of California Publica-
tions in Mathematical and Physical Sciences 2:1-225.

Grant, V. 1963. The Origin of Adaptations. New York: Colum-
bia University Press.

Graves, J. E., R. H. Rosenblatt, and G. N. Somero. 1983. Ki-
netic and electrophoretic differentiation of lactate dehy-
drogenase of teleost species-pairs from the Atlantic and
Pacific coasts of Panama. Evolution 37:30-37.

Giinther, A. 1868. An account of the fishes of the states of
Central America, based on the collections made by Capt.
J. M. Dow, F. Godman, Esq. and O. Salvin, Esq. Trans.
Zool. Soc. Lond. 6:377-402.

Haq, B. U., J. Hardenbol, and P. R. Vail. 1987. Chronology of
fluctuating sea level since the Triassic (250 million years
ago to present). Science 235:1158-1167.

Hedgpeth, J. W. 1948. The Pycnogonida of the western north
Atlantic and the Caribbean. Proc. U.S. Nat. Mus. 97:1-
342.

Hildebrand, S. F. 1939. The Panama Canal as a passageway for
fishes, with lists and remarks on the fishes and inverte-
brates observed. Zool.: N.Y. Zool. Soc. 24:15-45.

Holcombe, T., and W. S. Moore. 1977. Paleocurrents in the
eastern Caribbean: geologic evidence and implications.
Mar. Geol. 23:35-56.

Jackson, J. B. C., P. Jung, A. G. Coates, and L. S. Collins. 1993.
Diversity and extinction of tropical American mollusks
and emergence of the Isthmus of Panama. Science 260:
1624-1626.

Jones, D. S., and P. F. Hasson. 1985. History and development
of the marine invertebrate faunas separated by the Cen-
tral American Isthmus. In F.G. Stehli and S.D. Webb
(eds.). The Great American Interchange. New York: Ple-
num Press, pp. 325-355.

Jordan, D. S. 1885. A list of the fishes known from the Pacific
coast of tropical America, from the Tropic of Cancer to
Panama. Proc. U.S. Nat. Mus. 8:361-394.

Jordan, D. S. 1905. The origin of species through isolation.
Science 22:545-562.

Jordan, D. S. 1908. The law of the geminate species. Am. Nat.
42:73-80.

Keigwin, L. D. 1978. Pliocene closing of the Isthmus of
Panama, based on biostratigraphic evidence from nearby
Pacific Ocean and Caribbean Sea cores. Geology 6:630—
634.

Keigwin, L. D. 1982. Isotopic paleoceanography of the Carib-
bean and east Pacific: role of Panama uplift in Late Neo-
gene time. Science 217:350-353.

199

Keller, G., C. E. Zenker, and S. M. Stone. 1989. Late Noegene
history of the Pacific-Caribbean gateway. J. So. Am. Earth
Sci. 2:73-108.

Kier, P. M. 1963. Tertiary echinoids from the Caloosahatcee
and Tamiami formations of Florida. Smithsonian Misc.
Coll. 149:1-68.

Kier, P. M. 1977. The poor fossil record of the regular echi-
noid. Paleobiology 3:168-174.

Kim, W., and L. G. Abele. 1988. The snapping shrimp genus
Alpheus from the eastern Pacific (Decapoda: Caridea:
Alpheidae). Smithsonian Contrib. Zool. 454:1-119.

Kimura, M. 1980. A simple method for estimating evolu-
tionary rates of base substitutions through comparative
studies of nucleotide sequences. J. Mol. Evol. 16:111-
120.

King, M. 1993. Species evolution: the role of chromosome
change. Cambridge: Cambridge University Press.
Knowlton, N., L. A. Weight, L. A. Solorzano, D. K. Mills, and
E. Bermingham. 1993. Divergence in proteins, mitochon-
drial DNA and reproductive compatibility across the Isth-

mus of Panama. Science 260:1629-1632.

Laguna, J. E. 1987. Euraphia eastropacensis (Cirripedia.
Chthamaloidea), a new species of barnacle from the tropi-
cal eastern Pacific: morphological and electrophoretic
comparisons with Euraphia rhizophorae (de Olveira)
from the tropical western Atlantic and molecular evolu-
tionary implications. Pac. Sci. 41:132-140.

Lessios, H. A. 1979a. Molecular, Morphological and Eco-
logical Divergence of Shallow-water Sea Urchins Sepa-
rated by the Isthmus of Panama. Ph.D Dissertation, Yale
University.

Lessios, H. A. 1979b. Use of Panamanian sea urchins to test
the molecular clock. Nature 280:599-601.

Lessios, H. A. 1981a. Divergence in allopatry: molecular and
morphological differentiation between sea urchins sepa-
rated by the Isthmus of Panama. Evolution 35:618-634.

Lessios, H. A. 1981b. Reproductive periodicity of the echinoids
Diadema and Echinometra on the two coasts of Panama.
J. Exp. Mar. Biol. Ecol. 50:47-61.

Lessios, H. A. 1984. Possible prezygotic reproductive isolation
in sea urchins separated by the Isthmus of Panama. Evo-
lution 38:1144-1148.

Lessios, H. A. 1985a. Annual reproductive periodicity in eight
echinoid species on the Caribbean coast of Panama. In
B.F. Keegan and B.D. O’Connor (eds.). Echinodermata.
Proceedings of the 5th International Echinoderm Confer-
ence, Galway. Rotterdam: Balkema, pp. 303-311.

Lessios, H. A. 1985b. Genetic consequences of mass mortal-
ity in the Caribbean sea urchin Diadema antillarum. Proc.
Sth Coral Reef Congr. 4:119-126.

Lessios, H. A. 1988a. Mass mortality of Diadema antillarum
in the Caribbean: what have we learned? Annu. Rev. Ecol.
Syst. 19:371-393.

Lessios, H. A. 1988b. Population dynamics of Diadema antil-
larum (Echinodermata: Echinoidea) following mass mor-
tality in Panamd. Mar. Biol. 99:515-526.

Lessios, H. A. 1990. Adaptation and phylogeny as determinants
of egg size in echinoderms from the two sides of the isth-
mus of Panama. Am. Nat. 135:1-13.



200

Lessios. H. A. 1991, Presence and absence of monthly repro-
ductive rhythms among eight Caribbean echinoids off the
coast of Panama. J. Exp. Mar. Biol. Ecol. 153:27-47.

Lessios, H. A. 1995a. Diadema antillarum 10 years after mass
mortality: still rare, despite help from a competitor. Proc.
R. Soc. Lond. Ser. B. 259:331-337.

Lessios, H. A. 1995b. Direct evidence about bottlenecks in ma-
rine organisms: the 1983 Diadema pandemic. J. Cell.
Biochem. (Suppl.) 19B:333.

Lessios, H. A., and C. W. Cunningham. 1990. Gametic incom-
patibility between species of the sea urchin Echinometra
on the two sides of the Isthmus of Panama. Evolution
44:933-941.

Lessios, H. A., and C. W, Cunningham. 1993. The evolution
of gametic incompatibility in neotropical Echinometra:
a reply to McClary. Evolution 47:1883-1885.

Lessios. H. A.. and J. R. Weinberg. 1993. Migration, gene flow
and reproductive isolation between and within morpho-
types of the isopod Excirolana in two oceans. Heredity
71:561-573.

Lessios, H. A, and J. R. Weinberg. 1994. Genetic and morpho-
logical divergence among morphotypes of the isopod
Excirolana on the two sides of the Isthmus of Panama.
Evolution 48:530-548.

Lessios, H. A., J. D. Cubit, D. R. Robertson, M. J. Shulman,
M. R. Parker, S. D. Garrity, and S. C. Levings. 1984a.
Mass mortality of Diadema antillarum on the Caribbean
coast of Panama. Coral Reefs 3:173-182.

Lessios, H. A., D. R. Robertson, and J. D. Cubit. 1984b. Spread
of Diadema mass mortality through the Caribbean. Sci-
ence 226:335-337.

Lessios, H. A.,J. R. Weinberg, and V. R. Starczak. 1994. Tem-
poral variation in populations of the marine isopod
Excirolana: how stable are gene frequencies and morphol-
ogy? Evolution 48:549-563.

Lessios, H. A., G. R. Allen, G. M. Wellington, and E. Ber-
mingham. 1995. Genetic and morphological evidence that
the eastern Pacific damselfish Abudefduf declivifrons is
distinct from A. concolor (Pomacentridae). Copeia 1995:
277-288.

Lessios, H. A, B. D. Kessing, G. M. Wellington, and A. Gray-
beal. 1996. Indo-Pacific echinoids in the tropical eastern
Pacific. Coral Reefs 15:133-142.

Lewontin, R. C. 1974, The Genetic Basis of Evolutionary
Change. New York: Columbia University Press.

Lynch, J. D. 1989. The gauge of speciation: on the frequen-
cies of modes of speciation. In D. Otte and J. A. Endler
(Eds.). Speciation and Its Consequences. Sunderland,
Mass.: Sinauer, pp. 527-553.

Mahalanobis, P. C. 1936. On the generalized distance in sta-
tistics. Proc. Nat. Inst. Sci. India 2:49-55.

Marshall, L. G. 1985. Geochronology and land-mammal bio-
chronology of the transamerican fauna interchange.
In F. G. Stehli and S. D. Webb (eds.). The Great American
Biotic Interchange. New York: Plenum Press, pp. 49—
85.

Marshall, L. G., R. F. Butler, R. E. Drake, G. H. Curtis, and
R. H. Telford. 1979. Calibration of the great American
interchange. Science 204:272-279.

GEOGRAPHY, ECOLOGY, AND POPULATION STRUCTURE

Marshall. L. G., S. D. Webb, J. J. Sepkoski Jr., and D. M.
Raup. 1982. Mammalian evolution and the great Ameri-
can interchange. Science 215:1351-1357.

Martin, A. P., G. J. P. Naylor, and S. R. Palumbi. 1992. Rates
of mitochondrial DNA evolution in sharks are slow com-
pared with mammals. Nature 357:153-155.

Mayr, E. 1954a. Geographic speciation in tropical echinoids.
Evolution 8:1-18.

Mayr, E. 1954b. Change of genetic environment and evolution.
In J. Huxley (ed.). Evolution as a Process. London: Allen
and Unwin, pp. 157-180.

Mayr, E. 1963. Animal Species and Evolution. Cambridge,
Mass.: Harvard University Press.

Mayr, E. 1967. Evolutionary challenges to the mathematical
interpretation of evolution. In P. S. Moorhead and M. M.
Kaplan (Eds.). Mathematical Challenges to the Neo-
Darwinian Interpretation of Evolution. Philadelphia:
Wistar Institute Press, pp. 47-58.

Mayr, E. 1982. Process of speciation in animals. In C. Bari-
gozzi (Ed.). Mechanisms of Speciation. New York: Liss,
pp. 1-20.

Mayr, E., E. G. Linsley, and R. L. Usinger. 1953. Methods and
Principles of Systematic Zoology. New York: McGraw
Hill.

McCosker, J. E., and C. E. Dawson. 1975. Biotic passage
through the Panama Canal, with particular reference to
fishes. Mar. Biol. 30:343-351.

Meek, S. E., and S. F. Hildebrand. 1923-1928. The Marine
Fishes of Panama. 2 parts. Chicago: Field Museum of
Natural History.

Menzies, R. J. 1968. Transport of marine life between oceans
through the Panama Canal. Nature 220:802-803.

Mortensen, T. 1928—1950. A Monograph of the Echinoidea.
5 vols. Copenhagen: Reitzel.

Muller, H. J. 1942. Isolating mechanisms, evolution and tem-
perature. Biol. Symp. 6:71-125.

Nei, M. 1987. Molecular Evolutionary Genetics. New York:
Columbia University Press.

Nei, M., and J. C. Miller. 1990. A simple method for estimat-
ing average number of nucleotide substitutions within and
between populations from restriction data. Genetics 125:
873-879.

Nei, M., T. Maruyama, and C.-1. Wu. 1983. Models of evo-
lution of reproductive isolation. Genetics 103:557-
579.

Palumbi, S. R., and E. C. Metz. 1991. Strong reproductive iso-
lation between closely related tropical sea urchins (genus
Echinometra). Mol. Biol. Evol. 8:227-239.

Paterson, H. E. H. 1985. The recognition concept of species.
In E.S. Vrba (Ed.). Species and Speciation. Pretoria:
Transvaal Museum, pp. 21-29.

Rosenblatt, R. H. 1963. Some aspects of speciation in marine
shore fishes. Syst. Assoc. Publ. No. 5:171-180.

Rosenblatt, R. H. 1967. The zoogeographic relationships of
the marine shore fishes of tropical America. Stud.
Trop. Oceanogr. 5:579-592.

Rosenblatt, R. H., J. E. McCosker, and I. Rubinoff. 1972. Indo-
West Pacific fishes from the Gulf of Chiriqui, Panama.
Contrib. Sci. Nat. Hist. Mus. L.A. Co. 234:1-18.



GEOGRAPHIC SPECIATION IN PANAMA

Rubinoff, I. 1963. Morphological Comparisons of Shore Fishes
Separated by the Isthmus of Panama. Ph.D. Thesis, Har-
vard University.

Rubinoff, 1. 1968. Central American sea-level canal: possible
biological effects. Science 161:857-861.

Rubinoff, I. 1970. The sea-level canal controversy. Biol. Con-
serv. 3:33-36.

Rubinoff, R. W. and, I. Rubinoff. 1969. Observation on the
migration of a marine goby through the Panama Canal.
Copeia 1969:395-397.

Rubinoft, R. W_, and L. Rubinoff. 1971. Geographic and repro-
ductive isolation in Atlantic and Pacific populations of
Panamanian Bathygobius. Evolution 25:88-97.

Saito, T. 1976. Geologic significance of coiling direction in the
planktonic foraminifera Pulleniatina. Geology 4:305—
312.

Selander, R. K. 1982. Phylogeny. In R. Milkman (Ed.). Per-
spectives on Evolution. Sunderland, Mass.: Sinauer,
pp- 32-59.

Shulman, M. J., and E. Bermingham. 1995. Early life histories,
ocean currents, and the population genetics of Caribbean
reef fishes. Evolution 49:897-910.

Spivey, H. R. 1976. The cirripeds of the Panama Canal. Cor-
rosion Marine-Fouling 1:43—49.

Tauber, C. A, and M. J. Tauber. 1989. Sympatric speciation
in insects: perception and perspective. In D. Otte and
J. A. Endler (Eds.). Speciation and Its Consequences.
Sunderland, Mass.: Sinauer pp. 307-344.

Templeton, A. R. 1980. The theory of speciation by the founder
principle. Genetics 92:1011-1038.

Templeton, A. R. 1981. Mechanisms of speciation—a popula-
tion genetic approach. Annu. Rev. Ecol. Syst. 12:23-48.

Templeton, A. R. 1982. Genetic architectures of speciation. In
C. Barigozzi (Ed.). Mechanisms of Speciation. New York:
Liss, pp. 105-122.

Thomson, D. A., L. T. Findley, and A. N. Kerstitch. 1979. Reef
Fishes of the Sea of Cortez. Tucson: University of Ari-
zona Press.

Topp, R. W. 1969. Interoceanic sea-level canal: effects on the
fish faunas. Science 165:1324-1327.

Vawter, A. T., R. Rosenblatt, and G. C. Gorman. 1980. Genetic
divergence among fishes of the eastern Pacific and the

201

Caribbean: support for the molecular clock. Evolution
34:705-711.

Vermeij, G. J. 1974. Marine faunal dominance and molluscan
shell form. Evolution 28:656-664.

Vermeij, G. J. 1978. Biogeography and Adaptation. Cambridge,
Mass.: Harvard University Press.

Vermeij, G. J. 1991. When biotas meet: understanding biotic
interchange. Science 253:1099-1104.

Vermeij, G. J. 1993. The biological history of a seaway. Sci-
ence 260:1603-1604.

Voight, J. R. 1988. Trans-Panamanian geminate octopods
(Mollusca: Octopoda). Malacologia 29:289-293.
Wagner, M. 1868. Die Darwin’she Theorie und das Migrations-

gesetz der Organismen. Leipzig: Duncker und Humblot.

Weinberg, J. R., and V. R. Starczak. 1988. Morphological dif-
ferences and low dispersal between local populations of
the tropical beach isopod, Excirolana braziliensis. Bull.
Mar. Sci. 42:296-309.

Weinberg, J. R, and V. R. Starczak. [989. Morphological di-
vergence of eastern Pacific and Caribbean isopods: effects
of a land barrier and the Panama Canal. Mar. Biol. 103:
143-152.

West, D. A. 1980. Genetic Variation in Transisthmian Gemi-
nate Species of Brachyuran Crabs from the Coasts of
Panama. Ph.D. Dissertation, Yale University.

White, M. J. D. 1978. Modes of Speciation. San Francisco:
Freeman.

Woodring, W. P. 1966. The Panama land bridge as a sea bar-
rier. Proc. Am. Philos. Soc. 110:425-433.

Wright, S. 1940. Breeding structure of populations in relation
to speciation. Am. Nat. 74:232-248.

Wright, S. 1982a. Character change, speciation and the higher
taxa. Evolution 36:427-443.

Wright, S. 1982b. The shifting balance theory and macroevo-
lution. Annu. Rev. Genet. 16:1-19.

Wu, C.-I. 1985. A stochastic simulation study on speciation by
sexual selection. Evolution 39:66-82.

Zouros, E. 1991. Searching for speciation genes in the species
pair Drosophila mojavensis and D. arizonae. In G. M.
Hewitt, A. W. B. Johnston, and J. P. W. Young (Eds.).
Molecular Techniques in Taxonomy. Berlin: Springer-
Verlag, pp. 33-71.



