Evolution, 55(4), 2001, pp. 807-820
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Abstract.—Many examples of cryptic marine species have been demonstrated with biochemical and molecular studies.
In most cases, a broadly distributed taxon is actually a group of sibling species that can be distinguished (upon closer
examination) by ecological or morphological characters. Fishes of the family Albulidae constitute a notable exception.
Bonefish (Albula spp.) morphology and ecology are highly conserved around the globe, and their extended pelagic
larval stage could allow population connections on a vast geographic scale. Based on this perceived homogeneity,
bonefishes were classified as asingle pantropical species, A. vulpes. However, allozyme studies of Hawaiian populations
indicated that two sympatric species (A. glossodonta and A. neoguinaica) are included in the synonymy of A. vulpes.
To ascertain the number and distribution of evolutionary partitions in Albula, we surveyed 564 bp of mitochondrial
DNA (mtDNA) cytochrome b from 174 individuals collected at 26 locations. Sequence comparisons reveal eight deep
lineages (d = 5.56-30.6%) and significant population structure within three of the four lineages that could be tested
(bst = 0.047-0.678). These findings confirm the genetic distinctiveness of the three species noted above and invoke
the possibility of five additional species. Clock estimates for mtDNA indicate that these putative species arose 4—20
million years ago. Distinct evolutionary lineages coexist in several sample locations, yet show little morphological
or ecological differentiation in sympatry. Thus, bonefish species seem to defy the evolutionary conventions of mor-
phological differentiation over time and ecological displacement in sympatry. Despite multiple cases of sympatry,
sister-taxarelationshipsinferred from mtDNA indicate that divergence in allopatry has been the predominant speciation
mechanism in Albula. Stabilizing selection in the homogeneous habitat occupied by bonefishes (tropical sand flats)
could promote the retention of highly conserved morphology and ecology.

Key words.—Cytochrome b, leptocephalus, marine fish, mitochondrial DNA, phylogeography, speciation, stabilizing
selection, sympatry.
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Speciation and corresponding ecological and morpholog-
ical radiations embody the central riddle of modern evolu-
tionary biology. Much progress has been made in understand-
ing speciation mechanisms and consequences (Barton and
Charlesworth 1984; Carson and Templeton 1984; Giddings
et al. 1989; Otte and Endler 1989; Avise and Ball 1990; Smith
et al. 1997), but most of these advances are based on terres-
trial organisms. Speciation in marine organisms is not ex-
tensively documented, and there is a growing recognition that
processes of evolutionary radiation may be different in the
sea (Palumbi 1992; Knowlton 2000). For example, vicariant
separations due to habitat discontinuities (and corresponding
allopatric divergences) are a mainstay of terrestrial specia-
tion, but are habitat discontinuities relevant for oceanic spe-
cies? The mechanisms of speciation may be different in ma-
rine systems, due to the size and connectivity of marine hab-
itats and to the high potential for dispersal in a transglobal
aguatic medium. Alternately, the same rules may apply, but
on vastly different geographical and temporal scales.

Molecular and biochemical methods have already proven
useful for illuminating aspects of marine speciation. One of
the first generalizations to emerge from these studies is that
cosmopolitan (or widely distributed) ‘‘species’’ are often a
taxonomic blanket for multiple evolutionary partitions (Gras-
sle and Grassle 1976; Knowlton 1993; Garcia-Rodriguez et
al. 1998). Upon closer examination, these cryptic taxausually
show some measure of morphological or ecological differ-
entiation (see examplesin Palumbi 1996; Lessioset al. 1999).

Bonefishes (Albula spp.) are one of the few examples of
acosmopolitan distribution in shorefishes (Briggs 1960); they
are common denizens of shallow sand flats and grass flats in
all tropical seas. Following the original description of A.
vulpes by Linnaeus (1758), 23 nominal species were de-
scribed; all of which were synonymized under A. vulpes by
1940 (reviewed in Whitehead 1986). In addition to the cir-
cumtropical A. vulpes, the genus Albula also includes the
geographically restricted and morphologically distinct A.
nemoptera, formerly in the genus Dixonina (for a discussion
of the poorly known A. nemoptera, see Rivas and Warlen
1967). This study is restricted to the globally distributed A.
vulpes (sensu lato).

Shaklee and Tamaru (1981) first challenged the validity of
asingleworldwide species, based on aNei’sD = 1.2 between
sympatric bonefishesin Hawaii. Subsequently, Pfeiler (1996)
found a distance of D = 0.19 between bonefishes in the
Caribbean and Gulf of California. Both studies indicated the
presence of cryptic species within the circumtropical A. vul-
pes. Three species are presently recognized within this com-
plex: A. glossodonta (Forsskal 1775) and A. neoguinaica (Va-
lenciennes 1847 in Cuvier and Valenciennes 1847) with un-
certain distributions in the Pacific (Shaklee et al. 1982) and
A. vulpes in the Atlantic. (Randall and Bauchot [1999] make
a compelling argument that A. neoguinaica is a junior syn-
onym of A. forsteri. To avoid confusion with previous lit-
erature, the former name is used throughout this paper.)
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Fic. 1. Collection sites and corresponding sample sizes for Albula spp., for all sites having sample sizes greater than n = 3. Different
collection sites in the same region were pooled on the map (see Appendix).

In contrast to the genetic results, there is a dearth of di-
agnostic morphological characters to distinguish bonefish
populations worldwide (Briggs 1960; Alexander 1961,
Whitehead 1986). Differences between A. glossodonta and A.
neoguinaica are slight, with external diagnostic differences
only in the length of the maxilla (upper jaw; Shaklee and
Tamaru 1981; Randall and Bauchot 1999). Albula vulpes and
an undescribed species in the Caribbean are also difficult to
distinguish (R. E. Crabtree, pers. obs.). In both cases, these
sympatric species are routinely captured in the same habitats,
sometimes in the same net haul, so that ecological differences
are not apparent. These observations define the evolutionary
enigma of bonefishes: morphological and ecological homo-
geneity in a cosmopolitan species complex.

Here we apply molecular methods to bonefish populations
on aglobal scale, with the objective of resolving evolutionary
relationships and patterns of species distributions. Recent
allozyme studies have aided in the verification of three bone-
fish species, two more are in the process of being described
(R. E. Crabtree and E. Pfeiler, unpubl. data) and additional
species may exist in unsampled areas. We have chosen mi-
tochondrial DNA (mtDNA) cytochrome b sequence compar-
isons to complement the allozyme studies. This geneological
approach, combined with available knowledge of ecology and
morphology, provides the foundation to address several ques-
tions about the evolution of bonefishes and speciation in ma-
rine systems: (1) What are the limits of larval dispersal, and
how does this influence opportunities for allopatric specia-
tion? Here we hypothesize that dispersal is more restricted
in the bonefish than the extended larval stage (Pfeiler et al.
1988; Mojica et al. 1995) would indicate, enhancing oppor-
tunitiesfor alloptric speciation. (2) Can phylogeographic pat-
terns provide clues to the origins of species in the genus

Albula? The evolutionary relationships among coexisting
species are of primary interest, especially to test for the pos-
sibility of sympatric speciation. (3) Is the morphological and
ecological homogeneity of this circumtropical group due to
recent divergences or to retention of conserved traits across
long evolutionary time scales? The available evidence sup-
ports the latter explanation. If this explanation holds up, then
what restricts morphological and ecological differentiation
between (often sympatric) bonefish species that diverged
many millions of years ago?

MATERIALS AND METHODS

Most of the samples used for this project were obtained
for allozyme work (J. B. Shaklee and C. S. Tamaru, unpubl.
data). A few fish were purchased in coastal fish markets, but
most were caught on hook-and-line or in cast nets and beach
seines in water less than 1 m deep (Appendix). Additional
specimens were caught on hook-and-line in 10-30 m, and a
small number were obtained from head boats working at
depths greater than 30 m. Most specimens were frozen prior
to sampling (some as long as 17 years), but all samples were
placed into saturated salt buffer (Amos and Hoelzel 1991)
for storage prior to mtDNA studies. Tissues from individual
fish came from fin clips, gill raker, muscle, heart, or liver.
The total sample size consists of 174 individuals from 26
locations, including every major ocean basin where bone-
fishes live except the Red Sea (see Fig. 1 for representative
locations).

Details about collection locations, tissue types, and sample
sizes are provided in the Appendix. Vouchers for a subset of
specimens are housed in the Florida Museum of Natural His-
tory, Florida Marine Research Institute, the Australian Mu-
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seum, the Northern Territory Museum, the Arizona State Uni-
versity fish collection, and the University of Washington fish
collection. Tissue samples used in this analysis are stored at
the Department of Fisheries and Aquatic Sciences at the Uni-
versity of Florida.

DNA was extracted from tissue following either a standard
phenol-chloroform recipe (Hillis et al. 1996) or a lithium
chloride DNA isolation protocol (Colborn 1999). Theisolated
DNA wasthen pelleted by centrifugation, rinsed with ethanol,
dried in a vacuum, and resuspended in 200 wl of TE buffer.

Preliminary trials with universal cytochrome b primers
(Kessing et al. 1989) yielded inconsistent results, so primers
were designed specifically to amplify bonefish DNA. Intotal,
three primer pairs were employed, yielding at least 650 bp
of sequence information from the cytochrome b gene: alba-
1 (5-GTCTCCAAGAAGGTTAGGCGA-3') isalight-strand
primer that begins at site L 15526 on the human genome, and
amplifies mtDNA from A. glossodonta, A. vulpes, and Albula
sp. E; aba-2 (5'-CCAAGAAGATTGGGAGAGAA-3' is a
light-strand primer that begins at site L15522 and amplifies
Albula sp. A, Albula sp. B, and Albula sp. C; alba-3 (5'-
TGCTAGGGTTGTGTTTAATTA-3') is a heavy-strand
primer that begins at site H14803 and amplifies successfully
in all Albula spp; alba-6 (5'-GACAAACCCTAACAAGTC-
3') is a light-strand primer that begins at site L15468 and
amplifies A. neoguinaica and Albula sp. D.

Polymerase chain reactions (PCRs) employed standard
conditions (annealing temperature: 50-53°C) for amplifica-
tion of vertebrate mtDNA (Hilliset al. 1996). Single-stranded
DNA sequencing reactions were performed with a robotic
work station (Applied Biosystems model 800, Foster City,
CA) and the labeled extension products were analyzed with
an automated DNA sequencer (Applied Biosystems model
373A and 377). All sequencing was accomplished at the DNA
Sequencing Core, University of Florida. Cytochrome b frag-
ments were aligned and edited with Sequencher version 3.0
(Gene Codes Corp., Ann Arbor, MI). Those mtDNA se-
guences that matched known haplotypes were collated for
analysis, whereas ambiguous haplotypes were resequenced
to assure the accuracy of nucleotide sequence designations.

Edited DNA sequences were analyzed using PAUP version
4.0bl (Swofford 1998). Genetic distances were calculated
using a Kimura two-parameter (K2P), maximum-likelihood
(ML), Jukes-Cantor, HKY 85, and Tamura-Nei models with
an empirically derived 6:1 transition:transversion (ti:tv) ratio
(Jukes and Cantor 1969; Kimura 1980; Felsenstein 1981,
Hasegawaet al. 1985; Tamuraand Nei 1993; Swofford 1998).
Phylogenetic trees were constructed using maximum-parsi-
mony (MP) and the neighbor-joining (NJ) method (Saitou
and Nei 1987). The trees produced by these various methods
were evaluated with log-likelihood scores using aML model.
Substitution probabilities were assigned with three criteria:
unweighted, empirically derived, and a general time revers-
ible (GTR) model. Because a parsimony tree using the full
dataset was computationally intractable, MP analyses were
conducted on a representative subset of the sequence data.

The closest relative to and logical outgroup for A. vulpes
(sensu lato) is A. nemoptera; other members of the superorder
Elopomorpha are too distantly related to provide useful com-
parisons. However, samples of A. nemoptera proved impos-
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sible to obtain during this study, so the NJ tree was rooted
using the midpoint rooting option in PAUP. Bootstrap re-
sampling was accomplished with PAUP using 100 pseudo-
replicates (Felsenstein 1985).

Genetic diversity within populations and species was es-
timated with haplotype and nucleotide diversities (Nei 1987,
egs. 8.5 and 10.5) using Arlequin version 1.1 (Schneider et
al. 1997). The distribution of variation within and between
populations was calculated with analysis of molecular vari-
ance (AMOVA) in Arlequin using the K2P distances (Ex-
coffier et al. 1992).

A molecular-clock approach was used to provide approx-
imate evolutionary time frames for phylogenetic branching
events. Conserved morphology is linked to a slow clock in
other vertebrates, including turtles and sharks, and may be a
function of long generation times and low metabolic rate
(Avise et al. 1992; Martin et al. 1992). Albula vulpes (and
presumably other Albula species) become sexually mature at
3.5 years or less (Crabtree et al. 1997; Pfeiler et al. 2000),
are strong swimmers, and have moderate to high metabolic
rates after larval metamorphosis (Pfeiler and Govoni 1993).
In terms of the life-history traits that are thought to affect
mtDNA mutation rates, bonefish are typical bony fishes.
Therefore, we rely on the rate proposed by Bermingham et
al. (1997), based on the divergences in the cytochrome ox-
idase | gene between 19 marine fish pairs separated by the
Isthmus of Panama (approximately 1.5% [range 0.3—2.5%)]
per million years). In this study, the clock is based on the
observation that cytochrome b and cytochrome oxidase
evolve at similar rates in marine fishes (Muss et a. 2001,
our unpubl. data). Given these several assumptions, the mo-
lecular clock must be regarded as provisional.

REsULTS

A total of 564 bp of cytochrome b sequence was resolved
in 174 specimens. Eighty-eight haplotypes were observed,
characterized by K2P genetic distances of d = 0.002—0.306.
Sequences for all 88 haplotypes, and a list of their distri-
butions among the 26 locations, are available from the au-
thors. Twenty-three representative sequences are availablein
Genbank under accession numbers AF311751-311773.

All phylogenetic analysesindicate that the haplotypeswere
distributed among eight deep lineages, distinguished by di-
vergence values of d = 0.056-0.306 (Fig. 2). For the purposes
of this analysis, we define deep lineages as those that are
distinguished by K2P distances of d > 0.056 in cytochrome
b, which is the average value for sister species of fishes in
asurvey of 81 genera (Johns and Avise 1998). Three of these
deep lineages correspond to described species: A glossodonta,
A. neoguinaica, and A. vulpes. Two additional lineages in the
eastern Pacific will be formally described in the near future
(E. Pfeiler, unpubl. ms.). The three remaining lineages are
not (to our knowledge) the subjects of imminent species de-
scriptions. Because of the depths of evolutionary separations
and the concordance with recognized (and suspected) bone-
fish species, we will hereafter refer to these five novel lin-
eages as Albula sp. A, B, C, D, and E (Table 1).

A ML test was used to determine which model of DNA
sequence evolution provided the best fit to the data used to
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FiG. 2. Four tree topologies recovered for Albula spp. under a variety of assumptions and tree-building algorithms. Tree A is based on
the neighbor-joining (NJ) algorithm with Kimura two-parameter (K2P) distances and a gamma distribution of substitution rates (—InL
= 2844.8). Tree B is based on the NJ algorithm with Jukes-Cantor distances and equal substitution rates (—InL = 3057.0). Tree C is
based on the NJ algorithm with K2P distances and equal substitution rates (—InL = 2826.9). Tree D is based on weighted parsimony
criteria (—InL = 2289.4). Trees A—C use the entire dataset (88 terminal branches not shown), and tree C showed the best fit to the
maximum-likelihood model. Tree D is based on the reduced dataset of 23 representative haplotypes (parsimony analysis on 88 haplotypes
was computationally impractical), so —InL scores are not comparable between tree D and trees A—C.
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TaBLE 1. Distribution of samples among recognized and putative Albula species.

Lineage Collection location

Haplotypes

A. glossodonta
A. neoguinaica

Hawaii, Tahiti, Guam, Seychelles
Hawaii, Fiji, Northern Territory

ALB57-ALB64 (n = 33)

ALB45-AL56 (n = 15)

ALBI1-ALB9 (n = 47)

ALB32-ALB39 (n = 11)
ALB10-ALB21; ALB24-ALB31 (n = 30)
ALB40-ALB44 (n = 7)

ALB65-ALB88 (n = 29)

A. vulpes Bahamas, Belize, Grenada, Florida

Albula sp. A Gulf of California

Albula sp. B Brazil, Florida, Sao Tome

Albula sp. C Gulf of Panama

Albula sp. D South Africa, Western Australia, Northern Territory, Pap-
ua New Guinea, Queensland, New Caledonia, Lord
Howe Island

Albula sp. E Brazil

ALB22, ALB23 (n = 2)

construct phylogenetic trees. The likelihood model employed
either a6:1 ti:tv ratio or a GTR model, both with empirically
derived substitution probabilities. This model always as-
sumed a gamma distribution with a shape of « = 0.5 for
substitution rates and used empirically derived base fre-
guencies (A: 0.196, C: 0.207, G: 0.234, T: 0.363). Four tree
topologies emerged from the phylogenetic analysis, differing
primarily in the placement of Albula sp. E. (Fig. 2). For trees
based on the entire dataset, the NJ tree with K2P distances
and an equal distribution of substitution rates (tree C in Fig.
2) provided the best fit to the ML model (Fig. 3).

The NJ tree (Fig. 3) shows three pairs of sister species,
including Albula sp. A and Albula sp. C (d = 0.056-0.070),
A. glossodonta and A. vulpes (d = 0.077-0.094), and A. neo-
guinaica and Albula sp. D (d = 0.083-0.133). In all cases
these groupings are supported by NJ bootstrap values of 98—
100%. Within the Atlantic, A. vulpes and Albula sp. B are
distinguished by d = 0.120-0.148. All other pairwise diver-
gence among species exceeded d = 0.130, and the highest
values were observed between sympatric Pacific species A.
neoguinaica and A. glossodonta (d = 0.264-0.306).

Three lineages, corresponding to A. vulpes, Albula sp. B,
and Albula sp. E, were observed in the Atlantic Ocean. Albula
vulpes was collected exclusively in the Caribbean, whereas
Albula sp. B was collected in the Caribbean, Bahia (Brazil),
as well as Sao Tome in the eastern Atlantic. Albula sp. E
was collected only in Bahia (the sole collection site in the
South Atlantic). Two lineages were collected in the eastern
Pacific only: Albula sp. A (Gulf of California) and Albula sp.
C (Gulf of Panama). The mtDNA lineage corresponding to
A. glossodonta was collected at several locations throughout
the Indo-Pacific, from the Seychelles on the western boundary
of the Indian Ocean to the Hawaiian Archipelago and Tahiti.
Albula neoguinaica was collected only in samples from Ha-
wali, Fiji, and one individual from the Northern Territory
(Australia). Albula sp. D was collected at scattered locations
from the Coral Sea to South Africa. The distribution of hap-
lotypes among these putative species and locations is de-
scribed in Table 1 and Figure 3.

Genetic diversity indices are summarized in Table 2. Nu-
cleotide diversity values ranged from 0.001 to 0.018. Hap-
lotype diversitieswere consistently high (h = 0.86-0.97) with
the exception of A. glossodonta (h = 0.39) and A. vulpes (h
= 0.54). The ¢gr values were used to test for population
structure within putative species (Table 2). In A. vulpes, pop-
ulations were defined simply as different collecting locations
(with all samples from Florida grouped as a single location).

However, dueto small samplesizesfor A. glossodonta, Albula
sp. B, and Albula sp. D, locations were grouped within re-
gions. For A. glossodonta and Albula sp. D, regional popu-
lations corresponded to the Pacific and Indian Oceans, and
for Albula sp. B they corresponded to eastern and western
Atlantic.

In only three cases, corresponding to A. vulpes, A. glos-
sodonta, and Albula sp. B, are haplotypes shared among sam-
ple locations. Population structure, as defined by &gt values,
was significant in Albula sp. B, Albula sp. D, A. glossodonta,
but not in (Caribbean-restricted) A. vulpes (Table 2). For A.
vulpes the two most common haplotypes are ubiquitous in
the Florida Keys, Beliz, and Grenada. This pattern of low or
no population structure within the Caribbean is concordant
with mtDNA surveys of reef associated species on the same
geographic scale (Shulman and Bermingham 1995; Muss et
al. 2001). In general, population structure was only detected
at geographic scales greater than the Caribbean (eastern vs.
western Atlantic or Indian vs. Pacific Oceans).

For A. glossodonta, the Indian Ocean sample (two locations
in the Seychelles) and the Pacific Ocean sample (Hawaii,
Guam, and Tahiti) share a haplotype (ALB57) observed at
100% frequency in the Seychelles. All other haplotypes were
endemic to single sample locations: four in Hawaii, one in
Tahiti, and one in Guam. The two ocean basins are distin-
guished by a ¢sr of 0.05 (P < 0.003), indicating shallow but
significant population structure between Pacific and Indian
Oceans.

For Albula sp. B in the Atlantic a common haplotype was
shared between Florida and Brazil (ALB20); the other hap-
lotypes (10 in Florida, three in Brazil, and six in S&o Tome)
are endemic. The western Atlantic sample (Florida and Bra-
zil) is separated from the eastern Atlantic sample by a fixed
genetic difference (d = 0.007-0.017) and gt = 0.678 (P <
0.001), a deep population separation.

Albula sp. D, the fourth species with multiple population
samples, has the highest haplotype diversity (h = 0.97), mod-
erate nucleotide diversity (w = 0.008), and significant pop-
ulation partitioning (¢sr = 0.14, P < 0.001). The remaining
four lineages were not analyzed for intraspecific patterns.
Albula sp. A (Gulf of California), Albula sp. C (Gulf of Pan-
ama), and Albula sp. E (Bahia, Brazil) are represented by
single sampling locations. Albula neoguinaica contains two
divergent branches (d = 0.029-0.044): one observed exclu-
sively in Fiji and the other represented by Hawaii and asingle
individual from the Northern Territory, Australia. The two
distinct lineages induce a high nucleotide diversity value (w
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Albula neoguinaica _[— e | Northern Territory

100 Fiji
100
Indo-West
Pacific
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Fic. 3. Neighbor-joining tree (tree C in Fig. 2) showing all haplotypes for all Albula lineages. Bootstrap values are indicated on branches.

Values in parentheses indicate the number of specimens with parti
one individual.

= 0.018) in A. neoguinaica, but the small sample sizes, es-

pecialy from Australia, preclude population analyses.
Based on the provisional molecular clock of 1.5%/million

years between lineages, divergence times for the eight deep

cular haplotypes. Haplotypes without numbers were observed in only

lineages range from about 4-20 million years. The upper
value applies to the two sympatric Hawaiian species (A. glos-
sodonta and A. neoguinaica). Notably, Shaklee and Tamaru
(1981) estimated that these two species diverged approxi-



EVOLUTIONARY ENIGMA OF BONEFISHES

813

TABLE 2. Summary of population statistics for the eight major Albula lineages. Under the column labeled *“ Number of populations,” a dash
indicates that the sampling regime was insufficient for a test of population structure in that species. Under the same column, ns indicates that
the sampling regime was sufficient for a test of population structure, but the sample locations were not significantly different.

Number of Number of
Lineage T h n haplotypes populations oy

A. glossodonta 0.001 = 0.001 0.39 = 0.08 33 8 2 0.05

P < 0.003
A. neoguinaica 0.018 + 0.009 0.94 = 0.05 15 12 — —
A. vulpes 0.001 = 0.001 0.54 = 0.08 47 9 ns 0.007

P < 0.33
Albula sp. A 0.004 = 0.003 0.89 = 0.09 11 8 — —
Albula sp. B 0.008 = 0.005 0.91 = 0.05 30 20 2 0.68

P < 0.001
Albula sp. C 0.004 = 0.003 0.86 = 0.13 7 5 —_ —_
Albula sp. D 0.008 = 0.005 0.97 £ 0.02 29 24 2 0.14

P < 0.001
Albula sp. E — — 2 2 — —
Totals 174 88

mately 20-30 million years ago, based on allozyme differ-
ences. We conclude that divergence dates derived from
mtDNA and allozyme data are approximately concordant, at
least in indicating ancient (Pliocene-Miocene) separations
among bonefish lineages.

DiscussionN

Bonefishes are members of the primitive superorder Elo-
pomorpha, along with tarpons, ladyfishes, anguilliform eels,
deep-sea halosaurs and notacanths, and saccopharyngoid
gulper eels. The most distinctive commonality of this group
is the leptocephalus larval stage (Greenwood et al. 1966).
Leptocephali are transparent, ribbon-like in shape, and pass
through an unusually long premetamorphic phase in which
(for bonefishes) they may grow up to 70 mm while planktonic
and shrink to 20 mm at metamorphosis (Alexander 1961).
Members of the Elopomorpha have some of the longest re-
ported larval durations for marine fishes, which may extend
from 2 to 24 months depending on species and region (Castle
1984; Pfeiler et al. 1988; Mojica et al. 1995).

The mtDNA sequence data revealed eight major lineages
and significant population structure within three of the four
lineages that allowed such tests. In the following sections,
we consider arguments that these eight lineages represent
distinct species, and how the mtDNA data can elucidate as-
pects of marine speciation. The discovery of cryptic species
in Albula is especially notable when considered with two
aspects of their life history. First, the ancient genetic differ-
entiations indicated by the mtDNA data contrast sharply with
the weak differentiation in morphological and general eco-
logical characters. Second, the extended larval period of
bonefishes would seem to reduce opportunities for allopatric
speciation. In the absence of morphological differentiation,
and geographic opportunities for speciation, why then are
there so many bonefish species?

Morphological and Ecological Differentiation

The otolith-based fossil record for Albulidae indicates that
the family reached a peak of diversity and abundance in the
mid-Cretaceous (approximately 100 million years ago) and
that modern bonefish morphol ogies were present by the mid-

Miocene (approximately 15 million years ago; Frizzell 1965).
The presence of a leptocephalus larva has traditionally at-
tracted more attention than most other aspects of bonefish
biology (Gill 1907; Fitch 1950). All leptocephalus larvae
were initially placed in the genus Leptocephalus. It was not
until Delage (1886) raised a leptocephalus through meta-
morphosis, nearly 100 years after their discovery, that it be-
came clear they were the larvae of a diverse group of prim-
itive bony fishes. Now well studied, the leptocephali of dif-
ferent members of the Elopiformes (bonefishes, tarpons, and
ladyfishes) can easily be distinguished by differencesin mor-
phology and in the number of myomeres (Greenwood 1977,
Smith 1989). However, Alexander (1961) examined bonefish
larvae collected from the mid-Pacific, Indonesia, East and
West Africa, and the West Indies and found no significant
differences in external morphology, coloration, myomere
counts, or allometric growth patterns. Geographical consid-
erationsindicate that Alexander (1961) compared larvaefrom
at least four Albula species, and they were indistinguishable.

Juveniles have likewise proven difficult to distinguish mor-
phologically or ecologically. In the Atlantic, immature A.
wvulpes and Albula sp. B have been identified (based on
MtDNA markers) in the sametidal flats, sometimes schooling
together (J. Colborn, R. E. Crabtree, and D. Snodgrass, un-
publ. ms.). In the Pacific, A. glossodonta and A. neoguinaica
juveniles are commonly collected in the same beach habitat
at the same time (Shaklee and Tamaru 1981).

Adults are also difficult to distinguish. Admittedly, some
of these difficulties may be due to gapsin scientific coverage,
but bonefishes in Hawaii, the Gulf of California, and the
Florida Keys have been well studied, and the differencesthat
have been discovered between species are subtle. In the Flor-
ida Keys, A. vulpes is incrementally larger and is found in
shallower water than Albula sp. B (Bruger 1974; Crabtree et
al. 1996), but the two species (separated by d = 0.120-0.148)
cannot yet be distinguished by conventional external mor-
phology (R. E. Crabtree, unpubl. ms.). Furthermore, the shal -
low water form in the Florida Keys (A. vulpes) is probably
present in deep water elsewhere in the Caribbean (J. B. Shak-
lee and J. Colborn, pers. obs.) and the putative deepwater
form (Albula sp. B) was collected in shallow water in the
eastern Atlantic and Brazil. Thus, the bathic segregations of
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adult forms, as observed in the Florida Keys, is not a diag-
nostic feature of these species.

In Hawaii, A. glossodonta and A. neoguinaica (d = 0.264—
0.306) are also difficult to distinguish. Except for a small
difference in the length of the maxilla (Randall and Bauchot
1999), no external morphological charactersdistinguish these
species, but they can be diagnosed with vertebral counts,
dentition, and multivariate analysis of the jaw and adjacent
structures (Shaklee and Tamaru 1981). These differencesin-
clude the shape of the lower jaw, shape of the molariform
tooth patches, the numbers of teeth, the numbers of tooth
patches on the gill arches, and the numbers of branchiostegal
rays. Shaklee and Tamaru (1981) suggested that differences
in prey selection may be a mechanism that allows the two
morphologically similar species to coexist in sympatry. This
suggestion, however, has not been directly tested because no
information (to our knowledge) is available on feeding habits
of bonefishesin Hawaii. Localized difference in habitat pref-
erence may exist between the two species: Only one has been
commonly found in fish ponds (semi-open impoundments; J.
B. Shaklee and C. S. Tamaru, unpubl. data).

In conclusion, there appears to be little difference between
bonefish species in terms of morphology or gross aspects of
ecology. Multiple species are commonly observed in the same
habitat both as juveniles and adults, and species separated
since the Pliocene or Miocene are difficult to distinguish with
external anatomy. Admittedly the ecological information is
fragmentary, and it is possible that subtle differences exist
in feeding preference. Nonetheless, these data support and
extend the conclusions of Shaklee and Tamaru (1981) that
rates of morphological (and perhaps ecological) divergence
among bonefish species are extremely slow, whereas evo-
lution at the nucleotide sequence level appears to proceed at
or near a conventional pace.

Genetic Evidence for Distinct Species

In contrast to bonefish morphology and ecology, eight deep
genetic lineages were found in mtDNA surveys, and several
of these partitions are supported by previous allozyme sur-
veys (Shaklee and Tamaru 1981; Pfeiler 1996). Based on the
depth of these separations, we hypothesize that these parti-
tions represent previously unrecognized species. However, it
is possible that the disparity between ecology, morphology,
and genetics is because bonefish genomes evolve rapidly in
terms of nucleotide substitutions. We provisionally discount
this explanation based on four lines of evidence. First, bone-
fish are an ancient group of fishes (dating to the Cretaceous;
Frizzell 1965; see also Greenwood 1977) and such *‘living
fossils'’ have not been previously characterized by rapid ge-
nomic evolution. To the contrary, accumulated evidence in-
dicates that genomes evolve more slowly in ancient, mor-
phologically conserved groups of vertebrates (Avise et al.
1992; Martin et al. 1992).

Second, the depth of molecular and biochemical partitions
in Albula are consistent with conventional rates of genomic
evolution. The divergence between A. neoguinaica and A.
glossodonta is estimated at about 20—-30 million years ago
with a conventional allozyme clock (Shaklee and Tamaru
1981), and at about 20 million years ago with a conventional
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mtDNA clock. These dates are concordant with the first ap-
pearance of modern bonefish in the fossil record of the mid-
dle-Miocene (Frizzell 1965).

Third, putative bonefish species have typical levels of in-
traspecific genetic diversity. The allozyme heterozygosities
(H = 0.005, 0.022, and 0.031 for A. neoguinaica, A. glos-
sodonta, and Albula sp. A, respectively) are within the range
of values reported for teleost fishes (Nevo 1978; Shaklee and
Tamaru 1981; Shaklee et al. 1982; J. Colborn and E. Pfeiler,
unpubl. data). The mtDNA haplotype diversities within pu-
tative species (Table 2) are also typical for marine fishes
(Grant and Bowen 1998).

Fourth, the smallest sequence divergences between puta-
tive Albula species (d = 0.056-0.070 for Albula sp. A and
C) are at or above the average divergence between sister
species (d = 0.056) reported by Johns and Avise (1998).
Notably, two divergent lineages in A. neoguinaica (d =
0.029-0.044) are below the 5.6% cutoff point for this study,
but fall within the range of values reported for sister species
by Johns and Avise (1998).

The available evidence indicates that the protein-coding
loci surveyed with mtDNA sequences and allozymes do not
evolve at an unusually fast rate and that the deep genetic
partitions reflect ancient divergences, on a time scale (4—20
million years) that would indicate species-level separations.
However, genetic distances are not the only aspect of mtDNA
and allozyme data that indicate cryptic species. One powerful
test of speciesintegrity isthe maintenance of geneticisolation
in sympatry. As noted by Knowlton (2000), ‘‘In sympatry,
the biological and phylogenetic species concepts are equiv-
alent.”” (See aso Avise and Wollenberg 1997; McCune and
Lovejoy 1998.) In Hawaiian waters, A. neoguinaica and A.
glossodonta maintain diagnostic molecular characters, in-
cluding mtDNA sequence divergence (d = 0.264-0.306) and
70% fixation of allozyme loci (Shaklee and Tamaru 1981),
providing compelling evidence that they are distinct species.
Furthermore, field assignments based on the subtle morpho-
logical differences matched genetic assignments with 100%
precision (Shaklee and Tamaru 1981; J. B. Shaklee, pers.
obs.). Based on the distribution of mtDNA lineages, putative
bonefish species are sympatric at three additional sampling
locations: A. neoguinaica and Albula sp. D in northern Aus-
tralia, Albula sp. B and A. vulpes in the Florida Keys, and
Albula sp. B with Albula sp. E in Brazil. However, only in
one of these three locations (Florida Keys) were field iden-
tifications of cryptic species attempted (Albula sp. B vs. A.
vulpes). In this case, genetic partitions (d = 0.120-0.148)
exactly matched provisional assignments in a sample of 20
individuals. Therefore, the evidence from sympatric formsin
Hawaii and Florida provide robust support for species des-
ignation.

We conclude that the differentiation in allozymes and cy-
tochrome b indicates eight species in the globally distributed
A. vulpes complex. It is possible that genetic differentiation
within A. neoguinaica indicates additional geminate species,
and new species may await discovery in undersampled areas
such as the South Atlantic, Indian Ocean, or Red Sea.

Models of Speciation in Albula

Processes of speciation that are important in terrestrial en-
vironments may be less important in aquatic environments
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(Knowlton 1993; Palumbi 1994; Schluter 1996; Bernatchez
and Wilson 1998; Briggs 1999). In marine systems, popu-
lations of shallow-water invertebrates and fishes are generally
large, widespread, highly fecund, and have tremendous po-
tential for dispersal (Palumbi et al. 1997; Graves 1998; Shul-
man 1998). These conditions may promote evolutionary sta-
sis, and opportunities for allopatric speciation may only occur
on vast geographic scales (Palumbi 1992; Knowlton 2000;
but see Burton 1998). Here we consider three general models
for speciation in bonefishes: (1) sympatric speciation; (2)
rare, long-distance dispersal; and (3) vicariant isolation.

Of the four instances of sympatry documented for bone-
fishes previously and in this study, only one can support an
argument for sympatric speciation. For A. glossodonta/A. neo-
guinaica in Hawaii and A. vulpes/Albula sp. B in Florida,
sympatric speciation is ruled out simply because neither spe-
cies is the other’s closest relative (Fig. 3). Albula sp. B and
Albula sp. E are sympatric in Brazil, but the uncertain phy-
logenetic position of Albula sp. E precludes the robust con-
clusion of a sister relationship for this pair. These three in-
stances of sympatry are probably the result of secondary geo-
graphic overlap following speciation (see Hellberg 1998).
(The two eastern Pacific forms are monophyletic, but there
is no evidence that these putative species occur in sympatry.)

Albula neoguinaica is sympatric with its sister species, Al-
bula sp. D, in Northern Territory, Australia, and these two
lineages could be used to argue for sympatric speciation.
However, the region of overlap is adjacent to the Sunda shelf,
which has functioned as a terrestrial barrier between Pacific
and Indian Oceans during low sea levels associated with gla-
cial maxima (Valentine and Jablonski 1983; Valentine 1984).
The Sunda shelf is a biogeographic boundary for many ma-
rine organisms (Springer 1982; Chenoweth et al. 1998; Ben-
zie 1999) and is likely important in structuring other bonefish
lineages as well (see below). Thus, the sympatry of A. neo-
guinaica and Albula sp. B is likely the result of secondary
contact. We conclude that sympatric speciation, as a general
mechanism for generating new lineages (see Schluter 1996;
Smith et al. 1997), is not supported by the bonefish phylog-
eny.

Isolation by chance, long-distance dispersal has been pro-
posed to explain microevolutionary structure in widespread
marine species. Benzie and Williams (1997), Palumbi et al.
(1997), and Williams and Benzie (1997) argue that changes
in the direction and magnitude of ocean currents, especially
during low sea-level stands, are the most likely explanation
for patterns of long-distance gene flow in Indo-Pacific sea
urchins, giant clams, and starfishes. This dispersal pattern
shares some important features with Carson’s (1968) founder
flush model of speciation. Both require dispersal by a few
founders, followed by evolution of reproductive isolation.
What is not required in the long-distance dispersal model is
a genetic revolution resulting in rapid morphological change,
an important criteria for Carson’s founder flush model.

Two cases provisionally support long-distance dispersal as
a mechanism for speciation in Albula. First, Albula sp. B in
the eastern and western Atlantic (separated by more than 3500
km) are characterized by a shallow but diagnostic difference
of d = 0.007-0.017. Applying the provisional molecular
clock, eastern and western Atlantic haplotypes coalesce at
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about 0.5-1.1 million years ago, well within the period of
Pleistocene glaciations and associated climatic fluctuations.
Thus, Albula sp. B has evidently made a rare jump across
the Atlantic during the Pleistocene, with no evidence of sub-
sequent contact between eastern and western Atlantic pop-
ulations. The second possible case for long-distance dispersal
involves the two putative species in the eastern Pacific, a
monophyletic pair of lineages separated from A. glossodonta
(nearest Pacific relative) by d = 0.157-0.179. The oceanic
gap between central Pacific islands and eastern Pacific shores
is a formidable 4000 km and is believed to be a substantial
barrier to dispersal of shorefishes (Briggs 1961; but see Les-
sios et al. 1998). However, this example is provisional be-
cause the observed separations predate the Isthmus of Pan-
ama, and it is possible that the eastern Pacific lineages are
derived from Atlantic ancestors rather than Pacific ancestors
(Fig. 2). Regardless, central and eastern Pacific populations
of bonefishes show no evidence of contact since the Pliocene.
We conclude that rare, long-distance dispersal may promote
speciation in at least some instances.

Vicariant separations in marine species and corresponding
allopatric species can result from plate tectonics, shifts in
current patterns and climate, or corresponding sea-level
changes. The influence of sea-level change on the genetic
structure of marine organismsis dramatic on the Sunda Shelf,
at the broad shallow interface between the Indian and Pacific
Oceans (Springer 1982; Brown and Lomolino 1998). Tropical
oceanic pathways between the two oceans have repeatedly
been constricted during Pleistocene glaciations, when sealev-
els dropped to 130 m below contemporary positions (Haq et
al. 1987). For marine species distributed through the Indo-
Pacific, haplotype shifts, allele frequency shifts, and deeper
separations across the Sunda Shelf are common. Organisms
that show such partitions include butterflyfishes (McMillan
and Palumbi 1995), sea bass (Chenoweth et al. 1998), coconut
crab (Lavery et a. 1996), prawns (Benzie et al. 1992), star-
fishes (Benzie 1998), corals (McManus 1985; Potts 1985),
and bonefishes (this study). Three Albula lineages are dis-
tributed adjacent to this region; we have multiple samples
for two. Within the A. glossodonta lineage, Pacific samples
are distinguished from those in the Indian Ocean by a ¢gr
of 0.05 (P < 0.003). This population structuring is due to a
shift in the number of haplotypes, which taper from six in
the Pacific to one in the western Indian Ocean. Albula sp. D
also shows significant differentiation across the Sunda Shelf
(bst = 0.14, P < 0.001). Given the multiple observations
of genetic structure associated with the Sunda Shelf, the most
likely explanation for the observed structurein A. glossodonta
and Albula sp. D isthetransient isolation of Indian and Pacific
populations during low sea-level stands.

The phylogeographic survey of bonefishes reinforces the
evidence that changes in sea level associated with glacial
intervals have had major effects on the intraspecific variation
of marine creatures in the Indo-Pacific region (and possibly
in the Atlantic Ocean). Given that the same isolating mech-
anism likely was operating periodically over long temporal
scales (throughout the Pleistocene, Pliocene, and to a lesser
degree since the Miocene), the phylogeographic structure
within A. neoguinaica may be a glimpse of the eventual fate
of the more recent structure in A. glossodonta and perhaps
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in Albula sp. B. Within Albula lineages there are a range of
divergences, from shallow population separations (within A.
glossodonta) to paraphyly (within Albula sp. B) to reciprocal
monophyly and the possibility of incipient species (within A.
neoguinaica) . Most of the divisions within Albula lineages
are plausibly attributable to geological barriers such as the
Sunda Shelf or oceanic barriers such as the mid-Atlantic ex-
panse. Although there is certainly evidence for dispersal
across such barriers, these geological and oceanographic
boundaries seem to be a primary force in shaping genetic
architectures within Albula species. If these microevolution-
ary processes can be extrapolated to macroevolutionary
scales, then allopatric speciation is the predominant mode of
diversification in bonefishes.

Cryptic Species

Many cases of cryptic species are attributed to stabilizing
selection, which can maintain a constant phenotype across
the range of the group (Williamson 1987). However, a dis-
tinction must be made between morphological conservatism
resulting from stabilizing selection and morphological con-
servatism in living-fossil lineages, which arguably could in-
clude bonefishes. Living fossils are generally considered to
be examples of bradytely (extremely slow evolution), both
in morphological and DNA sequence evolution (Eldredge and
Stanley 1984). These ancient lineages can remain relatively
unchanged in gross morphology for more than 100 million
years (Smith 1939; Aviseet al. 1994; King and Hanner 1998),
but usually demonstrate diagnostic morphological differen-
tiation associated with divergences of less than 5 million
years (Bowen et al. 1993; Avise et al. 1994; Erdmann et al.
1998). The deepest divergences within the Albula genus (d
= 0.264-0.306 between A. glossodonta and A. neoguinaica)
corresponds to about 20 million years, yet only one external
morphological charactersisknown to discriminate these spe-
cies. The split between A. vulpes and Albula sp. B (d = 0.120—
0.148) can be provisionally dated to about 8—10 million years,
and no external morphological characters have been found
to discriminate these species (R. E. Crabtree, unpubl. data).
In this case, ancient separations do not correspond to mor-
phological divergences. Because of the extreme levels of an-
atomical conservatism, even by the criteria of living fossil,
other factors such as stabilizing selection or developmental
constraints must be considered to explain the extremely slow
morphological evolution in bonefishes.

Thelarge number of cryptic speciesin the ocean (Knowlton
1993) can be attributed to a relatively stable marine envi-
ronment or to the homeostatic qualities of marine commu-
nities on evolutionary time scales (Jackson 1994). The lo-
cation of individual habitats may change as a result of cli-
matic and sea-level fluctuations, but these habitats exist on
abroad geographic scale for millions of years (Jackson 1994).
Mature bonefishes are most frequently found on sand and
sea-grass flats, a nearly ubiquitous feature of nearshore trop-
ical and subtropical marine environments. Notably, few ob-
vious physical or ecological differences exist between trop-
ical sand flats around the world (Alongi 1990). The infaunal
communities are dominated by polychaetes, gastropods, am-
phipods, bivalves, and decapods (Vargas 1987; Alongi and
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Christoffersen 1992; Dittmann 1995; Wijnsma et al. 1999).
However, there can be considerable geographic variation in
the relative abundances of the chief players, and the diet of
bonefish populations can vary greatly between locations,
sometimes over very short distances (Warmke and Erdman
1963; Colton and Alevizon 1983; Crabtree et al. 1998). Geo-
graphic differences in composition of invertebrate commu-
nities might prompt changes in the prey-handling structures
of bonefishes, and this could explain why jaw structure and
dentition are among the few characters known to distinguish
Albula species (Shaklee and Tamaru 1981; Randall and
Bauchot 1999). Beyond this prey handling, there appear to
be relatively few opportunities for ecological diversification
in flats habitat. The morphological and ecological conser-
vatism in bonefishes may therefore be an example of stabi-
lizing selection on a circumtropical scale, in response to a
homogeneous habitat.

Summary and Prospectus

Bonefishes seem to defy a few of the basic tenets of or-
ganismal evolution. First, species are expected to develop
diagnostic morphological characters, especially after isola-
tion for millions of years. Thisis a fundamental premise for
the morphological classification of organisms. Even living
fossils are anatomically distinct after a few million years of
separation, and so bonefishes represent an extreme example
of morphological stasis (bradytely). Second, congeneric spe-
cies are expected to be recognizably different when they oc-
cur in sympatry. This observation, originally made by Brown
and Wilson (1956), stands as one of the fundamental prin-
ciples of evolutionary ecology (Schluter 1994). Cases abound
in which congeneric species coexist in the same habitat, but
they invariably exhibit differences in terms of morphology,
ecology, or coloration. In contrast, ecological character dis-
placement seems to be weak or undetectable in bonefishes,
despite evidence of sympatry among lineages that are mil-
lions of years old.

Bonefishes, as members of the Elopomorpha, also defy
expectations for larval dispersal. This ancient taxonomic or-
der contains species (such as eels of the genus Anguilla) that
routinely cross entire oceans during their extended lepto-
cephalus stage. Bonefishes are not ocean migrants as juve-
niles and adults, but the pelagic larval stage of Albula spp.
lasts about two to six months, depending on the species (Pfeil -
er et al. 1988; Mojica et al. 1995). This is at least twice the
average for widely distributed reef fishes. Thus, bonefishes
should be world-class dispersers, but the genetic evidence
argues to the contrary. Albula spp. have evidently colonized
across the eastern Pacific barrier and mid-Atlantic barriersin
the distant past, but not in the last 1 million years (for the
mid-Atlantic) to 10 million years (for the eastern Pacific).
We also detected no interchange between Atlantic and Indian
Oceans on a scale of at least 5 million years, despite the
presence of Albula sp. D in Natal, South Africa. Certainly
part of the explanation for limited dispersal is historical:
Paleocirculation patterns created windows for colonization
that are occluded by contemporary currents and climate (Pau-
lay 1990; Palumbi 1996; Muss et al. 2001). However, larvae
of coastal species, most with pelagic periods of 20-50 days,
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are able to cross the mid-Atlantic and eastern Pacific barriers
on a contemparary scale (Lessios et al. 1998; Bowen et al.,
in press; B. W. Bowen, unpubl. data). So why don’t Albula
larvae make these crossings? The answer likely includes spe-
cialized behaviorsthat promote retention in nearshore waters.

For decades, experienced bonefish anglers have voiced sus-
picions that more than one Albula species enters the recre-
ational fisheries, and these observations were a primary mo-
tivation for genetic studies. So what have we learned about
bonefishes from the mtDNA data? There are more species
than expected, and more population structure than expected
given the extended pelagic larval period. These findings stand
in stark contrast to other fish specieswith an extended pelagic
phase, in which mtDNA surveys show little population struc-
ture across vast oceanic expanses (Graves 1998; Bowen et
al., in press). Attenuation of larval dispersal would certainly
enhance opportunities for allopatric isolation and ultimately
may explain patterns of speciation in Albula. In this regard,
bonefishes seem to follow the conventional evolutionary pat-
tern of speciation through vicariant separations (Mayr 1954).
However, limited larval dispersal would also seem to enhance
opportunities for morphological differentiation, and this is
demonstrably not the case. In terms of morphological and
ecological differentiation (especially in sympatry), the evo-
lutionary enigma of bonefishes remains intact and the ulti-
mate answers will require additional research. Ecological
studies are surprisingly sparse for a group of fishes that com-
mands a dedicated rod-and-reel fishery. Thisgroup could also
benefit from genus-wide comparisons of morphology and ad-
ditional nuclear DNA loci, to test the phylogenetic conclu-
sions based on allozymes and mtDNA. Studies of other cos-
mopolitan marine species will determine whether the genetic
patterns observed in bonefishes are routine elements of ma-
rine speciation. Finally, ongoing genomic projects (on a va-
riety or organisms) will reveal the operons that control mor-
phological structure and development in bonefishes. Studies
of these key loci may demonstrate whether the morphological
conservatism of bonefishes is due to genetic constraints, de-
velopmental limitations, stabilizing selection, or some com-
bination of influences. By looking inward to the genome and
outward to the living organism and its habitat, biol ogists may
yet solve the evolutionary enigma of bonefishes.
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