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Abstract Here we present a review of how the study of
the geographic distribution of genetic lineages (phylogeog-
raphy) has helped identify management units, evolutionary
significant units, cryptic species, and areas of endemism,
and how this information can help efforts to achieve effec-
tive conservation of coral reefs. These studies have
confirmed the major biogeographic barriers that were origi-
nally identified by tropical species distributions. Ancient
separations, identified primarily with mtDNA sequence
comparisons, became apparent between populations on
each side of the barriers. The general lack of correlation
between pelagic larval duration and genetic connectivity
across barriers indicates that life history and ecology can be
as influential as oceanography and geography in shaping
evolutionary partitions within ocean basins. Hence, conser-
vation strategies require a recognition of ecological hot-
spots, those areas where habitat heterogeneity promotes
speciation, in addition to more traditional approaches based
on biogeography. Finally, the emerging field of genomics
will add a new dimension to phylogeography, allowing the
study of genes that are pertinent to recent and ongoing
differentiation, and ultimately providing higher resolution
to detect evolutionary significant units that have diverged in
an ecological time scale.
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Introduction

The field that addresses the geographical distribution of
genetic lineages within species and investigates factors that
shaped their genetic architecture is collectively known as
phylogeography. Research in this field is capable of identi-
fying previously unrecognized units of biodiversity, areas
rich in unique populations and management units, and can
yield insights into processes affecting the formation of new
species (reviewed in Avise 2000). Recent advances in
genetic techniques have increased the relative ease with
which data may be generated and have facilitated the devel-
opment of complex analytical approaches by which we may
investigate population processes at time scales ranging
from ecological to evolutionary.

Phylogeographic studies now include genetic assays of
several marine species. Studies that survey multiple species
across the same general area (comparative phylogeogra-
phy) often identify congruent patterns of genetic lineage
distributions and may indicate where areas containing
evolutionarily significant units (historically isolated sets of
populations, Moritz 1994) are located, thus providing
guidelines for conservation priorities (Moritz and Faith
1998). While this approach has worked very well in terres-
trial habitats, some aspects of life history parameters in
marine species can confound genetic surveys. Notably,
most coral reef organisms disperse by means of a pelagic
larval stage and are relatively sedentary during the longer
benthic and reef associated life stage (Leis 2002; Mora and
Sale 2002). The presence of this pelagic larval stage poten-
tially increases gene flow among distant locations and over-
whelms genetic divergence. However, recent advances
indicate that active behaviour of larvae, local oceano-
graphic processes and spawning events that coincide with
certain tides and current regimes are among the biological
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and physical factors that may influence larval dispersal
by increasing local retention (Cowen 2002; Cowen et al.
2006). Consequently, the previously accepted view of
largely open populations of coral reef organisms is shifting
towards a realization that some species have several geneti-
cally interconnected, but demographically discrete popula-
tions (Leis 2002; Swearer et al. 2002).

The need for a better understanding of dispersal in the
sea is urgent, mainly because the overall health of coral
reefs has been on the decline worldwide, with over-exploi-
tation, pollution, disease and climate change among the top
threats to this unique tropical ecosystem (Pandolfi et al.
2003; Bellwood et al. 2004). Marine protected areas have
been the primary means to protect coral reefs, and with the
growing number of such areas (Mora et al. 2006), the ques-
tions of where to place reserves and how they should be
spaced are becoming increasingly urgent (Halpern et al.
2006). To answer these questions researchers must: (1)
assess local biodiversity to identify areas where protection
would shelter the largest number of species, including
unique lineages with a restricted geographical range
(Moritz and Faith 1998); and (2) estimate dispersal of the
organisms in order to design reserve networks that would
promote both effective species protection and spill-over to
non-protected areas (Palumbi 2004).

Phylogeography assumes a central role in assessing these
questions by analysing the genetic relationships between
distant populations that may be separated by vast expanses
of unsuitable habitat (open ocean, sand bottoms, etc.) but
connected to varying degrees by larvae carried by oceanic
currents. If distant populations have strong genetic ties, high
dispersal ability is assumed (Rocha etal. 2002; Klanten
et al. 2007); however, if they are genetically distinct, then
limited dispersal, geographic barriers, or ecological factors
can be involved in shaping the species evolution (Munday
et al. 2004; Rocha et al. 2005a; Faucci et al. 2007).

Thus, results from phylogeography studies can be
applied not only to questions of evolutionary significance,
but also have management applications. Hellberg (2007)
has reviewed the impacts of phylogeography on ecological

time scale connectivity studies and provided valuable
advice for future research directions. Here we concentrate
on historical evolutionary processes detected mainly
through phylogeographic surveys of fishes, but examples
from other marine organisms (we limit the examples on
corals, reviewed by van Oppen and Gates 2006) are used to
illustrate marine phylogeographic patterns and to show how
they relate to reef conservation and biogeography.

Biogeographic barriers

Marine biogeographic barriers have been recognized for
decades, and early researchers used breaks in the faunal com-
position and levels of endemism to designate geographic
units or “faunal provinces”. In tropical marine habitats, only
a few barriers are apparent and well studied (Fig. 1): (1) the
junction between Africa and the Middle East, separating the
Mediterranean from the Indian Ocean is the Old World bar-
rier, formed after the closure of the Tethys sea (reviewed in
Ekman 1953; Briggs 1974); (2) the Caribbean Sea and the
tropical eastern Pacific are separated by the New World bar-
rier, formed after the closure of the Isthmus of Panama
(reviewed in Bermingham et al. 1997; Knowlton and Weigt
1998); (3) the immense freshwater and sediment outflow of
the Amazon river in north-eastern South America separates
Brazil from the Caribbean and is known as the Amazon bar-
rier (reviewed in Rocha 2003); (4) the cold water upwelling
around southern Africa separates the tropical Atlantic from
the Indian Ocean and is known as the Benguela barrier
(reviewed in Rocha et al. 2005b); (5) the shallow continental
shelf (Sunda shelf) among Indonesian islands is exposed dur-
ing low sea levels, forming a long land bridge and restricting
exchange between the tropical Indian Ocean and the western
Pacific (reviewed in Randall 1998); (6) the vast open ocean
distances between the tropical eastern Pacific and the islands
of the central Pacific form the East Pacific barrier (reviewed
in Lessios and Robertson 2006); and (7) the mid-Atlantic
barrier consists of the open ocean distances separating the
Americas and Africa (reviewed in Muss et al. 2001).

Fig. 1 Geographic location of
the seven major tropical marine
biogeographical barriers. EPB
Eastern Pacific Barrier, IPB
Isthmus of Panama Barrier, AB
Amazon Barrier, MAB Mid-
Atlantic Barrier, BB Benguela
Barrier, OWB Old World
Barrier, SSB Sunda Shelf Barrier

EPB MAB

OWB

SSBS~
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In addition, several minor barriers have been identified.
In the Caribbean, the Mona Passage separates the fauna in
the Lesser and Greater Antilles (Hastings and Springer
1994; Baums et al. 2006; Taylor and Hellberg 2006); in the
south-eastern United States, a strong temperature gradient
along the Florida peninsula separates Atlantic and Gulf of
Mexico populations (Avise 2000); in the South Atlantic,
opposite current directions and divergent ecological condi-
tions separate populations north and south of the “hump” of
Brazil (Santos et al. 2006); in the tropical eastern Pacific,
long stretches of sandy coast and different temperature
regimes separate three faunal provinces (Panamic, Mexi-
can, and Cortez; Hastings 2000), with finer divisions within
the Sea of Cortez (Riginos 2005); in the warm temperate
eastern Pacific, circulation changes along Point Conception
are apparently responsible for large faunal breaks (Burton
1998 and references therein); in South Africa the coastline
is divided into three regions characterized by large varia-
tions in hydrological conditions (Teske et al. 2006 and ref-
erences therein).

Even though these barriers represent significant faunal
breaks, there is a large overlap in species composition
between adjacent biogeographic provinces. For example,
Brazil and the Caribbean share approximately 75% of their
species (Rocha 2003). This is where phylogeography
comes into play to help management decisions: should pop-
ulations on both sides of these barriers be treated as distinct
management units? Recent phylogeographic surveys indi-
cate that the answer in most cases is yes. In the Atlantic,
populations of the surgeonfish Acanthurus coeruleus and
the wrasse Halichoeres bivittatus are significantly different
between Brazil and the Caribbean (Rocha etal. 2002,
2005a). In the eastern Pacific, populations of many fish spe-
cies surveyed in the Gulf of California are significantly
different from those in the adjacent Pacific waters (Bernardi
et al. 2003; Bernardi and Lape 2005). In the Indo-Pacific,
bullethead parrotfish (Chlorurus sordidus) and three-spot
seahorses (Hippocampus trimaculatus) show significant
population structure among locations separated by the
Sunda shelf barrier (Bay et al. 2004; Lourie and Vincent
2004a).

The level of genetic divergence among those faunal
provinces varies extensively, from population (shifts in
allele frequency) to species level separations (herein defi-
ned as separations supported by independent lines of evi-
dence, or by genealogical concordance, sensu Avise and
Ball 1990). This prompts a recurring question: is the dura-
tion of the pelagic larval stage, often regarded as an indica-
tor of dispersal potential, related to population structure?
Several recent surveys indicate no relationship. In a survey
of 15 Atlantic reef fishes, Bowen et al. (2006b) found no
link between the larval duration and genetic divergence. In
the tropical eastern Pacific, no correlation was detected

between larval duration and the geographical range of 44
species of wrasses and damselfishes (Victor and Wellington
2000). Often, the species biology and ecology (i.e. how the
species interacts with the barrier), larval behaviour, and
environmental differences were considered more important
than larval duration per se (Shulman and Bermingham
1995; Riginos and Victor 2001; Rocha et al. 2005a; Bay
etal. 2006; Choat 2006). However, cowries (gastropod
family Cypraeidae) represent a notable exception: when
Paulay and Meyer (2006) eliminated confounding factors
such as dispersal estimation error, intraspecific variation
and phylogenetic bias, they observed a significant positive
correlation between the length of the pelagic larval stage
and species ranges.

Comparative studies of closely related species can be
especially informative because, as in the cowrie study indi-
cates, these can eliminate confounding factors linked
to deep evolutionary separations. The phylogeography of
three sympatric Atlantic surgeonfishes in the genus
Acanthurus with almost identical pelagic larval duration
was strongly correlated to their adult habitat preferences
and not to dispersal ability (Rocha et al. 2002). Similarly,
five wrasses of the genus Halichoeres belonging to a mono-
phyletic group (Barber and Bellwood 2005), with the same
pelagic larval duration and overlapping western Atlantic
distributions, showed genetic divergences that varied from
0 to species level separations across the Amazon barrier
(Rocha 2004; Rocha et al. 2005a). Thus, larval dispersal
ability may be strongly correlated to geographic ranges and
genetic structure in species that have extreme (very long or
very short) pelagic larval stages (Bay et al. 2006; Purcell
et al. 2006), but it remains a poor predictor of population
structure for coral reef organisms with the common pelagic
larval durations between 3 and 5 weeks (Bowen et al.
2006b).

Phylogeography studies are often aimed at addressing
large-scale evolutionary patterns related to strong biogeo-
graphic barriers; yet frequently recover patterns of relation-
ships within species that have direct implications for
management. One example is the realization that the place-
ment of genetic breaks, especially in those species that have
limited dispersal, corresponds not only to the major biogeo-
graphical barriers listed above, but also to previously unrec-
ognized zones of environmental transition. Earlier work
indicated that sharp genetic breaks within a putative species
often corresponded to shifts in faunal assemblages (Avise
1992). However, a study of intertidal copepods (genus
Tigriopus) along the coast of California determined that the
presence of a sharp genetic break coincident with the pri-
mary biogeographic partition in the area (Point Conception)
was no deeper than five other genetic breaks found through-
out the species range (Burton 1998). Similarly, sharp genetic
breaks in mantis shrimp (genus Haptosquilla) coincident
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with the Sunda shelf barrier in Indonesia were no deeper
than breaks between Sulawesi and Papua or even between
two locations along the coast of Papua, where no biogeo-
graphic break is recognized (Barber et al. 2006).

Craig et al. (2006) demonstrated that populations of a
common grouper (the flag cabrilla, Epinephelus labrifor-
mis; Epinephelidae) are genetically homogeneous across
two faunal transition zones in the tropical Eastern Pacific.
Despite long stretches of sandy shoreline and the absence
of appropriate reef habitat, the species is able to maintain
strong genetic connectivity across these coastal barriers. In
contrast, a genetic break is apparent between coastal habi-
tats and peripheral insular locations (Clipperton Island and
Alijos Rocks, Baja Sur). These and other examples provide
useful information in the context of conservation biology: if
decisions were made based on the assumption that genetic
breaks correspond primarily to faunal breaks, the presence
of unique populations (or species) would likely be missed.

Ecology and phylogeography

If one of the goals of conservation biology is to identify and
preserve areas of endemism (the so-called biodiversity
“hotspots”), where should we look for such endemism: In
geographically isolated locations or among locations with
divergent ecological conditions? To date, the identification
of such hotspots has relied primarily on geography, and is
largely based on taxonomy and species distributions (Rob-
erts et al. 2002; Lourie and Vincent 2004b). However, eco-
logical processes influence marine evolution as well (Rocha
et al. 2005a; Conover et al. 2006; Choat 2006), and may
indicate the necessity of identifying “ecological hotspots.”

Undeniably, biogeographical barriers and geographical
isolation greatly influence diversification on coral reefs.
However, the previous section indicates that there are only
a handful of such readily recognizable barriers in the sea;
yet, coral reefs harbour one of the most diverse assem-
blages of organisms on earth. This observation defies expla-
nation with the most accepted mechanism of diversification:
allopatric speciation, or speciation due to geographic isola-
tion (Mayr 1963; Coyne and Orr 2004). The alternatives,
speciation with complete (sympatric) and partial (parapat-
ric) range overlap, have been proposed for several terres-
trial taxa (Schluter 2001; Doebeli and Dieckmann 2003).
But how important is non-allopatric speciation in generat-
ing and maintaining biodiversity in the sea? Recent studies
in corals, sponges, molluscs and fishes indicate that natural
selection can strongly influence diversification processes,
and ultimately may be as important as geography in driving
speciation.

Two sympatric morphotypes of the coral species Favia
fragum in Panama revealed strong evidence for an impor-
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tant role of natural selection in coral speciation. The two
types have significant genetic differences yet co-occur in
the same reefs. However, one of the types prefers shallower
waters subjected to strong fluctuations in salinity and tur-
bidity and the other inhabits a deeper and more stable envi-
ronment. The differences persist even in the face of gene
flow among types, and are apparently maintained by strong
natural selection (Carlon and Budd 2002). At the Great
Barrier Reef, population structure in the reef-building coral
Acropora millepora is strongly associated with water tem-
perature (Smith-Keune and van Oppen 2006). The marine
sponge Chondrilla cf. nucula exhibits significant genetic
difference between adjacent mangrove and reef popula-
tions, but remarkable similarity among widely separated
populations occupying the same habitat (Duran and Riitzler
2006). In Indo-Pacific snails of the genus Echinolittorina,
genetic breaks correspond not only to the Sunda shelf
region, but also to the ecological discontinuity between
continental and insular environments (Reid et al. 20006).
Finally, in coral dwelling nudibranchs of the genus Phe-
stilla, genetic partitions sort according to coral host and not
to geography (Faucci et al. 2007).

In Atlantic reef fishes, the distribution of genetic lin-
eages of wrasses (genus Halichoeres) corresponds to envi-
ronmental conditions and not geography; populations of
Halichoeres radiatus in Brazilian offshore islands are more
similar to those in Caribbean islands than those on the adja-
cent coastline (Rocha et al. 2005a), and a very similar pat-
tern was observed in the widely distributed goby
Bathygobius soporator (Lima et al. 2005). Deep lineages of
the Atlantic parrotfish genus Sparisoma correspond to a
shift from a coral reef to a seagrass habitat (Streelman et al.
2002). A major genetic break coinciding with abrupt
changes in ecological characteristics, including temperature
and salinity, separates two lineages of the eastern Pacific
blenny Axoclynus nigricaudus within the Sea of Cortez
(Riginos and Nachman 2001). In Indo-Pacific three-spot
seahorses (Hippocampus trimaculatus) the difference among
populations separated by an apparent ecological barrier
(continental versus insular habitats) is greater than that
between populations separated by the Sunda shelf barrier
(Lourie and Vincent 2004a). Finally, compelling evidence
for sympatric speciation was demonstrated in gobies of the
genus Gobiodon, wherein species level separations do not
follow geography, but shifts in the coral host (Munday
et al. 2004).

These and other examples have led to the recognition of
environmental variation and natural selection as powerful
forces driving population structure (Choat 2006). Thus,
resource managers should aim to design marine reserve net-
works considering not only geography, but also ecological
partitions. Even though areas in close geographic proximity
(such as oceanic islands and the adjacent coastline) may
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appear strongly connected by currents, these communities
are ecologically (and many times genetically) so different
that they should be treated as separate and independent
management units. Ultimately, both natural selection and
geography shape the genetic architecture of marine species,
and neither should be neglected. Phylogeographic studies
that sample through an appropriate geographic scale (ide-
ally the entire species range) and through habitats with
different ecological characteristics (such as oceanic and
continental, or tropical and subtropical locations) have a
much greater chance of detecting evolutionarily significant
units and pointing towards appropriate conservation mea-
sures.

When genetics contradicts taxonomy

Prior to discussing problems related to taxonomy, and since
the term species will be used frequently below, it is appro-
priate to provide a definition of the term. In recent years,
the species concept debate started to point towards the idea
that species are simply evolving lineages or evolving popu-
lations (Avise and Wollenberg 1997; Hey et al. 2003). De
Queiroz (1998) pointed out that conflicts between species
concepts exist because different concepts apply to different
stages in the speciation process, for example a species may
pass through a “phylogenetic species” (reciprocally mono-
phyletic lineages) stage before becoming a “biological spe-
cies” (reproductively isolated units). Since the speciation
process consists of a continuum, the operational question of
when these units should be formally named often rests on
the shoulders of taxonomists. In this section we will discuss
discrepancies between genetically diagnosable units and
formally named species, thus the only applicable species
concept in this discussion is the one most often used by tax-
onomists when describing species, the morphological con-
cept. Therefore, the term “species” will be used to refer to
morphologically diagnosable units named and recognized
by taxonomists.

Most contemporary phylogeographic surveys involve
genetic markers that are not linked to morphology (usually
mitochondrial DNA segments). These markers are useful
for investigating historical processes within species, as well
as evolutionary relationships among species. However,
mutational changes occur everywhere in the genome, and
natural selection can quickly increase the frequency of
advantageous (or decrease that of deleterious) mutations. If
those mutations occur in genes that control easily recogniz-
able morphological characters (such as colour and body
shape) and are driven to fixation by selection, they can
quickly create distinct populations (Losos etal. 1998;
Endler et al. 2005) that do not differ at mtDNA sequences.
Likewise, if selection acts to maintain morphological

characters, species that have been genetically separated for
millions of years can be indistinguishable to the human eye
(Santos et al. 2006; Bowen et al. in press).

Since the overwhelming majority of species descrip-
tions are based exclusively on morphology, the main
reason why population genetic and molecular systematic
studies often contradict well-established taxonomy is
because rates of evolution of morphological characters that
are under the influence of selection are decoupled from the
rates of molecular evolution at mtDNA genes used in
genetic surveys. Characters such as colour pattern may
thus show patterns of divergence that precede genetic
divergence at mtDNA loci (Craig et al. 2006). Phylogeog-
raphy thus aims to represent the historical trajectory of the
species, whereas morphology reflects adaptations, and
these two are often discordant. This creates two problems
that have direct effect on the conservation of coral reef
organisms: (1) The lack of taxonomic recognition and con-
sequent oversight of genetically unique evolutionary units
(cryptic species), and (2) The separation of genetically
homogenous but morphologically variable species into
several taxonomic units (taxonomically recognized popula-
tions). Examples of both are common in coral reefs and are
discussed in detail below.

Cryptic speciation

The subject of cryptic or sibling species in the sea was
reviewed by Knowlton (1993, 2000), and here we will con-
centrate on the most recent developments in the area. The
identification of sibling or cryptic species (species that are
morphologically identical, but represent distinct evolution-
ary lineages; Knowlton 1993; Brown and Lomolino 1998)
within a morpho-species represents an important by-prod-
uct of phylogeography studies. Often, it is assumed that
across the range of a morphologically homogeneous and
widely distributed species, intraspecific gene genealogies
should be shallow, or geographically differentiated at a pop-
ulation level (i.e. allele frequency shifts). Genetic homoge-
neity is observed in species with high dispersal potential,
such as the surgeonfishes Acanthurus triostegus, Acanthu-
rus chirurgus, and Naso vlamingii (Planes and Fauvelot
2002; Rocha etal. 2002; Klanten et al. 2007), the sol-
dierfishes (genus Myripristis; Bowen et al. 2006b; Craig
et al. 2007), pygmy angelfishes (genus Centropyge; Bowen
etal. 2006a; Schultz et al. 2007), Pacific gobies (genus
Gnatholepis; Thacker 2004) and a few other species that
are able to cross the eastern Pacific barrier (Lessios and
Robertson 2006). However, they seem to be exceptions,
and numerous examples have shown that the presence of
deep genetic breaks (i.e. numerous fixed mutations separat-
ing populations) within widely distributed coral reef spe-
cies is more common than previously thought. Indeed, 8 of
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15 reef fishes surveyed in the Atlantic showed evidence of
cryptic species (Bowen et al. 2006b and references therein).
The implications of these findings are a subject of much
debate. Do these lineages represent management units, evo-
lutionarily significant units (sensu Moritz 1994), sub-spe-
cies, or cryptic species? Conservation efforts often consider
genetic divergence based upon phylogenetic criteria (Mace
et al. 2003), so the rank that we apply to these lineages may
alter conservation priorities.

Bonefishes (genus Albula) live in tropical shallow
waters over sand flats, usually close to coral reefs. They
are part of an ancient and unique lineage, containing only a
handful of species and located at the base of the tree of
bony fishes (Nelson 2006). Since taxonomic distinctive-
ness and uniqueness are important when setting conserva-
tion goals (US Fish and Wildlife Service 1983), the
bonefishes are a priority. However, until recently, the shal-
low water bonefishes distributed from the Caribbean,
through the Indian and western Pacific Ocean and to the
Central Pacific, were considered to be a single homoge-
neous species, Albula vulpes, and were managed as such.
A recent mtDNA survey revealed that the once circum-
tropical bonefish consists of perhaps ten genetic lineages,
or cryptic species, and many unique populations. As a
result, bonefish from all over the world are receiving new
(or revalidated) names and being managed as separate spe-
cies (Pfeiler et al. 2002; Bowen et al. 2007; Friedlander
et al. in 2007, Pfeiler et al. 2006).

Other examples come from sharks and reef fishes: a
study that examined intraspecific genetic variation in ham-
merhead sharks (Sphyrna lewini; Sphyrnidae) found that all
of the South Atlantic, Indian Ocean, and Pacific popula-
tions are very similar, however, a unique population in the
north-western Atlantic appears to represent a cryptic and

Fig. 2 Cryptic species detected
by genetic markers.

a Halichoeres maculipinna from
the Caribbean, and b Rypticus
saponaceus from Brazil.

¢ Halichoeres penrosei from
Brazil are separated by a mean
sequence divergence of 6.5% at
the cytochrome b mtDNA gene,
and d West Africa are separated
by a mean sequence divergence
of 4.1% at the cytochrome b
mtDNA gene
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previously undetected species (Duncan et al. 2006; Quattro
etal. 2006). Numerous wrasses and parrotfishes in the
western Atlantic were considered to be widely distributed
species with slightly different populations in the Caribbean
and Brazil, separated by the Amazon barrier (Fig.?2).
Recent phylogeographic surveys indicate that these popula-
tions actually represent deeply divergent lineages, which
are now recognized as valid species (Rocha 2004; Robert-
son et al. 2006). Populations of the soapfish Rypticus sapo-
naceus on either side of the Atlantic (Fig. 2) are separated
by a 4.1% sequence divergence at the cytochrome b
mtDNA gene (Carlin et al. 2003). The red lip blenny, Ophio-
blennius atlanticus, is composed of five genetic lineages
within the Atlantic, each corresponding to a major zoogeo-
graphic region (Muss etal. 2001). In the Indo-Pacific,
Messmer etal. (2005) detected species level mtDNA
(control region) divergences among three populations of
Pseudochromis fuscus separated by weak barriers (short
open-ocean distances, freshwater, and sediment discharges
from rivers); and species level separations in two mtDNA
loci (cytochrome b gene and D-loop) among populations of
the brooding damselfish Acanthochromis polyacanthus
were observed in a short geographical scale within the
Great Barrier Reef in Australia, and between the GBR and
the Coral Sea (Planes et al. 2001; Bay et al. 2006).

The phenomenon is not unique to fishes; a recent survey
of the sea anemone Actinia equina shows divergent genetic
lineages that should be treated as separate species (Schama
et al. 2004). A genetic survey of eastern Pacific sea urchins
revealed that the widely distributed Eucidaris thouarsi is
composed of two deeply separated lineages, one restricted
to oceanic islands and another occurring along the coast
(Lessios et al. 1999); and in the urchin genus Diadema sev-
eral deeply divergent and previously undetected clades,
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were identified in the Atlantic and Pacific oceans (Lessios
et al. 2001). Brazilian and Caribbean populations of spiny
lobster (Panulirus argus, a species with very high commer-
cial value and widely exploited throughout its range) repre-
sent two cryptic species treated as a single taxonomic unit
(Sarver et al. 1998). In groups where morphology does not
provide reliable characters, such as in marine sponges, phy-
logeographic surveys are expected to reveal many cryptic
species (Lazoski et al. 2001; Worheide et al. 2005). But
perhaps the most extreme example of undetected cryptic
speciation comes from an Indo-Pacific turbinid gastropod:
Meyer et al. (2005) surveyed populations of the widely
distributed Astralium rhodostomum, and this “species” is
comprised of at least 30 divergent genetic lineages, each
inhabiting a different archipelago, sometimes separated by
only a few hundred kilometres. It is important to stress that
sharp breaks in fast evolving mtDNA loci may arise
randomly, and before any taxonomic decision is made,
genealogical concordance across multiple loci (preferably
mtDNA and nuclear DNA) is necessary (Kuo and Avise
2005).

The identification of discrete genetic lineages within
a widely distributed species is often followed by the dis-
covery of previously unobserved morphological differ-
entiation (genealogical concordance), and subsequent
recognition of the lineages as valid species. Hence there is
a growing recognition that the application of phylogeo-
graphical data may also increase our awareness of the net
biodiversity in the marine environment. As many conser-
vation priorities are based on observable biodiversity
units, these data often have profound implications for man-
agement priorities. Moreover, even when genetic surveys
do not result in taxonomic reshufiling, data from compara-
tive phylogeography studies are starting to identify areas
of genetic endemism and can ultimately help coastal and
oceanic nations decide where to focus their conservation
efforts.

Taxonomically recognized populations

Although less common than the discovery of cryptic spe-
cies, it is not rare to find studies that show great genetic
similarity between recognized species. In a phylogeo-
graphic survey of sea turtles (genus Chelonia), Karl and
Bowen (1999) observed no genetic distinction between the
green sea turtle (Chelonia mydas; found in all tropical seas)
and the black sea turtle (Chelonia agassizi; restricted to the
tropical eastern Pacific). Even though their conclusion was
that these two species should be treated as a single taxon,
they recommended that special conservation measures
should be applied to the black turtle, as it possesses unique
morphological characters not yet reflected in mitochondrial
DNA markers.

Likewise, three recognized species of Atlantic pygmy
angelfishes widely exploited by the aquarium trade (Cen-
tropyge aurantonotus in Brazil, Centropyge argi in the
Caribbean and Centropyge resplendens in the central
Atlantic; Fig. 3) show distinctive colour differences but no
genetic difference in mtDNA sequences. The explanation
lies again in the rates of DNA evolution: a comparison with
the Indian Ocean Centropyge acanthops revealed that the
ancestor of these three species likely invaded the Atlantic in
the last 250 thousand years (Bowen et al. 2006a). Each of
the three populations possesses a distinct colour pattern,
however, no genetic difference was detected because there
was insufficient time for mutations to accumulate in the
mtDNA markers surveyed, a pattern also observed in a
Pacific pygmy angelfish (Schultz et al. 2007). As we do not
know what would happen if those populations were brought
back into contact, only time will tell if they retain separate
evolutionary paths.

Discordance between colour based taxonomy and
population genetics data are also apparent in Caribbean
hamlets (fishes of the genus Hypoplectrus, Fig. 3), Indo-
Pacific damselfishes (genus Dascyllus) and some Pacific
butterflyfishes (genus Chaetodon). In hamlets, the taxo-
nomic richness (seven recognized species and two addi-
tional unnamed colour morphs) is higher and the
geographical scale (Caribbean region) is smaller than in
pygmy angelfishes, making the group even more remark-
able. Two explanations, both involving recent diversifica-
tion, have been proposed: first, divergence could be
driven by adaptation to slightly different reef habitats,
with an apparent signal of historical hybridization among
colour morphs (McCartney etal. 2003; Ramon et al.
2003). Second, disruptive natural selection on colour,
reinforced by assortative mating may maintain colour
polymorphisms (Puebla et al. 2007). In damselfishes of
the genus Dascyllus, and some butterflyfishes of the genus
Chaetodon, the distribution of genetic lineages is largely
incongruent with accepted species boundaries (McMillan
et al. 1999; Bernardi et al. 2002; McCalfferty et al. 2002).
Examples are common also in invertebrates; current tax-
onomy in the sea anemone genus Actinia is strongly dis-
cordant with genetic partitions (Schama et al. 2004) and
the two recognized Atlantic species of the sea urchin
genus Eucidaris have no detectable mtDNA differences
(Lessios et al. 1999).

Regardless of the level of genetic variation at mtDNA
loci, the majority of these studies concluded that species
with no genetic differences are distinguished by subtle and
diagnostic colouration and/or morphology. Hence they
probably are not connected at an ecological time-scale and
should continue to be treated as distinct units for manage-
ment purposes at least until more detailed studies of pheno-
typic variation are carried out (Conover et al. 2006).
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Fig. 3 Recognized species that
show no genetic difference

at neutral DNA markers. The
hamlets a Hypoplectrus puella,
b Hypoplectrus nigricans, and
¢ Hypoplectrus indigo; and the
pygmy angelfishes d Centropyge
argi, e Centropyge aurantono-
tus, and f Centropyge resplen-
dens

Future

The front line in marine conservation genetics is the proper
identification of management units, and phylogeography
offers great help in identifying such units. Genetic surveys
have the potential to reveal isolated and unique lineages
(cryptic species), as well as to inform us which recognized
species correspond to ancient or recently diverged popula-
tions. Biogeographic barriers provide an excellent starting
point for population genetic surveys; however, in order to
identify as many unique populations as possible and ade-
quately protect them, it is necessary to survey the entire
geographical and ecological range of each putative species.
To date, phylogeographic surveys have revealed many deep
lineages (cryptic species and evolutionary significant units)
as well as isolated populations (stocks and management
units) in coral reef organisms.

In addition, we must also identify the processes that
produce future biodiversity (Bowen and Roman 2005). For
example the evolutionary history of goldspot gobies
(Gnatholepis thompsoni) and pygmy angelfishes (genus
Centropyge) indicate that global warming may re-open
connections between the tropical Atlantic and Indian
Oceans (Rocha et al. 2005b; Bowen et al. 2006a). Even
though faunal exchanges between these regions occurred
naturally in the past, consequences from a human-induced
opening are unpredictable. Artificial gene flow induced by
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ship ballast water also represents a problem for marine pop-
ulations (Carlton and Geller 1993) because it can break
down genetic differences that have been accumulating for
millions of years. Thus, because the populations of today
potentially are the species of the future, genetic connections
(or lack thereof) among them must be effectively protected.
Phylogeography assumes a central role in identifying such
populations.

The tools most commonly used in phylogeography
(mtDNA markers) suffer from two main limitations. First,
mtDNA seems to easily flow between some species in reef
fish hybrid zones (van Herwerden and Doherty 2006; van
Herwerden et al. 2006; Yaakub et al. 2006) and the genetic
pattern observed in some populations may not correspond
to the species evolutionary history, but merely to the his-
tory of the mitochondria (Ballard and Whitlock 2004).
However, since most phylogeography studies involve the
analysis of hundreds of sequences across the entire species
range (Avise 2000), the presence of highly divergent
mtDNA types within species is relatively easy to detect.
Nonetheless, the interpretation of mtDNA data alone
should be done with caution, especially if hybridization is
suspected, and in such cases nuclear DNA should be analy-
sed in conjunction with mtDNA (Bowen et al. 2005; van
Herwerden et al. 20006).

Second, the resolution of currently used DNA markers is
limited and they are not useful in cases where differentiation
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is recent and driven by adaptation or strong selection. For
example, many studies have tried to find genetic differences
among nominal species of hamlets (Fig. 3), and those based
on allozymes and mtDNA have found none (Graves and
Rosenblatt 1980; Domeier 1994; Ramon etal. 2003).
Microsatellites may help solve this problem (Puebla et al.
2007), and their use is increasing in phylogeography and
connectivity surveys (Hoffman et al. 2005; Purcell et al.
2006; Hellberg 2007). However, the ability to detect
emerging species may ultimately come from the analysis of
genes that are directly under the influence of selection
(Conover et al. 2006). Whitehead and Crawford (2006)
demonstrated that, although no differences are observed at a
range of DNA loci among populations of the fish Fundulus
heteroclitus, there is a significant shift in metabolic gene
expression between populations in cold and warm tempera-
tures. Since most reef fish are restricted to the warm tropi-
cal region, temperature-related gene expression analyses
would not be the priority in these systems, however, a revo-
lution in studies of reef fish phylogeography and evolution
could start with the genes that code for and regulate the
expression of colour. Colour is among the most conspicu-
ous characters in several reef fish families, and is used by
them in many ways, including mate recognition, aggressive
behaviour, social systems, mimicry, camouflage, etc. As
more genomes are sequenced and more genes are mapped,
the potential breakthrough of utilizing “colour genes” in
studies of reef fish phylogeography and evolution comes
closer to reality.
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