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1. Introduction

Even though a reduction in the speciation rate could be
expected in marine ecosystems because of the lack of geo-
graphic barriers due to larval long-range dispersal of many
organisms (Palumbi, 1994), coral reefs environments host
some of the most diverse species assemblages in the planet.
Only a few examples, most of them in Wshes, show how
selection by habitat in coral reefs might be an important
source of diversiWcation (Carlon and Budd, 2002; Duda
and Rolán, 2005; Rocha et al., 2005; Streelman et al., 2002).
Darwin (1859) was the Wrst to propose that natural selec-
tion can lead to speciation through the ecological interac-
tions of organisms with their environment. Lately, there has
been a renaissance of interest in ecological speciation and
the manner in which natural selection plays a role in the
development of reproductive isolation (Rundle and Nosil,
2005; Schluter, 2001; Via, 2002). Only a limited number of
examples involving diVerent taxa have been described
(Rundle and Nosil, 2005), most of them from terrestrial
habitats. These studies suggest that natural selection caused
by shifts in ecological parameters or invasions of new habi-
tats can cause extremely rapid divergence (Losos et al.,
1997; Reznick et al., 1997; Streelman et al., 2002) and might
play an important role in speciation (McKinnon et al.,
2004; Schluter, 2001).

Mangals are distributed worldwide on sheltered, tropical
coastlines and form islands in the backwaters of most coral
reefs. They occur at the boundary between terrestrial and
marine environments and may serve as models to study
stressful and marginal environments (Rützler and Feller,
1996). In spite of their geographical proximity, mangrove
and reef habitats display large diVerences in ecological,
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physical, and chemical factors, and thus pose great poten-
tial for studying ecological speciation processes.

Sponges are invertebrates where morphological simplic-
ity and plasticity have led to poor taxonomy, most promi-
nently at the species level (Knowlton, 2000). They are
widely distributed in aquatic systems and successfully
inhabit hard- and soft-bottom communities, from tropical
to polar latitudes, littoral to abyssal habitats, and fresh- to
saltwater, being one of the major groups in both biomass
and number of species in hard-bottom communities (Sarà
and Vacelet, 1973). Genetic studies based on protein elec-
trophoresis have shown prevalence of cryptic species (Solé-
Cava and Boury-Esnault, 1999), typically associated with
diagnostic but subtle morphological diVerences, and—in
traditional approaches to sponge taxonomy—generally
interpreted as intraspeciWc plasticity.

Chondrilla cf. nucula Schmidt (Chondrillidae, Chondros-
ida) is a common Caribbean sponge that grows in both reefs
and mangal swamp habitats. It has been suggested that it is
an undescribed species because the type material of C. nucula
is from the Adriatic Sea and the often-cited “cosmopolitan
distribution” is now considered unlikely (Boury-Esnault,
2002; Klautau et al., 1999). On coral reefs, C. cf. nucula
encrusts rocks or hard corals in thin (<5 mm) sheets of light
golden green coloration and it is known to be an aggressive
space competitor (Vicente, 1990; Wiedenmayer, 1977). In
mangal swamps it grows among seagrass and envelopes
mangrove roots in a thick (>5 cm) lobate mass of gray-green
to chestnut brown coloration (Alcolado, 1994; Rützler et al.,
2000). Despite these morphological diVerences in growth
form and coloration (see Fig. 1), the spicules and internal
structure (Rützler, 1986) of both morphotypes are very simi-
lar, and hence they have been considered diVerent growth
forms of the same species (Wiedenmayer, 1977). Experimen-
tal transplants between habitats (Swearingen and Pawlik,
1998) suggest that the two morphotypes are the result of
environmental adaptation. The unusual habitat spectrum for
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C. cf. nucula in the Caribbean—from reef to lagoon to man-
gal—provides an exceptional scenario for the investigation of
levels of reproductive isolation between sponge populations
from diVerent habitats. It is well known that ecological speci-
ation requires a mechanism of divergent selection to generate
reproductive isolation, such as environmental diVerences,
sexual selection, and ecological interactions (Rundle and
Nosil, 2005). Environmental diVerences and disparity of eco-
logical interactions can be demonstrated for mangal and reef
habitats, indicating a great potential for ecological speciation
between both habitats, especially for sessile species whose
habitat choice is irreversible once their larvae have settled
and metamorphosed. A possible reduction in gene Xow
between mangal and reef populations of C. cf. nucula has
been detected by sequencing a mitochondrial DNA
(mtDNA) fragment of the cytochrome c oxidase subunit I
(COI) gene and by comparing both the genetic composition
and the morphological divergence between and within the
two habitat types from three locations in the Caribbean.

2. Materials and methods

2.1. Sampling and data collection

We collected a total of 111 sponge specimens from three
geographically distant localities in the Caribbean (Florida
Keys, Belize, and Panama) separated by ca. 1000–1700 km.
For each locality, populations from reefs and mangal habi-
tats (separated by 4–18 km) were sampled (Table 1 and
Fig. 2), and stored in absolute ethanol until processed.

Total genomic DNA was extracted using the DNeasy
Tissue Kit (Qiagen) following the instructions of the sup-
plier. A fragment of the mtDNA COI gene was ampliWed
using the universal primers LCO1490 and HCO2198,
described in Folmer et al. (1994). AmpliWcations were car-
ried out in a 20-�L volume reaction, following procedures
described in Duran et al. (2004). The PCR-ampliWed sam-
ples were puriWed with the QIAquick PCR PuriWcation Kit
(Qiagen). The sequencing reaction was carried out in a
10 �L volume reaction: 2 �L of Terminator Ready Reaction
Mix (ABI PRISM BigDye version 3.0 Terminator Cycle
Sequencing Ready Reaction Kit), 2 �L of 5£ sequencing
buVer (supplied with BigDye), 10–30 ng/mL of PCR prod-
uct, 5 pmol of primer and distilled water (10 �L). The cycle-
sequencing program consisted of an initial step at 94 °C for
3 min, 25 sequencing cycles (94 °C for 10 s, 50 °C for 5 s, and
60 °C for 4 min) and a rapid thermal ramp to 4 °C and hold.
The BigDye-labeled PCR products were cleaned with
AGTC Gel Filtration Cartridges (Edge BioSystems). Chro-
matograms obtained from the automated sequencer were
read and contigs assembled using the sequence editing soft-
ware SEQUENCHER version 4.0 (Gene Codes Corpora-
tion). Sequences were edited and aligned with BIOEDIT
Sequence Alignment Editor (Hall, 1999). No indels were
Fig. 1. Chondrilla nucula, reef morphotype on the left and mangrove morphotype on the right.
Table 1
Diversity measures for the populations of Chondrilla cf. nucula

Global positioning system coordinates (GPS), sample size (N), number of haplotypes (Nh), haplotype diversity (h), and nucleotide diversity (�). Standard
deviations are given in parentheses.

Population Code GPS N Nh h �

Florida Mangrove FL MG 24°49.411N 80°48.743W 16 2 0.125 (0.106) 0.0004 (0.0005)

Belize Mangrove 1 BZ MG1 16°40.047N 88°11.530W 17 2 0.395 (0.158) 0.0021 (0.0016)

Belize Mangrove 2 BZ MG2 16°50.092N 88°06.134W 14 4 0.529 (0.045) 0.0009 (0.0008)

Panama Mangrove PN MG 9°15.916N 82°9.516W 4 2 0.500 (0.265) 0.0025 (0.0022)

Florida Reef FL RF 24°43.395N 80°51.683W 15 5 0.676 (0.105) 0.0063 (0.0038)

Belize Reef 1 BZ RF1 16°48.327N 88°05.216W 15 2 0.704 (0.088) 0.0055 (0.0034)

Belize Reef 2 BZ RF2 16°46.800N 88°06.915W 15 5 0.247 (0.131) 0.0025 (0.0018)

Panama Reef PN RF 9°20.015N 82°13.127W 15 1 0.000 (0.000) 0.0000 (0.0000)
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observed. All the sequences have been submitted to Gen-
Bank under the Accession Nos. DQ086802–DQ086813.

2.2. Genetic variability and population genetic parameters

Haplotype frequencies and their distribution among sam-
ples as well as haplotype and nucleotide diversity values (Nei,
1987) were calculated using ARLEQUIN version 2.001
(Schneider et al., 2000). An analysis of molecular variance
(AMOVA) was performed to examine hierarchical population
structure pooling the populations in reef and mangle groups.
We executed 16,000 permutations to guarantee having less
than 1% diVerence with the exact probability in 99% of cases
(Guo and Thompson, 1992). The same program was used to
calculate the pairwise genetic distances (Fst) and their signiW-
cance by performing 10,000 permutations among the individ-
uals between populations. An exact test of population
diVerentiation based on haplotype frequencies (Raymond and
Rousset, 1995) was performed to test the null hypothesis that
observed haplotype distribution is random with respect to
sampling location. The signiWcance of individual tests was esti-
mated by comparison with simulated distributions constructed
from 10,000 random permutations of the original data matrix.

Relationships among haplotypes were analyzed in a parsi-
mony network estimated with TCS version 1.18 (Clement
et al., 2000) using the statistical parsimony procedure. This
method estimates the unrooted tree and provides a 95% plausi-
ble set for all sequence type linkages within the unrooted tree.

3. Results and discussion

mtDNA sequences (584 nucleotides) from the cyto-
chrome c oxidase subunit I gene show a mosaic distribution
of haplotypes (Fig. 2, Supplementary Table 1), where out of
a total of 12 haplotypes, 5 are unique to mangal habitats
while other 5 are only found in reef habitats. Only two hap-
lotypes were shared between the mangal and reef habitats,
by one individual each, suggesting high levels of reproduc-
tive isolation between mangal and reef populations. Never-
theless, all the individuals collected from mangal swamps
(from mangrove roots to seagrass beds) shared the thicker
morphology and darker coloration, while all the individuals
Fig. 2. Haplotype geographic distribution. Map of the Caribbean area showing the populations sampled with the geographic distribution of the haplo-
types and haplotype frequencies per populations (FL, Florida; PN, Panama, BZ, Belize).
Table 2
Analysis of molecular variance

Groups correspond to mangal and reef habitats. Va, Vb, and Vc are the associate covariance components. FCT, FST, and FSC are the F-statistics.
a SigniWcant values at P < 0.05 after 16,000 permutations.

Source of variation d.f. Sum of squares Variance components Percentage of variation Fixation indices

Among groups 1 9.426 0.11831 Va 23.99a FCT:0.23990

Among populations within groups 6 15.905 0.18170 Vb 36.84a FST:0.60834

Within populations 103 19.894 0.19315 39.17a FSC:0.48473

Total 110 45.225 0.49315
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collected in the coral reef habitat shared the thinner and
lighter coloration.

AMOVA based on haplotype frequencies (Table 2) sta-
tistically supports high genetic isolation between the two
habitats, and strong genetic diVerentiation among popula-
tions within habitats. All pairwise Fst values were higher
than 0.1 and only two distances (from comparisons within
the same kind of habitats) were non-signiWcant, after the
permutation process (Table 3). Similarly, exact tests on
population diVerentiation showed signiWcant diVerences
(P < 0.05) for every pair of populations compared except
for Belize Mangal1 vs. Panama Mangal and Belize Reef2
vs. Belize Reef1 (data not shown). The signiWcant isolation
between reef habitats spread across the Caribbean, as well
as between mangal habitats spread across the same region
can be explained by the short mobile life span of sponge
larvae (Maldonado and Uriz, 1999) as in general, sponge
dispersal by means of lecitotrophic larvae is very limited.
However, populations from the same habitat (mangal or
reef) in diVerent locations separated by more than 1000 km
have a similar haplotype composition, while populations
from the same location but from diVerent habitats show
very distinct haplotype composition. These results suggest
that strong ecological barriers exist between reefs and man-
gal swamps for the sponge C. cf. nucula which has adapted
in distinct ways to those environmental diVerences. The
malleability of body shape raises the possibility that multi-
ple mechanisms underlie reproductive isolation between
populations diVering in growth form. Nevertheless, the
maintenance of the two phenotypes in geographically dis-
tant but otherwise identical habitat types suggests that cer-
tain morphological traits, like growth form, coloration, or
osculum size, are principally adaptations to environmental
conditions. Examples of such determinants are hydrody-
Table 3
Pairwise Fst values between populations of Chondrilla cf. nucula

Populations coded as in Table 1.
a SigniWcant values at PD 0.05 after a 10,000 permutation of haplotypes between localities.

FL MG BZ MG2 BZ MG1 PN MG FL RF BZ RF2 BZ RF1 PN RF

FL MG 0

BZ MG2 0.3449a 0

BZ MG1 0.7472a 0.5334a 0

PN MG 0.7944a 0.1978 0.4683a 0

FL RF 0.6039a 0.3995a 0.4317a 0.3695a 0

BZ RF2 0.8048a 0.6053a 0.6804a 0.6901a 0.4697a 0

BZ RF1 0.5791a 0.3856a 0.4468a 0.3610a 0.1071 0.1359a 0

PN RF 0.9354a 0.7219a 0.8083a 0.9005a 0.2755a 0.8571a 0.4714a 0
Fig. 3. Statistical parsimony network. Each haplotype is deWned by its corresponding color (see Fig. 2). The area of the circles is proportional to the fre-
quency of the haplotypes; the square denotes the inferred ancestral haplotype. Small empty circles indicate intermediate haplotypes that are not present in
the samples but are necessary to link the observed haplotypes in the network. Each line represents one mutational step. Haplotypes have been grouped
regarding their original habitat.
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namics, sedimentation, suspended and dissolved organic
substances, and ecological interactions, for instance, pres-
sures from interspeciWc competition or predation.

Following coalescent theory predictions (Crandall, 1996),
the haplotype network (Fig. 3) suggests that mangal popula-
tions are ancestral and that at least two main colonization
events of reef habitats may have occurred independently.
Invasion of the new habitat and adaptation to the diVerent
microclimate of the reef environment might have led to diver-
gent selection and reproductive isolation between the two
morphotypes, thus causing the changes in color and shape.
Whether the invasion of open-water reefs from mangal and
other lagoon settings have occurred in a parallel way at diVer-
ent locations, or if the event happened once and then popula-
tions expanded geographically remains unknown. Because of
the high haplotype relatedness of the two C. cf. nucula eco-
types and due to the fact that at least two haplotypes are
shared between habitats, (in Florida, one mangal individual
has a haplotype typically found in reefs (hap4), and one reef
individual has a haplotype typically found in mangal (hap10),
see Fig. 2) we assume that a slight degree of gene Xow still
exists between the two forms, reducing the possibility of the
two ecotypes being sister taxa (Mediterranean and Atlantic
forms). Pending on proper taxonomic description, we suggest
designating the two morphotypes as formae of the same spe-
cies (mangle and hermatypica), subspeciWc entities commonly
used in sponge systematics (Wiedenmayer, 1977). A detailed
understanding of the processes leading to reproductive isola-
tion between C. cf. nucula populations from mangal and reef
habitats still eludes us. Long-term transplant experiments cor-
related with microanatomical studies would contribute valu-
able information. Cross-fertilization studies should be
attempted although our understanding of reproductive pro-
cesses in Chondrillidae is still poor, except for the fact that
they are gonochoristic (Usher et al., 2004).

Understanding the role of ecology in speciation will require
greater integration of ecological, evolutional, and behavioral
aspects, and a better understanding of the selective pressures
operating in natural populations. Until now, there has been
little evidence that ecological selection has limited interbreed-
ing between populations of coral reef organisms. Our study
typiWes a recent shift in focus of evolutionary studies away
from speciation models based solely on allopatry, presenting
one of the Wrst examples of ecologically driven gene Xow
reduction across a habitat boundary in coral reef habitats.
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