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Abstract The genetic population structure of the com-

mon branching vase sponge, Callyspongia vaginalis, was

determined along the entire length (465 km) of the Florida

reef system from Palm Beach to the Dry Tortugas based on

sequences of the mitochondrial cytochrome c oxidase

subunit 1 (COI) gene. Populations of C. vaginalis were

highly structured (overall UST = 0.33), in some cases over

distances as small as tens of kilometers. However, non-

significant pairwise UST values were also found between a

few relatively distant sampling sites suggesting that some

long distance larval dispersal may occur via ocean currents

or transport in sponge fragments along continuous, shallow

coastlines. Indeed, sufficient gene flow appears to occur

along the Florida reef tract to obscure a signal of isolation

by distance, but not to homogenize COI haplotype fre-

quencies. The strong genetic differentiation among most of

the sampling locations suggests that recruitment in this

species is largely local source-driven, pointing to the

importance of further elucidating general connectivity

patterns along the Florida reef tract to guide the spatial

scale of management efforts.
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Introduction

An often recommended and implemented strategy for

reducing and reversing coral reef degradation is the

establishment of marine protected/reserve areas (MPAs).

An important criterion to inform the design and assess the

effectiveness of MPAs is the level of demographic con-

nection within and among coral reef sections (Palumbi

2003; Almany et al. 2009; Planes et al. 2009). The east

coast of Florida, USA, is a densely populated and devel-

oped region that also contains the majority of continental

US coral reefs, much of it in an advanced state of

impairment (Causey et al. 2002; Pandolfi et al. 2005). Less

than 5% of Florida’s reefs are currently protected under a

no-take MPA designation, and there are increasing calls to

strategically expand these areas to reduce continued threats

to reef health (Pandolfi et al. 2005).

Despite the considerable ecosystem value and impor-

tance of the Florida coral reef tract as a socioeconomic

resource (Causey 2008), there has been surprisingly little

assessment of the detailed dynamics of connectivity within

this degrading ecosystem. Since many biological and

physical factors influence connectivity patterns among

coral reefs (Galindo et al. 2006; Taylor and Hellberg 2006;

Underwood et al. 2007), deriving a general picture of

connectivity to inform conservation and management

efforts will require information from diverse species dis-

playing various life history strategies. Previous work

examining detailed connectivity patterns among multiple

sampling sites within the Florida reef tract has
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characterized the genetic population structure of three

invertebrate species (a passively dispersing brittle star and

two brooding amphipods) living commensally within the

branching vase sponge Callyspongia vaginalis (Richards

et al. 2007). Despite their different reproductive strategies,

all three species showed extensive connectivity along the

355 km of reef tract from Palm Beach to Key West, Florida

(Fig. 1 illustrates this stretch of coastline).

To further elucidate patterns of genetic connectivity and

biodiversity within the Florida reef tract, genetic differen-

tiation patterns were examined in the sponge C. vaginalis,

which is common in Florida and Caribbean reefs and

serves as host to the commensal species studied by Rich-

ards et al. (2007). Sponges are among the most diverse

organisms on coral reefs (Diaz and Rützler 2001) with

some data indicating sponge biomass may surpass that of

corals and algae (Rützler 1978). Sponges also play major

ecological roles in promoting reef species richness by

providing refugia for many commensal invertebrates, par-

ticularly during critical juvenile or reproductive life history

phases (Ribeiro et al. 2003), and harbor a substantial bio-

mass of diverse microbial endosymbionts (Corredor et al.

1988; Diaz and Ward 1997; Lopez et al. 1999), many of

which produce secondary metabolites of ecological

importance (Taylor et al. 2007). Although an essential and

conspicuous component of coral reef communities, rela-

tively few studies exist on sponge connectivity and

population genetic structure generally (Duran et al. 2004a,

b, c; Bentlage and Wörheide 2007; Wörheide et al. 2008;

López-Legentil and Pawlik 2009), and the authors are

unaware of studies using sponges as models to examine

connectivity within the Florida reef tract system.

Callyspongia vaginalis is believed to brood parenchy-

mellar larvae that are released in an advanced stage of

development (Lindquist et al. 1997; Maldonado 2006). As

such, C. vaginalis larvae are assumed to be competent to

settle a short time after release and therefore have low

dispersal capabilities (Lindquist et al. 1997; Maldonado

2006). Based on this presumed low dispersal, it was

hypothesized that C. vaginalis samples collected along the

entire Florida reef tract (465 km from Palm Beach to the

Dry Tortugas; Fig. 1) would be genetically structured.

However, increasing evidence has suggested that repro-

ductive strategy is not always a reliable predictor of con-

nectivity (Barber et al. 2000; Sponer and Roy 2002; Levin

2006; Richards et al. 2007).

A handful of studies utilizing the DNA sequence of the

mitochondrial cytochrome c oxidase subunit I (COI) gene

for sponge population genetic studies have suggested this

gene may be insufficiently variable to be useful as a pop-

ulation marker (Duran et al. 2004b; Wörheide 2006; Park

et al. 2007; however, see López-Legentil and Pawlik 2009).

Preliminary studies conducted by us on C. vaginalis indi-

cated otherwise, however, and given the very few studies
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Fig. 1 Map showing sampling

sites of Callyspongia vaginalis
along the Florida reef tract and

the location of Hawk Channel.

Red arrows represent the

approximate location and

direction of Florida current

while blue arrows represent the

counter current that runs along

Hawk Channel. Sponge sample

sizes for each location are listed

in parentheses. Map created

with OMC (http://www.

aquarius.geomar.de/omc)
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on this issue, the utility of this gene for revealing popula-

tion differentiation was further explored.

Materials and methods

Sampling sites and collections

A total of 208 C. vaginalis samples from seven geographic

locations along the southeast coast of Florida and the

Florida Keys (Fig. 1) were collected. An *2-cm section of

tissue was collected from one tube in each sponge colony

sampled. Samples were stored in 95% ethanol at room

temperature before DNA extraction.

Polymerase chain reaction (PCR) and sequencing

All macroinvertebrate commensals were removed from each

sponge sample under a dissecting microscope prior to DNA

extraction. Genomic DNA was isolated from approximately

25 mg of clean sponge tissue using the DNeasy Tissue Kit

(QIAGEN Inc.) and stored at -20�C until needed. The uni-

versal primer pair LCO1490 and HCO2198 (Folmer et al.

1994) was used to initially amplify and sequence approxi-

mately 670 base pairs at the 50 end of the COI gene. To avoid

possible nonspecific amplification of DNA from micros-

ymbionts living on and within the sponge, the following

internal C. vaginalis specific primers were designed for

subsequent COI gene PCR amplification and sequencing:

CvaCOIF11 (50-GGCATTTAGTATGTTAATCAGATTG

GA-30) and CvaCOIR7 (50-GGGTGACCAAAAAATCAA

AATAAATGTTG-30). The poriferan origin of the sequences

obtained using the C. vaginalis primers was confirmed by

using the BLAST search engine in GenBank.

Amplifications were conducted in 50-ll reactions con-

sisting of 1 ll of extracted genomic DNA (unquantified)

template diluted in 99 ll of water to reduce the effect of

secondary metabolites that can act as PCR inhibitors, 5 ll

of 109 PCR buffer, 50 lM of each dNTP, 0.25 lM of each

primer, and 0.75–1.75 U of HotStar TaqTM DNA poly-

merase (QIAGEN Inc.). The remaining volume was made

up with water. Amplification reactions were performed in a

Mastercycler Gradient (Eppendorf Inc.) thermal cycler

under the following conditions: an initial denaturation step

of 95�C for 15 min, followed by 35 cycles of 94�C for

1 min, 50�C for 1 min, and 72�C for 1 min, and a final

extension step at 72�C for 5 min. PCR products were

purified using the QIAquick PCR Purification Kit (QIA-

GEN Inc.) and sequenced in the forward and reverse

directions using standard protocols on an ABI 3130 auto-

mated genetic analyzer. Forward and reverse sequences

were aligned and edited using the program GENEDOC v.

2.6.02 (Nicholas and Nicholas 1997). Sequences were

translated in GENEDOC to check for correct coding of

invertebrate mtDNA amino acids, aberrant start/stop

codons, and possible nuclear pseudogene amplification.

Data analysis

The program DnaSP v. 4.10 (Rozas et al. 2003) was used to

calculate molecular diversity indices within and among all

sampling locations. Genetic population structure was esti-

mated using an analysis of molecular variance (AMOVA)

(Excoffier et al. 1992) implemented in ARLEQUIN v. 2.0

(Schneider et al. 2000). Pairwise UST values were calcu-

lated to estimate population differentiation between each

pair of sampling sites and associated P values were

adjusted using sequential Bonferroni techniques (Rice

1989). In order to further investigate the partitioning of

genetic variation within the Florida reef tract, sampling

sites were grouped into two regions: the northern region

consisted of the continuous coastline connecting Palm

Beach and Fort Lauderdale sites, and the southern region

consisted of the island sites of the Florida Keys (Key Largo

to Key West), the Marquesas Keys, and the Dry Tortugas.

This northern vs. southern region comparison was under-

taken based on the fact that a haplotype common in

southern sites was absent in the northern sites (see Fig. 3,

haplotype II), and the recognition by Jaap and Hallock

(1990) of the southern portion of the Florida reef tract

(Florida Keys and islands south) as more biodiverse than

the northern parts of the reef tract. A hierarchical AMOVA

was then used to estimate the variance among haplotypes

(1) within sampling sites (UST), (2) among sampling sites

within regions (USC), and (3) between the northern and

southern regions (UCT).

To determine if sponges from adjacent locations were

more genetically connected to each other than they were to

sponges from more distant sampling sites, the isolation by

distance program IBD v.1.52 (Bohonak 2002) was used to

test for a correlation between pairwise UST values and

geographic distances among sampling locations. The geo-

graphic distance between any two sampling locations was

calculated using Google Earth v. 4.0.2416 as the shortest

distance by sea. A network displaying the genetic rela-

tionships among different C. vaginalis haplotypes, and

geography was constructed using the statistical parsimony

algorithm of Templeton et al. (1992) as implemented by

the software package TCS v.1.21 (Clement et al. 2000).

The analysis was conducted using the default settings and

provided the most parsimonious connections among hap-

lotypes at the 95% confidence level.

An initial test of the feasibility of estimating migration

rates and direction was conducted between a subset of

paired sampling locations using the Bayesian framework in

the program MIGRATE version 2.1.3 (Beerli 2004, 2006;
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Beerli and Felsenstein 2001); this approach allows the

setting of prior distributions which generally promotes run

convergence in data sets with low sequence variation. For

each pairwise comparison, the parameters H and M from

six preliminary runs with uniform prior distributions

(three long chains, 1,000,000 steps sampled, with a burn

in of 10,000) were averaged and used to set the bound-

aries for the exponential prior distributions for the final

run. The final run consisted of one long chain, 20,000,000

steps sampled, a burn in of 10,000, and used an adaptive

heating scheme with start temperatures of 1.0, 1.2, 1.5,

and 3.0.

Results

Sequencing 511 base pairs of the COI gene in 208 C.

vaginalis individuals from seven sampling locations

revealed 20 polymorphic sites and 11 haplotypes (GenBank

accession numbers GQ304527-GQ304734). No insertions,

deletions, or stop codons were encountered in the sequen-

ces. Haplotype diversity (h) within sampling locations

ranged from 0.181 (Palm Beach) to 0.584 (Marquesas

Keys) with an overall value of 0.650. Nucleotide diversity

(p) within sampling locations ranged from 0.0042 (Palm

Beach) to 0.0132 (Fort Lauderdale) with an overall value

of 0.0132 (Table 1). Haplotype and nucleotide diversity in

specimens from Palm Beach were approximately half that

found at other sampling sites.

The AMOVA resulted in an overall UST value of 0.332

(P \ 0.0001) (Table 2). Of 21 total pairwise comparisons,

12 were significantly structured. The highest pairwise UST

occurred between Palm Beach and Key West (0.704,

P \ 0.0001), while the lowest value was nonsignificant,

occurring between the Marquesas Keys and Fort Lauder-

dale (-0.021, P = 0.607). High pairwise UST values over

short geographic distances (35 and 52 km) were observed

between the Marquesas Keys and Key West, and Long Key

and Key Largo, respectively. Conversely, nonsignificant

pairwise UST values over large geographic distances (218

and 393 km) were also observed between Long Key and

the Dry Tortugas, and Palm Beach and the Marquesas

Keys, respectively. While the hierarchical AMOVA indi-

cated there was significant genetic differentiation within

sampling sites (UST = 0.395, P \ 0.0001) and among

sampling sites within regions (USC = 0.267, P \ 0.0001),

there was no significant structure between the northern and

southern regions of the reef tract as defined in this study

(UCT = 0.174, P = 0.185) (Table 3). Results of the test for

isolation by distance were nonsignificant (r2 = 0.035,

P = 0.164, 10,000 randomizations).

The TCS analysis generated a nine step statistical par-

simony network connecting all 11 haplotypes (Fig. 2).

There was one ambiguous loop involving haplotypes II, IV,

IX, and X. Three major haplotypes dominated the data set

of 208 sequences with frequencies of 90 (haplotype I), 78

(haplotype II), and 30 (haplotype III). Haplotypes I and III

were distributed throughout the length of the Florida reef

tract, but haplotype II only occurred in the southern portion

of the reef tract (Florida Keys, Marquesas Keys, and the

Dry Tortugas) (Figs. 2 and 3). Palm Beach, Fort Lauder-

dale, and Key Largo were dominated by haplotype I, while

Long Key, Key West, and the Dry Tortugas were domi-

nated by haplotype II. Interestingly, in contrast to its

neighboring sampling sites (i.e., the Dry Tortugas and Key

West), the Marquesas Keys were dominated by haplotype I

and had a very similar overall haplotype composition to

Key Largo (Figs. 2 and 3).

The MIGRATE analysis conducted on the subset of

sampling sites resulted in large confidence intervals for

estimates of the number of migrants per generation and

inconsistent inferences of gene flow direction, likely due to

the relatively low sequence variability in the data set.

Table 1 Genetic diversity indices for Callyspongia vaginalis in

Florida

Location n H S h p

Palm Beach 31 2 12 0.181 0.0042

Fort Lauderdale 25 5 16 0.603 0.0132

Key Largo 30 4 16 0.552 0.0107

Long Key 34 4 16 0.446 0.0079

Key West 30 2 12 0.331 0.0078

Marquesas Keys 29 6 20 0.584 0.0120

Dry Tortugas 29 3 16 0.478 0.0099

All Populations 208 11 20 0.650 0.0132

n sample size, H number of haplotypes, S number of segregating sites,

h haplotype diversity, p nucleotide diversity

Table 2 Callyspongia vaginalis pairwise UST values among Florida

sampling locations

PLB FTL KLG LNK KWT MRQ

FTL 0.170

KLG 0.105 0.046

LNK 0.641 0.390 0.350

KWT 0.704 0.428 0.439 0.035

MRQ 0.089 -0.021 0.017 0.420 0.474

DRT 0.556 0.298 0.249 -0.018 0.066 0.327

PLB Palm Beach, FTL Fort Lauderdale, KLG Key Largo, LNK Long

Key, KWT Key West, MRQ Marquesas Keys, DRT Dry Tortugas

Values significant after Bonferroni correction are indicated in bold

Overall UST= 0.33, P \ 0.0001
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Discussion

Genetic diversity in the Callyspongia vaginalis COI

gene

Recent sponge genetic studies have suggested low levels of

intraspecific sequence variation in the COI gene (Duran

et al. 2004c; Wörheide 2006; Park et al. 2007). These

results have raised questions about the utility of the COI

gene (and possibly other mitochondrial genes) for assessing

population differentiation in sponges. However, discount-

ing the suitability of mitochondrial genes as population

markers for all sponges based on these few studies may be

premature, as our results showed low but sufficient genetic

variation in the C. vaginalis COI gene to reveal population

differentiation over relatively short geographic distances.

Duran and Rützler (2006) also used COI to determine

intraspecific relationships for the sponge Chondrilla nucula

and reported a total haplotype number and nucleotide

diversity (H = 12, p = 0.0025, respectively) similar to

those observed in C. vaginalis. López-Legentil and Pawlik

(2009) have also demonstrated the utility of a different

section (I3-M11) of the COI gene (Erpenbeck et al. 2006)

for detecting population structure in the giant barrel

sponge, Xestospongia muta. Although the COI gene may

show relatively low intra-specific variation overall, these

findings and its ease of amplification keep it a potentially

useful locus to investigate as part of the marker repertoire

for sponge population studies.

Statistical parsimony analysis

The TCS network indicated that frequencies of the 11

haplotypes found in the 208 C. vaginalis individuals were

highly variable: three haplotypes dominated the data set,

while the remaining eight haplotypes were infrequent.

Population dynamics and the reproductive strategy of C.

vaginalis may have contributed to this pattern. For exam-

ple, sponge communities can experience rapid declines in

diversity and abundance due to predation, storms, and

disease (Wulff 2006). However, sponges are also able to

quickly recolonize bare areas after disturbance events

(Wulff 1991). Furthermore, Maldonado (2006) suggested it

is difficult to reconcile the abundance of C. vaginalis

throughout its range from its modest larval output (see

Lindquist et al. 1997) and that population growth may also

be accomplished by fragmentation, an important repro-

ductive strategy in many species of branching sponges

(Wulff 1991). Although little is known about the preva-

lence and role of predation and disease as demographic

Table 3 Hierarchical analysis of molecular variance (AMOVA) based on cytochrome c oxidase I (COI) sequences of Callyspongia vaginalis

Source of variation % Variance U Statistic P value

Between northern and southern regions 17.44 UCT = 0.174 0.143

Among sampling sites within regions 22.08 USC = 0.267 \0.00001

Within sampling sites 60.47 UST = 0.395 <0.00001

Northern region includes Palm Beach and Fort Lauderdale. Southern region includes Key Largo, Long Key, Key West, the Marquesas Keys, and

the Dry Tortugas

Significant values (P \ 0.05) are indicated in bold

I

V

VI VII VIII

IX

II

XI

III

X

IV

Palm Beach

Marquesas Keys

Key West

Long Key

Key Largo

Ft Lauderdale

Dry Tortugas

Fig. 2 Unrooted statistical parsimony network for Callyspongia
vaginalis. Circles represent individual haplotypes with circle size

proportional to total frequency of occurrence. Colors represent

sampling sites and the area of each sector or circle is proportional

to haplotype frequency at that site. Haplotypes are labeled with

Roman numerals
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influences on C. vaginalis, storms are relatively frequent

off the Florida coast. The numerical dominance of haplo-

types I, II, and III in our data set may be the result of storm-

induced declines followed by rapid re-colonization of the

Florida reef tract by asexual reproduction (mediated by

fragmentation) after such events.

Connectivity in Callyspongia vaginalis

Many studies have investigated the phylogeography of

continuously distributed marine species along the Florida

coast, and there is good evidence for phylogeographic

breaks at Cape Canaveral on the mid-Florida Atlantic coast

(Saunders et al. 1986; Reeb and Avise 1990; Collin 2001)

and between the Gulf and Atlantic coasts of Florida (Felder

and Staton 1994; Young et al. 2002; Lee and Foighil 2004;

Matthews 2006). A few studies have examined population

structure of marine species within the Florida Keys (Lac-

son et al. 1989, Lacson and Morizot 1991; Kirk et al.

2009); however, with the exception of Richards et al.

(2007), there are no published studies elucidating genetic

connectivity within the entire Florida coral reef ecosystem

at a fine spatial scale.

In contrast to the extensive connectivity found by

Richards et al. (2007) using the commensal brooding am-

phipods and broadcast spawning brittle star as models,

populations of their host sponge C. vaginalis were highly

structured along the Florida reef tract, in some cases over

small geographic distances (tens of kilometers). This

finding for C. vaginalis is consistent with several other

studies that have found low connectivity in sponges. For

example, Duran et al. (2004a, b, c) observed significant

structure over similarly short distances in the Mediterra-

nean sponge Crambe crambe using several genetic mark-

ers. Similarly, Blanquer et al. (2009) also found strong

genetic structure over small scales (*100 m) in the

encrusting sponge, Scopalina lophyropoda. López-Legentil

and Pawlik (2009) reported significant genetic structuring

among populations of X. muta among Florida, Bahamas,

and Belize sampling sites. Deep genetic divergences in

sponge populations (albeit over longer distances) in the

Indo-Pacific have also been recently reported (Whalen

et al. 2005; Wörheide et al. 2002, 2008). These studies

suggest that sponge populations in general may prove to be

quite structured, possibly a function of their assumed

limited larval dispersal capabilities (Wörheide et al. 2005).

However, since very few studies have directly examined

the dispersal ability of sponge larvae, variability in dis-

persal distances is likely to emerge (López-Legentil and

Pawlik 2009). In this context, the number of studies

investigating sponge connectivity with DNA markers

remains far too limited to draw broad conclusions about

their genetic structuring patterns (Bentlage and Wörheide

2007).

It is expected for organisms with restricted dispersal

capabilities that genetic differentiation will increase as

geographic distance among populations increases (Wright

1943). Although the dispersal ability of C. vaginalis via

larvae is presumably limited, no significant pattern of

isolation by distance was detected. Slatkin (1993)

PLB

FTL

LNK

KWTDRT

I

III

II

KLG

MRQ
Haplotype I: Blue 
Haplotype II: Red
Haplotype III: Green
Remainder: White

Fig. 3 Map showing the

distribution of the Callyspongia
vaginalis cytochrome c oxidase

I haplotypes along the Florida

reef tract. The three dominant

haplotypes, I, II, and III, are

represented by the colors blue,

red, and green, respectively.

Less frequent haplotypes IV–XI

are represented in white. The

area of each sector is

proportional to haplotype

frequency at each site. Inset
shows TCS haplotype network

with dominant haplotypes I, II,

and III represented by the colors

blue, red, and green,

respectively

52 Coral Reefs (2010) 29:47–55

123



suggested the absence of isolation by distance may be

caused by a recent colonization event or by long distance

dispersal. Additional work characterizing the population

structure of C. vaginalis throughout its range which

includes the Bahamas and Caribbean is needed to confirm

or refute the possibility that this sponge has recently col-

onized Florida reefs. An alternative explanation for the

lack of isolation by distance is that C. vaginalis is capable

of some long distance movements via its larvae and/or

asexual fragmentation. This possibility is consistent with

the results of the AMOVA indicating that a few pairwise

UST values between distant sampling locations (e.g., Palm

Beach and Marquesas Keys; Table 2) were nonsignificant.

Long distance dispersal has been shown to negate a pattern

of isolation by distance in other marine organisms (Hell-

berg 1996; Kyle and Boulding 2000; Teske et al. 2005).

The processes that allow long distance dispersal to

obscure a pattern of isolation by distance while retaining

strong genetic differentiation among populations along the

Florida reef tract are likely complex. The majority of C.

vaginalis larvae presumably settle within hours (precom-

petency periods after expulsion from the parental sponge

in C. vaginalis are unknown), as is believed to occur in

many sponges (Maldonado 2006). However, it is not

unreasonable to expect that some larvae may be trans-

ported longer distances by the complex currents around

the Florida peninsula (Lee and Williams 1999; Yeung and

Lee 2002). Indeed, in a larval tracking experiment on

another common, sympatric, haplosclerid Florida reef

sponge (Niphates digitalis), 24 percent of the mobile lar-

vae released underwater moved up into the water column

(Lindquist et al. 1997), suggesting that some larval

transport via currents is possible. Transport by Florida reef

tract currents was also proposed to explain the complex

gene flow patterns observed in the passively dispersing

brittle star Ophiothrix lineata (Richards et al. 2007), a

commensal in C. vaginalis. The fact that C. vaginalis

larvae are chemically defended and unpalatable to com-

mon Caribbean reef fish (Lindquist and Hay 1996) should

make them less susceptible to predation, facilitating their

survival during extended transport periods in the water

column.

Fragmentation is also an important method of repro-

duction and dispersal in many branching sponge species

(Wulff 1991; Maldonado 2006), and strong storms can

detach and transport individual tubes or sponge fragments

from branching colonies (Wulff 1985, 1995). Moreover,

even very small sponge fragments can support viable lar-

vae (Maldonado and Uriz 1999). Lindquist et al. (1997)

reported observing larvae in C. vaginalis’ brooding

chambers in the Florida Keys, thus making it likely that

some long distance larval dispersal is facilitated by their

transport in sponge fragments before the larvae are released

(Maldonado and Uriz 1999). Transport inside sponge

fragments was also suggested by Richards et al. (2007) as a

mechanism for long distance dispersal of the brooding

amphipods living commensally within C. vaginalis.

Statistically robust estimates of gene flow direction

could not be obtained using MIGRATE due to lack of run

convergence, presumably due low variability in the data

set. However, the frequency and distribution of haplotypes

along the Florida reef tract, particularly the shared domi-

nance of haplotype I in the Marquesas Keys and the

northern reef locations (Palm Beach. Ft. Lauderdale and

Key Largo), may be illustrative on this issue. If it is rea-

sonably assumed that the more extensive geographic dis-

tribution and much higher frequency of haplotype I in the

northern reaches of the reef tract reflect its ‘‘ancestral’’

range, its more sporadic occurrence in southern portion of

the reef tract is suggestive of gene flow in C. vaginalis

occurring in the north to south direction. The strong and

complex currents surrounding the Florida peninsula include

a well-studied system of counter currents that runs north to

south through Hawk Channel (Fig. 1) west of the dominant

Florida Current (Lee and Williams 1999; Yeung and Lee

2002). These counter currents may promote southerly

biased gene flow among coral reef taxa in the Florida Keys,

and were proposed as an explanation for the strong north to

south gene flow pattern documented for the C. vaginalis

commensal brittle star O. lineata (Richards et al. 2007).

The findings presented here expand the currently very

limited baseline information on connectivity patterns in the

Florida reef tract, an ecosystem in urgent need of additional

conservation and management intervention. The C. vagi-

nalis populations along the Florida reef tract are mostly

genetically differentiated, displaying low overall connec-

tivity. The significant UST values for most pairwise sam-

pling locations along the Florida reef tract and overall for

C. vaginalis suggests that the majority of larval movements

are short distance, but with long distance dispersal occur-

ring frequently enough to obscure a pattern of isolation by

distance, but not to homogenize haplotype frequencies

among populations. The evidence for multiple management

units with largely local source-driven recruitment in C.

vaginalis points to the importance of further elucidating

general connectivity patterns along the Florida reef tract.

This information will be essential to gauge whether more

local-scale management efforts are necessary to prevent

further declines of a unique, high-latitude reef ecosystem.
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Rützler K (1978) Sponges in coral reefs. In: Stoddart DR, Johanes RE

(eds) Coral reefs: research methods, monographs on oceano-

graphic methodology. UNESCO, Paris, France, pp 209–313

Saunders NC, Kessler LG, Avice JC (1986) Genetic variation and

geographic differentiation in mitochondrial DNA of the horse-

shoe crab, Limulus polyphemus. Genetics 112:613–627

Schneider S, Roessli D, Excoffier L (2000) ARLEQUIN (version

2.000): A software for population genetics data analysis.

Genetics and Biometry Laboratory, University of Geneva,

Switzerland

Slatkin M (1993) Isolation by distance in equilibrium and non-

equilibrium populations. Evolution 47:264–279

Sponer R, Roy MS (2002) Phylogenetic analysis of the brooding

brittle star Amphipholis squamata (Echinodermata) along the

coast of New Zealand reveals high cryptic genetic variation and

cryptic dispersal potential. Evolution 56:1954–1967

Taylor MS, Hellberg ME (2006) Comparative phylogeography in a

genus of coral reef fishes: biogeographic and genetic concor-

dance in the Caribbean. Mol Ecol 15:695–707

Taylor MW, Radax R, Steger D, Wagner M (2007) Sponge-associated

microorganisms: evolution, ecology, and biotechnological

potential. Microbiol Molec Biol Rev 71:295–347

Templeton AR, Crandall KA, Sing CF (1992) A cladistic analysis of

phenotypic associations with haplotypes inferred from restriction

endonuclease mapping and DNA sequence data. III. Cladogram

estimation. Genetics 132:619–633

Teske PR, Hamilton H, Palsbøl PJ, Choo PJ, Gabr H, Lourie SA,

Santos M, Sreepada A, Cherry MI, Matthee CA (2005)

Molecular evidence for long distance colonization in an Indo-

Pacific seashore lineage. Mar Ecol Prog Ser 286:249–260

Underwood JN, Smith LD, Van Oppen MJH, Gilmour JP (2007)

Multiple scales of genetic connectivity in a brooding coral on

isolated reefs following catastrophic bleaching. Mol Ecol

16:771–784

Whalen S, Johnson MS, Harvey E, Battershill C (2005) Mode of

reproduction, recruitment, and genetic subdivision in the brood-

ing sponge Haliclona sp. Mar Biol 146:425–433

Wörheide G (2006) Low variation in partial cytochrome oxidase

subunit I (COI) mitochondrial sequences in the coralline

demospongia Astrosclera willeyana across the Indo-Pacific.

Mar Biol 148:907–912

Wörheide G, Hooper JNA, Degnan BM (2002) Phylogeography of

western Pacific Leucetta ‘chagosensis’ (Porifera: Calcarea) from

ribosomal DNA sequences: implications for population history

and conservation of the Great Barrier Reef World Heritage Area

(Australia). Mol Ecol 11:1753–1768

Wörheide G, Sole-Cava AM, Hooper JN (2005) Biodiversity,

molecular ecology and phylogeography of marine sponges:

patterns, implications and outlooks. Integr Comp Biol 45:377–

385

Wörheide G, Epp LS, Macis L (2008) Deep genetic divergences

among Indo-Pacific populations of the coral reef sponge Leucetta
chagosensis (Leucettidae): founder effects, vicariance, or both?

BMC Evol Biol 8:24

Wright S (1943) Isolation by distance. Genetics 28:114–138

Wulff JL (1985) Dispersal and survival of fragments of coral reef

sponges. Proc 5th Int Coral Reef Congr 5:119–124

Wulff JL (1991) Asexual fragmentation, genotype success, and

population dynamics of erect branching sponges. J Exp Mar Biol

Ecol 149:227–247

Wulff JL (1995) Effects of a hurricane on survival and orientation of

large erect coral reef sponges. Coral Reefs 14:55–61

Wulff JL (2006) Rapid diversity and abundance decline in a Caribbean

coral reef sponge community. Biol Conserv 127:167–176

Yeung C, Lee TN (2002) Larval transport and retention of the spiny

lobster, Panulirus argus, in the coastal zone of the Florida Keys,

USA. Fish Oceanogr 11:286–309

Young AM, Torres C, Mack JE, Cunningham CEW (2002) Morpho-

logical and genetic evidence for vicariance and refugium in

Atlantic and Gulf of Mexico populations of the hermit crab

Pagurus longicarpus. Mar Biol 140:1059–1066

Coral Reefs (2010) 29:47–55 55

123


	Genetic assessment of connectivity in the common reef sponge, Callyspongia vaginalis (Demospongiae: Haplosclerida) reveals high population structure along the Florida reef tract
	Abstract
	Introduction
	Materials and methods
	Sampling sites and collections
	Polymerase chain reaction (PCR) and sequencing
	Data analysis

	Results
	Discussion
	Genetic diversity in the Callyspongia vaginalis COI gene
	Statistical parsimony analysis
	Connectivity in Callyspongia vaginalis

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


