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Abstract

The population structure of benthic marine organisms is of central relevance to the
conservation and management of these often threatened species, as well as to the
accurate understanding of their ecological and evolutionary dynamics. A growing
body of evidence suggests that marine populations can be structured over short dis-
tances despite theoretically high dispersal potential. Yet the proposed mechanisms
governing this structure vary, and existing empirical population genetic evidence is of
insufficient taxonomic and geographic scope to allow for strong general inferences.
Here, we describe the range-wide population genetic structure of an ecologically
important Caribbean octocoral, Gorgonia ventalina. Genetic differentiation was posi-
tively correlated with geographic distance and negatively correlated with oceanograph-
ically modelled dispersal probability throughout the range. Although we observed
admixture across hundreds of kilometres, estimated dispersal was low, and popula-
tions were differentiated across distances <2 km. These results suggest that popula-
tions of G. ventalina may be evolutionarily coupled via gene flow but are largely
demographically independent. Observed patterns of differentiation corroborate
biogeographic breaks found in other taxa (e.g. an east/west divide near Puerto Rico),
and also identify population divides not discussed in previous studies (e.g. the Yucatan
Channel). High genotypic diversity and absence of clonemates indicate that sex is the
primary reproductive mode for G. ventalina. A comparative analysis of the population
structure of G. ventalina and its dinoflagellate symbiont, Symbiodinium, indicates that
the dispersal of these symbiotic partners is not coupled, and symbiont transmission
occurs horizontally.
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Introduction

Larval dispersal is the primary means of gene flow
among populations of most benthic and demersal
marine organisms (Hedgecock 1986). Many species have
long-lived, pelagic propagules that can be entrained by
ocean currents and disperse across great distances, and
the amount of time larvae spend in the water column is
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generally correlated with dispersal distance (Bohonak
1999). Although examples of substantial long-distance
gene flow and panmixia do exist (Shulman & Berming-
ham 1995; Lessios et al. 2001, Neethling et al. 2008),
exceptions are not uncommon, and it has become
increasingly clear that even marine species with theoret-
ically high dispersal potential can exhibit strong
population differentiation over relatively small spatial
scales (Quesada et al. 1995; Barber et al. 2000; Taylor &
Hellberg 2003a). A number of mechanisms have been
proposed to explain such population structure, includ-
ing spatially divergent selection (Bongaerts et al. 2010),
physical oceanographic barriers (Cowen et al. 2000) or
larval behaviour/mortality that results in local retention

© 2012 Blackwell Publishing Ltd



BIOGEOGRAPHY OF THE CARIBBEAN SEA FAN CORAL 57

(Burton & Feldman 1982). The relative importance of
each of these explanations is a matter of ongoing debate
(Colin 2003; Taylor & Hellberg 2003b; Warner & Palumbi
2003), and additional empirical studies from a broader
diversity of taxa will help to identify general mechanisms
that govern the structure of benthic marine populations.
Geographic surveys of genetic variation are a
particularly useful approach for mapping patterns of
connectivity among populations of marine organisms
(Hellberg et al. 2002). The small size and broad geo-
graphic extent of most planktonic propagules precludes
direct estimates of migration by tracking of individuals
or mark-recapture studies. However, population subdi-
vision can be inferred from the distribution of selec-
tively neutral diversity, and genetic admixture among
differentiated populations provides a signal from which
one can estimate the extent and distance of dispersal.
The population genetic structure of a species can also
shed light on fundamental aspects of its basic biology
and life history. Structured populations have the poten-
tial to differentiate and adapt to local selective pres-
sures without the diluting effects of genetic input from
disparate regions, whereas panmictic species should be
more resistant to local selection (Kawecki & Ebert 2004).
Moreover, an accurate understanding of population
connectivity is essential for the design of effective con-
servation and management strategies for threatened
species. For example, marine reserve networks, one of
the most important tools for managing marine systems,
require spatially explicit knowledge of the structure of
populations they aim to protect (Palumbi 2003).
Tropical shallow-water corals are among the marine
taxa most threatened by anthropogenic disturbance. In
just the past few decades, reefs have suffered massive
and accelerating losses worldwide due to numerous
threats including climate warming (Hoegh-Guldberg
1999), ocean acidification (Hoegh-Guldberg et al. 2007),
disease (Harvell ef al. 2002), eutrophication (McCook
et al. 2001) and overfishing (Jackson et al. 2001). A glo-
bal initiative is underway to protect reef ecosystems
through coordinated networks of marine reserves
(Kelleher et al. 1995), yet our knowledge of the popula-
tion structure of most coral species is inadequate to
inform management plans (Van Oppen & Gates 2006;
Baums 2008). Corals exhibit a diversity of reproductive
strategies, ranging from hermaphroditic brooders with
crawl-away juveniles to gonochoric broadcast spawners
with positively buoyant larvae that remain viable for
months (Harrison & Wallace 1990). In general, coral
population structure tends to correlate with reproduc-
tive mode, with brooding corals exhibiting more
genetic subdivision than broadcast spawners (Hellberg
1996, Ayre & Hughes 2000; Nishikawa ef al. 2003;
Miller & Ayre 2008b; Underwood et al. 2009). How-
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ever, coral life history characteristics have, in some
cases, been found to be poor predictors of genetic
structure (Miller & Ayre 2008a), and several studies
have shown that population subdivision can exist even
in coral species with long pelagic larval duration. For
example, the Caribbean coral, Acropora palmata, is
divided into two large regional populations in the
Eastern and Western Caribbean (Baums ef al. 2005).
Acropora cervicornis has been divided into at least six
regional populations throughout the Caribbean (Galindo
et al. 2006). And at least five species of broadcasting
corals (Acropora hyacinthus, A. cytherea, A. millepora,
A. valida and A. tenuis) are differentiated across dis-
tances <10 km on reefs in Australia (Ayre & Hughes
2000; Underwood et al. 2009).

Here, we investigate the population genetic structure
of Gorgonia ventalina, one of the most abundant species of
octocoral in the Caribbean. G. ventalina has been heavily
impacted over the past two decades by the fungal disease
aspergillosis (Kim & Harvell 2004), and numerous stud-
ies have investigated the ecology (Kim et al. 2006), epide-
miology (Jolles et al. 2002) and immunology (Couch et al.
2008) of this coral. Yet there is little information available
regarding the population biology of G. ventalina, or most
octocorals, for that matter. All population genetic studies
of gorgonian corals to date have observed high levels of
differentiation across short distances (Briareum asbestinum
<10 km, Brazeau & Harvell 1994; Pseudopterogorgia elis-
abethae <10 km, Gutierrez-Rodriguez & Lasker 2004; Cor-
allium rubrum <1 m, Ledoux et al. 2010a; Paramuricea
clavata ~20 m, Mokhtar-Jamai et al. 2011). However, these
studies all focused on species of brooding corals with lar-
vae that settle close to the maternal colony—a relatively
uncommon reproductive mode among Caribbean gorgo-
nians. Observations of spawning or planktonic larvae of
G. ventalina have never been reported, so time of spawn-
ing, reproductive mode and larval duration are not defin-
itively known. However, G. ventalina colonies are
dioecious (Petes et al. 2003; Fitzsimmons-Sosa et al. 2004),
have never been observed with surface-brooded larvae,
and their eggs and polyps are much smaller than those of
most brooding corals (C. D. Harvell, unpublished data),
suggesting that G. ventalina is likely an outcrossing
broadcast spawner.

Like most tropical shallow-water corals, G. ventalina
exists in obligate symbiosis with photosynthetic dinofla-
gellates of the genus Symbiodinium, which provide the
majority of the coral’s nutrition (Muscatine & Porter
1977). Some corals transmit their Symbiodinium verti-
cally from the maternal colony to eggs or larvae. In
such cases of tightly coupled dispersal, the population
structure of host and symbiont should be highly
congruent (Bongaerts et al. 2010). More commonly,
though, coral larvae do not carry with them the Symbi-
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odinium of their maternal colony and must acquire sym-
bionts anew each generation (Knowlton & Rohwer
2003). In such cases of horizontal transmission, the dis-
persal of host and symbiont is independent, adding an
important dimension of complexity to the consideration
of coral population biology. As most broadcast-spawn-
ing corals do not transmit their symbionts vertically
(Knowlton & Rohwer 2003), it is likely that G. ventalina
larvae acquire Symbiodinium from the environment
where they settle.

We used seven polymorphic microsatellite markers to
describe the population genetic structure of G. ventalina
at 35 localities spanning the species range throughout
the Caribbean Sea and western North Atlantic Ocean.
Given the differentiation observed among populations
of other Caribbean organisms with high dispersal
potential, we expected that populations of G. ventalina
would be structured across the range. The range-wide
population structure of Symbiodinium hosted by G. vent-
alina has recently been described using the same sam-
ples as the current study (Andras et al. 2011), and
strong differentiation was observed between localities
<10 km apart. Here, we compare the population struc-
ture of the host with those published results. Based on
the known or estimated life history characteristics of
G. ventalina and its Symbiodinium, we hypothesized that
the population structures of these symbiotic partners
would be distinct. We expected that populations of
G. ventalina would be connected across larger distances

than its symbiont, reflecting the longer pelagic duration
and broader dispersal potential of its propagules. Taken
together, the present study of the coral host, in conjunc-
tion with previous results for its algal symbiont, pro-
vides a unique opportunity to explore the population
biology of both partners composing the ecologically
functional coral entity.

Methods

Population sampling

A total of 1607 samples were collected from 35 locali-
ties spanning the range of Gorgonia ventalina in the
Caribbean and Western Atlantic (Fig. 1, Table 1).
Localities ranged in depth from 5 to 24 m, with a
median of 8 m. Where possible, localities were chosen
for consistency in habitat characteristics, namely,
hard-bottom fore-reef sites dominated by gorgonian
communities. Distances between localities ranged from
0.8 to 3124 km. At each locality, adult colonies of
G. ventalina (>30 cm height) were haphazardly sam-
pled along several swimming transects across an area
measuring approximately 25 x 25 m?® From each sam-
pled colony, a 4-cm® tissue explant was cut from the
apical colony edge and transferred to a labelled bag.
The number of individuals sampled per locality
(Table 1) varied based on availability, with an average
of 46. After collection, samples were transferred to
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Table 1 Name; abbreviation; regional designation; coordinates; collection date; sample size (n); average allelic richness (Na);
expected and observed heterozygosity (Hg, Hp); inbreeding coefficient (Fis); and probability of identity (PI) for all 35 sample localities
included in this study

Site Depth Date
Region Site code (m) GPS collected n Na Hg Ho Fis PI
Florida Keys  Florida, Carysfort FLA1 5 N 25.22°, W 80.21° 8/03 8 136 0.68 0.61 0.08* 1.7E-11
Florida, Molasses FLA2 6 N 25.00°, W 80.37° 8/03 72 134 058 0.63 0.07* 4.1E-11
Florida, Pickles FLA3 6 N 24.98°, W 80.41° 8/03 181 15 0.60 0.66 0.02 3.6E—10
Florida, Conch FLA4 8 N 24.95°, W 80.45° 8/03 55 121 0.62 0.65 0.03 21E-11
Florida, Alligator FLA5 5 N 24.84°, W 80.62° 8/03 68 126 0.62 0.62 0.05 1.9E-11
Florida, Tennessee =~ FLAG6 6 N 24.74°, W 80.78° 8/03 75 134 0.62 0.65 0.05 2.6E-11
Florida, Western FLA7 6 N 24.44°, W 81.92° 8/03 39 11 0.65 0.62 0.05 1.9E-10
Dry Rocks
Florida, Sand Key FLAS 5 N 24.45°, W 81.87° 8/03 30 107 0.65 0.68 0.01 74E-11
Mesoamerican Mexico, Isla MBR1 9 N 21.24°, W 86.73° 4/03 46 11.7 0.65 0.67 0.02 1.5E-10
Barrier Reef Mujeres, Tavos
Mexico, Akumal, MBR2 9 N 20.40°, W 87.30° 4/03 86 13.7 0.66 0.65 0.05 2.0E-11
Media Luna
Mexico, Akumal, MBR3 9 N 20.38°, W 87.31° 4/03 10 557 0.67 0.64 0 4.8E—08
South Point
Mexico, Cozumel, MBR4 8 N 20.51°, W 86.94° 4/03 61 119 0.67 0.69 0.01 6.5E—10
Paradise
Mexico, Tulum, MBR5 12 N 20.22°, W 87.74° 5/03 45 109 0.67 0.62 0.09* 29E-10
La Piscina
Mexico, Punta MBR6 9-12 N 19.78°, W 87.43° 7/06 30 103 0.67 0.63 0.06 1.6E—10
Allen
Mexico, Mahahual, MBR7 17 N 18.85°, W 87.63° 5/03 37 11.1  0.68 0.65 0.05 6.0E-11
El Jardin
Mexico, Mahahual, MBRS8 8 N 18.84°, W 87.64° 5/03 51 12 0.68 0.65 0.04 1.1E-09
Site 2
Mexico, Xcalak, MBR9 11 N 18.29°, W 87.81° 5/03 44 127 0.68 0.64 0.09* 4.4E-11
Dona Nica
Belize, Southwater =~ MBR10 5 N 16.77°, W 88.08° 5/03 42 12 0.68 0.65 0.05 5.4E-10
Caye, Long Reef
Belize, Carrie Bow  MBRI11 5 N 16.80°, W 88.08° 5/03 23 10.1 0.69 0.65 0.04 3.9E-10
Caye
Belize, Southwater =~ MBR12 9 N 16.81°, W 88.07° 5/03 43 124 0.69 0.62 0.11* 4.7E-11
Caye, East Side
Panama Panama, Bocas del = PAN1 5-8 N 9.260°, W 82.12° 10/05 28 871 0.69 0.57 0.08 82E-10
Toro, Punta Vieja
Panama, Bocas del PAN2 5-8 N 9.333°, W 82.21° 10/05 17 6.71 0.69 0.60 0 2.4E—-08
Toro, Hospital
Point
Curacao Curacao CUR 9-12 N 12.11°, W 68.97° 7/06 50 10.1 0.69 0.59 0.1*  2.0E-09
Tobago Tobago TOB 9-12 N 11.19°, W 60.79° 4/08 50 729 0.69 0.58 0 2.5E—08
Barbados Barbados BAR 9-12 N 13.17°, W 59.64° 9/06 61 113 0.69 0.56 0.09* 3.7E-10
Puerto Rico Puerto Rico, Steps PRO 5-6 N 18.35°, W 67.26° 8/06 51 12 0.69 0.65 0.04 1.3E-10
Beach, Rincon
Bahamas Bahamas, Lee BAH1 5-6 N 23.78°, W 76.13° 5/03 26 886 0.69 0.60 0.09* 1.0E—10
Stocking Island
Bahamas, Chub BAH2 9-12 N 25.40°, W 77.92° 5/05 21 929 0.69 0.63 0.04 7.7E-10
Cay
Bahamas, GPS121 BAH3 11-12 N 25.42°, W 77.98° 5/04 16 8 069 073 -0.01 1.1E-09
Bahamas, Rum Cay BAH4 12-15 N 25.45°, W 78.03° 5/04 10 6,57 070 0.74 0 5.2E-10
Bahamas, Sandy BAHS5 89 N 25.99°, W 77.42° 5/04 21 971 0.70 0.66 0.06 6.5E-11
Point
Bahamas, Gorda BAH6 5-6 N 26.04°, W 77.47° 5/04 18 8 0.71 0.64 0.01 1.1E-09

Rock
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Table 1 Continued

Site Depth Date
Region Site code (m) GPS collected n Na Hg Ho Fis PI
Bahamas, Bimini BAH7 21-24 N 25.81°, W 79.28° 5/05 14 757 071 058 0.15* 1.6E—08
Bermuda Bermuda, Castle BER1 5-6 N 32.33°, W 64.67° 5/07 50 957 071 0.65 0.06 3.9E-10
Harbour
Bermuda, Crescent BER2 5-6 N 32.39°, W 64.79° 5/07 50 10 0.73 0.67 0.02 6.8E—11

*Significant values of Fig.

individual 2-mL plastic tubes containing a 20% salt-
saturated dimethyl sulfoxide solution for preservation
(Dawson et al. 1998).

DNA Extraction, amplification and genotyping

Whole genomic DNA was extracted from 1-cm® tissue
subsamples using DNeasy Tissue Kits (Qiagen). Each
sample was genotyped via polymerase chain reaction
(PCR) using primers and run conditions for 10 previ-
ously reported microsatellite loci (Andras & Rypien
2009). PCR products were analysed on an ABI 3100
Automated Capillary DNA Sequencer using the Gene-
Scan-500 LIZ size standard (Applied Biosystems). Allele
sizes were scored using GeneMapper 3.5 (Applied
Biosystems) and validated by eye.

Genetic diversity

All loci were tested for evidence of null alleles with
the program MICRO-CHECKER (Van Oosterhout et al.
2004). We used the program GENODIVE 2.0b22 (Meir-
mans & van Tienderen 2004) to calculate observed and
expected heterozygosities (Nei 1987), inbreeding coeffi-
cients (Fig, Weir & Cockerham 1984) and to test for
deviations from Hardy-Weinberg equilibrium (1 x 10*
permutations to assess significance). Linkage disequi-
librium between loci within each locality was tested
using Arlequin 3.0 (Excoffier et al. 2005; 1 x 10* per-
mutations to assess significance). We used the program
GENALEX 6.41 (Peakall & Smouse 2006) to calculate the
probability that two individuals drawn from the same
locality will have the same multilocus genotype (prob-
ability of identity). Finally, we used GENODIVE to survey
the data set for identical multilocus genotypes (clone-
mates) and to perform significance tests for clonal
population structure, using Nei’s diversity index (Nei
1987) as the test statistic (1 x 10* permutations to
assess significance).

Population structure and connectivity

To investigate the partitioning of genetic diversity
among localities and regions, we performed analyses of

molecular variance (amova; Excoffier et al. 1992) using
the program Arlequin 3.0 (Excoffier et al. 2005). Samples
were grouped by collection locality nested within
region. Regional designations (Table 1) were defined
based on the geographic proximity of sampling locali-
ties and oceanographic barriers between them. Separate
AMOvAs were performed assuming either an infinite
allele model (IAM; Kimura & Crow 1964) or a stepwise
mutation model (SMM; Ohta & Kimura 1973). The
SMM assumes that relatedness between two alleles is
inversely proportional to their difference in length and
may thus be a more appropriate model for microsatel-
lites, which are thought to mutate via the incremental
gain or loss of single repeat motifs (Ellegren 2004). To
estimate the degree of differentiation among all locali-
ties, pairwise measures of Fsr (Weir & Cockerham
1984), which assumes an IAM, and Rgr (Slatkin 1995),
an Fgr analogue based on a SMM, were also calculated
using Arlequin.

We inferred population structure in our data using
a Bayesian clustering approach implemented by the
program Structure 2.3 (Pritchard et al. 2000). This pro-
gram probabilistically assigns individuals membership
among K populations (where K is specified by the
user) without regard to collection locality. We
employed a model that allowed admixture and
assumed correlated allele frequencies among popula-
tions. We conducted 10 independent runs at each K
from 1 to 35. Each run consisted of 2 x 10° Markov
chain Monte Carlo (MCMC) iterations after a burn-in
of 2 x 10° steps. This run length was sufficient to
achieve stabilization of all relevant summary statistics.
We chose the optimal number of genetic clusters as
the value of K that achieved the highest posterior
probability while maximizing average cluster member-
ship coefficients (Q; Pritchard et al. 2000). In essence,
this approach aims to identify the value of K at
which the posterior probability ‘more or less plateaus’
(Pritchard et al. 2010). For the chosen value of K,
cluster membership coefficients were matched and
averaged across the 10 independent runs by the
program cLumrp (Jakobsson & Rosenberg 2007), using
the greedy algorithm with 1 x 10° random input
orders.
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We estimated recent migration rates between locali-
ties (i.e. within the past several generations) using the
program BAYEsAss 3.0 (Wilson & Rannala 2003). This
program employs a Bayesian MCMC approach to
identify migrants or recent descendants of migrants
based on transient linkage disequilibrium among mul-
tilocus genotypes from different source populations.
We performed 10 separate runs of 2 x 107 iterations,
with a burn-in of 1 x 10° and a sampling frequency of
1000. This run length was sufficient for the posterior
probability to achieve convergence. The MCMC mixing
parameters for allele frequency, level of inbreeding and
migration rate, which define the maximum amount each
parameter can change after each iteration, were adjusted
to 0.75, 0.95 and 0.60, respectively. These values resulted
in acceptance ratios between 40% and 60%, which tend to
maximize log likelihood values (Wilson & Rannala 2003).
Migration rates were averaged over the 10 independent
runs and compared to average migration rates of 10 ran-
domly permuted data sets (generated in GENODIVE) to
assess significance. Estimated migration rates were con-
sidered significant when the 95% confidence interval (CI)
did not overlap with the 95% CI of the randomly
permuted data.

Geographic and oceanographic correlation analyses

To infer mechanisms that may be responsible for the
observed patterns of population structure, we compared
estimates of genetic differentiation to geographic dis-
tances among localities as well as estimates of connec-
tivity among regions derived from an oceanographic
model. We used a Mantel test (Mantel 1967) to evaluate
the correlation between linearized genetic differentia-
tion (Fst/1 — Fsy) and the logarithm of the straight-line
geographic distance between localities. This relationship
is expected to be positive and linear in the context of a
two-dimensional isolation-by-distance (IBD) model
(Rousset 1997), and the slope of this correlation (blog)
can be used to estimate the dispersal neighbourhood in
terms of the number of individual nearest neighbours
(Nb = 1/blog).

We also used Mantel tests to compare genetic differ-
entiation of G. ventalina to estimates of connectivity
among regions derived from an oceanographic model.
Connectivity estimates were derived from simulations
reported by Galindo et al. (2006) and used with the
authors’ permission. These simulations, implemented
by the Miami Isopycnic Coordinate Ocean Model, use
historical wind data to estimate near-surface ocean
currents. Specifically, Galindo et al. (2006) estimated
dispersal among 87 randomly chosen localities across
the Caribbean by tracking the movements of simulated
passively drifting particles. The proportion of particles
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released at one locality that arrived at another (includ-
ing 50-km buffer zones around all localities) represents
the probability of passive directional dispersal between
those localities. Simulations were repeated in the winter
(Julian days 15-57), spring (Julian days 135-177) and
summer (Julian days 205-247) of each year from 1982 to
1986 (see Galindo et al. 2006 for full details). For our
analysis, we selected localities from the model that were
closest to our sampling localities and compared the cor-
responding seasonal dispersal probabilities averaged
across all five modelled years to linearized estimates of
genetic differentiation (Fsr/1 — Fsy). As corresponding
model localities were not available for each of our
sampling localities, comparisons were performed among
mean values for regional groups of localities (desig-
nated in Table 1). Because dispersal probabilities were
bidirectional and asymmetric, we averaged dispersal in
both directions to facilitate comparison with our esti-
mates of differentiation. Sampling localities in Bermuda
were omitted from the analysis, as this region was not
included in the oceanographic model. To determine
whether geographic distance and dispersal probability
between localities were independently correlated with
genetic differentiation, we performed partial Mantel
tests, which evaluate the association between two matri-
ces while controlling for a third (Smouse et al. 1986).
All Mantel tests were performed using the program
GENODIVE with 1 x 10° random permutations to assess
significance.

We performed tests of spatial autocorrelation using
the program GENALEX 6.41 (Peakall & Smouse 2006) to
evaluate whether the degree of genetic similarity
between localities was correlated with the geographic
distance between them. Unlike Mantel tests, which
identify strong patterns of differentiation extending
over the full geographic sample range, spatial autocor-
relation analyses allow for the independent comparison
of individuals or populations within different distance
classes, thereby providing greater resolution of spatial
genetic structure (Clark & Richardson 2002; Epperson
2005). Specifically, we used pairwise matrices of genetic
distance (as calculated by Peakall ef al. 1995) and pair-
wise geographic distance between localities to calculate
the spatial autocorrelation coefficient of genetic distance
(r) for 64 geographic distance classes of increasing size,
ranging from 50 to 3200 km, the maximum distance
between sampling localities. For each distance class,
95% CI about r were generated based on 1000 bootstrap
replicates. The behaviour of r over increasing distance
can illustrate the shifting balance between gene flow
and genetic drift. In cases where positive spatial struc-
ture is present, r will decrease with increasing distance
class size, and the distance class at which » becomes not
significantly different from zero provides an estimate of
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the extent of positive spatial genetic structure (Peakall
et al. 2003).

Results

Genetic diversity

Of the 10 microsatellite loci developed for this study
(Andras & Rypien 2009), three (SYM203, GV31 and
GVc9) showed significant deviations from Hardy—
Weinberg equilibrium at nearly all sampling localities
and appeared to suffer from substantial null alleles.
Consequently, these loci were excluded from all analy-
ses (although their inclusion did not alter the results
substantially—data not shown). For the remaining
seven loci, inbreeding coefficients were generally low
(global Fis = 0.04, not significant), and 27 of the 35
localities had Fis values not significantly different from
zero (Table 1), indicating that most localities were at or
near Hardy-Weinberg equilibrium. Less than 9% (21/
245) of tests for null alleles within localities were signif-
icant (Table S1, Supporting Information), and positive
tests were distributed evenly across loci and throughout
localities, suggesting that there is likely no systematic
bias introduced by null alleles. Only 2.6% of all pair-
wise comparisons between loci within populations
exhibited significant evidence of linkage disequilibrium.
The probability of identity over the 7 loci used in this
study was quite low (10 °~10"" per locality, Table 1),
and there were no clonal multilocus genotypes detected
throughout the entire data set, indicating that clones are
rare or nonexistent in Gorgonia ventalina populations. In
support of this, tests of clonal population structure were
not significant for any locality (P = 1.0). Mean gene
diversity (Hg) for each locality was high (0.58-0.73,
Table 1) and was positively correlated with latitude
(R* =0.303, P =0.0006; Fig.S1, Supporting Informa-
tion). All measures of genetic diversity are summarized
per locus for each locality in Table S1 (Supporting
Information).

Population structure and connectivity

AMOVAs based on both an IAM and SMM detected sig-
nificant differentiation among regions and populations
within regions (Table 2). Pairwise Fgr comparisons
between localities (Table S2, below diagonal, Support-
ing Information) ranged from 0.010 to 0.192 (overall
Fst = 0.077), and nearly all were significant (98.5%).
Estimates of Rgr (Table S2, above diagonal, Supporting
Information) were higher than Fgr (overall Rgr = 0.16;
range = 0.010-0.550), although fewer pairwise compari-
sons were significant (84.7%).

For the Bayesian clustering analyses run with Struc-
ture, the posterior probability rose sharply over K 1-5
and settled into a more gradual yet consistent ascent
thereafter (Fig. S2, Supporting Information). Cases
where the model choice criterion continues to rise with
increasing K typically correspond to complex patterns
of structure, such as IBD, where populations are not
discrete (Pritchard et al. 2010). One of the most com-
monly used approaches to select the optimal number of
populations for Bayesian clustering analyses run with
Structure is the AK method described by Evanno et al.
(2005). However, this method was designed for a hier-
archical island model of gene flow and identifies an
optimal clustering solution corresponding to the highest
hierarchical level of population structure. Consequently,
the AK method frequently underestimates the true num-
ber of population clusters, which can lead to spurious
clustering results, particularly when the true population
structure is not hierarchical (Kalinowski 2011). Because
our data showed definitive evidence of not conforming
to the hierarchical island model (see IBD results below),
and because we felt the AK method significantly under-
estimated K (results not shown), we chose to follow the
more heuristic method described in the Structure user’s
manual (Pritchard et al. 2010). This approach identifies
the optimal number of genetic clusters as the value of K
that achieves the highest posterior probability while
maximizing average cluster membership coefficients (Q;

Table 2 Results from aMovas implementing either an infinite allele model (IAM, A) or a stepwise mutation model (SMM, B)

Model used  Source of variation d.f.  Sum of squares Variance component % Variation Fixation indices

(A) IAM Among regions 8 498.91 V,=0.157 4.31 Fer = 0.043*
Among localities within regions 26 385.10 Vy =0.122 3.36 Fsc = 0.035*
Among individuals within a locality =~ 1572 6297.06 V. =3.001 17.97 Fsr = 0.077*
Within individuals 1607 4340.00 V4 =12701 74.36

(B) SMM Among regions 8 68102.65 V., =24.887 11.24 Rer = .112%
Among localities within regions 26 27116.21 Vp = 9.326 4.21 Rgc = 0.047%
Among individuals within a locality 1572  342263.16 V. =30.614 13.83 Rst = 0.155*
Within individuals 1607  251491.50 Vg4 = 156.497 70.71

*P < 0.001.
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Pritchard et al. 2000), which generally corresponds to
the value of K at which the posterior probability ‘more
or less plateaus’ (Pritchard et al. 2010). Based on this
criterion, we chose a seven-population model as the
best solution for the Bayesian clustering analysis, as val-
ues of K <7 failed to capture certain features of biogeo-
graphically sensible structure, and values of K>7
reduced average cluster membership values.

In the K=7 solution, a total of 1250 individuals
(77%) were assigned to one of the seven clusters with a
probability of at least 0.6. The clusters were generally
distributed cohesively across contiguous or adjacent
localities and identify five broad genetically differenti-
ated regions (Fig. 2):

1 The large majority of individuals from Bermuda were
assigned to the Yellow Cluster, which is relatively
uncommon across the rest of the range.

2 Localities in the Florida Keys were dominated by
either the Orange Cluster or Red Cluster.

3 The Brown and Green Clusters were almost exclu-
sively limited to localities from the Mesoamerican
Barrier Reef and Panama.

4 The Purple Cluster was restricted to the Windward
Islands of Barbados and Tobago in the east.

5 Most individuals from the Bahamas, Puerto Rico, and
Curacao were assigned to the Blue Cluster, although
members of the Yellow and Red Clusters are not
uncommon among these localities, indicating some
connectivity with Bermuda and the Florida Keys.

In contrast to the patterns of admixture within
regions, there was little evidence of recent migration
between localities as estimated by BaYEsass. Of the 1190
bidirectional estimates of migration between localities,
only four were significant (Table 3). Three of these

Bahamas Bermuda

Loop
Current

Florida Current ©

Gulf Stream \

Caribbean Current !

—_—Z

!

¥
@

1
1
1
_
500 km

1
r
1

Fig. 2 Graphical summary of Bayesian clustering results. Samples were assigned among seven colour-coded genetic clus-
ters (Red, Orange, Yellow, Green, Blue, Purple, Brown). (A) Cluster assignments of individual samples, where each thin vertical

line represents a single Gorgonia ventalina colony. Individuals are grouped by locality (labels above, see codes in Table 1) and

region (labels below). (B) Average cluster assignments for each locality. (C) Cluster assignments are averaged for each region and
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Table 3 Recent migration rates between localities as estimated by BaYEsAss

Source locality

Recipient locality

Migration
rate £ 95% CI

Geographic
distance (km)

FLA1 (Florida, Carysfort)

FLA7? (Florida, Western Dry Rocks)
FLAS5 (Florida, Alligator)

BER1 (Bermuda, Castle Harbour)

FLA3 (Florida, Pickles)
FLA3 (Florida, Pickles)
FLAG6 (Florida, Tennessee)
BER2 (Bermuda, Crescent)

0.083 + 0.049 33.3
0.095 + 0.062 163.6
0.098 + 0.058 19.4
0.112 + 0.053 12.6

All pairwise estimates between localities that are not shown were not significantly different from zero.

instances of migration were between localities in the
Florida Keys (8.3-9.8% migrants, between 19 and
164 km apart), and one was between localities in
Bermuda (11.2% migrants, 13 km apart).

Geographic and oceanographic correlation analyses

Genetic differentiation between localities (Fsy/1 — Fst)
was positively correlated with the geographic distance
between them (Mantel’s R = 0.168, P = 0.002; Fig. 3A),
suggesting that geographic distance serves as an isolating
mechanism for populations of G. ventalina. In addition,
Fsr between regions was negatively correlated with dis-

persal probability in winter (R*>=0.112, P = 0.008),
spring (R* = 0.136, P = 0.009) and summer (R* = 0.161,
P =0.002; Fig. 3B), indicating that ocean currents likely
serve as a means of connectivity. Although dispersal
probability and geographic distance were correlated with
each other, partial Mantel tests, which evaluate the asso-
ciation between two matrices while controlling for a
third, identified that both of these variables were inde-
pendently correlated with genetic differentiation (season-
ally averaged dispersal probability controlling for
geographic distance: P = 0.046; geographic distance con-
trolling for seasonally averaged dispersal probability:
P = 0.040).
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Fig. 3 (A) Genetic differentiation [(Fst/(1 — Fsr)] of Gorgonia ventalina between localities versus the logarithm of geographic distance.

(B) Genetic differentiation between regions versus the logarithm of oceanographically modelled dispersal probability in summer. Sub-
sets of the data discussed in the text are marked with different icons: 4, comparisons between the Bahamas and other localities. o,
comparisons between Panama and other localities. ®, comparisons between all localities except the Bahamas and Panama. Localities
from Bermuda are not shown in the panel B, as this region was not included in the dispersal model.
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Analyses of spatial autocorrelation also identified
significant positive genetic structure and provide a
detailed view of how this structure changes over
increasing geographic distance (Fig. 4). Spatial autocor-
relation was strongest for the shortest distance classes
and decreased progressively until r became not signifi-
cantly different from zero at the 0-1050 km distance
class. Thus, the limit of detectable positive spatial
genetic structure for G. ventalina occurs at approxi-
mately 1000 km. The dispersal neighbourhood, defined
as the region throughout which the larval pool is well
mixed, can also be estimated from analyses of spatial
autocorrelation, provided the scale of spatial sampling
is sufficiently fine. The dispersal neighbourhood is iden-
tified as the distance over which the autocorrelation
coefficient (r) remains approximately constant, before it
begins to decline (Epperson 2005). Based on the sam-
pling scheme of this study, the autocorrelation coeffi-
cient of G. ventalina populations shows no initial
plateau, but declines progressively from the first dis-
tance class. This pattern held for distance classes as
small as 2 km (results not shown), the maximum spatial
resolution possible with this data set, indicating that the
spatial scale of sampling of this study is inadequate to
resolve the precise dispersal neighbourhood. Nonethe-
less, these results suggest that the dispersal neighbour-
hood is smaller than 2 km. In agreement with this
upper bound, the density-dependant dispersal neigh-

bourhood estimated from the slope of the regression
between Fgr/(1 — Fsr) and the logarithm of geographic
distance (Nb = 1/blog) was found to be approximately
212 individuals, a number commonly encountered
within a radius of 30-70 m on a typical reef (Kim &
Harvell 2004).

Discussion

The analyses of population structure presented here
illustrate that, although dispersal by Gorgonia ventalina
results in significant admixture across thousands of
kilometres and gene pools are well mixed within indi-
vidual sampling localities, populations can be differenti-
ated across distances <2 km. Throughout the range,
genetic differentiation among localities was positively
correlated with geographic distance and negatively cor-
related with oceanographically modelled dispersal
probability. These trends suggest that distance is an
important isolating mechanism for G. ventalina, while
dispersal via ocean currents is a likely means of connec-
tivity among populations.

Differentiation and connectivity of G. ventalina
populations

The dominant ocean currents throughout the Caribbean
and western North Atlantic are largely continuous and
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Fig. 4 Plot of the autocorrelation coefficient of Gorgonia ventalina (r) versus distance classes of progressively increasing size. Error
bars about r depict 95% confidence intervals based on 1 x 10° bootstrap trials.
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unidirectional (Joyce et al. 2001; Fig. 2), and the range
of G. ventalina can be construed along the trajectory of
these currents. Most flow enters the Caribbean between
the Windward Islands in the east, moves west/north-
west across the Caribbean Basin (Caribbean Current),
through the Gulf of Mexico (Loop Current) and Straits
of Florida (Florida Current), and joins the Gulf Stream
heading north/northeast. Along this route, the contigu-
ous distribution of genetic groups identified by Bayes-
ian clustering loosely delimits five interconnected
regional populations of G. ventalina (Fig. 2). At the oppo-
site ends of the range, the Windward Islands (Tobago and
Barbados) and Bermuda (Fig. 2—Purple & Yellow Clus-
ters, respectively) were differentiated from localities in
the centre of the range. In general, localities in the middle
of the range showed greater admixture and shared cluster
membership, although regional patterns of differentiation
were still clear.

The Windward Islands had markedly different clus-
ter membership than Puerto Rico and Curacao imme-
diately to the west. This break is noteworthy, as
several oceanographic models (Baums et al. 2006; Co-
wen et al. 2006; Galindo et al. 2006) along with empiri-
cal studies of fish (Taylor & Hellberg 2003a, 2006;
Eytan & Hellberg 2010) and corals (Baums et al. 2005,
2006; Galindo et al. 2006) have identified a similar
juncture near Puerto Rico, suggesting that this may be
a common biogeographic divide for many Caribbean
organisms. Studies of fish and oceanographic models
have consistently placed this divide in the Mona Pas-
sage, where strong currents flow between Puerto Rico
and Hispaniola. In contrast, Baums et al. (2005) found
that colonies of the coral, Acropora palmata, sampled
from Puerto Rico were genetically clustered with other
localities in the western Caribbean, similar to the
results we report here. However, in a second study,
when more sampling localities were added in the
vicinity of the Mona Passage, A. palmata colonies from
Puerto Rico changed cluster membership and were
grouped with localities to the east (Baums ef al. 2006).
The authors attribute the change in population assign-
ment of Puerto Rico to insufficient sampling density in
the first study, which has the potential to bias the out-
come of Bayesian clustering (Beerli 2004), and con-
clude that the Mona Passage represents an
oceanographic filter to the dispersal of A. palmata lar-
vae (Baums et al. 2006). Our study has only one sam-
pling locality in the vicinity of this biogeographic
divide, and it lies on the western-most point of Puerto
Rico, directly in the Mona Passage. It is possible that
the addition of sampling localities in this vicinity
could alter the cluster membership of G. ventalina from
Puerto Rico, as it did for A. palmata. Despite the popu-
lation break, there was evidence of significant admix-

ture among A. palmata populations across the Mona
Passage (Baums et al. 2006), indicating that this barrier
is not impermeable. Hence, it is possible that G. venta-
lina is capable of dispersing across the Mona Passage,
and the biogeographic break for G. ventalina truly does
occur somewhere farther to the east. This issue will be
resolved by future studies that increase the spatial res-
olution of sampling in this region.

The Florida Keys were united by the dominance of a
single cluster uncommon throughout the rest of the
range (Fig. 2—Orange Cluster), yet there was substan-
tial admixture apparent with the Bahamas (Fig. 2—Red
& Blue Clusters). The shared cluster membership
between the Florida Keys and the Bahamas is notable,
given that these regions are separated by the strong
Florida Current, which has been identified as a barrier
to gene flow for other coral species (Vollmer & Palumbi
2007; Baums et al. 2010) and for Symbiodinium hosted by
G. ventalina (Andras et al. 2011). In the western Carib-
bean, localities from Panama and the Mesoamerican
Barrier Reef were dominated by two clusters that rarely
occurred elsewhere (Fig. 2—Brown & Green Clusters).
The apparent admixture throughout this region is con-
sistent with a high potential for larval dispersal among
localities via the rapid boundary currents and season-
ally variable eddies that occur in the western Caribbean
(Andrade & Barton 2000; Cowen et al. 2003; Richardson
2005).

Based on spatial autocorrelation (Fig. 4), the limit of
positive genetic structure for G. ventalina occurs around
1000 km. This distance represents the point at which
genetic drift overwhelms the signature of gene flow,
and it is based on the integrated signal of direct dis-
persal as well as stepping-stone dispersal over multiple
generations. The actual dispersal distance of G. ventalina
larvae is certainly much smaller. Although our sam-
pling scheme was too coarse to allow a specific estimate
of the dispersal neighbourhood based on spatial auto-
correlation, it appears to be <2 km—the smallest scale
of spatial resolution possible with the present data set.
The density-dependant dispersal neighbourhood, esti-
mated from the slope of the IBD correlation, is just 212
individuals, many times smaller than the number of
G. ventalina colonies encountered on a typical patch
reef. Rates of recent migration (i.e. over the previous
two generations), as estimated by BAYEASs, were not sig-
nificantly different from zero between most localities,
and the few instances of significant migration occurred
between localities within the same region, <165 km
apart (Table 3). These independent estimates of migra-
tion indicate that dispersal is spatially limited and may
commonly not extend beyond the reef of origin. These
results do not contradict the results of Bayesian cluster-
ing, which illustrate patterns of admixture across
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broader regional populations, as even low rates of
migration are sufficient to generate a signal of admix-
ture (Slatkin 1987). However, low migration rates are
typically of little consequence for the demography of
populations. Together, our estimates of dispersal and
population structure indicate that, although regional
populations of G. ventalina are evolutionarily coupled
via gene flow, they are likely to be demographically
and, hence, ecologically independent.

Isolation by distance and seascape genetics of
G. ventalina

Genetic differentiation of G. ventalina was positively
correlated with geographic distance throughout the
range (Fig. 3A). A similar pattern has been observed
across the Caribbean basin for at least two species of
reef fish with pelagic larvae (Purcell et al. 2006; Puebla
et al. 2009), as well as the Symbiodinium hosted by
G. ventalina (Andras et al. 2011). This range-wide pat-
tern of IBD is noteworthy, given that this pattern was
not observed in numerous other large-scale population
genetic surveys of Caribbean species, including several
broadcast-spawning corals (Baums et al. 2005, 2010;
Severance & Karl 2006; Nunes et al. 2009), a sponge
(Lopez-Legentil & Pawlik 2009) and several fish
(Purcell et al. 2006, 2009).

Seascape genetic models use empirical estimates of
the composition and configuration of oceanographic
features (e.g. currents, barriers, gradients, etc.) to eluci-
date spatial patterns of genetic differentiation. These
models have recently been used to successfully explain
the population structure of a number of marine species,
including corals (Galindo et al. 2006), barnacles (Galindo
et al. 2010), whelks (White et al. 2010), lobster and fish
(Selkoe et al. 2010). Here, we compare the population
genetic structure of G. ventalina to an oceanographic
model of dispersal that was previously shown to predict
many features of the population structure of the staghorn
coral, Acropora cervicornis, across the Caribbean (Galindo
et al. 2006). Genetic differentiation of G. ventalina was
negatively correlated with dispersal probability in all sea-
sons, with summer dispersal (Fig. 3B, R?>=0.161) explain-
ing a greater portion of variation than winter or spring
dispersal (R?=0.112 and R?=0.136, respectively).
These results are consistent with observations that
G. ventalina colonies can be reproductively competent
throughout the year, but the highest proportion of colonies
with eggs or sperm occurs in late spring/early summer
(Fitzsimmons-Sosa et al. 2004). Interestingly, dispersal
probabilities did not explain the genetic structure of
G. ventalina much better than the simple IBD model.
However, partial Mantel tests indicate these two mod-
els each independently explain significant variation in
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genetic differentiation, demonstrating that both geo-
graphic distance and ocean currents play an impor-
tant role in determining the population structure of
G. ventalina.

It is noteworthy that the correlation between genetic
differentiation and dispersal probability is reduced
considerably in certain subsets of the data. Namely,
localities in Panama and the Bahamas tend to have
lower Fsr values than dispersal estimates would pre-
dict (Fig. 3B). The connectivity estimates employed
here reflect the probability of direct dispersal between
localities in a single generation, while genetic struc-
ture is the result of integrated gene flow across multi-
ple generations and intermediate locations. It is
possible that the deviation of localities such as the
Bahamas and Panama might be improved if multi-
generational dispersal was incorporated into the
oceanographic model, especially given the fact that
these regions appear to have relatively high levels of
admixture with other nearby regions (Fig.2). For
example, genetic structure of the subtidal whelk Kelle-
tia kelletii in the Santa Barbara Channel was better
explained by models incorporating migration over
multiple generations compared to single generation
dispersal (White et al. 2010). Future models of dis-
persal in the Caribbean might be improved by consid-
ering such stepping-stone migration.

Genetic diversity of G. ventalina populations

Gene diversity varied by as much as 17% throughout
the range (Table 1, Hg = 0.58-0.73) and was positively
correlated with latitude (Fig. S1, Supporting Informa-
tion). One striking feature of this trend is the relatively
high diversity of Bermuda. The combination of isola-
tion, extreme environmental conditions and genetic drift
associated with low population densities is expected to
result in reduced genetic diversity at the edges of spe-
cies ranges (Hoffmann & Blows 1994). Moreover, sea
temperature variability is much greater in Bermuda
than the Caribbean Basin (Sheppard & Rioja-Nieto
2005) and routinely approaches the lower tolerance
limit of tropical corals (~18 °C). However, substantial
immigration can maintain high diversity in peripheral
populations (Lesica & Allendorf 1995). Based on the
dominant ocean current patterns discussed above,
Bermuda is the farthest ‘downstream’ region in the
range and may therefore act as a sink for genetic diver-
sity. In agreement with a source/sink dynamic driven
by prevailing current patterns, Tobago and Barbados,
the farthest “‘upstream’ localities at the eastern limit of
the species range, had among the lowest values of gene
diversity and allelic richness observed (Table 1; Fig. S1,
Supporting Information).
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Within localities, inbreeding coefficients were low,
and most were not significantly different from
zero, indicating that most localities were at or near
Hardy—Weinberg equilibrium. These results stand in
contrast to many other species of broadcast-spawning
marine invertebrates that exhibit significant heterozy-
gote deficits (Addison & Hart 2005) and indicate
that gene pools are well mixed at the level of the
locality.

The probability of identity over all seven loci was
quite low, and there were no duplicate multilocus geno-
types observed throughout the entire data set, indicat-
ing that sexual outcrossing is the predominant, if not
exclusive, mode of reproduction for G. ventalina. This
pattern differs from numerous other coral species for
which clonal reproduction and/or self-fertilization are
common (Highsmith 1982; Heyward & Babcock 1986;
Fautin 2002). Most reported asexual reproduction in
corals occurs via disturbance-mediated fragmentation of
brittle adult colonies. Given that G. ventalina colonies
are flexible and not easily broken, the absence of clones
is perhaps not surprising. Moreover, as G. ventalina is
dioecious (Petes et al. 2003; Fitzsimmons-Sosa et al.
2004), self-fertilization is not possible. Asexual repro-
duction can also occur via budding, fission and the
release of clonal planulae (Simpson 2009), and our
results indicate that none of these mechanisms are
likely for G. ventalina. The high genotypic diversity
resulting from sexual recombination may provide
greater adaptive potential and resilience in the face of
selective pressures such as disease. However, sexual
species will be more susceptible than clonal species to
density-dependent phenomena such as the Allee effect
(Allee 1949) and may recover from disturbance more
slowly.

Comparative population structure of G. ventalina and
its Symbiodinium

The population genetic structure of Symbiodinium B1/
184 associated with G. ventalina has been previously
described based on the same tissue samples used in this
study (Andras et al. 2011), and there are several features
common to both symbiotic partners. Both exhibit a posi-
tive correlation between geographic and genetic dis-
tance, and the maximum extent of spatial structure is
similar for both (900-1000 km). More over, pairwise
estimates of Fsr among localities are strongly correlated
between G. ventalina and its Symbiodinium (Fig. 5), and
some patterns of inter-regional connectivity are com-
mon to host and symbiont. For example, both G. ventali-
na and Symbiodinium showed little connectivity between
the Mesoamerican Barrier Reef and the Florida Keys,
suggesting that the Yucatan Channel may represent an
important divide between the Caribbean Basin and
localities further downstream. Additionally, populations
of both symbiotic partners are strongly differentiated
between the Windward Islands and Puerto Rico.
Despite these similarities, the population structures of
G. ventalina and its algal symbiont are not completely
congruent. Most significantly, the degree of population
differentiation is dramatically higher for Symbiodinium
than for G. ventalina. This disparity is most apparent in
estimates of Fgr, which are, on average, more than four
times higher for Symbiodinium than G. ventalina (Fig. 5;
global Fgr of G. ventalina = 0.077; global Fsr of Symbiodi-
nium = 0.315). Overall levels of gene diversity were also
different between these two symbiotic partners (Hg of
G. ventalina = 0.67, Hg of Symbiodinium = 0.60). Higher
gene diversity results in a relative reduction in Fgr
(Hedrick 2005), which could affect comparisons between
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data sets with differing levels of diversity. To ascertain
this possibility, we also compared the differentiation of
G. ventalina and its Symbiodinium using Jost's D, a stan-
dardized measure of differentiation that controls for dif-
ferent levels of diversity (Jost 2008). Although the
absolute values of Jost’s D were substantially higher than
Fsr, the slope of the correlation is nearly identical (Fig. 5),
indicating that the higher degree of population structure
observed for Symbiodinium is not an artefact of differing
levels of diversity but is a genuine characteristic of these
symbiotic partners.

There are also key connectivity patterns that differ
between host and symbiont. For example, populations
of G. ventalina in the Bahamas and the Florida Keys
appear to be connected by substantial gene flow,
whereas Symbiodinium populations from these two
regions are among the most highly differentiated in the
range. In contrast, Symbiodinium is connected across
regions that divide populations of the host. One occurs
in the southeastern Caribbean between the Windward
Islands and Curacao. A second occurs in the north,
between Florida and Bermuda, although some evidence
suggests that this apparent connectivity may be due to
founder effects among Symbiodinium populations in
Bermuda, and not substantial ongoing gene flow
(Andras et al. 2011). Finally, in contrast to the positive
correlation between gene diversity and latitude observed
for G. ventalina, Symbiodinium showed the opposite
trend. The positive correlation observed for G. ventalina
is concordant with a range-wide source/sink dynamic
driven by ocean currents, whereas the negative trend of
Symbiodinium is more consistent with a tropical centre
of distribution with reduced diversity near latitudinal
range limits. The contravening geographic trends of
host and symbiont diversity may have complex conse-
quences for the adaptive capacity of the intact symbio-
sis. Assuming individual variants of host and symbiont
can freely combine, the genetic diversity of each partner
will have a multiplicative effect on the diversity of the
holobiont, which would be predicted to be highest in
the middle of the range of G. ventalina.

Taken together, the similarities between the popula-
tion structure of G. ventalina and the Symbiodinium it
harbours suggest that ocean currents are a likely means
of connectivity for both partners. In contrast, the dispari-
ties in population structure provide strong evidence that
the dispersal mechanisms of host and symbiont are not
coupled and that symbiont transmission occurs horizon-
tally. These observations are consistent with a number
of other aspects of the biology of these organisms. Histo-
logical evidence suggests that G. ventalina is a dioecious
broadcast spawner (Petes ef al. 2003; Fitzsimmons-Sosa
et al. 2004), a reproductive mode that is correlated with
aposymbiotic larvae and a long pelagic larval duration
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relative to species of brooding corals (Knowlton & Rohwer
2003). Symbiodinium are capable of active motility
(Freudenthal 1962) and have been detected in the water
column (Coffroth et al. 2006; Littman ef al. 2008;
Manning & Gates 2008; Porto et al. 2008), but are much
more common in sediments immediately surrounding
reefs (Littman et al. 2008). These characteristics would
provide opportunities for both symbiotic partners to
disperse via ocean currents, but the probability of
dispersal would be greater for the host.

Conclusions

The results presented here add to the growing evi-
dence that, despite theoretically high dispersal poten-
tial, populations of many marine species are not well
mixed and show considerable structure over short dis-
tances. The specific population structure of Gorgonia
ventaling and its Symbiodinium corroborate previously
reported biogeographic breaks in the Caribbean (e.g.
an east/west divide near Puerto Rico), and identify
new breaks that warrant further study in additional
taxa (e.g. a divide near the Yucatan Channel, and the
isolation of Bermuda). Population subdivision has both
fundamental and applied implications for the biology
of a species. To the extent that subpopulations are
demographically independent, their ecological and evo-
lutionary dynamics will be uncoupled. Species with
subdivided populations have greater capacity to adapt
to local conditions but may be more sensitive to dis-
turbance. The independent population structure of
G. ventalina and its Symbiodinium highlights the impor-
tance of considering both symbiotic partners when
designing conservation and management plans for cor-
als. For example, an adequate management strategy
for G. ventalina might, at a minimum, include a net-
work of protected areas that cover the major regional
populations of host and symbiont and are spaced clo-
sely enough to accommodate the small estimated dis-
persal neighbourhoods. Such considerations will
become increasingly important as spatially explicit
management plans are more broadly implemented for
the protection of threatened marine taxa.
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Fig. S1 Geographic distribution of genetic diversity among
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Fig. S2 Mean + standard deviation of the estimated posterior
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tested with Structure.
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Table S2 Pairwise Fgr values (below diagonal) and Rer values
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