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ABSTRACT.—The persistence of scleractinian coral 
populations on the Florida Reef Tract (FRT) is controlled 
in part by metapopulation dynamics and larval dispersal. 
Nine polymorphic microsatellite loci were analyzed to 
characterize contemporary population structure and gene 
flow as well as historical migration rates of Montastraea 
cavernosa at five sites off Martin, Palm Beach, and Broward 
counties in southeast Florida. The sampled populations 
demonstrated evidence of genetic isolation by distance over a 
geographic range of 85 km. Population genetic structure was 
divided into two genetic clusters, northern and southern, 
with admixture along a latitudinal gradient. Historical 
migration models indicated likely panmixia throughout 
all sites sampled, identifying a potential reduction in 
connectivity among the sampled populations through time. 
Though M. cavernosa populations demonstrated evidence of 
historical connectivity, contemporary patterns of isolation 
by distance suggest that effective management will require 
localized actions to maximize the likelihood of sustaining 
individual populations in the northern FRT. Given the results 
of this study, coupled with recent coral mortality events in 
the region, we recommend regional conservation efforts and 
management initiatives throughout southeast Florida within 
a more comprehensive FRT-wide management network.

Coral reef ecosystems, and their valuable coastal ecosystem services, have expe-
rienced dramatic declines globally since the 1980s (Gardner et al. 2003, Bruno and 
Selig 2007, Edmunds 2015). Nearshore coral reefs in the Florida Reef Tract (FRT) have 
suffered severe losses in the past several decades due to increased stressors including 
land-based sources of pollution, sedimentation, diseases, and thermal stress (Lirman 
and Fong 2007, Lirman et al. 2011, Ruzicka et al. 2013, Manzello 2015, Precht et al. 
2016, Walton et al. 2018). As the third largest barrier reef system in the world, the 
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FRT extends 595 km between the Dry Tortugas in the southwest and Martin County 
to the north. Towards the northern limit, this reef system reaches a marginal ecotone 
between subtropical and warm temperate climate zones (Lugo et al. 1999) with in-
creased environmental variability but diverse marine communities (Beal et al. 2012). 
The northern FRT (NFRT) in Martin County represents the latitudinal limit in the 
continental United States for most tropical scleractinian species (Reed 1985). Despite 
lower coral cover and coral species diversity compared to relatively well-studied reef 
systems in the Florida Keys and wider tropical western Atlantic, this marginal envi-
ronment is a significant resource to the local economy and coastal ecosystems (Johns 
et al. 2004, Collier et al. 2008, Gilliam et al. 2015). Though long-term monitoring and 
mapping efforts are ongoing (Banks et al. 2007, Walker and Gilliam 2013, Walton et 
al. 2018), levels of connectivity and gene flow among coral populations in the NFRT 
are largely unknown.

Understanding patterns of population structure and reef connectivity have be-
come critical in the design and implementation of effective management and res-
toration strategies. In benthic species, population structure is often driven by larval 
dispersal (Cowen and Sponaugle 2009), allowing exchange of gametes among popu-
lations and possibly an increase in genetic variation required for evolutionary adap-
tation (van Oppen and Gates 2006). For corals, dispersal potential is dependent on 
larval characteristics, including spawning strategy (broadcast spawning vs brood-
ing), pelagic larval duration, settlement/survival rates (Cowen and Sponaugle 2009), 
as well as oceanographic patterns conducive to larval transport. Along the east coast 
of Florida, the northward-flowing Florida Current, seasonal upwelling, and counter-
current eddies are notable influences that can impact the distribution of coral larvae 
(Limouzy-Paris et al. 1997, Hare and Walsh 2007). Hydrological features and lar-
val characteristics can vary substantially across habitats and coral species, resulting 
in highly divergent patterns of population connectivity at local and regional scales 
(Nunes et al. 2011, Bongaerts et al. 2017, Studivan and Voss 2018a, Eckert et al. 2019).

Habitat ranges, larval characteristics, and dispersal potential are difficult to quan-
tify for most marine species including corals (Palumbi 2003, Cowen and Sponaugle 
2009). Fortunately, population connectivity across broad temporal and spatial scales 
can also be investigated through analyses of genomic variations. Population genetic 
approaches have been commonly used in marine conservation applications, particu-
larly for coral reef ecosystems (Palumbi 2003, Gutiérrez-Rodríguez and Lasker 2004, 
van Oppen and Gates 2006, Beger et al. 2014, Aswani et al. 2015, Studivan and Voss 
2018b). For example, population genetic tools are frequently used in the implementa-
tion and design of Marine Protected Areas (MPAs), design of sustainable fisheries, 
and marine spatial planning through the identification of important metapopula-
tions (Ward et al. 2001, Palumbi 2004). Microsatellite markers, or simple sequence 
repeats (SSRs), are one common, cost-effective method for investigating population 
genetic patterns among scleractinian species and geographic locations to answer 
such conservation-related questions (Miller and Howard 2004, Shearer and Coffroth 
2004, Vermeij et al. 2006, Beger et al. 2014, Porto-Hannes et al. 2015).

Previous studies examining population structure across several coral species 
in the Florida Keys and southern FRT have suggested relatively high connectivity 
among populations (Baums et al. 2010, Hemond and Vollmer 2010, Serrano et al. 
2014, 2016, Manzello et al. 2019). A related study suggested the potential for diver-
gence between populations of Acropora cervicornis in the Florida Keys and those in 
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Broward County (Drury et al. 2017), identifying a potential break between northern 
and southern regions of the FRT. Limited data exists for coral reefs in the NFRT, 
representing a critical data gap. In conjunction with knowledge of oceanographic 
patterns influencing larval dispersal, genetic data can inform management strategies 
that enhance the likelihood of regional survivorship and aid in successful recruit-
ment among downstream populations. Efforts to protect corals reefs along the FRT 
from further degradation have led to the creation of a southeast Florida coral reef 
Ecosystem Conservation Area (ECA; FL 2018 House Bill 53; Fig. 1) which extends 
from St Lucie Inlet to Biscayne National Park. This study was designed to address the 
population connectivity data gaps in the NFRT and to inform management strate-
gies for the newly established ECA.

Montastraea cavernosa is one of the dominant scleractinian coral species in the 
NFRT and is commonly found throughout the wider tropical western Atlantic as a 
structurally important reef builder (Nunes et al. 2009). Larval characteristics for M. 
cavernosa, including its relatively large egg size and gonochoric broadcast spawning 
strategy, may enhance the distance traveled by larvae via oceanographic currents 
(Szmant 1991). The pelagic larval duration and competency period have not been 
quantified for this species but are suspected to be relatively long due to observed 

Figure 1. Montastraea cavernosa sampling locations on the northern Florida Reef Tract. 
Populations were sampled at St Lucie Reef (SLR), Jupiter (JUP), West Palm Beach (WPB), 
Boynton Beach (BYN), and Fort Lauderdale (FTL). Overlays correspond to reef habitat (shape-
file source: Florida Fish and Wildlife Conservation Commission–Fish and Wildlife Research 
Institute) and the southeast Florida coral reef Ecosystem Conservation Area.
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levels of gene flow among geographically disparate populations. Previous popula-
tion genetics studies identified broad connectivity across geographic regions in ex-
cess of 1000 km (Nunes et al. 2009, Goodbody-Gringley et al. 2012) and vertically 
among depths in some regions (Brazeau et al. 2013, Serrano et al. 2014, Studivan 
and Voss 2018a, Eckert et al. 2019). As a common and ecologically important coral 
in the NFRT, M. cavernosa represents an ideal species to examine population struc-
ture at multiple spatial scales, allowing inferences to be made across regions and 
within coral reef habitats of critical ecological and economic importance, such as 
those found in Florida.

Methods

Coral Sampling.—Five sites were chosen to assess latitudinal connectivity of 
M. cavernosa along the NFRT: St Lucie Reef (SLR) in Martin County, Jupiter (JUP), 
West Palm Beach (WPB), Boynton Beach (BYN) in Palm Beach County, and Fort 
Lauderdale (FTL) in Broward County (Fig. 1). At all locations, coral colonies were 
selected based on colony size (approximately 20–100 cm diameter), apparent health 
(no signs of bleaching or disease), and >1 m distance from other sampled colonies to 
reduce the likelihood of clonal samples. Fragments of coral tissue and skeleton ap-
proximately 5 cm2 in size were collected from the margin of colonies using a hammer 
and chisel and placed in individual zip-top bags filled with ambient seawater (Table 
1). Fragments were transferred to individual tubes and preserved in TRIzol (SLR, 
JUP, WPB) or molecular grade ethanol (BYN, FTL) and stored at −80 °C until further 
processing. Differences in sample preservation were due to changes in protocol to 
reduce user hazards and increase temperature stability of preserved samples; both 
preservatives yielded sufficient quality genomic DNA for downstream analyses.

DNA Extraction and Genotyping.—Frozen TRIzol samples were thawed at 
room temperature (about 1–2 hrs) and processed with a modified phenol-chloroform 

Table 1. Site locations and genotyped samples for the northern Florida Reef Tract, with the number of collected 
samples (n) and multi-locus genotypes (ng) used for the analyses. Geographic coordinates given as decimal 
degrees (WGS84).

Population (acronym)/Site Coordinates n ng Depth (m) Collection dates
St Lucie Reef (SLR) 34 31   5.0

SLR Central 27.1317, −80.1340   5   4   2.4 Sep 2014–Oct 2015
SLR Ledge 27.1214, −80.1275 24 22   9.7 Jun 2013–Feb 2017
SLR South 27.1119, −80.1255   5   5   3.0 Dec 2012–Oct 2015

Jupiter (JUP) 31 30 21.0
JUP Ledge 26.9440, −80.0022 31 30 21.0 Dec 2016

West Palm Beach (WPB) 35 30 17.7
Breaker’s Reef 26.7179, −80.0187 35 30 17.7 Jun 2015

Boynton Beach (BYN) 33 32 14.5
SEFL-16 26.5235, −80.0316 33 32 14.5 Jun 2018

Ft Lauderdale (FTL) 31 31 13.6
BC1 26.1479, −80.0960   9   9   8.2 Jun 2018
BC2 26.1600, −80.0825 13 13 14.5 Jun 2018
BC3 26.1586, −80.0774   9   9 18.2 Jun 2018
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DNA extraction (Chomczynski and Sacchi 2006, Studivan and Eckert 2020). 
Genomic DNA from ethanol-preserved samples was extracted using a modified 
Cetyl trimethylammonium bromide (CTAB) extraction protocol (Mieog et al. 2009) 
as described in Eckert et al. (2019). The resulting DNA pellets were eluted in Tris 
EDTA (TE) pH 8.0 and incubated at 55 °C for 10 min. DNA extracts were cleaned 
with the Zymo DNA Clean & Concentrator-5 Kit to remove extraneous proteins 
and PCR inhibitors. The concentration and quality of all cleaned DNA samples were 
measured with a NanoDrop 2000 (Thermo Fisher Scientific), and DNA was diluted to 
a concentration of 10 ng µl−1. Nine previously-developed microsatellite loci (Serrano 
et al. 2014) were amplified in all samples with a multiplex PCR using the Qiagen 
Type-It Microsatellite PCR kit, universal forward primers fluorescently-labeled with 
NED, VIC, or 6-FAM, and reverse primers (Blacket et al. 2012; Online Table S1). PCR 
thermal cycling consisted of the following: 95 °C for 5 min (initial denaturation), 30 
(ethanol samples) or 35 (TRIzol samples) cycles of 30 s at 95 °C (denaturation), 60 °C 
for 90 s (annealing), 72 °C for 30 s (extension), and 60 °C for 30 min (final extension). 
Additional PCR cycles were necessary for TRIzol samples due to variable initial DNA 
quality.

Amplified alleles were visualized on a 2% agarose gel to verify amplification suc-
cess and to select dilution strength based on band intensity. PCR products were di-
luted and sized with an Applied Biosystems 3130 XL (500 ROX size standard) at 
Florida Atlantic University’s Harbor Branch Oceanographic Institute. Resulting 
electropherograms were analyzed and alleles were scored with GeneMapper v3.7 
(Applied Biosystems). Samples with low or unidentifiable allele peaks at individual 
loci were reamplified to correct for incomplete data. Samples were run a mean of 1.3 
times per locus on the genetic analyzer to ensure sufficient coverage across all loci. 
After re-amplification attempts, samples missing data at more than three loci were 
removed from further analyses.

Genetic and Statistical Analyses.—Multilocus genotypes (MLGs) and viola-
tions of Hardy-Weinberg Equilibrium (HWE) across loci were identified in GenAlEx 
v6.5 (Peakall and Smouse 2012). Genetic diversity metrics, including population dif-
ferentiation, fixation index (FST), and Nei’s genetic distance (D) were calculated in 
GenAlEx. Private alleles per locus within populations were determined using the 
R package diveRsity (Keenan et al. 2013). Linkage disequilibrium (LD) assumptions 
were tested in Arlequin v3.5 (Excoffier and Lischer 2010). All P values for HWE, LD, 
and FST were corrected for false discovery rate (FDR; Benjamini and Hochberg 1995). 
Violations of HWE and LD assumptions were tested for significant impact of null 
alleles, where null allele-corrected FST values were calculated using FreeNA (Chapuis 
and Estoup 2007), then compared to raw FST values using correlation analyses across 
populations and loci. Loci were examined for HWE and LD violations and patterns 
of allelic richness across populations to determine if any loci needed to be removed 
prior to downstream analyses. An analysis of molecular variance (AMOVA) was cal-
culated among individuals and populations using GenAlEx with 9999 permutations. 
A principal coordinates analysis (PCoA) visualized genetic distance between popula-
tions using Nei’s genetic distance, and a Mantel isolation by distance test assessed 
the relationship between genetic and geographic distance in GenAlEx (9999 permu-
tations) using over-water distances calculated from site GPS coordinates.
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Structure v2.3.4 (Pritchard et al. 2000) was used to analyze genetic structure and 
identify populations. Samples were assigned to K populations in a probabilistic man-
ner until HWE and linkage equilibrium was achieved, assuming that loci were un-
linked and able to freely recombine. Using an admixture model, simulations were 
run with 106 Markov Chain-Monte Carlo (MCMC) replications after a 1000 burn-
in period. The number of postulated populations (K) was tested between 1 and 8 
with 10 replicate tests per value of K. Structure output results were analyzed using 
the web-based Structure Harvester (Earl and VonHoldt 2012) to determine the most 
likely value of K using the Evanno method (Evanno et al. 2005). A combined struc-
ture plot of all replicate simulations for the highest likelihood K was created to rep-
resent individual membership to genetic clusters using CLUMPP v1.1.2 (Jakobsson 
and Rosenberg 2007) and Distruct v1.1 (Rosenberg 2004).

Historical migration rates of ancestral M. cavernosa populations (approximately 
a4Ne generations) among sites were estimated with Migrate-n v3.6.11 (Beerli 2006, 
Beerli and Palczewski 2010) using Bayesian inference to determine the maximum 
likelihood of various genetic migration models. Generation times and mutation rates 
for microsatellite loci are unknown for most coral species (but see Devlin-Durante et 
al. 2016). Because M. cavernosa is relatively long-lived and reproductively viable at an 
early age (Szmant 1991, Soong 1993), the migration estimates provided by Migrate-n 
represent patterns over hundreds to thousands of years. Four possible migration 
models were tested: (1) symmetrical migration across all sites; (2) unidirectional mi-
gration from southern to northern sites; (3) unidirectional migration from northern 
to southern sites; and (4) panmixia. All models allowed stepwise migration, where 
upstream populations could contribute migrants to all downstream populations 
(and vice versa for the symmetrical migration model). All migration models were 
run with the following parameters: 20 replicates, long-inc 100, long-sample 15,000, 
burn-in 20,000, and 4 heated chains (1, 1.5, 3, 105). Prior distributions for mutation-
scaled population size (Θ) and mutation-scaled immigration rate (M) were set from 
0 to 100 and 0 to 1000, respectively. The most likely migration scenario was deter-
mined by ranking of Bezier log marginal likelihoods [ln(ml)] for each model using 
the thermodynamic integration method described in Beerli and Palczewski (2010). 
To assess whether the genetic divergence of the Fort Lauderdale population from 
all other populations may have been driving historical migration results, the model 
scenarios were repeated excluding Fort Lauderdale from the dataset.

Results

Of the nine microsatellite markers amplified in this study, eight consistently met 
HWE assumptions across populations (Online Table S2). No violations of LD as-
sumptions were observed across loci or populations. In addition to HWE violations 
in three out of five sampled populations, locus MC4 demonstrated abnormally high 
numbers of alleles (Na) and allelic richness (Ar; Online Table S2). Allele bins within 
locus MC4 were also close to one another, compromising the ability to definitively 
make allele calls. MC4 was therefore removed from all further analyses. Subsequent 
analyses using the remaining dataset identified no clonal MLGs within the popula-
tions, allowing all amplified samples to be used for statistical assessments of genetic 
connectivity. Null allele-corrected FST values were found to be tightly correlated with 
raw FST values across loci and populations (R2 = 0.9926 and R2 = 0.9976, respectively); 
therefore, raw values were reported.
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Allelic diversity was similar among populations, with an overall mean range of 
allelic richness (Ar) between 3.54 and 19.50. Fort Lauderdale demonstrated the low-
est richness (Ar = 2.79), while Jupiter had the greatest (Ar = 22.75). Expected hetero-
zygosity (He) was also similar among populations, with Fort Lauderdale once again 
having the lowest (He = 0.16) and Jupiter having the highest (He = 0.95). The global 
fixation index (FST) was 0.017 across all populations. An analysis of molecular vari-
ance (AMOVA) indicated that 6% of genetic variation was within populations (df = 
149, SS = 436.932, P = 0.0001), while only 2% of observed variation was among popu-
lations (df = 4, SS = 23.888, P = 0.0001). PCoA demonstrated clustering of north-
ernmost sites St Lucie Reef and Jupiter, indicating high genetic similarity of these 
populations (Fig. 2). Genetic distance among sites reflected site geography, with West 
Palm Beach and Boynton Beach being intermediately distinct, and the southernmost 
site Fort Lauderdale being the most dissimilar population. Pairwise population FST 
values reinforced the PCoA results, indicating that Fort Lauderdale was significantly 
differentiated from all other sites and supporting genetic isolation of sites by distance 

Figure 2. Principal coordinates analysis (PCoA) of Nei’s genetic distance (DA) among pairwise 
comparisons of populations, explaining 78.57% of the total genetic variation (PCo 1: 56.97%; 
PCo 2: 21.60%). Color of points corresponds to the dominant genetic cluster identified in 
Structure analysis (K = 2; Fig. 5).

Figure 3. Pairwise FST values among sampled geographic populations. Bolded values indicate 
significantly differentiated populations and color intensity reflects level of genetic differentiation 
from FST values. Alpha was set at 0.05.
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(Fig. 3). The Mantel test revealed a significant correlation between geographic dis-
tance and Nei’s genetic distance (R2 = 0.3946, P = 0.033; Fig. 4). Geographic distances 
among pairwise comparisons of sites ranged from 21.65 to 84.57 km.

A Bayesian population clustering model in Structure identified the most likely 
number of genetic clusters (K) among populations to be K = 2 through both log mod-
el likelihood [L(K)] and the Evanno method (Online Table S3, Figs. 5 and Online S1). 
Northernmost sites St Lucie Reef and Jupiter exhibited similar genetic structure and 
were derived predominantly from a single genetic cluster represented by dark blue in 
Figure 5. The southernmost site Fort Lauderdale was dominated by a separate genetic 
cluster represented by light blue. Intermediate sites West Palm Beach and Boynton 
Beach showed admixture from both populations; however, both were primarily 
represented by the same genetic cluster observed at the northern sites (dark blue). 
Assessment of historical population migration using Migrate-n indicated panmixia 
among all sampled populations. Model likelihood for panmictic migration was much 
higher than for other tested models simulating stepwise symmetric, south-north, 
and north-south migration, with near-zero probabilities for the latter models (Table 

Figure 4. Mantel isolation by distance test relating Nei’s genetic distance (D) to geographic dis-
tance among pairwise comparisons of populations. Geographic isolation explained 39.46% of 
observed genotypic variation among populations (Mantel test; P < 0.033, 999 permutations).

Figure 5. Genetic structure of Montastraea cavernosa populations in the northern Florida Reef 
Tract as predicted by Bayesian inference in Structure. Each column represents an individual M. 
cavernosa colony from the five geographic populations (x-axis). The relative height of each color 
(dark blue, light blue) represents the probability of membership to the genetic clusters (K = 2).
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2). Repeated model simulations using a dataset excluding Fort Lauderdale demon-
strated that panmixia was once again the most likely migration scenario, with all 
other migration models showing near-zero probabilities. Estimated population sizes 
for both likely models are given in Table 2.

Discussion

This study provides evidence that populations of an important reef-building 
coral, M. cavernosa, in the northern Florida Reef Tract were historically connected. 
However, examination of contemporary population structure and gene flow among 
M. cavernosa populations in the NFRT identified patterns of genetic differentiation. 
Montastraea cavernosa exhibits relatively high levels of horizontal gene flow across 
its range and particularly throughout the Florida Keys, Gulf of Mexico, Belize, 
Barbados, Bermuda, Jamaica, and Panama (Nunes et al. 2009, Goodbody-Gringley 
et al. 2012, Serrano et al. 2014, Studivan and Voss 2018a, Eckert et al. 2019). Certain 
larval characteristics are thought to increase the ability of pelagic larvae to survive 
and therefore travel long distances, thus increasing population connectivity 
throughout a larger region (Hare and Walsh 2007). The relatively large egg size of M. 
cavernosa, broadcast spawning reproductive mode, and pelagic larval duration period 
may enable broad transport of larvae across geographically-isolated areas (Szmant 
1991, Acosta and Zea 1997, Jones et al. 2009), provided oceanographic patterns allow 
transport among reefs. While pelagic larval duration and competency periods have 
not been quantified for M. cavernosa, it is not suspected that larval characteristics 
reduce this species’ dispersal potential, given the evidence of connectivity observed 
over ranges exceeding 1000 km (Nunes et al. 2009, 2011, Goodbody-Gringley et al. 
2012, Studivan and Voss 2018a).

Oceanographic patterns are likely the main driver of larval transport and gene 
flow among populations in Florida. The predominant Florida Current, which is fed 
by the consistently strong (typically >1 m s−1) Gulf of Mexico Loop Current through 
the Straits of Florida (Oey et al. 2005), runs nearly the entire length of the FRT and 
has the potential to transport larvae from the southern to the northern extent of 
the FRT (Limouzy-Paris et al. 1997, Hare and Walsh 2007, Sponaugle and Cowen 

Table 2. Comparison of Bezier log marginal likelihoods [ln(mL)] for migration models (symmetric migration, 
migration from south to north, migration from north to south, and panmixia) across all populations, and 
following the removal of Fort Lauderdale (FTL). Models were ranked according to likelihood values to 
calculate probabilities and rank. Mutation-scaled population size (Θ) included for the most probable model 
(with 95% CI).

Model ln(mL) Probability Rank Θ (95% CI)
All populations

Symmetric −871,446 0 4
South-North −475,069 0 3
North-South −288,996 0 2
Panmixia   −26,436 1 1 12.50 (4.87–10.27)

FTL removed
Symmetric −413,402 0 4
South-North   −78,427 0 3
North-South   −58,799 0 2
Panmixia   −20,073 1 1 8.49 (3.40–7.80)
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2019). Nearshore habitats also experience localized upwelling and counter-current 
eddies that deviate shoreward from the Florida Current, which have been shown to 
influence larval dispersal patterns (Limouzy-Paris et al. 1997, Sponaugle et al. 2005). 
Given that hydrological features in the region have been predicted to be relatively 
consistent and supportive of reef growth through the Holocene beginning around 
12,000 ya (Banks et al. 2008), it is not surprising that we observed historical pan-
mixia in M. cavernosa populations across a linear distance of approximately 85 km.

While M. cavernosa populations in the NFRT demonstrate historical connectivity 
based on the Migrate-n results, there is additional evidence of relatively recent popu-
lation differentiation based on contemporary population structure and gene flow. 
Multiple analyses demonstrate isolation by distance for M. cavernosa in the study 
region (Fig. 4). Additionally, evaluation of population structure identified two domi-
nant genetic clusters across the range of sampled sites (Fig. 5). Northernmost sites 
St Lucie Reef and Jupiter were nearly indistinguishable from one another while the 
southernmost site, Fort Lauderdale, was distinct. Admixture at intermediate sites 
West Palm Beach and Boynton Beach indicated variable influences of both genetic 
clusters across a latitudinal gradient. It is important to note, however, that observed 
differences in population structure among sites appeared to be largely driven by pair-
wise differences between Fort Lauderdale and all other sampled sites (Fig. 3). Given 
these observations, it appears that the dark blue genetic cluster common across the 
NFRT demonstrates higher genetic diversity than the light blue cluster predomi-
nantly found in Fort Lauderdale. For example, Jupiter was shown to have the highest 
allelic richness (also the highest membership to the dark blue cluster), while Fort 
Lauderdale had the lowest.

The results of these complementary analyses suggest that population sources are 
different between sites in Martin and Palm Beach counties (St Lucie Reef, Jupiter, West 
Palm Beach, and Boynton Beach) and those in Broward County (Fort Lauderdale). 
To our knowledge, no studies have examined coral population structure across all 
ranges of the FRT, but previous population genetics analyses of A. cervicornis, a 
broadcast spawning species, suggest a further divergence between populations in the 
Florida Keys and those in Broward County (Drury et al. 2017). It is therefore possible 
that coral populations may be split into zones along the FRT, with variable patterns 
of gene flow and genetic diversity within and among regions. The observed trends 
in this study may be further explained by variation in oceanographic patterns that 
occur at the northern extent of the FRT. Following the Atlantic continental shelf, the 
Florida Current diverges from the Florida coastline at the Bahamas Fault Zone where 
coastal morphology changes (Walker 2012). The two northernmost sites sampled for 
this study, St Lucie Reef and Jupiter, are located north of the Bahamas Fault Zone, 
potentially reducing northward transport of larvae from southern populations. 
Subregional oceanographic features including eddies between the Florida Current 
and nearshore habitats may be sufficient to allow gene flow over time, albeit at a 
lower rate of success with increasing latitude. This is perhaps best evidenced by the 
decreasing level of admixture between genetic clusters from southern to northern 
sites (Fig. 5).

The more recent population divergence observed in the NFRT may be indicative 
of habitat degradation and declines in M. cavernosa abundance along the FRT (Beal 
et al. 2012, Walton et al. 2018) with associated reductions in coral reproduction and 
recruitment. Coral cover and reef diversity have declined in recent decades in part 
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due to macroalgal phase shifts (Palandro et al. 2008, Burman et al. 2012, Ruzicka 
et al. 2013), severe mortality events following thermal stress (Lirman et al. 2011), 
and disease outbreaks (Precht et al. 2016). Likewise, reduced coral recruitment has 
been observed elsewhere in the tropical western Atlantic (Hughes 1994, Mumby et 
al. 2007, Mumby 2009). Coral mortality events may constitute genetic bottlenecks, 
where winnowed coral populations can lead to decreased genetic diversity and gene 
flow. Spawning and recruitment have not been examined for most of the NFRT (but 
see Miller et al. 2000, Lirman and Fong 2007). Colony fate-tracking of M. cavernosa 
at St Lucie Reef revealed no observed spawning in the past decade and no histologi-
cal evidence of gamete production (Beal et al. 2012, Klepac et al. 2015). It may also 
be possible that exogenous M. cavernosa recruits still reach the NFRT but do not 
survive into adulthood or become reproductive members of the population.

Implications for Management.—Our results suggest that contemporary M. 
cavernosa populations in the NFRT do not appear to be a substantial contributor to 
regional larval supply. Instead, it is more likely that populations are considered sinks, 
with additional divergence between the northern (St Lucie Reef, Jupiter, West Palm 
Beach, and Boynton Beach) and southern (Fort Lauderdale) regions of the NFRT. 
There is a need to quantitatively track recruitment among populations on the FRT, 
allowing the identification of important source populations and perhaps the pri-
oritization of regions in need of conservation initiatives, especially with respect to 
ongoing coral nursery and gene banking programs. Therefore, this study’s results 
provide support for regional conservation through a network of small-scale manage-
ment initiatives throughout southeast Florida within an FRT-wide comprehensive 
network. Resolving patterns of genetic structure over small spatial scales is required 
to make informed local management guidelines, especially with diverse reef habitats 
in the NFRT where coral density is low and reproduction (both sexual and asexual) 
is reduced. Such factors decrease the ability and likelihood of these reefs to recover 
from mortality events, leading to an increased need to sustain and protect present 
resources. Informed management of coral reefs in the southeast Florida coral reef 
ECA will require (1) additional sampling to fill in the gaps for the dominant coral, 
M. cavernosa, in southern Broward and Miami-Dade counties, and (2) similar ap-
proaches for additional targeted coral and fish species.

An increasing number of studies are examining multiple aspects of connectivity 
within regions, particularly in the comparison of genetic and biophysical connectiv-
ity (Galindo et al. 2006, Davies et al. 2017, Garavelli et al. 2018, Studivan and Voss 
2018b). The FRT, with its dynamic current patterns and variable reef diversity across 
latitudes, would benefit greatly from studies of this nature. There is a critical need 
for detailed sampling and observation of distinct gradients in the region, ideally with 
molecular markers capable of higher resolution, such as single nucleotide polymor-
phism (SNP) loci (Drury et al. 2017, Manzello et al. 2019). This need is particularly 
acute given continued coral population declines resulting from the recent stony coral 
tissue loss disease outbreak along the FRT (Precht et al. 2016, Walton et al. 2018).
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