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While there are several areas containing shallow coral habitats in the Gulf of Mexico
(GOM), the availability of suitable reef habitat at mesophotic depths (∼30–150 m) along
the continental shelf margin suggests the potential for ecologically connected coral
populations across hundreds of kilometers in the northwest (NW) GOM. The NW GOM
includes a relatively high proportion of mesophotic habitats, including salt diapirs in
Flower Garden Banks National Marine Sanctuary (FGBNMS), Bright Bank, and McGrail
Bank, the latter two being Habitat Areas of Particular Concern (HAPCs). In response to a
proposed expansion plan for the sanctuary boundaries to include additional mesophotic
banks in the NW GOM, we investigated the genetic connectivity of the depth-generalist
coral Montastraea cavernosa, a ubiquitous member of scleractinian communities
throughout the Tropical Western Atlantic. Montastraea cavernosa populations in the NW
GOM demonstrated strong connectivity with relatively high levels of gene flow and no
significant genetic differentiation occurring over banks up to 120 km apart. Historical
migration models based on genetic data predicted panmixia of M. cavernosa across
the NW GOM. The comparisons between genetic and biophysical models (see Garavelli
et al., 2018) highlight not only the importance of incorporating multiple assessments
of connectivity into management schemes, but also the potentially stochastic nature of
oceanographic patterns in the NW GOM and their effect on migration estimates among
coral habitats. These trends indicate that M. cavernosa populations have remained
well-connected in the NW GOM and that coral populations on each bank have likely
been receiving larval recruitment through time. Thus, M. cavernosa populations should
be managed as a combined unit within the NW GOM, which supports the proposal to
expand the NMS boundaries to include mesophotic habitats beyond West and East FGB.
Keywords: population genetics, mesophotic coral ecosystems, northwest Gulf of Mexico, Flower Garden Banks
National Marine Sanctuary, Montastraea cavernosa, microsatellites, sanctuary expansion, marine spatial planning
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INTRODUCTION

currents, and major coral bleaching events are rare (Rezak et al.,
1990; Schmahl et al., 2008). Coral diversity along these banks is
relatively low, with 21 species of scleractinian corals compared to
∼82 species found throughout the TWA. However, coral cover
on the shallow caps at West and East FGB is comparatively high
(>50%) and the habitats are characterized as some of the most
pristine in the TWA (Hickerson et al., 2008, 2012; Johnston et al.,
2016).
The NW GOM is also one of the most active regions
for offshore oil and gas exploration and production in the
world; indeed, the proximity of petroleum industry to coral
reef ecosystems led in part to protection of the Flower Garden
Banks in 1974 by the Minerals Management Service (Aronson
et al., 2005). West and East FGB were designated as part of
Flower Garden Banks National Marine Sanctuary (FGBNMS)
in 1992, and the nearby, but less coral-dominated, Stetson
Bank was added in 1996 (Schmahl et al., 2008; Johnston et al.,
2016). Long-term monitoring of the coral reef communities
at FGBNMS since 1989 has documented relatively stable coral
cover compared to degrading reefs elsewhere in the wider TWA
(Gardner et al., 2003; Johnston et al., 2016). Some notable
studies have included FGBNMS in regional population genetics
analyses (Atchison et al., 2008; Goodbody-Gringley et al., 2012;
Serrano et al., 2014; Rippe et al., 2017) and larval dispersal
models (Davies et al., 2017; Garavelli et al., 2018), identifying
the potential importance of shallow coral populations in the
NW GOM to other regions beyond the Gulf of Mexico. Studies
describing the geomorphology and reef communities inside the
sanctuary (Aronson et al., 2005; Clark et al., 2014; Johnston
et al., 2016) have been informative as well, but little research has
been done on the primarily-mesophotic bank habitats outside
the sanctuary boundaries (Rezak and Bright, 1985; Rezak et al.,
1990; Sammarco et al., 2016), particularly regarding the relative
roles of their coral populations in connectivity across the NW
GOM.
Habitat and benthic community characterization of
mesophotic reefs in the NW GOM has indicated that overall
species diversity remains high despite lower scleractinian cover
and diversity, and that these reefs serve as important fish
habitats (Rezak and Bright, 1985; Rezak et al., 1990; Schmahl
et al., 2008; Clark et al., 2014). The Bureau of Ocean Energy
Management (BOEM) currently has “No Activity Zones” based
on topographic complexity thresholds established for many
of the habitats outside the sanctuary that preclude oil and
gas exploration, while fewer banks include additional Habitat
Area of Particular Concern (HAPC) or Coral HAPC protection
that establishes fishing gear restrictions. Based on decades of
exploration and characterization in the NW GOM, the FGBNMS
Sanctuary Advisory Council recently proposed an expansion of
sanctuary boundaries to include additional mesophotic habitats
currently under varying degrees of existing protection. The
preferred expansion plan (Preferred Alternative 3) includes an
additional 15 reef habitats, bringing the area of protected habitat
from ∼145 to 990 km2 (Office of National Marine Sanctuaries,
2016). Perhaps most importantly, the expansion plan would
co-manage the majority of coral habitats in the NW GOM as a
single management unit within the NMS framework.

Understanding population dynamics in marine environments
is especially challenging without prior knowledge of important
habitats and larval characteristics (Palumbi, 2003; Cowen and
Sponaugle, 2009; Weersing and Toonen, 2009). Identification
and characterization of all possible habitats and knowledge of
larval biology in situ is limited if not entirely undescribed for
many sessile species in marine environments (Carr et al., 2003;
Cowen et al., 2006; Jones et al., 2009). Methodologies to address
population dynamics by measuring genetic differentiation across
multiple markers are becoming more cost-effective through
sample multiplexing and reduced sequencing costs (Hilbish,
1996; Manel et al., 2003). Patterns of gene flow and migration
across generations can be estimated from population genetic
data, allowing inferences to be made in regards to historical
and current population dynamics (Palumbi, 2003). Therefore,
population genetics can be an important approach to better
understand regional dynamics of coral species, particularly
on deeper reefs beyond traditional exploration limits (i.e.,
recreational SCUBA depths) or in geographically-isolated
locations (Kahng et al., 2014).
Marine reserves aim to maintain biodiversity through the
protection of population sources and habitats critical to
larval dispersal and survival (Palumbi, 2001, 2003; Fogarty
and Botsford, 2007). Conservation strategies to protect the
biodiversity and persistence of coral reef ecosystems worldwide
require knowledge of how populations interact and persist
(Palumbi, 2003; Cowen et al., 2006; Cowen and Sponaugle, 2009).
Understanding the larval biology and dispersal characteristics of
all species in an ecosystem is a daunting task given the species
diversity on coral reefs (Jones et al., 2009). However, suitable
model or keystone species may provide sufficient information for
management needs. As widely-dispersed ecosystem engineers,
corals are useful candidate species to describe system-level
population dynamics (Nunes et al., 2011).
The northwest Gulf of Mexico (NW GOM) is home to
extensive high-latitude coral reef systems. Salt diapirs that rose
during the Jurassic period now form dozens of banks along the
continental shelf margin, some of which have carbonate caps
(Hickerson et al., 2008; Precht et al., 2008; Schmahl et al., 2008).
Most of these habitats are at mesophotic depths (∼30–150 m),
but notably West and East Flower Garden Banks (FGB),
approximately 180 km from the Texas coast, also have relatively
shallow coral reef habitats from 17 to 30 m. While at higher
latitudes than most other reefs in the Tropical Western Atlantic
(TWA) and therefore spatially isolated, coral populations in
the NW GOM are thought to persist due to thermal stability
and relatively high larval dispersal potential from the Gulf of
Mexico Loop Current (Oey et al., 2005; Atchison et al., 2008;
Nunes et al., 2011; Precht et al., 2014; Rippe et al., 2017).
Westward-moving eddy formations and coastal currents are
also quite common in the NW GOM and may connect reef
populations along the continental margin (Ohlmann and Niiler,
2005; Schmahl et al., 2008; Gough et al., 2017). Despite residing at
sub-tropical latitudes, reefs in the NW GOM have relatively stable
seasonal temperatures between 18 and 30◦ C due to persistence of
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in the sanctuary expansion plan (Figure 1). A total of 252
coral colonies were sampled across the four banks to ensure at
least 30 individuals per population (Hale et al., 2012). Corals
were sampled with sufficient replication at both shallow and
mesophotic depth zones where continuous habitat was present
(West and East FGB) to allow population comparisons within
bank. From within the sanctuary, sampled populations included
West Flower Garden Bank (WFGB) and East Flower Garden
Bank (EFGB). Outside the sanctuary, Bright Bank (BRT) and
McGrail Bank (MCG) were sampled along the scleractiniandominated mesophotic caps (Table 1).

Most of this habitat supports mesophotic reef assemblages,
primarily dominated by antipatharians, gorgonians, and crustose
coralline algal communities (Rezak and Bright, 1985; Rezak
et al., 1990; Schmahl et al., 2008; Sammarco et al., 2016).
A few banks, notably Bright and McGrail Banks, have upper
mesophotic habitat (45–60 m) dominated by scleractinian and
macroalgal communities. In both cases, the extreme depthgeneralist species Montastraea cavernosa is one of the most
abundant scleractinians; it is also ubiquitous at West and East
FGB (Voss et al., 2014). The population dynamics of coral
species across the entire NW GOM are relatively unknown,
including the potential importance of coral populations in the
upper mesophotic zone of these additional banks for maintaining
coral populations within the existing FGBNMS boundaries. The
sanctuary expansion plan proposes managing all these habitats
in the same management structure, making this study to assess
population connectivity among discrete habitats within the NW
GOM a timely endeavor.
To support the growing knowledge of coral population
dynamics in the Gulf of Mexico (Atchison et al., 2008; GoodbodyGringley et al., 2012; Serrano et al., 2014; Rippe et al., 2017),
this study used a microsatellite approach to describe population
connectivity across the NW GOM using the coral model species
M. cavernosa. Montastraea cavernosa is typically one of the most
common scleractinian species present across upper mesophotic
reef habitats in the NW GOM. This species is also relatively
ubiquitous throughout the TWA and has been consistently used
in previous studies of population connectivity (Bak et al., 2005;
Atchison et al., 2008; Lesser et al., 2009; Nunes et al., 2009, 2011;
Goodbody-Gringley et al., 2012; Brazeau et al., 2013; Serrano
et al., 2014). Studies combining genetic and oceanographic data
are of growing interest within marine ecosystems (Galindo et al.,
2006; Baltazar-Soares et al., 2018) and increase understanding
of how spatially isolated coral reefs remain connected through
time. In particular, the comparison of genetic and biophysical
models (Garavelli et al., 2018) allows for more comprehensive
investigations of populations with low genetic differentiation,
and may provide empirical support for theoretical oceanographic
patterns inferred by gene flow (Selkoe et al., 2008). The ultimate
objectives of this study were to integrate genetic data into existing
reef management strategies for Flower Garden Banks National
Marine Sanctuary, as well as to provide critical data to inform the
proposed expansion of NMS boundaries in the NW GOM.

Microsatellite Amplification
DNA was extracted using the Qiagen DNeasy Blood & Tissue Kit
for DMSO samples or modified phenol-chloroform extraction
for TRIzol samples (Chomczynski and Sacchi, 2006). Nine
microsatellite loci (Serrano et al., 2014) were amplified in
triplex reactions with the fluorescent primers 6FAM, VIC, and
NED using a self-labeling technique (Schuelke, 2000) and the
Qiagen Type-It Microsatellite PCR Kit according to a modified
manufacturer protocol. Modifications from the kit protocol were
made to forward primer concentrations (0.1 M forward primer,
0.1 M fluorescent tag) and to increase amplification to 35 cycles.
Triplex groups were designed to minimize overlap of allele size
ranges as follows: Plex 1 (MC29, MC41, MC49), Plex 2 (MC46,
MC65, MC97), and Plex 3 (MC4, MC18, MC114). Amplified
alleles were visualized via gel electrophoresis, diluted according
to amplification efficiency, and sized on an ABI 3130xl genetic
analyzer (Applied Biosystems) with ROX500 size standard.
Alleles were scored using GeneMapper 3.7 (Applied Biosystems).
Samples missing alleles from more than three loci were excluded
from further analyses (Table 1).

Population Differentiation and Structure
Unique multi-locus genotypes (MLGs) were identified using
GenAlEx 6.5 (Peakall and Smouse, 2006, 2012) and clonal
genotypes were removed from the dataset. GenAlEx was used
to conduct tests for Hardy-Weinberg Equilibrium (HWE), allele
frequencies, and genetic differentiation with fixation index (FST ).
Linkage disequilibrium (LD) assumptions were tested with
Arlequin 3.5 (Excoffier and Lischer, 2010). False discovery rate
(FDR) corrections were calculated for HWE and LD p-values
with the R package FDRtool (Strimmer, 2008). Deviations from
HWE and LD were tested for null alleles with MicroChecker 2.2.3
and FreeNA (van Oosterhout et al., 2006; Chapuis and Estoup,
2007). Population-level FST values were calculated to compare
pairwise population differentiation and tested with an analysis
of molecular variance (AMOVA; 9999 model permutations,
9999 pairwise permutations) in GenAlEx (Peakall and Smouse,
2006, 2012). Population differentiation was also visualized with
principal coordinates analysis using Nei genetic distance (DA ).
Geographic isolation among banks were tested for effects on
genetic variation with a Mantel isolation by distance test (9999
permutations) (Peakall and Smouse, 2006, 2012).
Structure 2.3.4 (Pritchard et al., 2000) was used to assess
population structure and estimate the number of genetic
clusters present in the NW GOM. Ten replicate simulations

MATERIALS AND METHODS
Coral Collection
Coral samples used to assess population structure in the NW
GOM were collected from >1 m distant M. cavernosa colonies
using SCUBA and remotely operated vehicle (ROV) and were
preserved independently in either TRIzol reagent or saltsaturated DMSO. Sampling sites were chosen based on the
availability of coral reef habitat including dominant presence of
M. cavernosa populations determined from previous exploration
missions (Hickerson et al., 2008; Schmahl et al., 2008; Voss
et al., 2014). Corals were sampled at two banks currently within
the sanctuary boundaries, and two HAPC reef habitats included
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FIGURE 1 | Map of the NW GOM and sampling locations across four reef banks including West Flower Garden Bank (WFGB), East Flower Garden Bank (EFGB),
Bright Bank (BRT), and McGrail Bank (MCG). FGBNMS boundaries indicated by spotted polygons, HAPCs by crosshatched polygons, and the Preferred Alternative 3
expansion boundaries shown as gray polygons. Sampling site names as in Table 1.

to mutation rate. While generation times and microsatellite
mutation rates are unknown for coral species, it was assumed
since M. cavernosa is long-lived and repeatedly reproductively
viable after a small size threshold that Migrate estimations
represent migration patterns over hundreds to thousands of
years prior (Szmant, 1991; Soong, 1993). Criteria developed to
estimate horizontal connectivity in the NW GOM simulated four
potential migration dynamics based on dominant currents in the
region: (1) Symm: full model with symmetric migration across
all banks, (2) Eastward: asymmetric migration from westward
to eastward banks, (3) Westward: asymmetric migration from
eastward to westward banks, and (4) Pan: panmixia. The final
parameters used across all simulations were long-inc 100, longsample 15000, 20 replicates, burn-in 20000, and four heated
chains of 1, 1.5, 3, 105 , and the prior distributions for theta
and migration rate were set at 0–100 and 0–1000, respectively.
Bezier log marginal likelihoods for each model were compared
and ranked according to the thermodynamic integration method
in Beerli and Palczewski (2010).

were run with values of hypothesized genetic clusters, or K,
ranging between 1 and 9 using the following parameters: 103
burn-in iterations, 106 Markov Chain-Monte Carlo replicates,
LOCPRIOR, assuming correlated allele frequencies and admixed
populations. Additional simulations were run beyond the
number of sampled populations (K = 7–9) to determine whether
subpopulations were present within banks. Delta log likelihood
values were compared across all model simulations to estimate
the most likely value of K according to the Evanno method with
Structure Harvester (Evanno et al., 2005; Earl and VonHoldt,
2012).

Estimation of Migration Rates
Migration rates were estimated among the banks across historical
time scales (ancestral populations, ∼4Ne generations). Migration
criteria were developed to specifically address horizontal
migration patterns across banks that may influence management
strategies. Shallow and mesophotic habitats within West and
East FGB were combined to form a total of four populations
in the NW GOM (WFGB, EFGB, BRT, MCG) due to software
limitations and reduced inferential power with complex models.
To assess historical gene flow, criteria were designed a priori
and tested with Migrate 3.6 (Beerli, 2006; Beerli and Palczewski,
2010). Migrate uses coalescence theory to estimate effective
population sizes and gene flow among populations relative
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TABLE 1 | Montastraea cavernosa genotyped samples (n = 252) collected across the northwest Gulf of Mexico, compared with the number of unique multi-locus
genotypes (MLGs) shown as ng used for the analyses (ng = 229).
Reef

Population

West Flower Garden Bank

WFGB-meso

Site name

Site in Map

McGrail Bank

ng
40

Longitude

∼45

42

W6

40

8

8

27.87371

−93.81655

West Transplant Mesophotic

W7

44

34

32

27.8751

−93.82035

∼20

38

38

West High Relief

W1

21

6

6

27.87337

−93.82154

West Cap 1

W2

21

7

7

27.87523

−93.81737

West Cap 2

W3

21

7

7

27.87495

−93.81637

West Cap 3

W4

21

4

4

27.87582

−93.8164

West Transplant Shallow

W5

22

14

14

27.87429

−93.82033

∼45

41

39

East High Reef

E6

40

10

10

27.9241

−93.6016

East Transplant Mesophotic

E7

46

31

29

27.91102

−93.59668

∼20

42

40

East High Relief

E1

22

7

7

27.90956

−93.60139

East Cap 1

E2

21

7

7

27.91085

−93.60018

EFGB-meso

EFGB-shallow

Bright Bank

Latitude

n

West High Reef
WFGB-shallow

East Flower Garden Bank

Depth (m)

East Cap 2

E3

21

6

6

27.90987

−93.60021

East Cap 3

E4

21

7

7

27.90987

−93.59804

East Transplant Shallow

E5

21

15

13

27.9114

−93.59821

∼50

37

37

Bright Cap 1

B1

55

2

2

27.88467

−93.30712

Bright Cap 2

B2

48

35

35

27.8862

−93.30174

∼50

35

35

McGrail Cap 1

M1

54

1

1

27.96364

−92.59216

McGrail Cap 2

M2

50

5

5

27.96235

−92.59369

BRT-meso

MCG-meso

McGrail Cap 3

M3

49

6

6

27.96288

−92.59266

McGrail Cap 4

M4

49

4

4

27.96321

−92.59295

McGrail Cap 5

M5

49

19

19

27.96299

−92.59262

Geographic coordinates given as decimal degrees (WGS84).

Only a single pair of banks were significantly differentiated
(EFGB-meso vs. BRT-meso), indicating that the NW GOM
is extremely well-mixed. Similarly, principal coordinates
analysis mirrored a lack of clustering among banks, with
the largest distance between the EFGB-meso and BRTmeso populations (Figure 3). The Mantel test indicated no
significant correlation between geographic and genetic distance
(p = 0.51, R2 = 0.0007), indicating that physical distance
between banks did not contribute any genetic variation among
populations. Pairwise geographic distances between banks
for the isolation by distance analysis ranged from 0.08 to
120.96 km.
Structure analysis suggested two genetic clusters (K = 2)
using the Evanno method for the six sampled populations
in the NW GOM (Figure 4). However, the model likelihood
was higher when K = 1 than K = 2, suggesting a lack
of significant genetic structure within the NW GOM. Given
the limitations of the Evanno method for populations with
weak genetic structure (see section Discussion), the model

resulting in 229 out of the 252 original coral samples used for
downstream analyses. Final sample sizes for each population
are shown as ng in Table 1. Per locus missing rates were MC4
3.98%, MC18 2.62%, MC29 0.86%, MC41 8.30%, MC46 0%,
MC49 3.98%, MC65 2.62%, MC97 3.98%, and MC114 0.86%.
Assumption testing for Hardy-Weinberg Equilibrium (HWE),
linkage disequilibrium (LD), and the presence of null alleles
indicated no apparent pattern across populations in the NW
GOM (Table 2).

Population Differentiation and Structure
The analysis of molecular variance indicated low differentiation
across populations (AMOVA; 0.4%, df = 5,229, SS = 21.24,
p < 0.009), while the majority of significant genotypic
variation was at the individual level within populations
(AMOVA; 6.8%, df = 223,229, SS = 755.86). Pairwise
FST values in the NW GOM revealed a definitive lack of
genetic differentiation across the region, including between
shallow and mesophotic depth zones within banks (Figure 2).
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TABLE 2 | Summary of genetic diversity statistics across loci and populations.
Population
WFGB-meso

WFGB-shallow

EFGB-meso

EFGB-shallow

BRT-meso

MCG-meso

Statistic

MC4

MC18

MC29

MC41

MC46

MC49

MC65

MC97

MC114

N

40

39

40

38

40

39

40

39

40

Na

29

9

8

7

4

9

4

6

15

Ho

0.900

0.744

0.800

0.737

0.300

0.692

0.300

0.538

0.850

He

0.943

0.839

0.820

0.751

0.268

0.685

0.396

0.736

0.885

pHWE

0.753

0.052

0.825

0.854

0.856

0.854

0.765

0.251

0.479
38

N

35

36

38

34

38

37

37

36

Na

20

9

9

6

4

12

4

6

14

Ho

0.829

0.778

0.763

0.618

0.342

0.676

0.459

0.556

0.947

He

0.918

0.848

0.788

0.710

0.341

0.816

0.409

0.619

0.878

pHWE

0.818

0.793

0.830

0.019

0.703

0.001

0.825

0.815

0.834
38

N

38

38

39

35

39

38

38

38

Na

29

9

8

6

4

13

4

6

14

Ho

0.842

0.868

0.692

0.657

0.359

0.763

0.289

0.500

0.816

He

0.937

0.833

0.781

0.713

0.313

0.845

0.260

0.633

0.873

pHWE

0.104

0.031

0.840

0.806

0.850

0.043

0.857

0.785

0.853
40

N

36

39

40

37

40

39

37

38

Na

27

8

9

5

3

10

4

6

14

Ho

0.917

0.744

0.750

0.568

0.400

0.641

0.324

0.711

0.925

He

0.942

0.818

0.755

0.721

0.373

0.736

0.358

0.676

0.898

pHWE

0.712

0.046

0.856

0.559

0.785

0.207

0.844

0.857

0.729

N

37

36

37

37

37

37

37

36

36

Na

26

9

9

8

5

9

5

6

17

Ho

0.892

0.694

0.757

0.703

0.216

0.757

0.459

0.611

0.917

He

0.940

0.816

0.772

0.740

0.199

0.755

0.552

0.629

0.905

pHWE

0.673

0.746

0.469

0.546

0.859

0.854

0.364

0.703

0.643

N

34

35

33

30

35

30

34

33

35

Na

26

9

8

5

4

9

5

6

13

Ho

0.824

0.743

0.606

0.633

0.371

0.700

0.382

0.576

0.914

He

0.939

0.802

0.775

0.570

0.360

0.708

0.396

0.632

0.894

pHWE

0.019

0.001

0.013

0.721

0.855

0.701

0.855

0.846

0.672

N, number of samples; Na , number of alleles; HO , observed heterozygosity; HE , expected heterozygosity; PHWE , FDR-corrected p-values for tests of Hardy Weinberg Equilibrium (HWE).
Significant violations of HWE shown in bold.

NW GOM. The lack of significant genetic differentiation across
reef habitats up to 120 km apart indicates gene flow among depth
zones and banks has been sustained at a relatively high level
through time. Genetic connectivity within the region is likely
maintained through strong and persistent currents in the Gulf
of Mexico, dominated by the Loop Current that flows from the
Yucatan Peninsula into the Straits of Florida through the NW
GOM (Lugo-Fernández, 1998; Oey et al., 2005). The estimates
of gene flow and population structure for M. cavernosa in the
GOM are likely higher than for other coral species (Holstein
et al., 2015; Serrano et al., 2016; Bongaerts et al., 2017; Rippe
et al., 2017), given the abundance of this species across shallow
and mesophotic reefs in the region (Bak et al., 2005; Lesser
et al., 2009; Nunes et al., 2009) and its high dispersal potential
due to its broadcast spawning reproduction (Nunes et al., 2011;
Goodbody-Gringley et al., 2012; Brazeau et al., 2013).

with the highest likelihood was chosen as the most likely
(K = 1).

Estimation of Migration Rates
Historical migration rates among banks indicated
population panmixia over symmetrical or directional
migration across genetically distinct populations (Table 3).
The second most likely scenario was net eastward to
westward migration, although model probabilities for
all other migration patterns were near zero compared to
panmixia.

DISCUSSION
Patterns of genetic variation across banks included in this study
support that M. cavernosa are acting as a single population in the
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FIGURE 2 | Pairwise comparisons of population differentiation as measured by fixation index (FST ). The level of differentiation among populations is shown in
increasing intensities of red. Significantly differentiated FST estimates are shown in larger black font (p < 0.05 after FDR correction).
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FIGURE 3 | Principal coordinate analysis of Nei genetic distance (DA ) matrix generated from pairwise population differentiation comparisons. Samples from each
population were first compared to generate a single eigenvector, represented by a single point in three-dimensional space, and the relative distance between
populations approximates the degree of genetic differentiation. The three axes have been flattened to a two-dimensional representation and explain 73.48% of the
total genotypic variation (Coordinate 1 31.92%, Coordinate 2 24.40%, Coordinate 3 17.16%). Color of each point corresponds to discrete banks.

selection of K = 1 as the most likely scenario despite the high
model likelihood and represents a shortcoming of this statistical
approach in systems with little population structure (Waples and
Gaggiotti, 2006). Analyses using both population genetics (this
study) and biophysical modeling approaches (Garavelli et al.,
2018) predicted M. cavernosa in the NW GOM to come from
the same population and identified connectivity across banks (via
gene flow and larval dispersal, respectively).
As a result of the open gene flow within the NW GOM region,
historical migration estimates across reefs were overwhelmingly

The results of the population structure analysis match the
conclusions of the FST analysis that there is no genetic structure
(K = 1) and that the NW GOM represents a single uniform M.
cavernosa population. Despite the Evanno method identifying
two genetic clusters, the model likelihood when K = 1 was
indeed higher than when K = 2. This discrepancy is due to
the manner in which the Evanno method calculates the stepwise
change in model likelihoods (Delta K) between simulated values
of K (Evanno et al., 2005). Therefore, this method cannot
calculate Delta K when K = 1. This operationally precludes the
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FIGURE 4 | Plots describing the process behind population cluster (K) selection in structure analysis. Ten replicate structure models were run across a range of K
values from 1 to 9 and model log likelihoods were compared. The Evanno method was used to determine the most likely number of K by identifying the largest
change in likelihood (L(K)) and by comparing model probabilities in conjunction with variance (Delta K). Error bars represent standard deviation of the mean.

in support of a panmictic population. The second most
likely migration scenario, albeit with an extremely low model
probability, was net migration westward along the continental
shelf margin with more eastward populations contributing to
the westward neighbors. If panmixia was excluded as a possible
outcome and model probabilities were recalculated, however,
westward migration became the most likely scenario with a
probability of 1. Taken together with what is known about
hydrodynamic patterns in the region, these results provide
limited evidence that in the absence of panmixia, migration may
be occurring in a counter-current direction to the prominent
Loop Current that travels from a southwestern to northeastern
direction in the NW GOM (Lugo-Fernández, 1998; Oey et al.,
2005). This suggests that counter-current features in the region
may be the dominant drivers of coral larval dispersal through
ecological timescales rather than the Loop Current (Schmahl
et al., 2008). Westward migration may be facilitated by Loop
Current Eddies or coastal currents including the Louisiana
Coastal Current (LCC), which transports Mississippi River
outflow westward due to the Coriolis Effect (Jarosz and Murray,
2005; Oey et al., 2005; Ohlmann and Niiler, 2005).
The comparison of M. cavernosa migration patterns estimated
from genetic data in this study to larval dispersal using a
biophysical model in the associated study demonstrates that
annual hydrodynamic variability can greatly affect connectivity
predictions (Garavelli et al., 2018). The fact that the biophysical
model predicted net eastward export of larvae from all banks,
while the genetic model predicted panmixia (or net westward
migration to a lesser extent), suggests that the inconsistent and
ephemeral nature of currents in the NW GOM may be resulting
in widespread dispersal across the region (Oey et al., 2005;
Schmahl et al., 2008). For the 3 years of oceanographic data
available for the biophysical model, eddies were not consistently
present across the study region in the latter 2 years and would
therefore not be significant drivers of larval migration. In the
latter years, the Loop Current was likely the most influential
factor affecting larval transportation, resulting in the export of
larvae eastward outside the study area (Garavelli et al., 2018). Our
observed panmictic migration pattern hypothesizes that multiple
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TABLE 3 | Comparison of Bezier log marginal likelihood (lmL) differences, model
probabilities, and rank for four different gene flow models (Symm, symmetric
horizontal migration; Eastward, migration from westward to eastward banks;
Westward, migration from eastward to westward banks; Pan, panmixia) within the
NW GOM.
Model
description

Model

lmL for
model

Model
prob.

Rank of
model

Symmetric

Symm

−2440085

0

4

Westward
to eastward

Eastward

−1938001

0

3

Eastward to
westward

Westward

−1218566

0

2

Panmixia

Pan

0

1

1

θ (±95% CI)

6.57 (3.27–9.27)

Reef banks with both shallow and mesophotic habitats (WFGB and EFGB) were combined
to form a single population per bank. The mutation-scaled population size (θ) with 95%
confidence intervals in parentheses is given for the most likely model.

larval dispersal patterns may be effective to enable gene flow over
time among all banks in the study.
The LCC experiences seasonal variability, and in rarer cases,
eastward transport following impingement on the continental
shelf (Jarosz and Murray, 2005; Gough et al., 2017). The LCC
may reverse direction during summer months (June–August)
and flow eastward at a weaker speed. Coral spawning has been
observed at FGBNMS to occur 7–8 days after the full moon in
late August (Vize, 2006), which may result in spawning in August
or September when the LCC could potentially be moving either
westward or eastward. The potential variability in LCC direction
across spawning events may result in different larval dispersal
patterns across years. In the case of the biophysical model by
Garavelli et al. (2018), it appears the oceanographic data from
2013–2015 captured one such rare impingement events, causing
dispersal predictions of net eastward movement of coral larvae.
The variability of oceanographic patterns over short time scales
and its potential effect on migration predictions from year to year
emphasizes the periodic nature of successful coral recruitment
events and suggests that eddies and coastal currents play an
important, if not dominant, role in determining the destination
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of coral larvae (Tang et al., 2006; Chérubin and Garavelli, 2016;
Vaz et al., 2016; Gough et al., 2017; Pan et al., 2017). Naturally,
this does not preclude the potential for occasional export of
larvae beyond the NW GOM and successful gene flow to other
reefs hundreds of kilometers away, as has been suggested by
biophysical and genetic data (Davies et al., 2017; Rippe et al.,
2017; Garavelli et al., 2018). Stepping-stone dynamics among
other reef habitats in the NW GOM including scleractinian
communities on oil and gas platforms (Sammarco et al., 2004,
2012, 2013, 2014) and mesophotic banks in the eastern GOM
(Hine et al., 2008; Locker et al., 2010; Silva and MacDonald,
2017) may also influence coral population connectivity in the
region.
The population genetics data presented in this study
supports the combined management of mesophotic reef habitats
across the NW GOM since M. cavernosa across four banks
act as a single population and would likely benefit from
integrated protection of all population source habitats within
the region. Comparison of genetic and biophysical models
demonstrated that multiple analysis methods can be integrated to
more accurately represent relationships between oceanographic
conditions across individual spawning events and multigenerational gene flow. This is particularly important in regions
where management actions can be influenced by the model
outcomes (Galindo et al., 2006; Selkoe et al., 2008; BaltazarSoares et al., 2018). It has previously been suggested with several
coral species that FGBNMS is a population refugia in the GOM
(Atchison et al., 2008; Goodbody-Gringley et al., 2012; Davies
et al., 2017; Rippe et al., 2017). We propose that additional banks
with established coral communities including Bright and McGrail
Banks likely represent additional refugia habitat important for
population persistence within the NW GOM, and possibly for
other reefs in the wider GOM. High gene flow among reefs,
with evidence for occasional export of migrants to nearby reefs
indicates that these habitats are self-sufficient but may still serve
as population sources over ecological timescales (Davies et al.,
2017; Garavelli et al., 2018). If these trends are similar across other
taxa as they have been with corals, the NW GOM may provide
important ecosystem services despite its relative spatial isolation.
While less diverse than other areas of the TWA in terms
of coral communities, West and East FGB support biodiverse
assemblages of reef organisms and fishes that have been relatively
stable through time (Schmahl et al., 2008; Hickerson et al., 2012;
Clark et al., 2014; Johnston et al., 2016). Mesophotic habitats
outside the current sanctuary boundaries are less biodiverse
from a scleractinian standpoint and likely represent smaller
populations as compared to FGB (Hickerson et al., 2008; Schmahl
et al., 2008; Sammarco et al., 2016). Nonetheless, the results
presented here demonstrate that Bright and McGrail Banks
may serve as important population sources for the rest of

the NW GOM region as well and should not be excluded
from larval dispersal models and management strategies. The
development and implementation of conservation applications,
including marine reserves, are frequently designed to protect
known population sources (Palumbi, 2001, 2003; Fogarty and
Botsford, 2007). Therefore, management actions are warranted
to protect the coral populations at Bright and McGrail Banks
identified in this study.
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