
ARTICLE

Cryptic diversity of shallow and mesophotic Stephanocoenia
intersepta corals across Florida Keys National Marine Sanctuary
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Population genetic analyses can provide useful data on species’ regional connectivity and diversity which can inform conservation
and restoration efforts. In this study, we quantified the genetic connectivity and diversity of Stephanocoenia intersepta corals from
shallow (<30m) to mesophotic (30–45m) depths across Florida Keys National Marine Sanctuary. We generated single nucleotide
polymorphism (SNP) markers to identify genetic structuring of shallow and mesophotic S. intersepta corals. We uncovered four
distinct, cryptic genetic lineages with varying levels of depth-specificity. Shallow-specific lineages exhibited lower heterozygosity
and higher inbreeding relative to depth-generalist lineages found across both shallow and mesophotic reefs. Estimation of recent
genetic migration rates demonstrated that mesophotic sites are more prolific sources than shallow sites, particularly in the Lower
Keys and Upper Keys. Additionally, we compared endosymbiotic Symbiodiniaceae among sampled S. intersepta using the ITS2
region and SYMPORTAL analysis framework, identifying symbionts from the genera Symbiodinium, Breviolum, and Cladocopium.
Symbiodiniaceae varied significantly across depth and location and exhibited significant, but weak correlation with host lineage
and genotype. Together, these data demonstrate that despite population genetic structuring across depth, some mesophotic
populations may provide refuge for shallow populations moving forward and remain important contributors to the overall genetic
diversity of this species throughout the region. This study highlights the importance of including mesophotic as well as shallow
corals in population genetic assessments and informs future science-based management, conservation, and restoration efforts
within Florida Keys National Marine Sanctuary.
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INTRODUCTION
Mesophotic coral ecosystems (MCEs) are relatively light-limited
coral reefs that typically occur between 30–150m, characterized
by the presence of light-dependent biota including many
scleractinian coral species (Lesser et al. 2009). Mesophotic coral
ecosystems, like shallow coral reefs, are abundant throughout the
tropics and subtropics (Pyle and Copus 2019). Community
composition among MCEs is distinct from shallow coral reefs;
yet many species, including some corals, are depth-generalists
with broad distribution spanning across both shallow and upper
mesophotic depth zones (30–60m; Bongaerts et al. 2010). In the
Caribbean Sea, there is as much as 25–40% scleractinian coral
species overlap between shallow reefs and upper mesophotic
reefs (Bongaerts et al. 2010).
Coral reefs around the world are facing devastating declines in

coral cover from an abundance of stressors including, but not
limited to, overfishing, terrestrial runoff and pollution, coral
disease outbreaks, and global climate change (Hughes 1994;
Gardner et al. 2003; Mumby et al. 2006; De’ath et al. 2012; França
et al. 2020; Pinheiro et al. 2023). Mesophotic coral ecosystems
have the potential to be buffered from anthropogenic stressors
due to their depth and/or relative isolation from shore in many
regions (Glynn 1996; Bongaerts et al. 2010). The deep reef refuges
hypothesis (DRRH) posits that MCEs may function as refuges for
depth-generalist coral species, providing viable larvae to

degraded shallow reefs after isolated episodic disturbance events,
thereby aiding in the recovery of shallow reefs (Glynn 1996;
Bongaerts et al. 2010).
Understanding the degree of connectivity and similarity of coral

populations and their endosymbiotic dinoflagellate microalgae
(Family Symbiodiniaceae) across shallow and mesophotic depth
zones is useful for developing effective ecosystem management
or restoration practices (Palumbi 2003; Bongaerts et al. 2010).
Population genetic approaches and internal transcribed spacer 2
(ITS2) metagenomics have often been used to estimate these
levels of similarity and connectedness between coral populations
and their in hospite Symbiodiniaceae on shallow reefs and MCEs
(Bongaerts et al. 2017; Sturm et al. 2022). The potential reseeding
ability of MCEs varies across both region and coral species
(Bongaerts et al. 2017; Studivan and Voss 2018). In this aspect, the
DRRH, which is already limited to depth-generalist corals species,
is further limited in its universal applicability. Although MCEs are
not completely isolated from disturbance events common to
shallow reefs and the degree of connectivity between mesophotic
and shallow populations varies widely, the DRRH remains an
important framework for understanding where MCEs have the
potential to function as refuges within local and regional coral
metapopulations (Smith et al. 2016; Rocha et al. 2018).
Many studies of coral population genetics have uncovered

morphologically similar yet genetic distinct lineages (i.e., cryptic
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lineages), which often segregate along environmental gradients
but can occur sympatrically (Burgess et al. 2021; Grupstra et al.
2024). Cryptic diversity may drive functional differences including
potential physiological and ecological significance (Burgess et al.
2021). Previous work on shallow and mesophotic conspecific
corals has found population structure varies widely, not only
across species but across region as well (Bongaerts et al. 2017;
Sturm et al. 2023). Two coral species in Bermuda exhibit differing
levels of population structure across depth, between 12m and
40m, likely influenced by their reproductive modes. Across the
same sites, Agaricia fragilis, a brooding species believed to lack
long-distance dispersal abilities, demonstrated structure by depth
while Stephanocoenia intersepta, a broadcast spawning species
with greater potential for dispersal, was panmictic among depths
in Bermuda (Bongaerts et al. 2017). Whereas M. cavernosa are
structured by depth in parts of Florida and Belize, this species is
completely panmictic across depths in the northwestern Gulf of
Mexico (Sturm et al. 2023). Depth has also been a segregating
factor in divergent cryptic coral lineages and their endosymbionts
(Bongaerts et al. 2015; Rippe et al. 2021; Grupstra et al. 2024).
Symbiodiniaceae often exhibit depth zonation, especially in lower
MCE habitats (≥ 60m) and may associate with specific lineages in
some cases (Lesser et al. 2010; Bongaerts et al. 2015; Rose et al.
2021; Johnston et al. 2022).
Since the 1970s, coral reefs in Florida Keys National Marine

Sanctuary (FKNMS) have experienced catastrophic declines in coral
cover, with as much as a 50% reduction between 1998 and 2011
alone (Ruzicka et al. 2013; Toth et al. 2014). Coral reefs within FKNMS
have been heavily studied, but research in the mesophotic zone is
historically limited in this region, consistent with the relative
proportion of MCE to shallow coral reef research worldwide (Jaap
et al. 2008; Turner et al. 2017). Previous studies on MCEs within
Florida have been largely focused on Pulley Ridge, a deep ridge to
the southwest of FKNMS that supports the deepest known
scleractinian coral reef in the United States (59–105m; Reed et al.
2019). Studies not specific to Pulley Ridge have often focused on the
genetic connectivity of MCE benthic invertebrate populations
(Bernard et al. 2018; Studivan and Voss 2018). Notably, the majority
of vertical connectivity studies within MCEs at FKNMS have focused
on a single coral species, Montastraea cavernosa, and have
demonstrated that levels of vertical connectivity are highly variable
across the Florida Keys region (Serrano et al. 2014; Sturm et al. 2021).
Stephanocoenia intersepta, like M. cavernosa, is a depth-

generalist scleractinian coral species found throughout the
Caribbean Sea and the Gulf of Mexico (Lang 2003). Stephanocoe-
nia intersepta is typically not as numerically dominant on shallow
coral reefs as M. cavernosa, but as depth increases S. intersepta
increases in abundance and cover on many tropical western
Atlantic MCEs (Buckel et al. 2014; Goodbody-Gringley et al. 2019).
Despite the increased prevalence of S. intersepta on MCEs, there
has only been one population genetic analysis published to date
for S. intersepta (Bongaerts et al. 2017). In Bermuda, S. intersepta
was found to have a lack of population structure and to host
similar Symbiodiniaceae across deep and shallow reefs, likely
attributed to its reproductive mode (Bongaerts et al. 2017).
Stephanocoenia intersepta implements a gonochoric broadcast
spawning reproductive strategy, in which male and female
colonies release gametes, and eggs are fertilized externally
allowing the potential for dispersal through ocean currents. As
in many broadcast spawning species, S. intersepta has horizontal
transmission of Symbiodiniaceae, whereby larvae or newly settled
recruits uptake algal symbionts from the surrounding environ-
ment (Bongaerts et al. 2015). However, unlike many other
broadcasting species, S. intersepta females have been observed
to hold multiple eggs in their tentacles rather than their oral disc,
often only releasing eggs after nearby (<2m) males have released
sperm (Hagman, Gittings, and Vize 1998; Vermeij et al. 2010).
Given this reproductive mode, and S. intersepta’s relative

abundance, particularly at mesophotic depths, S. intersepta is a
useful, yet understudied candidate species to investigate con-
nectivity between shallow reefs and MCEs.
To better understand the genetic differences among shallow

and mesophotic coral as well as the genetic structuring of corals
across depth we sampled S. intersepta colonies from paired
shallow/mesophotic reefs throughout FKNMS. We investigated
patterns of host genetic diversity, differentiation, and connectivity
as well as in hospite Symbiodiniaceae through single nucleotide
polymorphism (SNP) genotyping and ITS2 sequencing analyses.
Using similar approaches and sampling designs across the same
sites as previous population genetics work in FKNMS (Sturm et al.
2021) we investigated MCE refuge potential in this region and
uncovered cryptic coral diversity which should be considered in
future management decisions for FKNMS.

MATERIALS AND METHODS
Sample collection and DNA extraction
Stephanocoenia intersepta colonies were sampled from shallow (<30m) and
upper mesophotic (30–45m) depths by SCUBA and technical divers,
respectively, from four sites across FKNMS (Supplementary Table S1; Fig. 1).
Samples were collected opportunistically within ~10m of target GPS
waypoints where divers were deployed (Fig. 1). Small fragments (~5 cm2) of
coral skeleton and tissue were removed from colonies with a hammer and
clean masonry chisel. Sampling depths were recorded and scaled
photographs were taken for each sampled colony. At the surface, samples
were placed into absolute molecular-grade ethanol and frozen at −20 °C
while at sea. Samples were transported on dry ice to FAU Harbor Branch
where the ethanol was replaced with fresh molecular-grade ethanol and
samples were stored at −80 °C prior to genomic DNA extraction. Small
tissue subsamples (~1 cm2) were transferred into 500 µL of TRI reagent
(Invitrogen) and allowed to soak overnight at 4 °C. Genomic DNA was
extracted using a chaotropic buffer extraction optimized for increased DNA
yield and quality from marine benthic invertebrates (Sturm et al. 2021). DNA
extracts were purified with the Zymo DCC-5 kit and DNA quality/quantity
were measured with NanoDrop (Thermo Fisher) and Qubit 4.0 fluorometer
(Thermo Fisher). DNA extracts were normalized to 25 ng µL−1 and used for
both coral host genotyping and algal symbiont molecular characterization.

Stephanocoenia intersepta SNP genotyping
SNP genotyping libraries were prepared with the endonuclease BcgI (New
England BioLabs, Inc.) and 100 ng of genomic DNA per sample, using an
updated protocol for the 2bRAD-seq method (Wang et al. 2012). Wet lab
protocols were adapted from the current 2bRAD GitHub repository (Matz
2020; Sturm et al. 2021) and detailed lab protocols are found in this
manuscript’s accompanying GitHub repository (Eckert 2024). Pooled
2bRAD libraries were size selected and sequenced at The University of
Texas Genome Sequencing and Analysis Facility on Illumina NovaSeq
(SR100 S1) with 20% PhiX spike-in.
Returned sequencing reads were demultiplexed, deduplicated, filtered and

trimmed with custom perl scripts and CUTADAPT v3.4 (Martin 2011). As there
was no S. intersepta genome available we employed a de novo reference
analysis pipeline (Matz 2020; Rippe et al. 2021). Reads from each sample were
first aligned to a concatenated Symbiodiniaceae reference consisting of
representative genomes for four genera (Symbiodinium, Breviolum, Cladoco-
pium, and Durusdinium) using BOWTIE2 v1.2.2 (Langmead and Salzberg 2012;
Shoguchi et al. 2013, 2021; Aranda et al. 2016; Liu et al. 2018). After excluding
the Symbiodiniaceae aligned reads, resulting high-quality reads were used to
create a de novo RAD tag reference assembly for S. intersepta consisting of
clustered (91% similarity) unique sequences found in at least 10% of all
samples using custom perl scripts and CD-HIT v4.8.1 (Fu et al. 2012). Potential
contamination sequences were removed from the clustered sequences with
KRAKEN2 (standard KRAKEN database with added Symbiodiniaceae genomes)
and remaining RAD tags were concatenated into a de novo reference and
formatted as 30 equally-sized pseudo-chromosomes to be used for mapping
(Wood et al. 2019; Rippe et al. 2021). Sample reads were aligned to the de
novo reference with BOWTIE2 (Langmead and Salzberg 2012). The program
ANGSD v0.933 was used to determine SNP loci from sequencing reads,
generate genotype likelihoods, and create an identity-by-state (IBS) matrix
(Korneliussen et al. 2014). SNP loci underwent stringent filtering, requiring a
minimum mapping quality of 20, minimum base quality score of 30,
minimum allele frequency of 0.05, minimum p-value of 10−5 for deviation
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from Hardy-Weinberg equilibrium, minimum p-value of 10−5 for strand bias,
p-value of 10−5 for heterozygosity bias, remove triallelic SNPs, p-value that a
locus is variable of 10−6, and had to be present in ≥ 75% of samples. No
clonal multi-locus genotypes were identified through hierarchical clustering
using an IBS threshold determined by the technical triplicate samples
(Supplementary Fig. S1; Manzello et al. 2019). Two of each of the three
technical replicates were removed and ANGSD was run on the clone-free
sample set with the previously described filters.

Stephanocoenia intersepta population genetic structure
Principal component analysis based on IBS distances was conducted using
PCANGSD (Meisner and Albrechtsen 2018). NGSADMIX was used to calculate
population structure models for cluster values from K= 1–11 (sample
populations +3; Skotte et al. 2013). In addition to calculating clusters with
PCANGSD, the most likely value of K was evaluated using the Evanno method
through CLUMPAK (Evanno et al. 2005; Kopelman et al. 2015). We tested for
isolation by distance using a Mantel Test (9999 permutations; Dray and
Dufour 2007). Because we discovered distinct lineages in sympatry, we
used individual genetic distances from the IBS matrix from ANGSD, which has
been shown to be an effective method for calculating genetic distance in
instances of variable and low coverage sequencing samples (Korneliussen
et al. 2014; Manzello et al. 2019).

Stephanocoenia intersepta lineage demographics
To avoid ascertainment bias from the presence of four putative genetic
lineages within the sample set, ANGSD was run within each lineage using the
above filters.

Only samples with ≥75% assignment to a single lineage were retained
for these analyses, excluding any individuals with recent hybridization
between lineages to avoid confounding lineage specific analyses (Fifer
et al. 2022). ANGSD was used to calculate SNPs within each lineage using the
above filters with the following modifications: minimum base quality score
of 25, p-value that a locus is variable of 10−5, and present in ≥75% of
samples. SNPs were refined to only sites found across all lineages with the
-sites flag in ANGSD (4027 SNPs retained). Inbreeding coefficients were
calculated for all samples with the program NGSRELATE (Hanghøj et al. 2019).
For heterozygosity and site frequency spectra (SFS) calculations ANGSD

was rerun using only filters which did not affect allelic frequencies,
retaining all loci, variant and invariant (-uniqueOnly 1 -remove_bads 1
-skipTriallelic 1 -minMapQ 30 -minQ 35 -doHWE 1 -sb_pval 1e-5
-hetbias_pval 1e-5 -maxHetFreq 0.5 -setMinDepthInd 3; Rippe et al.
2021). Heterozygosities were calculated for each sample using custom R
scripts (Matz 2020). Due to heterogeneity of variance within the data and
uneven sample sizes, Welch’s ANOVA was used to test for differences
between heterozygosity, mean inbreeding coefficients, and depth
distribution within each lineage. Pairwise comparisons for significant
ANOVA results were implemented with non-parametric Games-Howell
tests, which are effective as a post-hoc test when variance is hetero-
geneous and sample sizes are uneven, which is often the case when coral
population genetics work unveils cryptic lineages (Games and Howell
1976; Midway et al. 2020; Grupstra et al. 2024). Site frequency spectra (SFS)
were calculated for each lineage with realSFS and were used to calculate
nucleotide diversity (π) and pairwise weighted FST among lineages.
Nucleotide diversity was averaged across the 30 pseudochromosomes
used as a de novo reference. We tested the relationship between mean

Fig. 1 Map of sampling sites. Color denotes sampling site and shape denotes depth zone (shallow, mesophotic). Donut plots in insets show
site lineage assignment proportion on outer ring and average sampling depth inside ring (sampling depth ranges in Supplementary Table S1),
with the top and bottom plot of each pair representing the shallow and mesophotic sites, respectively. FKNMS and Sanctuary Preservation
Areas boundaries are shown as black and purple polygons, respectively. Bathymetric contours are shown as gray lines in insets.
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nucleotide diversity and mean depth of each lineage with linear
regression. Effective population size was calculated using the formula
Ne ¼ π

4μ, where the mutation rate, µ, was estimated to be 2 × 10−8 per base
per generation (Matz et al. 2018; Rippe et al. 2021).
To understand the relative differences in lineage diversity throughout

time, population sizes of each lineage were reconstructed using
STAIRWAYPLOT v2 on folded SFS (Liu and Fu 2020). Prior to running
STAIRWAYPLOT, FST outliers were detected with BAYESCAN v2.1 (Foll and Gaggiotti
2008). To ensure only neutral loci were used for analysis we used
conservative filtering, removing all loci with q-value < 0.5 prior to SFS
calculations (101 loci removed; Rippe et al. 2021). STAIRWAYPLOT runs were run
using suggested default parameter estimates and an estimated mutation
rate (2 × 10−8 per base per year; Matz et al. 2018; Rippe et al. 2021) with an
assumed generation time of 15 years, based on previous estimates and
growth rates of massive hermatypic corals (Szmant 1991; Soong 1993).
Because these parameters are largely unknown for many coral species
including S. intersepta the absolute values derived from these calculations
must considered with caution, however the relative values may be taken as
accurate representations of putative patterns in the data (Rippe et al.
2021).

Population genetic connectivity
Genetic connectivity between sampled sites was measured through recent
migration rate estimates (immigrant individuals from the previous 2–3
generations) with the BA3SNP function of the program BAYESASS v3.0.4.2
(Wilson and Rannala 2003). BAYESASS was run only on the most abundant,
Blue lineage. Ten independent runs were conducted with random start
seeds for 30 million Markov-Chain Monte Carlo (MCMC) model simulations
with a 10 million burn-in and 1000 run sampling frequency. Mixing
parameters (migration rate [m]= 0.25, allele frequencies [a]= 0.85,
inbreeding coefficient [f]= 0.05) were adjusted to allow adequate mixing
within model runs (acceptance rates= 0.2–0.6; Wilson and Rannala 2003).
Trace files from independent runs were visualized with TRACER v1.7 to
ensure model convergence and consistency between independent model
runs (Rambaut et al. 2018). Bayesian deviance was calculated for each
independent run and the run with the lowest deviance was used for
further analysis (Faubet et al. 2007). Migration rate estimates (m) were
calculated as the mean of the posterior distribution and their uncertainty
as 95% high posterior density (HPD) intervals.

Symbiodiniaceae ITS2 sequencing
Extracted and purified genomic DNA was used to generate ITS2 amplicon
libraries to identify in hospite putative Symbiodiniaceae taxa and to
determine if algal symbionts differed with respect to host genetic lineage,
location, and depth. Symbiodiniaceae ITS2 sequences were amplified using
Symbiodiniaceae-specific primers with Illumina MiSeq adapter sequences
at the 5′ ends (SYM_VAR_5.8SII/SYM_VAR_REV; Hume et al. 2018). PCR
products were cleaned using the Zymo DCC-5 kit and normalized to
10 ng µL−1. Unique double identifying indices were incorporated into each
sample with an additional PCR using 50 ng PCR product and 7 cycles of
PCR. Detailed lab protocols are found in this manuscript’s accompanying
GitHub repository (Eckert 2024). Libraries were pooled equimolarly and
sequenced on Illumina MiSeq V2 (500 cycle) with 20% PhiX spike-in.

Symbiodiniaceae SYMPORTAL ITS2 analyses
Demultiplexed Symbiodiniaceae ITS2 .fastq files generated from the
sequencing facility were run remotely through the SYMPORTAL analytical
framework (Hume et al. 2019). Sequences occurring in a sufficient number
of samples within both the S. intersepta dataset and the entire database of
samples run through SYMPORTAL were identified as “defining intragenomic
variants” (DIVs) which were used to characterize ITS2 type profiles,
representative of putative Symbiodiniaceae taxa (Hume et al. 2019).
The betadisper function in the package vegan was used to calculate

multivariate homogeneity of dispersion (PERMDISP) using Bray–Curtis
distances (Oksanen et al. 2020). Pairwise comparisons for significant factors
were calculated with permutation tests using the permutest function in
vegan (9999 permutations). Permutational multivariate analysis of variance
(PERMANOVA) was implemented with the adonis2 function in vegan to test
for differences in Symbiodiniaceae ITS2 type profiles with depth, sampling
site, and host lineage assignment used as fixed factors from Bray–Curtis
distances (9999 permutations). Pairwise PERMANOVA tests were con-
ducted on significant factors with the package pairwiseAdonis using false
discovery rate corrected p-values (Martinez Arbizu 2017). Procrustes

analysis was used to test for correlation between algal symbionts (ITS2
type profile) and host genotype (IBS) as well as host genetic lineage
assignment (admixture analysis).
Additionally, we validated the accuracy of using 2bRAD Symbiodinia-

ceae sequence alignments as a proxy for in hospite Symbiodiniaceae
genera, as proposed in Manzello et al. (2019). 2bRAD sequences which
mapped to each of the four Symbiodiniaceae genomes were counted for
the genus they mapped to for each sample and SYMPORTAL ITS2 type profile
counts were separated by the genera they represented. Both 2bRAD and
ITS2 counts were normalized and Bray–Curtis distances were calculated in
vegan. The protest function in vegan was used to conduct a symmetric
Procrustes analysis (9999 permutations) to test for similarities between
principal coordinates analyses of each dataset.

RESULTS
Stephanocoenia intersepta SNP data processing
2bRAD sequencing returned a total of ~796.1 million reads, an
average of ~3.52 million reads per sample. After deduplicating,
filtering, and trimming a total of ~443.8 million reads remained,
with an average of ~2.01 million reads per sample (excluding
technical replicates). On average, 2.16% of 2bRAD reads mapped
to the Symbiodiniaceae metagenome, with a total of 9.79 million
reads removed, or an average of 44,510 reads per sample. After
removing technical replicates, a total of 220 samples remained for
genotyping (i.e., no natural clones were detected). Samples had an
average of 90.54% mapping efficiency to the de novo S. intersepta
reference, resulting in a suite of 22,837 high-quality SNPs after
filtering and processing with ANGSD. Filtering SNPs to those
common among independent ANGSD runs within lineage resulted
in a total of 4027 sites.

Stephanocoenia intersepta population genetic structure
CLUMPAK and PCANGSD both determined K= 4 to be the most likely
number of genetic clusters (i.e., lineages). Most samples had little
admixture (<10%), with a large majority of assignment to a single
genetic lineage (Fig. 2D). Three colonies were considered to be
admixed (<75% assignment to any single lineage) and removed
from lineage-specific analyses (Tortugas Bank Mesophotic, Upper
Keys Shallow, and Upper Keys Mesophotic; Fig. 2D). There were no
overt morphological differences among lineages that could be
identified in situ. At all four regions there was evidence of
structure across depth zones (Fig. 2). All four lineages were
present in shallow sites, although the Yellow lineage was not
found in the shallow Upper Keys population, except for within one
admixed individual (Fig. 2D). The Blue and Teal lineages appear to
be depth-generalists and were the dominant lineages within
mesophotic sites comprising 81 and 15% of all mesophotic
samples, respectively. The Green and Yellow lineages were not
observed in mesophotic sites, except for two individuals at Riley’s
Hump and within some admixed individuals in Tortugas Bank and
Lower Keys populations and accounted for 24.17 and 12.5% of all
shallow individuals, respectively (Fig. 2D). A mantel test indicated
a lack of isolation by distance (r=−0.01, p= 0.721).

Stephanocoenia intersepta lineage diversity and demography
There was a significant depth distribution of S. intersepta lineages,
with the Blue lineage being most abundant and found
predominantly in mesophotic sites (Welch’s ANOVA; F(3, 67.5)=
49.01, p < 0.001; Fig. 3A). Two shallow specific S. intersepta lineages
(i.e., Green and Yellow) exhibited lower heterozygosity than the
deeper, depth-generalist blue lineage across all loci (variant and
invariant; Welch’s ANOVA; F(3, 60.9)= 85.15, p < 0.001; Fig. 3B).
Shallow lineages also had higher inbreeding coefficients (Welch’s
ANOVA; F(3, 49.9)= 232.04, p < 0.001) in comparison to mesophotic
lineages (Fig. 3C). Nucleotide diversity (π) ranged from 4.84 × 10−3

to 5.83 × 10−3 (Table 1), and there was a positive correlation
between nucleotide diversity and depth (R2= 0.69). Reconstruc-
tion of effective population size throughout time revealed stark
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differences between lineages. The Blue lineage underwent a
drastic expansion ~100 kyr before present and was by far the
largest population in the region throughout the recent past. Most
lineages also experienced slight expansion followed by contrac-
tion in the last ~50–25 kyr (Fig. 3D). FST among lineage ranged
from 0.048 to 0.211. Most lineages were highly differentiated from
one another, with the exception of the depth-generalist lineages
(Blue, Teal; FST= 0.048) which included 96% of all mesophotic
samples (Fig. 3E).

Genetic connectivity across FKNMS
Analysis of recent migration with BAYESASS was low overall
(mean ± SEM= 4.10 ± 0.76%) but indicated that mesophotic popula-
tions were greater sources than shallow populations
(mean ± SEM= 6.70 ± 1.37%; 1.51 ± 0.08%, respectively; Supplemen-
tary Table S2). Additionally, mesophotic to shallow subsidy was
greater than shallow to mesophotic (mean ± SEM= 6.46 ± 1.22% ;
1.38 ± 0.12%, respectively). Many shallow sites provided little
substantial migration (i.e., HPD range ≯ 0) to other sites (e.g., Shallow
Riley’s Hump and Upper Keys; Fig. 4, Supplementary Fig. S2). The
largest sources were mesophotic sites in Upper Keys (2.6–12.2% of
recent migrants into sink populations) and mesophotic sites in Lower
Keys (8.8–26.4% of recent migrants into sink populations; Supple-
mentary Table S2, Fig. 4, Supplementary Fig. S2). It is important to
note that there are many unsampled sites throughout this range in
our design. Parentage analyses and assignment tests have been
found to suffer from lack of inclusion of all source populations, as
migrants from an unsampled site get incorrectly assigned to a source
population (Christie et al. 2017). BAYESASS assigns migration rates using
a Bayesian approach, accounts for multiple generations of geneflow,
and our overall sampling range is relatively small (Wilson and
Rannala 2003; Meirmans 2014; Christie et al. 2017). Therefore, these

estimates should provide a baseline for understanding the relative
connectivity between these habitats.

In hospite Symbiodiniaceae
ITS2 sequencing was successful for 219 samples, returning a total
of ~7.38 million reads, or an average of 33,723 reads per sample.
Following SYMPORTAL quality filtering, a total of ~3.28 million
sequences were retained and used in ITS2 type profile calculation.
SYMPORTAL analysis calculated 19 unique ITS2 types. 78.45% of type
profile sequences were assigned to the genus Cladocopium,
21.33% to Symbiodinium, 0.22% to Breviolum, and none to
Durusdinium (Fig. 2E). In hospite Symbiodiniaceae beta diversity
was greater in shallow populations (PERMDISP; F1,217= 10.815,
p= 0.0013) but did not vary across sampling site or lineage
(PERMDISP; F3,215= 0.772, p= 0.516; F3,212= 2.021, p= 0.112,
respectively). Symbiodiniaceae were significantly different across
lineage, depth, and site with significant interactions except for the
interaction of lineage and depth (PERMANOVA; depth:
F1,192= 7.8398, p < 0.0001; site: F3,192= 9.1605, p < 0.0001; lineage:
F3,192= 10.8777, p < 0.0001; Supplementary Table S3). All pairwise
comparisons of lineage and of site were significant (pairwise
PERMANOVA; all p < 0.05) and only three site by depth zone
comparisons were not significantly different (Riley’s Hump
Shallow:Riley’s Hump Mesophotic, Riley’s Hump Mesophotic:Upper
Keys Mesophotic, Tortugas Bank Mesophotic:Lower Keys Meso-
photic; Supplementary Table S3; Fig. 2E). The majority of
Symbiodinium type profiles were found within shallow S. intersepta
populations, namely Tortugas Bank and Lower Keys (Fig. 2E). There
was a strong correlation between Symbiodiniaceae genera
calculated using 2bRAD reads and SYMPORTAL results grouped to
genera (t0= 0.9175, p= 0.0001; Fig. 5). Procrustes analyses
indicated a correlation between S. intersepta host genotype and

Fig. 2 Stephanocoenia intersepta population structure across Florida Keys National Marine Sanctuary. A Principal component analysis.
Color and shape denote sampling site and depth zone, respectively. Larger, opaque shapes represent sample population centroids and
smaller, transparent shapes are individuals. B Same plot as A but with samples colored by putative lineage assignment. Samples with <75%
assignment to a single lineage were considered admixed. C Same plot as B but showing axis 2 and 3. D Structure plot from NGSADMIX analysis.
Each bar represents an individual sample and the proportion of each color is the probability of membership to that genetic lineage. White
asterisks denote admixed individuals. E Proportion of normalized ITS2 type profiles calculated from SYMPORTAL analysis. Each vertical bar
represents one S. intersepta colony and color corresponds to ITS2 type profiles. DIVs in a type profile name are listed in order of abundance
with ‘/’ separating DIVs with co-dominance in samples. Bars below each facet indicate the lineage assignment of the coral host.
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in hospite Symbiodiniaceae (t0= 0.2283, p= 0.0001) as well as
between S. intersepta genetic lineage and in hospite Symbiodinia-
ceae (t0= 0.2531, p= 0.0001), though neither relationship was
very strong.

DISCUSSION
Four cryptic S. intersepta lineages throughout FKNMS
This study uncovered four putative cryptic lineages of S. intersepta
throughout the Florida Keys. Shallow-specific lineages (<30m)
exhibited lower genetic diversity than depth-generalist lineages,
which were more abundant on mesophotic reefs (Fig. 3). Our
findings, along with the depth specificity of certain lineages, is
very similar to patterns previously observed for M. cavernosa and
Siderastrea siderea in the Florida Keys (Rippe et al. 2021). The
abundance and diversity of the S. intersepta depth-generalist Blue
lineage, which dominated the sampled mesophotic sites has
persisted throughout the recent past, with a large population
expansion circa 100 kyr before present and contraction shortly
thereafter. This pattern is also similar to M. cavernosa and S. siderea
in the region, where multiple lineages undergo similar population
flux. While in S. intersepta, M. cavernosa, and S. siderea population

changes appear to occur during glacial cycles, the estimation of
mutation rate and generation time make the absolute values of Ne

and time uncertain (Rippe et al. 2021).
The presence of these distinct cryptic lineages and the lack of

much admixture between lineages despite the sympatric distribu-
tion across FKNMS is likely indicative of reproductive isolation
between lineages. As these lineages have diverged through time it
is possible that some pre- or postzygotic barriers have arisen and
are responsible for the lack of admixture we observe. For corals,
spawning timing is crucial to ensure fertilization success.
Differences in spawning timing may act as a pre-zygotic barrier,
thereby avoiding hybridization through the prevention of gametic
mixing between two sister species or cryptic lineages (Levitan
et al. 2004). Such differences in timing may have evolutionary
benefits if hybrid individuals are unviable between different
lineages (Grupstra et al. 2024). The lowest pairwise FST value
between lineages was the Blue to Teal comparison. Therefore, it is
likely that there is more recent divergence or relatively recent
introgression between these two depth-generalist lineages and
therefore admixture in proceeding generations may be possible
(i.e., a semi-permeable reproductive barrier). It is possible that
hybrids could still be viable and propagated through assisted

Table 1. Stephanocoenia intersepta cryptic lineage demographics.

Lineage Depth (m) π Ne Heterozygosity

Blue 31.4 (16.8–45.4) 5.83 × 10−3 7.29 × 104 0.0026 ± 1.3 × 10−5

Teal 26.3 (14.6–44.5) 5.32 × 10−3 6.64 × 104 0.0024 ± 1.9 × 10−5

Green 22.5 (17.2–32) 4.84 × 10−3 6.05 × 104 0.0023 ± 2.3 × 10−5

Yellow 20.2 (17.4–25.9) 5.21 × 10−3 6.52 × 104 0.0024 ± 1.7 × 10−5

Depth: mean (range) in meters, Nucleotide diversity(π), Effective population size (Ne), Heterozygosity: (mean ± SEM).

Fig. 3 Stephanocoenia intersepta lineage demographics. A Distribution of lineages across depth. B Lineage heterozygosity across all RAD
loci (variant and invariant sites). C Inbreeding estimates from SNPs by genetic lineage. Significant Welch’s ANOVA results between population
depth are listed and letters denote significant differences among lineages on A–C. D Lineage effective population size through time. X-axis is
thousands of years ago (KYA). Bounding ribbons are 75% confidence intervals. E Pairwise fixation index (FST) heatmap among lineages. Darker
coloration indicates higher FST. Colors in A–E depict lineage assignments.
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Fig. 5 Symbiodiniaceae ITS2 type profiles. A Proportion of Symbiodiniaceae derived from ITS2 DIVs from SYMPORTAL analysis. Each vertical bar
represents one S. intersepta colony and color corresponds to Symbiodiniaceae genera, with gray spaces indicating lack of sample. B Same as
A but with genera derived from 2bRAD loci mapped to concatenated Symbiodiniaceae metagenomic reference. Colored bars below each
facet denote the lineage assignment of the coral host.

Fig. 4 Recent migration inference from BAYESASS. Map of sites with directional migration shown as vectors from source to sink, with color and
line type indicating source population, arrows indicating direction of migration, and line weight proportional to m. All rates (m) ≥0.02 shown
(within site retention excluded).
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gene flow for restoration. In Acropora cerviconrnis, hybridization
was possible and viable between cryopreserved gametes from
Florida and Curaçao (Hagedorn et al. 2021). It may also be the case
that interbreeding between lineages is occurring and offspring are
viable but they do not successfully recruit due to changing ocean
currents or a lack of suitable recruitment substrate or settlement
cues (Kuffner et al. 2006; Ritson-Williams et al. 2009; Wakwella
et al. 2020). If admixed individuals are mainly emigrating from
FKNMS we may expect to see more admixed individuals in other
unsampled downstream populations, but as we see few recently
admixed individuals across the range of this study, it seems
unlikely to be the case. It is also possible that there are genomic
underpinnings of depth partitioning among S. intersepta lineages,
leaving Yellow and Green lineages unable to successfully settle/
survive at greater depths due to some phenotype-environment
mismatch (Marshall et al. 2010). Future studies and ex situ
experimentation on reproduction/recruitment would provide
valuable insight on what pre- or postzygotic barriers are driving
this apparent reproductive isolation in FKNMS S. intersepta and if
inter-lineage crosses produce viable offspring.
The observed lack of diversity within shallow lineages is

expectedly correlated with a greater prevalence of more highly
inbred individuals. While clonality of coral populations is typically
assessed in population genetic analyses, many studies have not
explicitly examined inbreeding within populations. Inbreeding may
have fitness and evolutionary consequences and has often been
considered rare in marine environments, due to the perceived lack
of barriers and a large potential for larval dispersal (Knowlton and
Jackson 1993; Olsen et al. 2020). However, inbreeding may be
more common in benthic marine invertebrates than previously
thought, with many species showing inbreeding frequencies as
high as that of terrestrial plants (Olsen et al. 2020). The high levels
of inbreeding detected in shallow lineages may be driven by
individuals from discrete founder events (i.e., “sweepstakes
reproductive success”; Hedgecock 1994). If cohorts of larvae from
a cross between closely related parents successfully co-recruit to
the same reef, we would expect patterns of closely related and
inbred groups of individuals within a reef, as we see here with
shallow S. intersepta populations. Although collective dispersal of
larvae has been more commonly applied to fish species, there is
recent evidence in benthic marine species, including corals
(Barfield et al. 2020). Collective dispersal, and thereby co-
recruitment patterns are influenced by larval swimming behavior,
which may be similar among inbred and related larvae (Burgess
et al. 2022). Together these behavioral similarities and settlement
preferences may contribute to the patterns observed in shallow S.
intersepta lineages. Stephanocoenia intersepta exhibits high rates of
fertilization (>95%) among collected eggs, thought to be a
consequence of colonies holding multiple eggs within polyp
tentacles that are not released until after fertilization (Hagman
et al. 1998; Vermeij et al. 2010). This reproductive strategy may
contribute to high rates of inbreeding if nearest neighbors are also
close relatives or clones, as has been found in some coral species
(Lord et al. 2023; Shilling et al. 2023). Phenotypic settlement
behavior, co-recruitment patterns, and elevated rates of local larval
retention and recruitment may all have an effect on the lower
diversity observed in shallow S. intersepta lineages in FKNMS.
The detection of these cryptic lineages and the potential of

reproductive isolation among S. intersepta in FKNMS highlights an
important need to evaluate multiple populations of critical coral
species for genetic diversity, especially in the context of
conservation biology (Beger et al. 2014). Mesophotic corals in
FKNMS have so far been less impacted by SCTLD and thereby may
have the potential to provide genetic diversity to shallow reefs
throughout the region (Reed et al. 2021). Even if mesophotic S.
intersepta populations are unable to successfully provide viable
larvae to degraded shallow reefs in the future, they may be useful
moving forward for “seed bank” collection or colony “rescue” and

rearing/breeding within land-based nurseries to aid in ongoing
and future restoration efforts (Boström-Einarsson et al. 2020).
Though collection of colonies and/or gametes from mesophotic
depths presents unique challenges in and of itself. However, if S.
intersepta lineage differentiation is due to gametic incompatibility
or hybrid unviability greater issues and loss of diversity may occur
given the evidence of inbreeding we find in shallow lineages and
the present and persistent threats to reefs across FKNMS.
Samples for this study were collected in August–September

2019, when stony coral tissue loss disease (SCTLD) was present in
the Upper Keys and Lower Keys, but before it emerged in the Dry
Tortugas (Dobbelaere et al. 2022). The patterns of lower diversity
within shallow lineages were not driven by the SCTLD outbreak as
they are consistent across all sampling sites, including those
within the Dry Tortugas that had not yet been affected by SCTLD
at the time of sampling. If a genetic bottleneck event is
responsible for these observed patterns, it would be more likely
that the decades of coral loss seen throughout shallow reefs in
FKNMS contributed to the lack of genetic diversity. Particularly,
events like dark spots syndrome outbreaks where S. intersepta
experienced mortality of 3.8% yr−1 from 2002–2004 and episodic
ocean warming which significantly decreased shallow forereef
scleractinian cover between 1999 and 2009 (Porter et al. 2011;
Ruzicka et al. 2013).

Population structuring across depth
Population genetic structure analyses indicate S. intersepta are
structured by depth throughout FKNMS despite small horizontal
distances between depth zones within sampling site (Fig. 1).
Similar patterns have been observed in other coral population
genetic studies throughout the tropical western Atlantic. Montas-
traea cavernosa populations are depth stratified on the Belize
Barrier Reef, despite extremely small horizontal distances between
depth zones (i.e., <10 m; Eckert et al. 2019). In Alacranes Reef,
Mexico, M. cavernosa populations are also structured by depth,
with some lineages almost exclusively found in mesophotic
populations (Sturm et al. 2022). However, in this study we
identified two depth-generalist lineages (Blue and Teal; Figs.
2D and 3A) and two lineages mostly endemic to shallow
populations (Green and Yellow; Figs. 2D and 3A). In contrast, S.
intersepta populations in Bermuda exhibit a total lack of genetic
structuring across depth zones (Bongaerts et al. 2017).
The variable patterns of differentiation observed across depth in

FKNMS S. intersepta are not unique within FKNMS. In the species
M. cavernosa, populations across the same sampling sites also
exhibit variable patterns of vertical differentiation (Sturm et al.
2021). Montastraea cavernosa populations in Lower Keys and
Tortugas Bank are less differentiated across depth than in Riley’s
Hump and Upper Keys (Sturm et al. 2021). Both M. cavernosa and
Siderastrea siderea also exhibited ecological divergence between
inshore and offshore reefs in FKNMS (Rippe et al. 2021). This
variation holds across regional scales where deep and shallow M.
cavernosa populations in the northwestern Gulf of Mexico
function as a single, panmictic population, and populations in
Florida are structured across depth (Studivan and Voss 2018).
The timing of spawning, the dominant current regimes post-

fertilization, and abiotic factors influencing settlement selection
and recruitment success all may contribute to variable patterns of
horizontal or vertical population structuring. Stephanocoenia
intersepta typically spawn annually after the full moon in
August/September, in a tight temporal window (Hagman, Gittings,
and Deslarzes 1998). In some locations, shallow and mesophotic
conspecifics, including S. intersepta, spawn within the same hour
(Vize 2006). Slight asynchrony in spawning across depth may even
be beneficial to mixing of gametes, with earlier spawning at depth
allowing positively buoyant gametes or gamete bundles more
time to reach the surface and mix with gametes from shallow
colonies (Levitan et al. 2004).
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Mesophotic S. intersepta may also act as larger source
populations throughout the sanctuary. Generation time is
relatively long in many scleractinian coral species, thus the two
to three generations estimated through BAYESASS migration rates
likely encompass decades. Patterns of migration somewhat agree
with previous biophysical models for the region, where dispersal
of larvae is strongly eastward across the Florida Keys, but
mesoscale coastal counter-currents may emerge from mesoscale
eddies and result in episodic westward movements (Lee et al.
1994; Yeung et al. 2001; Frys et al. 2020). Stephanocoenia
intersepta at mesophotic sites are predominantly members of
the depth-generalist Blue and Teal lineages (Fig. 2D), which also
persist on shallow reefs. With current losses of coral cover in
FKNMS, mesophotic Blue/Teal lineages have the potential to re-
seed shallow reefs, if oceanographic and environmental regimes
remain conducive to successful migration and post settlement
success (Harley et al. 2006; Matz et al. 2020). Unfortunately, with
the strong potential for reproductive isolation and shallow specific
cryptic lineages, ongoing coral loss throughout FKNMS suggest
the potential risk for extirpation of these shallow lineages.

Variable Symbiodiniaceae associations
We found significantly different Symbiodiniaceae across sampling
sites and depths in FKNMS (Figs. 2E, 5), consistent with M.
cavernosa Symbiodiniaceae in Mexico, where symbionts differed
between Alacranes and Bajos del Norte reefs as well as between
depth zones (Sturm et al. 2022). Some ITS2 type profiles are only
found in shallow S. intersepta colonies, possibly due to adaptation
to shallow reef conditions (e.g., light, nutrients). Since S. intersepta
is a broadcast spawning species with a large depth range and
potential for long-distance dispersal, acquiring symbionts from the
local environment where larvae settle is advantageous, especially
if there is prevalent endosymbiont zonation across depth and/or
site, such as we identified here (Bongaerts et al. 2015). It is likely
that different site and depth zone combinations in FKNMS harbor
specific Symbiodiniaceae within the environment, as seen in
American Samoa (Cunning et al. 2015). In the case of S. intersepta
in FKNMS, there is some correlation between host genotype and
Symbiodiniaceae association, these differences across depth and
site may potentially avoid any issues with maladapted Symbiodi-
niaceae associations (Bongaerts et al. 2010). Environmental factors
other than depth may be influencing the most abundant taxa
within a site, influencing host-symbiont associations, or inhibiting
the dispersal of taxa across site (e.g., current), thereby shaping the
differences observed here (Cooper et al. 2011; Tonk et al. 2013).
Cladocopium was the most abundant Symbiodiniaceae genus

found among S. intersepta across FKNMS, particularly in meso-
photic S. intersepta. Similar to M. cavernosa Symbiodiniaceae
assemblages in Belize, we found that deeper sites generally
harbored fewer Symbiodiniaceae type profiles and shallow sites
were more likely to harbor unique profiles (Eckert et al. 2020). This
pattern of depth-generalist and shallow-specialist ITS2 type
profiles differs from studies of M. cavernosa in Mexico and the
Bahamas, where depth-specialist Symbiodiniaceae were found
(Lesser et al. 2010; Sturm et al. 2022). The dominance of
Cladocopium spp. within S. intersepta colonies is consistent with
results from Curaçao; however, S. intersepta in Curaçao only
harbored Cladocopium spp. and depth-specialist symbionts within
the genus Cladocopium were identified at 50 and 60m (Bongaerts
et al. 2015). The patterns and dominance we observe among in
hospite Cladocopium across FKNMS S. intersepta are rather
expected, as Cladocopium is a genetically and ecologically diverse
genus (LaJeunesse et al. 2018).
RADseq alignments to Symbiodiniaceae spp. genomes were

highly concordant with ITS2 sequences at the genus level (Fig. 5).
While using markers such as ITS2 or psbAncr allows a much finer
level of differentiation (i.e., Symbiodiniaceae species or genotype),
these methods require additional lab work and sequencing costs.

Despite the reference genomes coming from congener algal taxa,
and despite the high level of diversity and homology across
Symbiodiniaceae, using RADseq SNPs to identify algal symbionts,
as first proposed by Manzello et al. (2019) was highly effective and
significantly correlated to the ITS2 assignment at the genus level.
Identifying algal endosymbionts via RADseq-based approaches
can provide critical time and cost savings if genus-level resolution
is sufficient to answer the research questions at hand.

CONCLUSIONS
Stephanocoenia intersepta in FKNMS are comprised of distinct,
cryptic lineages that show variable depth fidelity, with shallow
specific (Green and Yellow) and depth-generalist (Blue and Teal)
lineages. The lower diversity and higher levels of inbred
individuals across shallow specific lineages are quite worrisome
and may portend potential risks moving forward, especially for
conservation and restoration efforts. Successful migration or
hybridization from sources such as mesophotic S. intersepta, with
greater genetic diversity, may allow shallow populations to persist
if there are losses of the shallow-specific lineages due to genetic
bottleneck events (Ingvarsson 2001). Yet the evidence for
potential reproductive isolation between lineages and inbreeding
within shallow lineages may contribute to a loss of overall
diversity for this coral species with increasing stressors and
repeated losses of corals across shallow FKNMS reefs (Toth et al.
2014). Additionally, the presence of cryptic lineages in sympatry
and the potential of reproductive isolation between them
highlights the importance of genetic management for coral
outplanting and assisted sexual reproduction restoration strate-
gies. Mesophotic reefs have been relatively understudied to date,
yet they are critical to assessments of ecosystem biodiversity and
genetic diversity (Turner et al. 2017). Throughout FKNMS,
mesophotic reefs harbor greater genetic diversity of S. intersepta
with depth-generalist cryptic lineages able to persist across both
shallow and mesophotic depths. In FKNMS mesophotic genets
may offer an opportunity to maintain lost shallow S. intersepta
diversity through restoration-based fragmentation and/or repro-
ductive propagation, thereby increasing the likelihood of long-
term population persistence in the region (Reynolds et al. 2012).
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