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1  |  INTRODUC TION

Oceans continue to warm at a pace that many worry will threaten the 
sustainability of tropical coral reefs within the next 50–100  years 
(Hoegh-Guldberg et al., 2007). Major coral bleaching events are oc-
curring with increasing frequency, compounding the loss of living 
coral cover year after year (Hughes et al., 2017). The severity of this 
decline is prompting reef managers to consider proactive measures 
designed to enhance coral adaptation to heat stress. Examples of 
such measures include assisted gene flow, or the injection of adap-
tive alleles into threatened populations via hybridization with corals 

from warmer environments, and selective breeding and outplanting 
of individuals that demonstrate elevated resilience to thermal stress 
(Hagedorn et al., 2018; Quigley et al., 2019; van Oppen et al., 2015, 
2017).

To predict the success of these actions and understand the 
evolutionary potential of coral reefs more generally, the patterns 
by which genetic variation is naturally distributed and exchanged 
among individuals on the reef must be evaluated. Coral populations 
on modern reefs have endured the selective pressure of decades 
of environmental change and therefore offer valuable insight into 
the factors driving the segregation and sorting of genetic diversity. 
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Abstract
Broadcast-spawning coral species have wide geographical ranges spanning strong en-
vironmental gradients, but it is unclear how much spatially varying selection these 
gradients actually impose. Strong divergent selection might present a considerable 
barrier for demographic exchange between disparate reef habitats. We investigated 
whether the cross-shelf gradient is associated with spatially varying selection in two 
common coral species, Montastraea cavernosa and Siderastrea siderea, in the Florida 
Keys. To this end, we generated a de novo genome assembly for M. cavernosa and used 
2bRAD to genotype 20 juveniles and 20 adults of both species from each of the three 
reef zones to identify signatures of selection occurring within a single generation. 
Unexpectedly, each species was found to be composed of four genetically distinct lin-
eages, with gene flow between them still ongoing but highly reduced in 13.0%–54.7% 
of the genome. Each species includes two sympatric lineages that are only found in 
the deep (20 m) habitat, while the other lineages are found almost exclusively on the 
shallower reefs (3–10 m). The two “shallow” lineages of M. cavernosa are also special-
ized for either nearshore or offshore: comparison between adult and juvenile cohorts 
indicates that cross-shelf migrants are more than twice as likely to die before reaching 
adulthood than local recruits. S. siderea and M. cavernosa are among the most ecologi-
cally successful species on the Florida Keys Reef Tract, and this work offers important 
insight into the genomic background of divergent selection and environmental spe-
cialization that may in part explain their resilience and broad environmental range.
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Yet, while conventional surveys of broad-scale population genetics 
provide a useful introduction to the genetic landscape of a study 
species, often the most pertinent follow-up questions are left unre-
solved. What are the genetic processes underlying local adaptation 
and population differentiation in scleractinian (i.e., stony) corals? 
What mechanisms may be restricting the exchange of genetic ma-
terial between divergent populations? To ensure lasting success in 
restoration activities and the efficient use of limited resources, it will 
be imperative to take these factors into account.

Complicating this task immensely is the incomplete and often 
muddled picture of speciation and diversification in corals. Rapid ad-
vances in DNA sequencing have ushered in a wave of genomic data 
sets, which have revealed that species boundaries originally defined 
based on morphological characteristics are often not consistent with 
inferences based on experimental and population genetic evidence 
(Willis et al., 1997). Interspecific hybridization, for example, is prev-
alent within many coral genera (reviewed by Willis et al., 2006). This 
has fueled debate on the relevance of reticulate evolution (Vollmer 
& Palumbi, 2002), the notion that speciation in scleractinian corals 
is a fluid process involving backcrossing and migration among di-
verged lineages. On the other hand, apparent lack of gene flow and 
reproductive isolation within certain species has led to suggestions 
that cryptic speciation may be more common in corals and related 
taxa than is currently recognized (Bongaerts et al., 2010a; Ladner & 
Palumbi, 2012; Richards et al., 2016; Rosser, 2015; Schmidt-Roach 
et al., 2013; Warner et al., 2015). Together, these dynamics can have 
important implications on the exchange of genetic variation, and of 
adaptive alleles more specifically, among coral populations.

One important process that can lead to genetic divergence is 
local adaptation due to spatially varying selection across an envi-
ronmental gradient. It was long presumed that due to large dispersal 
distances and few apparent physical barriers to gene flow, most ma-
rine organisms were well mixed genetically across their range, with 
high migration rates largely swamping out the development of local 
adaptation (Ronce & Kirkpatrick, 2001). While there is evidence for 
such high gene flow in some marine systems, for many other spe-
cies population connectivity is considerably lower than previously 
thought, suggesting that high gene flow is not a general trend (re-
viewed in Palumbi, 2004). In reef-building corals, local adaptation 
is often inferred from ex situ or reciprocal transplant experiments in 
which individuals tend to perform better in conditions most similar 
to their environment of origin (Barkley et al., 2017; Howells et al., 
2013; Kenkel et al., 2013, 2015). Several recent studies have linked 
these patterns to a genetic basis (Dixon et al., 2015; Palumbi et al., 
2014), but the specifics of this association are not well resolved. 
Thus, there is still much left unknown about the prevalence of local 
adaptation in stony corals and the underlying genetic mechanisms 
that maintain it.

Here we study two coral species, Montastraea cavernosa and 
Siderastrea siderea, which are ubiquitous in the wider Caribbean. We 
sampled two age cohorts (juveniles and adults) of each species across 
three sites representing a cross-shelf gradient in the lower Florida 
Keys: a shallow nearshore, shallow offshore and deep offshore reef 

environment. Each reef zone represents a unique set of limiting en-
vironmental conditions that have a demonstrated effect on coral fit-
ness (Kenkel et al., 2013; Lirman & Fong, 2007). With this in mind, we 
expected to see evidence of spatially varying selection among reef 
zones, manifesting as an increase in genetic differentiation in the 
adult cohort compared to the juvenile cohort. In particular, consider-
ing that both coral species are broadcast-spawners with the disper-
sal potential vastly exceeding the spatial scope of our sampling, we 
expected to see this effect only at a minority of loci in the genome 
involved in local adaptation.

2  |  MATERIAL S AND METHODS

2.1  |  Sample collection and site features

Samples were collected from two massive coral species, Montastraea 
cavernosa and Siderastrea siderea, from three sites along the cross-
shelf gradient in the lower Florida Keys (Figure 1a). Each sampling 
site typifies a unique environmental setting: (i) a shallow nearshore 
patch reef (3–5 m) adjacent to Summerland Key on the shoreward 
boundary of Hawk Channel (24.607°N, 81.429°W), (ii) a shallow off-
shore site (~10 m) representing a backreef community adjacent to the 
relict barrier reef structure of the Florida Keys Reef Tract (24.553°N, 
81.438°W), and (iii) a deep offshore site (~20 m) near the base of the 
reef slope seaward of the Looe Key Sanctuary Preservation Area 
(24.541°N, 81.414°W). These habitats differ substantially in their 
ambient environmental conditions, in that nearshore reefs experi-
ence on average greater terrestrial influence (i.e., higher turbidity, 
dissolved nutrient levels and chlorophyll a and larger temperature 
fluctuations than offshore reefs (Lirman & Fong, 2007). Exposure to 
the Florida Current maintains a relatively stable temperature regime 
in both offshore habitats, although greater depth is associated with 
lower levels of photosynthetically active radiation (Lesser, 2000).

At each sampling site, small tissue fragments were collected from 
20 adults and 20 juveniles of each species when possible. In some 
cases, 20 individuals of both life stages could not be located, leaving 
a total sample size of 118 for M. cavernosa and 123 for S. siderea. Life 
stages were distinguished based on colony diameter, with colonies 
larger than 30 cm across classified as adults, and those smaller than 
3 cm classified as juveniles. All samples were preserved in 100% eth-
anol at −20°C until transport to the University of Texas at Austin, 
where they were kept at −80°C until processing.

2.2  |  Montastraea cavernosa genome 
assembly and annotation

One specimen of M. cavernosa was collected for genome sequencing 
from the West Bank of the Flower Garden Banks Marine Sanctuary 
(27.88°N, 93.83°W). We constructed a de novo genome assembly 
of M. cavernosa using a combination of PacBio reads and Illumina 
paired-end reads with 10X Genomics Chromium barcodes. The 
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PacBio sequencing (nine SMRT cells, yielding 1.9 million subreads 
with N50 = 8kb, 15.7 Gb total) was performed at the Duke Center 
for Genomic and Computational Biology. 10X barcode libraries were 
generated and paired-end reads were sequenced on an Illumina 
HiSeqX platform at the New York Genome Center.

Our assembly approach follows a similar method used to gener-
ate a reference genome for the coral Acropora millepora (Fuller et al., 
2020) and is described in detail along with the annotation pipeline in 
the Supporting Methods.

2.3  |  Reduced representation library 
preparation and sequencing

Genomic DNA was extracted from tissue samples using a modi-
fied phenol–chloroform procedure, and samples were prepared for 
reduced-representation sequencing using the 2bRAD methodology 
(Wang et al., 2012). The latest version of the protocol, employing 
the triple-barcoding scheme and degenerate tags for identification 
of PCR (polymerase chain reaction) duplicates, is available at https://
github.com/z0on/2bRAD_denovo. In addition, specific details of this 
protocol and of the DNA extraction method used in this study can 
be found in the Supporting Methods. All samples were pooled and 

sequenced on the Illumina HiSeq 2500 platform at the University of 
Texas at Austin DNA Sequencing Facility.

2.4  |  Data filtering and genotyping

Raw sequencing reads were trimmed of adaptors and demultiplexed 
using a custom script (https://github.com/z0on/2bRAD_denov​o/
blob/maste​r/trim2​bRAD_2barc​odes.pl) and were quality filtered 
using the program cutadapt version 1.14 (Martin, 2011), removing any 
reads with a Phred score of less than 15 at either end. Because S. si-
derea lacks a published genome assembly, a reference was generated 
de novo for genotyping. To do so, sample reads were first mapped 
to an aggregate genome comprising the four Symbiodiniaceae gen-
era Symbiodinium, Breviolum, Cladocopium and Durusdinium (Aranda 
et al., 2016; Dougan, 2020; H. Liu et al., 2018; Shoguchi et al., 2013) 
using the program bowtie2 version 2.3.4 (Langmead & Salzberg, 
2012). Any reads that mapped successfully with a minimum end-
to-end alignment score of −22.2 were removed so that those left 
behind could be assumed to belong to the coral host. The program 
cd-hit version 4.8.1 (Fu et al., 2012) was then used in combination 
with custom Perl scripts (https://github.com/z0on/2bRAD_denovo) 
to cluster and assemble reads from the 60 samples with the highest 

F I G U R E  1  Sample map and spatial population genetics. (a) The three sampling sites (Nearshore: green, Offshore: pink, Deep: blue) are 
displayed in the inset map. (b) Principal coordinate analyses (PCoA) demonstrate the four distinct lineages evident within each species. 
The colors of individual points correspond to the habitats specified in the sample map. (c) Admixture plots for each species are displayed 
along the bathymetric cross-section diagram, separated by adults (A) and juveniles (J) in each habitat. Note the four distinct lineages in 
each species, two distributed primarily across the shallow nearshore and offshore sites and two restricted to the deep. Throughout the 
text, lineages are referenced as follows: Nearshore / Shallow1 (dark purple, M. cavernosa / S. siderea), Offshore / Shallow2 (light purple, M. 
cavernosa / S. siderea), Deep1 (dark green), Deep2 (light green). Hybrids with >25% ancestry to a secondary lineage are indicated with black 
bars above the plots
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remaining sequencing coverage into a reference genome with 30 
equally sized pseudochromosomes for mapping.

Using this de novo assembly for S. siderea and the M. cavernosa 
genome described above (https://matzl​ab.weebly.com/data--code.
html), sample reads were mapped to the appropriate reference using 
bowtie2 (Langmead & Salzberg, 2012). Samples with greater than 
25% of reads successfully aligned and at least 5× sequencing depth 
for more than 25% of loci were retained for further analyses. Those 
failing to pass both filters were removed (S. siderea: n = 5, M. cav-
ernosa: n = 6). Alignment files were sorted and converted to BAM 
format using samtools version 1.6 (Li et al., 2009).

All genotyping and identification of single nucleotide polymor-
phisms (SNPs) was performed using the angsd program suite version 
0.933-25 (Kim et al., 2011; Korneliussen et al., 2014; Nielsen et al., 
2012), which is well suited for low-coverage genetic data as it op-
erates on genotype likelihoods, rather than hard genotype calls, in 
most downstream applications.

Lastly, prior to any population genetic analyses, samples repre-
senting genetically identical individuals (i.e., generated via asexual 
reproduction) were identified based on the degree of genetic dis-
similarity as compared to technical replicates included in the sample 
set (i.e., separate sequencing libraries prepared from the same tissue 
sample). To do so, variant sites (biallelic SNPs) were identified under 
a stringent filtering scheme in order to ensure confidence in poly-
morphic loci—all loci were required to have a base call quality greater 
than Q25, mapping quality greater than Q20, an SNP p-value less 
than 1 × 10−5, a minimum minor allele frequency of 0.05 and be se-
quenced in at least 80% of samples. Based on these loci (M. cavernosa: 
8,039 SNPs, S. siderea: 13,016 SNPs), pairwise identity-by-state (IBS) 
distance was calculated between all samples, and a hierarchical clus-
tering tree was constructed using the function hclust in R version 
3.6.1 (R Core Team, 2019) to distinguish genetically identical individ-
uals. Any samples exhibiting a genetic dissimilarity as low as known 
technical replicates were assumed to be genetically identical, and 
only the individual of each clonal group with the greatest total read 
count was chosen to be retained for further analyses (n = 2 samples 
removed per species; Figure S1). All the scripts and detailed outline 
of the bioinformatic procedures are available at https://github.com/
z0on/2bRAD_denovo.

2.5  |  Population structure

Genome-wide population structure was assessed in each species 
using two methods: (i) individual admixture proportions among K in-
ferred ancestral lineages, and (ii) principal component analysis based 
on IBS distance. First, variant sites were identified using the angsd 
filters described above—here, the requirement for a locus to be se-
quenced in 80% of samples reflects the reduced sample size after 
genetically identical individuals were removed (M. cavernosa: 8,265 
SNPs, S. siderea: 14,827 SNPs). Based on variation at these loci and 
given a specified number of ancestral lineages (K = 2–6) in the pop-
ulation, the proportion of each individual’s ancestry derived from 

each inferred lineage was estimated using the programs ngsadmix 
version 3.2 (Skotte et al., 2013) and pcangsd (Meisner & Albrechtsen, 
2018). The results of these two analyses are virtually identical, iden-
tifying four clearly distinct lineages within each species. Only the 
ngsadmix results are presented in Figure 1, but a comparison of the 
two analyses can be seen in Figure S2. Additionally, to compare and 
corroborate the interpretation of this analysis, pairwise IBS distance 
between individuals was calculated in angsd. Principal coordinate 
analysis (PCoA) was performed on the resulting matrix using the 
vegan::capscale function in R (Oksanen et al., 2019) to visualize the 
clustering of samples with respect to the major axes of genetic vari-
ation. The four distinct genetic lineages identified within each spe-
cies based on the combination of these results form the basis for all 
subsequent analyses.

2.6  |  Modelling demographic histories

To infer the demographic history of these genetic lineages, we used 
two approaches based on allele frequency spectra (AFS), both aim-
ing to reconstruct demographic scenarios that most accurately 
reproduce the observed AFS. For both analyses, target loci were 
identified using modified filters in angsd in order to retain all well-
sequenced sites, including invariant ones (Matz, 2018). Modifications 
include increasing the minimum sequencing and mapping quality to 
Q35 and Q30, respectively, while removing the minimum allele fre-
quency and minimum SNP p-value filters. These additional filters 
returned roughly a million sites for each species and did not quali-
tatively change our conclusions of population structure (Figure S3). 
AFS were then generated using angsd for the four genetic lineages 
that were identified in each species, using only samples that had less 
than 25% of alternative lineage ancestry as determined by ngsadmix 
(M. cavernosa: n = 99 [seven putative hybrids removed], S. siderea: 
n = 110 [two putative hybrids removed]).

Since the reference genome for M. cavernosa was sampled from 
an outlying population in terms of both geographical distance and 
habitat type (near-mesophotic deep habitat in the Flower Garden 
Banks in the Gulf of Mexico), we assumed the alleles not matching 
the reference to be derived in the populations studied here. To cor-
rect for possible misidentification of ancestral and derived allelic 
states, two-dimensional demographic models included the pro-
portion of misidentified ancestral states as a free parameter. Since 
S. siderea lacks a reference genome, alleles cannot be polarized into 
ancestral and derived states; thus, all AFS were “folded” at a minor 
allele frequency of 0.5.

To reconstruct the history of effective population size changes 
for each genetic lineage, we applied stairwayplot version 2 (X. Liu & 
Fu, 2015) to one-dimensional AFS. stairwayplot is an unsupervised 
analysis that does not require prespecified demographic models. 
Prior to this analysis, we used bayescan (Foll & Gaggiotti, 2008) to 
identify FST outliers (i.e., sites showing more allele frequency diver-
gence between genetic lineages than expected under a neutral is-
land model). bayescan was run using default settings: 20 pilot runs 

https://matzlab.weebly.com/data--code.html
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(5,000 iterations in length) followed by a burn-in of 50,000 itera-
tions and a final run of 100,000 iterations. Sites that were assigned 
a q-value of <0.5 for being an FST outlier were removed, leading to 
removal of 6.4 % and 5.2% of all sites for M. cavernosa and S. siderea, 
respectively. Such a permissive q-value threshold was chosen to en-
sure that all potentially non-neutral sites were removed, following 
Matz et al. (2018).

Additionally, we used the Moments Python library (Jouganous 
et al., 2017; Gravel, n.d.) based on two-dimensional AFS to estimate 
not only population size changes, but also the timing and magnitude 
of introgression between each pair of genetic lineages. Unlike stair-
wayplot, the Moments modelling workflow requires demographic 
models to be specified at the outset, which are defined and executed 
using custom Python scripts. Here, we specified a set of 108 dif-
ferent models that represent a wide range of possible demographic 
scenarios—notable differences between models include variations in 
the occurrence and timing of symmetric or asymmetric migration, 
the timing and dynamics of population size changes, and crucially, 
whether migration rates are allowed to vary across the genome to 
represent “islands of differentiation” (Duranton et al., 2018).

The Moments procedure followed three main steps to ensure 
confidence in model selection and parameter estimation. (i) First, 
100 bootstrapped two-dimensional AFS were generated using 
angsd for each pairwise population comparison. For M. cavernosa, 
bootstrapping was done by resampling genomic scaffolds; for S. 
siderea, pseudochromosomes from the read-based reference. For 
10 of these AFS, each of the 108 demographic models was run six 
times with randomly chosen initial parameter values to ensure that 
each model converges to its optimum on each replicate at least once. 
(ii) Following Burnham and Anderson (2002), model log likelihoods 
were then converted to Akaike’s information criterion (AIC) using 
the formula:

where L is the likelihood of the model and K is the number of model pa-
rameters. The best-fit run of each model (out of six) on each bootstrap 
replicate was identified, and from this set, the demographic model with 
the lowest median AIC across the 10 bootstrap replicates was deter-
mined. (iii) Lastly, this model was fitted to all 100 bootstrapped AFS in 
order to estimate the confidence of demographic parameters. Again, 
six random restarts per bootstrap replicate were performed, each of 
them initiated by randomly perturbing the parameters estimated at the 
model selection stage. All Moments models, accessory scripts and in-
structions for this procedure are available at https://github.com/z0on/
AFS-analy​sis-with-moments.

Estimated parameters (T , �, M) were converted to time in years (t), 
effective population size in number of individuals (Ne), and migration 
rates as the fraction of the total population that are new immigrants 
per generation (m) assuming a mutation rate of 2 × 10−8 per base 
per generation and a generation time of 5 years (Matz et al., 2018). 
We note that the mutation rate has been measured for a different 
coral genus (Acropora) and is therefore just a rough approximation 

(Richards et al., 2013). This makes our estimates of absolute values of 
time and population sizes unreliable; however, relative differences, 
such as population size changes or differences in migration rates, 
are as accurate as the models’ parameter estimates. Additionally, 
for both AFS-based analyses, AFS were down-projected to 80% of 
the actual number of genomes within each population to reduce the 
noise in the higher-frequency region typical for angsd-derived AFS.

2.7  |  Identifying loci underlying 
population structure

To investigate the genomic organization and association of loci un-
derlying population differentiation, we introduce a novel method 
that we call “LD networks,” which is an application of weighted gene 
co-expression network analysis (WGCNA) to genotyping data based 
on the measurement of genotype correlation between pairs of SNPs. 
WGCNA was originally developed for analysis of gene expression 
(Langfelder & Horvath, 2008), to identify groups of genes that ex-
hibit similar expression dynamics across samples (i.e., consistently 
up- or down-regulated together). The LD networks approach ap-
plies this methodology to identify groups of loci that demonstrate 
correlated changes in genotype across samples. In this case, rather 
than using the correlation of expression between genes, the adja-
cency matrix at the core of network construction consists of the 
pairwise linkage disequilibrium (LD) between loci. The character-
istics of resulting “SNP modules” and associated changes in allele 
frequency are then evaluated with respect to sample-specific traits 
and metadata. In a way, this methodology is equivalent to local prin-
cipal components analysis (PCA) (Li & Ralph, 2019) with single-base 
resolution: it identifies parts of the genome that show alternative 
versions of population structure, but instead of grouping genomic 
windows (as in the local PCA method) it groups individual SNP loci.

The analysis required five steps: (i) SNPs were first identified 
using the same angsd filters as were used to characterize popula-
tion structure. Posterior genotype probabilities at each locus were 
estimated, recorded as the probability of each individual to carry 
zero, one or two derived alleles with respect to the reference ge-
nome (i.e., 0: homozygote ancestral, 1: heterozygote, 2: homozygote 
derived). For S. siderea, in the absence of a proper reference assem-
bly, all minor alleles were assumed to be derived. This information is 
converted into a single value of derived alleles by multiplying each 
probability by its corresponding genotype and adding together. (ii) 
Genomic coordinate information was then used to filter SNPs as-
sumed to be physically linked. For M. cavernosa, a linkage block was 
defined as any group of SNPs in which the distance between subse-
quent loci was less than 1,000 bp. Here, the goal is not to completely 
remove linked sites, but rather to disregard correlations caused by 
close proximity of loci, to focus on longer range correlations that 
might be caused by biologically interesting factors. For S. siderea, the 
relative genomic position of RAD tags is unknown, so linked sites 
could only be identified as those within 36 bp of each other (i.e., the 
size of a single RAD tag). For each linkage block, the SNP with the 

AIC = −2 (log (L)) + 2K

https://github.com/z0on/AFS-analysis-with-moments
https://github.com/z0on/AFS-analysis-with-moments
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highest minor allele frequency was retained and all others were re-
moved from further analysis. (iii) Pairwise coefficient of variation (R2) 
was calculated for all remaining SNPs with a minor allele frequency 
exceeding 0.05 using the Expectation-Maximization algorithm in 
ngsld version 1.1.0 (Fox et al., 2019). The resulting matrix of correla-
tion values is equivalent, in WGCNA terms, to an unsigned adjacency 
matrix based on a soft thresholding power of 2. This matrix was then 
used as input to the WGCNA function TOMsimilarity, to calculate the 
topological overlap matrix reflecting the sharing of the “correlation 
neighborhood” among loci. This and all further steps in this analy-
sis were implemented using the WGCNA version 1.69 package in R 
(Langfelder & Horvath, 2008). (iv) Following network construction, 
distinct groups (or “modules”) of SNPs with covarying genotypes 
across samples were identified using unsupervised hierarchical 
clustering in combination with the Dynamic Tree Cut method. (v) 
Lastly, association of the SNP modules with sample metadata were 
explored. This analysis was based on module “eigengenes,” which 
represent the first principal component of the genotype matrix for 
all SNPs included in a module. Eigengene values across samples were 
regressed against the samples’ metadata: assignment to a specific 
genetic lineage, sampling site and age cohort. Additional analysis 
on module–metadata association was based on the fact that not all 
SNPs included in the module are equal: each SNP is assigned the 
“module membership,” called “kME” in WGCNA terms, which is the 
correlation between the SNP genotype and the eigengene of the 
module. Greater kME indicates that an SNP is highly representative 
of the module’s behaviour across samples and is likely to be among 
the primary responders to the factor(s) driving the correlation be-
tween SNPs within the module.

A chi-squared test was used to determine if SNPs of each mod-
ule showed evidence of clustering throughout the genome. The pro-
portion of total SNPs expected to occur within each scaffold of the 
genome assembly was calculated by simply dividing the number of 
SNPs within each scaffold by the total number of SNPs in the data 
set. For each module, the expected number of SNPs within each 
scaffold was then calculated as the product of the expected pro-
portion above and the total number of module SNPs. A comparison 
of the observed and expected number of module SNPs within each 
scaffold was used as the basis for the chi-squared significance test. 
Because S. siderea lacks a proper genome assembly, this analysis was 
only performed for M. cavernosa.

Additionally, to explore the possible functional significance of 
each module, we identified SNPs that fell within 2,000  bp of an-
notated gene boundaries and conducted a rank-based gene ontol-
ogy (GO) enrichment analysis using the GO_MWU method (Wright 
et al., 2015; https://github.com/z0on/GO_MWU). GO_MWU is 
particularly powerful for WGCNA modules because it performs a 
two-layered test: first, a Fisher’s exact test for presence–absence 
of GO-annotated genes in the module, and second, a within-module 
Mann–Whitney U-test to determine whether the GO-annotated 
genes rank consistently near the top of the list of module member-
ship values. Overall significance is assessed based on random per-
mutations. Again, this analysis was only performed for M. cavernosa.

2.8  |  Locus-specific FST

Based on the outcome of the WGCNA analysis, we hypothesized 
that SNPs exhibiting highest membership to each module are in 
fact those that are most strongly differentiated between lineages. 
To evaluate this hypothesis, we estimated locus-specific FST in two 
ways. First, the realSFS function in angsd was used to calculate locus-
specific FST for each pairwise comparison of the four genetic lineages 
in each species. FST values from all pairwise comparisons including 
each lineage were averaged to produce four lineage-specific FST es-
timates for every SNP. Second, a Bayesian FST outlier test was im-
plemented in bayescan version 2 (Foll & Gaggiotti, 2008). Outlier loci 
were identified as those in which the false discovery rate-corrected 
q-value based on the posterior probability of the selection model 
was less than 0.05. Linear correlation was used to compare SNP 
module membership to FST estimates, with the expectation that loci 
exhibiting the highest membership to each module will also exhibit 
the highest FST values for the module-associated lineage and will be 
identified by bayescan as FST outliers.

3  |  RESULTS

3.1  |  Population structure

Montastraea cavernosa and Siderastrea siderea exhibit remark-
ably similar patterns of population structure across the three reef 
zones. Admixture analysis and IBS-based genetic distance indicate 
that both species comprise four distinct lineages. Two lineages 
occur almost exclusively in the deep habitat and two are primarily 
distributed across the shallow nearshore and outer reef habitats 
(Figure  1b,c; Figure  S4). Admixed individuals with more than one 
source of ancestry are rare—only seven and two individuals of M. 
cavernosa and S. siderea, respectively, exhibit more than 25% ances-
try from a secondary lineage (Figure 1b,c). Global FST between line-
ages ranges from 0.06 to 0.19 in M. cavernosa and 0.07 to 0.25 in 
S. siderea (Figure 2a; Table S1). There is no consistent spatial pattern 
in the magnitude of differentiation—in M. cavernosa, the two sympa-
tric deep populations exhibit the highest FST of all comparisons, and 
in S. siderea, the lowest FST is observed between one of the deep and 
one of the shallow lineages (Figure 2a; Table S1).

Comparing the genetic structure of adult and juvenile cohorts 
within each habitat reveals a degree of local adaptation. In M. cav-
ernosa, juveniles of light and dark purple ancestry occur at relatively 
equal abundance at the nearshore and offshore sites (7:10 and 9:9, 
respectively; Figure 1c), while adult populations in each environment 
shift predominantly to one or the other.

Specifically, adults of dark purple ancestry outnumber those 
of light purple ancestry 13:4 in the nearshore environment, but 
are outnumbered 5:12 in the offshore environment (Figure  1c). 
Assuming a constant recruitment rate across the two generations, 
we can calculate the relative fitness of each ancestral lineage in the 
two environments as:

https://github.com/z0on/GO_MWU
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where PA is the frequency of the dominant lineage and PB is the fre-
quency of the nondominant lineage before (t = 0; juvenile) and after 

(t = 1; adult) a selection episode. Here, we find that individuals of dark 
purple ancestry are 2.3 times more likely to reach adulthood in the 
nearshore environment, while those of light purple ancestry are 2.4 
times more likely to reach adulthood in the offshore environment. 
Additionally, only one adult colony with ancestry to either of the two 
deep lineages (i.e., light or dark green) is found in the shallow sites, 

PA (t=1)

PA (t=0)

∕
PB (t=1)

PB (t=0)

F I G U R E  2  Demographic modelling indicates reduced gene flow in a substantial proportion of the genome. (a) Pie charts depict the 
proportion of the genome experiencing lower introgression rate between each population pair compared to the rest of the genome 
(“islands of differentiation”). Distance trees reflecting the global mean pairwise FST between lineages are displayed in the top right corner 
of this panel. (b) Fold change by which the introgression is reduced at the islands of differentiation. Box shading reflects the magnitude of 
reduction. (c) Diagnostic plots showing the goodness-of-fit of one of the six pairwise demographic models for each species. The top two 
panels show the observed allele frequency spectra (AFS) (left) and the modelled AFS (right); the lower two panels show model errors plotted 
as residuals in the AFS space (left) and as a histogram (right). All demographic models include a parameter allowing variation in the migration 
rate across the genome
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and vice versa from shallow to deep. Juveniles also demonstrate nearly 
perfect segregation by depth (we found only one juvenile of a shal-
low lineage at the deep site). To emphasize this pattern of environ-
mental specialization and maintain clarity throughout the remainder 
of the text, we will refer to the four M. cavernosa lineages as follows: 
Nearshore (dark purple), Offshore (light purple), Deep1 (dark green) 
and Deep2 (light green) (Figure 1c).

In S. siderea, the separation by depth is similarly pronounced 
among adults but not among juveniles. About half of all juveniles at 
depth are of dark purple ancestry, which is the most common among 
shallow adults and entirely dominates the shallow juvenile popula-
tions. In fact, we did not find any juveniles of light purple ancestry, 
the other shallow-exclusive lineage. In such a situation, there is no 
evidence of specialization between the two shallow lineages across 
the nearshore and offshore habitats, but again a notable divergence 
across depth. We will refer to S. siderea lineages as follows through-
out the remainder of the text: Shallow1 (dark purple), Shallow2 (light 
purple), Deep1 (dark green) and Deep2 (light green) (Figure 1c).

3.2  |  Demographic modelling of lineage pairs

In both species, demographic models that most accurately repro-
duce pairwise AFS between subpopulations (Figures S5 and S6) all 
share one important feature. In every case, the model with highest 
likelihood includes the presence of “islands of differentiation” ex-
periencing lower introgression rates than the rest of the genome, 
with the best model without this parameter ranking not higher than 

20th from the top by the AIC (Figures S7 and S8). Figure 2(a) depicts 
the proportion of the genome attributable to such islands for each 
pairwise comparison, and Figure 2(b) provides the fold reduction in 
introgression rates within the islands compared to the rest of the 
genome.

In M. cavernosa, introgression between lineages within the is-
lands of differentiation is reduced in 18.2%–54.7% of the genome 
by a factor of 1.1–6.0. Similarly, in S. siderea, introgression is reduced 
in 13.0%–50.9% of the genome by a factor of 2.4–17.7 (Figures 2a,b 
and 3).

3.3  |  Effective population size changes 
through time

Genetic lineages of both species show broadly similar profiles of ef-
fective population size (Ne) through time (Figure 4). In both species, 
all lineages first show Ne increase between 500 and 200 thousand 
years ago (ka). After that, three lineages in M. cavernosa and one 
lineage in S. siderea experience a reduction around 50–100 ka, fol-
lowed by re-expansion to about 2.5× the Ne before the reduction. 
Lastly, two lineages in both M. cavernosa and S. siderea show decline 
over the past few thousand years. The ancient and recent expan-
sions with similar time stamps are also inferred by Moments models 
(Figures S5 and S6), although these models do not show population 
reductions possibly because Moments models could only incorporate 
up to three population size changes. The differences in Ne among lin-
eages are concordant between stairwayplot and Moments inference. 

F I G U R E  3  Asymmetrical introgression from shallow to deep. Median estimates of asymmetrical migration parameters between shallow 
and deep lineages output from bootstrapped pairwise demographic modelling for Montastraea cavernosa (left) and Siderastrea siderea (right). 
Shallow-to-deep migration estimates are coloured blue and deep-to-shallow estimates are coloured yellow. Colour saturation indicates if the 
estimate is associated with the background (full colour) or “islands of divergence” (faded) portion of the genome. Error bars depict the lower 
and upper quartiles of the parameter estimates, based on all bootstrapped modelling runs
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In particular, the Shallow2 lineage of S. siderea has the smallest Ne 
both in stairwayplot and in Moments and even experiences a long-
term reduction according to the Moments models in every pairwise 
comparison (Figure S5). Notably, this is the least abundant lineage 
among our adult samples, and we did not find a single associated 
juvenile at any site.

3.4  |  Loci underlying population structure

The specific loci underlying the distinction between identified line-
ages were investigated using the novel LD networks methodology, 
which is an adaptation of the WGCNA to identify groups (“modules”) 
of SNPs that covary across samples. This unsupervised analysis gen-
erated exactly four distinct SNP modules for each of the two spe-
cies, labelled as colours in Figure 5(a). For both species, each of the 
four SNP module “eigengenes” (i.e., the weighted average genotype 
of module SNPs) is strongly correlated with each of the four iden-
tified lineages (Figure  5b; Figure  S9), providing additional support 
that these lineages reflect the appropriate level of delineation within 
these species.

To corroborate that the SNP modules comprise loci that underlie 
the differentiation of each lineage from the others, FST was calcu-
lated for each of the SNPs included in this analysis. In both species, 
loci with stronger genotype correlation (either positive or negative) 
to each SNP module eigengene (i.e., stronger membership to each 

module) also exhibit greater FST values (M.  cavernosa: R2  = 0.24, 
p < 0.001, S. siderea: R2 = 0.30, p < 0.001; Figure 5c). As expected, 
the loci identified by bayescan as putatively under selection based 
on an FST outlier test fall at the extreme bounds of this association, 
where the absolute value of SNP–module correlation is less than 0.5 
(Figure 6).

Interestingly, module-specific loci do not seem to exhibit any 
clustering in the genome of M.  cavernosa (due to the lack of an 
annotated reference genome, this could not be assessed for S.  si-
derea). Instead, these loci seem to be scattered randomly across 
genomic scaffolds rather than being concentrated in a particular 
scaffold (Blue: χ2 = 982.8, df = 1,375, p = 1.0; Brown: χ2 =1,335.7, 
df = 1,375, p = 0.77; Turquoise: χ2 = 652.9, df = 1,375, p = 1.0; Yellow: 
χ2 = 1,385.0, df = 1,375, p = 0.42). We also do not find any evidence 
of functional enrichment among module-forming SNPs based on the 
GO_MWU analysis (Wright et al., 2015).

4  |  DISCUSSION

The data presented here reveal a picture of cryptic genetic structure 
that follows a strikingly consistent pattern within two widespread 
coral species of the Florida Keys. In both Montastraea cavernosa and 
Siderastrea siderea, genetically distinct lineages exist sympatrically. 
Both species also exhibit a pattern of environmental specializa-
tion, particularly across depth. In M. cavernosa, only one individual 
with ancestry associated with the deep site or either of the shallow 
sites was found in the opposing environment. In S. siderea, nine ju-
venile colonies associated with shallow ancestry were found at the 
deep site, but only one adult of the same background was found. 
No individuals of deep ancestry were found in the shallow habitats. 
Despite this specialization, we find evidence of ongoing introgres-
sion between all pairs of these lineages (Figure 3), as well as puta-
tive first-generation hybrids and backcrosses (Figure 1b,c). Notably, 
introgression is uneven across the genome (Figures 2a,b and 3): be-
tween 13% and 54% of the genome experiences several-fold lower 
introgression rate than the rest, ostensibly due to some form of se-
lection. This unequal introgression across the genome among envi-
ronmentally specialized lineages is the most notable feature of the 
genetic system described here.

4.1  |  Uneven gene flow across genome

When comparing pairs of genetic lineages, demographic models 
consistently indicate a substantial portion of the genome exhib-
its introgression rates that are reduced by a factor of up to 6.0 in 
M. cavernosa and up to 17.7 in S. siderea relative to the rest of the ge-
nome. Using a novel LD networks approach, we find that covarying 
SNPs consolidate into distinct lineage-specific modules (Figure 5a,b; 
Figure  S9), where SNPs that exhibit the strongest membership to 
their respective module also show the highest FST between lineages 
(Figure 5c and 6). Notably, there is never an obvious break between 

F I G U R E  4  Changes in effective population size. History of 
effective population size changes for each of the four lineages 
of Montastraea cavernosa (top) and Siderastrea siderea (bottom), 
as output from stairwayplot. Colours correspond to lineage 
assignments in Figure 1c. The 75% confidence intervals are 
displayed as bounding ribbons
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F I G U R E  5  SNP modules reflect loci underlying population differentiation. (a) Hierarchical trees display the interconnectedness of loci 
based on the measure of correlation (R2). Correlated SNPs are parsed into distinct modules, represented below the trees as colors. (b) 
SNP module eigengenes, or the weighted average genotype of SNPs within each module, are correlated with sample traits. Correlation 
coefficients are provided with associated pvalues in parentheses. A positive correlation (red) indicates that the majority of samples 
positive for the trait had higher derived allele frequency at the loci in the module, while a negative correlation (blue) indicates the opposite. 
Significance of module-trait correlations are reflected in the intensity of the box fill color and also under the correlation coefficient, as 
follows: ***p < 0.0001, **p < 0.001, *p < 0.05, NS, not significant. (c) For the four SNP modules (four panels) of each species, SNP module 
membership is compared to locus-specific pairwise FST estimates of all lineage pairs that include the lineage most correlated with the SNP 
module (panel b). SNPs assigned to each module are highlighted in the color corresponding the module name. Density plots along the axes 
illustrate the tendency for SNPs with highest membership to each module (distance from 0 on the x-axis) to also exhibit the highest FST 
between the correlated lineage and all other lineages (y-axis)

1

0.5

0

0.5

1

Sh
al

lo
w1

Sh
al

lo
w2

De
ep

1

De
ep

2

Ag
e

Ne
ar O
ff

De
ep

Turquoise
(n=5578)

Yellow
(n=262)

Blue
(n=3891)

Brown
(n=867)

0.88
***

0.58
***

0.67
***

0.045
NS

0.28
**

0.2
*

0.22
*

0.42
***

0.28
**

0.14
NS

0.26
**

0.96
***

0.029
NS

0.17
NS

0.14
NS

0.31
***

0.75
***

0.033
NS

0.96
***

0.1
NS

0.17
NS

0.31
***

0.29
**

0.59
***

0.35
***

0.98
***

0.13
NS

0.095
NS

0.22
*

0.16
NS

0.07
NS

0.23
*

1

0.5

0

0.5

1

Ne
ar O
ff

De
ep

1

De
ep

2

Ag
e

Ne
ar O
ff

De
ep

Blue
(n=2059)

Brown
(n=364)

Turquoise
(n=3617)

Yellow
(n=295)

0.92
***

0.55
***

0.49
***

0.097
NS

0.014
NS

0.42
***

0.013
NS

0.42
***

0.046
NS

0.28
**

0.24
*

0.97
***

0.15
NS

0.15
NS

0.097
NS

0.26
**

0.42
***

0.31
**

0.97
***

0.11
NS

0.03
NS

0.4
***

0.38
***

0.8
***

0.57
***

0.95
***

0.27
**

0.23
*

0.037
NS

0.058
NS

0.38
***

0.34
***1

BLUE : Nearshore
M

on
ta

st
ra

ea
ca

ve
rn

os
a

S
id

er
as

tr
ea

si
de

re
a

SNP Modules

SNP Modules

H
ei

gh
t

H
ei

gh
t

(a) (b)SNP module networks Module-trait correlations Module genotypes

1

Lineage Habitat

Lineage Habitat

0.00

0.25

0.50

0.75

1.00

1.0 0.5 0.0 0.5 1.0

0.00

0.25

0.50

0.75

1.00

1.0 0.5 0.0 0.5 1.0
0.00

0.25

0.50

0.75

1.00

1.0 0.5 0.0 0.5 1.0

0.00

0.25

0.50

0.75

1.00

1.0 0.5 0.0 0.5 1.0

Blue : Deep1

0.00

0.25

0.50

0.75

1.00

1.0 0.5 0.0 0.5 1.0

0.00

0.25

0.50

0.75

1.00

1.0 0.5 0.0 0.5 1.0
0.00

0.25

0.50

0.75

1.00

1.0 0.5 0.0 0.5 1.0

0.00

0.25

0.50

0.75

1.00

1.0 0.5 0.0 0.5 1.0

(c)

TURQUOISE : Shallow1

TURQUOISE : Deep1

Module membership (kME)

YELLOW : Offshore

BROWN : Deep2

BROWN : Shallow2

YELLOW : Deep2

1

0

F S
T

F S
T

F S
T

F S
T

1

0

1

0

1

0

-1 0 1-1 0 1

Module membership (kME)
-1 0 1-1 0 1

-1 0 1-1 0 1

-1 0 1-1 0 1

F I G U R E  6  SNP module membership recapitulates FST. Each SNP is represented as a point, coloured based on the WGCNA module to 
which it is most strongly correlated. Correlation to this module is reflected by its position along the x-axis. Positive correlation indicates 
SNPs that exhibit genotypic changes across samples in the same direction as the module eigengene (i.e., the weighted average genotype 
of all SNPs in the module). Negative correlation indicates SNPs that exhibit genotypic changes in the opposite direction as the module 
eigengene. The locus-specific component of FST between all pairwise lineages, as calculated by bayescan, is reflected on the y-axis. SNPs 
identified as putatively under selection based on an FST outlier test are in bold

0.0

0.1

0.2

0.3

0.4

0.5

1.0 0.5 0.0 0.5 1.0

Maximum gene-module correlation

Blue Brown
Turquoise Yellow

F S
T

Montastraea cavernosa Siderastrea siderea

0.0

0.1

0.2

0.3

0.4

0.5

1.0 0.5 0.0 0.5 1.0

Al
ph

a 
(L

oc
us

sp
ec

ifi
c 

co
m

po
ne

nt
 o

f F
st

)



    |  11RIPPE et al.

high and low FST values within each module (Figures 5c and 6), indi-
cating that the distinction between two kinds of loci suggested by 
our demographic models is just an approximation of the continuum 
of introgression rates across the genome. Still, the fact that models 
with heterogeneous introgression fit our data significantly better 
than models with uniform introgression implies the existence of a 
mechanism maintaining (or generating) additional genetic differen-
tiation in a substantial portion of the genome.

This pattern of restricted introgression has also been observed 
in the Caribbean octocoral, Eunicea flexuosa, which implies that it 
may be more common among Anthozoans than is currently recog-
nized (Prada & Hellberg, 2021). The mechanisms underlying such a 
process can be thought to operate at either the pre- or postzygotic 
stage. Mechanisms of prezygotic isolation can be diverse, including 
(in Anthozoa) spawning asynchrony, gametic incompatibility and im-
migrant inviability (Levitan & Ferrell, 2006; Levitan et al., 2004; Ohki 
et al., 2015; Prada & Hellberg, 2013). However, all prezygotic mech-
anisms are expected to generate genome-wide divergence rather 
than the heterogeneous divergence across the genome.

Rather, postzygotic factors that reduce the fitness of hybrid lar-
vae or adults are a more likely explanation, since this type of incom-
patibility is expected to be restricted to certain genes rather than the 
whole genome. One possibility is strong spatially varying selection, 
preventing introgression of locally adaptive alleles across environ-
mental boundaries. Previous research has shown that fitness-related 
traits in corals are probably highly polygenic in nature (Fuller et al., 
2020; Rose et al., 2018), and may be related to cryptic genetic struc-
ture (Gómez-Corrales and Prada, 2020). However, it is difficult to 
imagine how locally adaptive alleles could be so numerous (more 
than 50% of the genome in some cases) and how they can be spread 
evenly across the genome without association to any specific bio-
logical functions. Moreover, this explanation clearly does not apply 
to the sympatric depth-specialized lineages, particularly in M. cav-
ernosa where the two deep lineages are the most highly diverged of 
any lineage pair (Figure 2a). Another, more likely, possibility is that 
introgression is prevented by intragenomic incompatibility among 
alleles (Dobzhansky–Muller or DM incompatibilities; Orr, 1996) such 
that certain combinations of alleles at different loci that arise during 
lineage mixing are maladaptive and therefore selected against when 
a first-generation hybrid backcrosses to one of the parental lineages. 
While the theoretical framework for such a mechanism was first 
introduced by Dobzhansky (1937) and Muller (1942) over 75 years 
ago, only recently has genomics research demonstrated empirical 
support (Powell et al., 2020; reviewed in Presgraves, 2010). The two 
coral species studied here represent good study systems for future 
research to investigate the role of DM incompatibilities in creating 
genetic barriers.

4.2  |  Population size changes through time

Inferred Ne values and associated time stamps (Figure 4; Figures S5 
and S6) must be viewed with caution because of high uncertainty in 

the generation time and especially the mutation rate in these cor-
als. Still, fold-change in Ne and relative placement of expansions and 
declines along the time axis do not depend on these assumptions 
and can therefore be evaluated more reliably. It is tempting to asso-
ciate declines around 50–100 ka with glacial cycles and subsequent 
expansions with the stability of the last interglacial. This inference is 
similar to the scenario proposed by Prada et al. (2016) with respect 
to the genus Orbicella in the Caribbean basin and Cooke et al. (2020) 
regarding Acropora tenuis in the central Great Barrier Reef. However, 
this should only be viewed a tentative suggestion given our uncer-
tainty about absolute time. It is also worth mentioning that the “ex-
pansion” after 50 ka might not truly be an increase in population size 
but could instead reflect the onset of introgression between line-
ages. Such a case would lead to higher genetic diversity and there-
fore higher Ne within each lineage. The most recent decline in two 
M. cavernosa and two S. siderea lineages may appear to reflect the 
precipitous decline of Florida reefs in the last 50 years (Toth et al., 
2019); however, stairwayplot is unlikely to resolve such recent events 
(X. Liu & Fu, 2015). More probably, this Ne decline reflects the longer 
term decline of Florida Keys reefs since the flooding of the Florida 
Bay a few thousand years ago (Toth et al., 2018).

4.3  |  Environmental specialization across depth

A substantial body of literature investigating vertical connectivity 
in corals has accumulated in response to renewed interest in the 
“deep reef refugia” hypothesis. This term refers to the prospect that 
coral populations at depth, which are protected from the most se-
vere impacts of climate change, may sustain or repopulate degraded 
shallow reefs through larval subsidy (reviewed in Bongaerts et al., 
2010b). However, much of this recent research has revealed a pat-
tern of limited population connectivity across depth. In fact, studies 
of M. cavernosa have demonstrated a strong genetic barrier between 
deep and shallow populations in the Florida Keys, The Bahamas, 
U.S. Virgin Islands and Belize (Brazeau et al., 2013; Eckert et al., 
2019; Serrano et al., 2014), although not in the NW Gulf of Mexico 
or Bermuda (Serrano et al., 2014; Studivan & Voss, 2018). Similarly, 
other species in both the Caribbean and the Indo-Pacific show lim-
ited dispersal between depth zones, but with variation between re-
gions and species (Bongaerts et al., 2017; van Oppen et al., 2011; 
Serrano et al., 2016).

This study provides another example of genetic differentiation 
across depth, suggesting limited practicality for the “deep reef re-
fugia” hypothesis in the Florida Keys. Furthermore, the notable dis-
crepancy between cross-depth migrants of the juvenile and adult 
life stages in S. siderea offers insight into the mechanism underlying 
this divergence over a single generation. The presence of juveniles 
with shallow ancestry at the deep site indicates that successful larval 
recruitment from shallow to deep sites occurs at an appreciable fre-
quency. However, the lack of adults with the same shallow ancestry 
implies one of two possibilities. The first and perhaps more likely sce-
nario is that the majority of juveniles are not able to survive the deep 
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conditions and therefore do not reach adulthood, a straightforward 
signature of spatially varying selection. This could be due to a num-
ber of environmental factors that differ significantly across depth; 
light availability in particular has been shown to strongly affect 
coral physiology (Lesser et al., 2010; Suggett et al., 2013; Treignier 
et al., 2008; Villinski, 2003) and probably plays a role in filtering mal-
adapted genotypes from their non-native habitats. Other selective 
factors may include temperature conditions, particularly in regions 
of frequent upwelling, or variations in viable symbiont communities, 
which are known to be structured significantly by depth (Bongaerts 
et al., 2015; Eckert et al., 2020; Lesser et al., 2010). Alternatively, 
because this study represents only a single snapshot of a continu-
ous process, a second possibility is that we have captured a recent 
shallow-to-deep colonization event in S. siderea, which in time may 
yield a third sustainable adult population at depth.

Moreover, the observed asymmetry of juvenile distribution 
across depth in S. siderea, wherein juveniles of shallow lineage were 
observed in the deep habitat but not vice versa (Figure 1), mirrors 
the asymmetry in modelled introgression rates, which tend to be 
higher from shallow to deep than from deep to shallow (Figure 3). 
This result is in agreement with that of Bongaerts et al. (2017), 
where shallow-to-deep introgression in Agaricia fragilis is inferred 
from asymmetry in the private allele distribution, and Prada and 
Hellberg (2021), where asymmetrical introgression in the Caribbean 
octocoral Eunicea flexuosa is shown to favour the shallow-to-deep to 
direction. Moreover, it also aligns with recent experimental evidence 
from two Stylophora species and a brooding octocoral demonstrat-
ing that shallow-origin larvae exhibit lower settlement specificity 
across shallow and deep conditions compared with mesophotic-
origin larvae (Shlesinger & Loya, 2021).

4.4  |  Environmental specialization across 
reef zones

In addition to the pronounced genetic barrier across depth, there 
is more subtle evidence of a selection gradient between nearshore 
and offshore reef zones. Particularly in M. cavernosa, comparison of 
adult and juvenile populations indicates that individuals assigned to 
the Nearshore or Offshore lineage are more than twice as likely to 
reach adulthood in their local habitat than the alternative lineage. It 
is important to note that the fitness calculation used here does not 
allow for estimation of statistical error; however, previous research 
on the octocoral Eunicea flexuosa shows with greater statistical cer-
tainty that differences in the distribution of environment-associated 
lineages between age groups can be used to infer local adaptation, in 
this case across a depth and light gradient (Prada & Hellberg, 2014).

Furthermore, this finding from M. cavernosa is reflective of pre-
vious research demonstrating local adaptation across the cross-shelf 
gradient, a pattern that is often associated with differences in ther-
mal tolerance. Evidence suggests that corals from nearshore reef 
habitats, which experience extreme daily and seasonal seawater 
temperature fluctuations, are more resilient to warming than their 

outer reef conspecifics, which experience more thermally stable 
conditions (Barshis et al., 2013; Castillo et al., 2012; Kenkel & Matz, 
2016; Palumbi et al., 2014). In the Florida Keys, this pattern is com-
pounded by a cross-shelf gradient in water quality, characterized by 
decreasing turbidity and nutrient concentrations moving away from 
shore (Lapointe et al., 2019; Lirman & Fong, 2007). Variation in water 
quality parameters, such as overall nutrient load, dissolved nutri-
ent stoichiometry and the concentration of suspended particulate 
matter, can dramatically alter coral physiology (Allgeier et al., 2020; 
Anthony & Fabricius, 2000; Koop et al., 2001) and have been shown 
to diminish coral resistance to bleaching and disease (DeCarlo et al., 
2020; Vega Thurber et al., 2014; Wiedenmann et al., 2013). It is 
likely that the combined pressure of these cross-shelf gradients in 
temperature and water quality conditions is responsible for the ob-
served genetic specialization to each reef zone.

In S. siderea, while there is no evidence of a specialization across 
shallow nearshore and offshore reef zones, it is notable that every 
pairwise demographic model indicated a recent reduction in effec-
tive population size for the Shallow2 lineage (Figure S5). This pattern, 
coupled with the fact that no juveniles of this lineage were found, 
suggests that this population may be facing competitive exclusion in 
this region of the Florida Keys Reef Tract. By contrast, the ubiquity 
of the larger shallow lineage (Shallow1) across the two shallow sites 
and evidence of successful recruitment to the deep suggests that 
this lineage may be capitalizing on a selective advantage throughout 
this region.

4.5  |  Origin of lineages

The fact that two phylogenetically divergent species (belonging to 
different families of the order Scleractinia) show such strikingly simi-
lar patterns of genetic subdivision (Figure 1) and demographic his-
tory (Figure 4; Figures S5 and S6) suggests that the mechanism that 
initially gave rise to their genetic structure might be linked to the 
properties of the environment that they share (i.e., the Florida Keys 
Reef Tract). The Florida Keys Reef Tract is unusual among Caribbean 
reef systems in that it has been influenced by the tidal flow from 
the Florida Bay over the past few thousand years, which can be det-
rimental for reef development (Toth et al., 2018). Moreover, it can 
receive immigrant larvae from distant locations that are not directly 
connected to each other, such as The Bahamas and Mexico (Schill 
et al., 2015). It is possible that a combination of these factors led to 
accumulation and sympatric survival of several distinct lineages that 
originated elsewhere in the Caribbean.

Overall, we expect that a combination of prezygotic isolation and 
local adaptation may have played a role in the initial formation of 
these genetic lineages, and that accumulation of DM incompatibil-
ities during this period of isolation continues to maintain the diver-
gence between lineages despite occurring in sympatry. Interestingly, 
the Moments models indicate a period of isolation for only a subset 
of the lineage pairs in both species (see Figures S5 and S6 where 
periods of isolation are depicted as epochs which lack migration 
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arrows and are highlighted with asterisks), and multiple iterations of 
this analysis yield slight inconsistencies in the presence or absence 
of these periods across runs. Thus, these data do not provide con-
clusive evidence in support or against this hypothesis regarding the 
origin of lineages, and additional research involving whole-genome 
sequencing and controlled crosses is needed.

Our data also suggest that new deep lineages tend to originate 
from shallow rather than from other deep lineages based on the fol-
lowing evidence: (i) the two deep lineages of M. cavernosa are the 
most highly divergent of all lineage pairs in this species (Figure 2a; 
Table  S1), and (ii) in both species the lowest pairwise differenti-
ation involving the Deep2 lineage, both in terms of FST (Figure 2a) 
and time since divergence (Figures S5 and S6), occurs with a shal-
low lineage, not the other deep lineage. Notably, in M. cavernosa the 
closest lineage to Deep2 is the Nearshore lineage, not the Offshore 
lineage as could have been expected based on physical proximity 
of the offshore and the deep reef habitats (Figure  1a). Moreover, 
the Nearshore lineage of M. cavernosa is actually the most closely 
related lineage to the reference genome, despite the reference indi-
vidual being collected from a near-mesophotic habitat in the Flower 
Garden Banks (Figure S10). It is possible that the nearshore–deep 
transition is facilitated by a shared adaptation to lower light con-
ditions, due to higher turbidity nearshore and light attenuation at 
depth.

4.6  |  Broader implications

Before the emergence of stony coral tissue loss disease (SCTLD; 
Muller et al., 2020; Precht et al., 2016), the two coral species studied 
here were among the least vulnerable in the Florida Keys (Ruzicka 
et al., 2013; Toth et al., 2019). Even now, while large adult M. caver-
nosa and S. siderea are highly susceptible to SCTLD, young recruits of 
these species are still numerous and there is optimism for significant 
recovery. This is in sharp contrast to the once major reef-builders 
of Caribbean reefs, Acropora palmata and Orbicella sp., which have 
largely lost the capacity to replenish their populations through lar-
val recruitment and in the Florida Keys are sustained exclusively 
by asexual reproduction through fragmentation (van Woesik et al., 
2014). It is perhaps not coincidental that these two formerly foun-
dational but now effectively ecologically extinct species are highly 
genetically uniform in the Florida Keys (Devlin-Durante & Baums, 
2017; Manzello et al., 2019), while the two relatively successful 
species studied here demonstrate similar subdivision into environ-
mentally specialized, semi-isolated genetic lineages. Perhaps the 
capacity to split and specialize allows the species as a whole to ac-
cumulate broader adaptive genetic variation that fuels evolutionary 
rescue in times of change. This is even more likely considering that 
despite specialization there is still appreciable gene flow between 
lineages (Figure 3).

With respect to ongoing coral reef management and resto-
ration efforts, the implication of cryptic diversification and special-
ization within species is important, as the provenance and genetic 

background of nursery-propagated corals can inform managers of 
the most suitable environments for outplanting. In addition, hy-
bridization between lineages ex situ might serve the role of assisted 
gene flow (AGF; Aitken & Whitlock, 2013) by facilitating the flow 
of adaptive variation across lineage boundaries. Notably, unlike 
conventional AGF that involves crossing corals from different geo-
graphical regions (Baums et al., 2019), such “local AGF” would not be 
restricted by regulations prohibiting the exchange and breeding of 
coral genotypes across national borders.

Furthermore, with respect to the expanding research focus on 
cryptic genetic structure in corals and many other marine and ter-
restrial taxa, it is worth highlighting that the LD network methodol-
ogy employed in this study provides the capability to define specific 
modules of covarying loci underlying this phenomenon. Compared to 
standard analyses of locus-specific FST, this approach is well suited to 
scenarios in which the mechanism of divergence between lineages is 
polygenic and can be used to resolve correlated allele frequency shifts 
unique to specific populations. Additionally, although the design of 
this study limited our ability to associate these loci with clear biolog-
ical function, we expect the utility of this method to be even greater 
with higher genomic resolution and when accompanied by phenotypic 
data, particularly with respect to known fitness-related traits.
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