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Abstract
Largely understudied, mesophotic coral ecosystems lie below shallow reefs (at >30 m 
depth) and comprise ecologically distinct communities. Brooding reproductive modes 
appear to predominate among mesophotic-specialist corals and may limit genetic 
connectivity among populations. Using reduced representation genomic sequenc-
ing, we assessed spatial population genetic structure at 50 m depth in an ecologically 
important mesophotic-specialist species Agaricia grahamae, among locations in the 
Southern Caribbean. We also tested for hybridisation with the closely related (but 
depth-generalist) species Agaricia lamarcki, within their sympatric depth zone (50 m). 
In contrast to our expectations, no spatial genetic structure was detected between 
the reefs of Curaçao and Bonaire (~40 km apart) within A. grahamae. However, cryptic 
taxa were discovered within both taxonomic species, with those in A. lamarcki (incom-
pletely) partitioned by depth and those in A. grahamae occurring sympatrically (at the 
same depth). Hybrid analyses and demographic modelling identified contemporary 
and historical gene flow among cryptic taxa, both within and between A. grahamae 
and A. lamarcki. These results (1) indicate that spatial connectivity and subsequent re-
plenishment may be possible between islands of moderate geographic distances for A. 
grahamae, an ecologically important mesophotic species, (2) that cryptic taxa occur in 
the mesophotic zone and environmental selection along shallow to mesophotic depth 
gradients may drive divergence in depth-generalists such as A. lamarcki, and (3) high-
light that gene flow links taxa within this relativity diverse Caribbean genus.
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1  |  INTRODUC TION

Mesophotic coral reef ecosystems lie below the well-studied shallow 
coral reefs (at ~30–150 m depth) (Lesser et al., 2009) and represent 
a substantial proportion of the world's potential coral reef habitat. 
These reefs have received considerable recent attention due their 
hypothesised role as ecological refuges (Bongaerts, Ridgway, et al., 
2010; Bongaerts & Smith, 2019; Glynn, 1996; Semmler et al., 2017). 
Consequently, vertical genetic boundaries have been assessed 
within “depth-generalist” hard corals, namely those found in both 
shallow and mesophotic reefs. In such studies, vertical genetic struc-
ture has been commonly observed, although often varying among 
species and location (Bongaerts et al., 2017; Brazeau et al., 2013; 
Eckert et al., 2019; Serrano et al., 2014, 2016; Studivan & Voss, 
2018; van Oppen et al., 2011), refuting the concept of universal 
vertical replenishment (Bongaerts & Smith, 2019). Mesophotic coral 
communities, like their shallower counterparts, are also threatened 
by thermal anomalies and tropical storms (Bongaerts & Smith, 2019). 
Despite many surveys of connectivity in depth-generalists, patterns 
of horizontal connectivity in “mesophotic-specialist” species remain 
unexplored. If mesophotic-specialist species are horizontally iso-
lated, then they would be more vulnerable to local disturbances than 
if populations are well-connected.

Scleractinian corals have traditionally been classified into two 
major modes of reproduction, which differentially affect spatial ge-
netic structuring (Bongaerts et al., 2017; Carlon, 1999). In brooders, 
maternal colonies brood and release developed larvae with the abil-
ity to settle within hours (Carlon, 1999). This results in low dispersal 
potential and potential philopatry of the larvae (Warner et al., 2016). 
In contrast, larvae of broadcast spawners develop in the water col-
umn and are pelagic for longer (days to weeks) and thus have greater 
chances of dispersal (Carlon, 1999). Genetic surveys are often con-
sistent with these expectations when examined over moderate to 
large distances (tens to thousands of km), where broadcast spawn-
ers generally exhibit low or negligible horizontal population struc-
ture (Baums et al., 2010; Huang et al., 2018; Nakajima et al., 2010; 
Serrano et al., 2014; Severance & Karl, 2006; Studivan & Voss, 2018; 
Tay et al., 2015; van Oppen et al., 2015), whereas brooding taxa typ-
ically have discernible population structure over similar distances 
(e.g., Carlon & Budd, 2002; Casado-Amezúa et al., 2012; Goffredo 
et al., 2004; Gorospe & Karl, 2015; Stoddart, 1984; Underwood 
et al., 2006). However, these patterns are not universal, and it is still 
common for broadcasters to demonstrate fine-scale structure from 
local retention and brooders to demonstrate broad-scale connectiv-
ity from a few widely dispersed propagules (Ayre & Hughes, 2000; 
Gorospe & Karl, 2013; Miller & Ayre, 2008; Riquet et al., 2021). At 
least in the Caribbean, most scleractinian coral species exclusive 
to mesophotic depths appear to be brooders (Bongaerts, Ridgway, 
et al., 2010). This suggests that these depth-specialist species could 
be highly structured and thus more vulnerable to local disturbances 
when compared to broadcast spawners.

Species boundaries in corals are poorly defined and are likely 
to be evolutionarily porous. Cryptic genetic groups are frequently 

described in corals (Arrigoni et al., 2019; Bongaerts et al., 2021; 
Gómez-Corrales & Prada, 2020; Ladner & Palumbi, 2012; Nakajima 
et al., 2017; Warner et al., 2015) and both homoplasy and pheno-
typic plasticity can lead to the misidentification of genetically dis-
tinct taxa (Forsman et al., 2009; Kitahara et al., 2016; Paz-García 
et al., 2015). Incomplete reproductive barriers between closely 
related taxonomic species are common (reviewed in Willis et al., 
2006), as are successful interspecific laboratory crosses (Willis et al., 
1997). Regular hybridisation between species or, reticulate evolu-
tion, has long been suspected to be an important aspect of coral 
evolution (Veron, 1995). Multilocus genetic or genomic approaches 
are moreover uncovering evidence for historical introgression (Mao 
et al., 2018) and frequent observations of contemporary admix-
ture are consistent with intermixing of semi-differentiated taxa 
(e.g., Acropora spp., Ladner & Palumbi, 2012; Favia spp., Carlon 
& Budd, 2002; Madracis spp., Frade et al., 2010; Platygyra spp., 
Miller & Benzie, 1997; Pocillopora spp., Combosch & Vollmer, 2015; 
Porites spp., Forsman et al., 2017; Psammocora spp., Stefani et al., 
2008, Seriatopora spp. Bongaerts, Riginos, et al., 2010; Stylophora 
spp., Arrigoni et al., 2016; and octocorals, Prada & Hellberg, 2013; 
Quattrini et al., 2019). Recently, demographic modelling that is 
sensitive to detecting low levels of historical gene flow has shown 
evidence of this between taxa (e.g., Cooke et al., 2020; Ladner & 
Palumbi, 2012; Prada & Hellberg, 2020; Rippe et al., 2021). The 
examination of co-occurring closely related but genetically distinct 
groups can provide further insights into evolutionary dynamics of 
divergence with gene flow (Bird et al., 2012; Nosil, 2008). For exam-
ple, morphologically cryptic and sympatric coral taxa may represent 
incipient species where specific habitats delineate taxa (e.g., Carlon 
& Budd, 2002; Warner et al., 2015) or differences in reproductive 
timing (e.g., Rosser, 2015). Determining the extent to which scler-
actinians can exchange alleles intra- or interspecifically can provide 
insights into possible rates of adaptive evolution such as in response 
to anthropogenic stresses.

Here, we focus on the genus Agaricia (Order: Scleractinia), which 
is one of the most speciose genera in the Caribbean and perhaps 
the most dominant group at mesophotic depths (Loya et al., 2019). 
Agaricia species have predominately plating morphologies and have 
been described as both hermaphroditic (Fadlallah, 1983) and gono-
choric (Kerr et al., 2011). A brooding reproductive mode has been 
observed (through larval experiments) for three out of the seven 
species (A. humilis, A. tenuifolia and A. agaricites: Morse et al., 1988) 
and has therefore been assumed for the genus. Agaricia species are 
also presumed to have maternal inheritance of symbionts (Baird 
et al., 2009) resulting in host-endosymbiont specificity and with 
most species harbouring a distinct Cladocopium strain (Bongaerts 
et al., 2013). Within the Southern Caribbean, Agaricia species segre-
gate by depth with some habitat overlap. Three species occur abun-
dantly at mesophotic depths: depth-generalist, Agaricia lamarcki 
(most commonly found: ~15–50 m), and depth-specialists A. graha-
mae (~50–90 m) and A. undata (~60–90 m) (Bongaerts, Frade, et al., 
2015; Bongaerts et al., 2013). Genetic structure has been assessed 
previously in Agaricia species, with horizontal spatial structure 
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found over small to moderate distances in A. agaricites and A. fra-
gilis (<40 km) (Bongaerts et al., 2017; Brazeau et al., 2005) but not 
in A. lamarcki and A. undata (considering similarly small to moder-
ate distances: <40 km) (Gonzalez-Zapata et al., 2018; Hammerman 
et al., 2018). However, the spatial genetic structure of a dominant 
mesophotic-specialist, A. grahamae, has not yet been determined. 
This species shares the same Cladocopium strain with A. lamarcki 
at their sympatric depth zone (50  m), with A. lamarcki predom-
inantly hosting a different strain at shallower depths (Bongaerts, 
Carmichael, et al., 2015; Bongaerts et al., 2013). Furthermore, mi-
tochondrial markers (atp6, nad5 and cox1-1-rRNA) have been unable 
to genetically differentiate A. grahamae and A. lamarcki (Bongaerts, 
Frade, et al., 2015; Bongaerts et al., 2013), although this is not 
surprising for Anthozoans with slow mutation rates of mtDNA, 
and shared haplotypes probably indicates their close-relatedness. 
Consequently, there is potential for hybridisation between A. gra-
hamae and A. lamarcki as well as host divergence of shallow and 
mesophotic populations within A. lamarcki.

To evaluate horizontal genetic structure and interspecific gene 
flow of these ecologically important mesophotic species, we used a 
reduced representation genome sequencing approach (nextRAD) on 
specimens collected using a manned submersible and deep technical 
diving. We tested the following three hypotheses: (1) there is hori-
zontal genetic structure between populations of mesophotic depth-
specialist scleractinian species, Agaricia grahamae between Curaçao 
and Bonaire (~40 km); (2) gene flow occurs or has occurred between 
A. grahamae and congener, A. lamarcki within the depth zone they 
share (50 m); and (3) depth-partitioning occurs within A. lamarcki be-
tween 15 and 50  m. After initial examination of the genetic data, 
we found two sympatrically occurring cryptic taxa each within both 
taxonomic species and thus post hoc decided to test the hypothe-
sis that: (4) gene flow occurs between cryptic taxa or has occurred 
during their divergence history. To examine spatial genetic structure 
and identify hybrids, we used individual-based assignment models 
and multivariate analyses. For testing whether and when gene flow 
occurred during the divergence of taxa, we used the diffusion ap-
proximations for demographic inference (dadi) (Gutenkunst et al., 
2009) to compare various demographic scenarios.

2  |  MATERIAL S AND METHODS

2.1  |  Sample collection

Specimens of Agaricia were collected at eight different locations 
on the leeward side of the islands of Curaçao and Bonaire in the 
Southern Caribbean, as part of the “XL Catlin Seaview Survey” carried 
out between March and April 2013 (Figure 1, Table S2-1). Samples 
were collected using technical SCUBA or the manned submersible 
‘‘Curasub’’ operated by ‘‘Substation Curaçao’’, under permits from 
the Curaçao Government and the Bonaire Island Council. Specimens 
of the focal species Agaricia grahamae (Wells, 1973) were collected 
at a sampling depth of 50 m (±2 m), with two additional populations 
sampled at 60  m (±2  m) and 80  m (±5  m), whereas specimens of 
Agaricia lamarcki (Milne-Edwards & Haime, 1851) were collected at a 
subset of four locations within Curaçao at a sampling depth of 15 m 
(±2 m) or 50 m (±2 m). At one site, “CR60” (Figure 1, Table S2-1), 
additional samples were collected from the same colony (tissue con-
nected) to assess for potential chimeras and from closely adjacent 
colonies (tissue not connected) to assess for potential clones due 
to fission. Morphological classification of the two species followed 
the taxonomic features specified by Wells (1973), Veron (2000) and 
Humann and DeLoach (2002). An additional 12 A. grahamae samples 
from San Andrés, Colombia (SA) were collected under permits by the 
National Environmental Licensing Authority (ANLA), and added as 
outgroup samples: three were collected from the upper mesophotic 
zone (60–65 m) and nine from the lower mesophotic zone (85 m). 
Small fragments of colonies were stored in salt-saturated buffer so-
lution containing 20% DMSO and 0.5 M EDTA, and for a subset of 
specimens a skeletal voucher was collected.

2.2  |  DNA isolation, library 
preparation and sequencing

Isolation of genomic DNA from the coral host was carried out as 
reported in Bongaerts et al. (2017), using centrifugation steps to 
reduce endosymbiont contamination. Symbiodiniaceae were then 

F I G U R E  1  Sampling locations for 
collected samples of Agaricia grahamae 
and A. lamarcki. Samples were collected 
from Curaçao and Bonaire located in the 
Southern Carribean, outgroup samples are 
from San Andrés (top left). Samples of A. 
grahamae were collected from five sites 
in Curaçao and three sites in Bonaire and 
A. lamarcki were collected in four sites 
in Curaçao: CK, CR, CS and CE (bottom 
left). Photograph of the two study species 
(right)
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isolated from two A. grahamae specimens (to sequence separately 
as a subtraction reference), using fluorescence-activated cell sorting 
(BD FACSAria Cell Sorter) at the Queensland Brain Institute. Quality 
and yield of gDNA were assessed using gel electrophoresis and a 
Qubit fluorometer, with a subset of samples (A. grahamae n = 176; 
A. lamarcki n = 51; Symbiodiniaceae n = 2) selected for downstream 
sequencing. For A. lamarcki, the Symbiodiniaceae ITS2 profile was 
determined for several of these samples in a previous study (n = 6; 
Bongaerts, Carmichael et al., 2015), and we screened the profiles of 
an additional 41 samples using the same ITS2-DGGE method against 
reference samples from that study. Library preparation was carried 
out using the nextRAD method (SNPsaurus, LLC), using a 9 bp selec-
tive sequence (“GTGTAGAGG”) to amplify loci consistently between 
samples. Genomic DNA was fragmented and ligated with adapter se-
quences using Nextera reagent (Illumina, Inc), and sequenced across 
a total of six HiSeq 2500 (Illumina, Inc) lanes using 100 bp single-end 
chemistry and following the manufacturer's recommended protocol. 
Samples that failed in the initial run (three lanes), were purified using 
AMPure XP beads to remove potential inhibitors and sequenced 
again on the additional HiSeq lanes.

2.3  |  Sequence clustering and variant calling

TRIMGALORE v.0.4.5 (https://github.com/Felix​Krueg​er/TrimG​
alore) was used to remove adapters and low-quality ends (Phred 
below 20) and discarding reads that were less than 30 bp. Read clus-
tering was conducted using the IPYRAD pipeline v.0.7.22 (Eaton & 
Overcast, 2017) using default settings, excepting: minimum depth 
statistical/majority = 10, filter for adapters = 1, maximum uncalled 
bases = 5, maximum heterozygotes = 8, and maximum number of 
SNPs per locus  =  20. Initial filtering, symbiont contamination re-
moval and defining clonal lineages followed Bongaerts et al. (2017) 
(available through: https://github.com/pimbo​ngaer​ts/radseq), un-
less otherwise indicated. We used BLASTN to identify and remove 
any matches to three Symbiodiniaceae databases (RAD isolates from 
Bongaerts et al. (2017), Breviolum minutum (ITS2 type B1) genome 
(Shoguchi et al., 2013) and Cladocopium (ITS2 type C1) genome 
(Liu et al., 2018). Other potential microbial contamination was re-
moved through a BLASTN search against the NCBI nonredundant 
nucleotide database, extracting positive matches (max. e-value of 
10−4) that were classified as non-Cnidarian taxa (using the NCBI 
Taxonomy Database). RAD loci were truncated to 100 bp prior to 
downstream analysis. Two sequencing duplicates (but from the same 
library preparation) of each species were included in the data set 
to assess genotyping error and as a comparison to identify natu-
ral clones. The occurrence of any genetically identical individuals 
(clones) were then evaluated through assessing the distribution of 
allelic similarities between all pairs of individuals. Pairs of individuals 
that had 96% similar reads and above were deemed as clonal groups 
and one representative of each pair was retained. This threshold was 
chosen due to a combination of the genetic similarity of sequenc-
ing replicates (at similarities of 99%), a break in the distribution of 

pairwise allele similarities, and the maximum similarity (95%) that 
was observed for individuals occurring at different sites. Two data 
sets were retained: one removing putative clonal individuals and a 
second with all individuals.

The VCF file containing SNP data was filtered using VCFTOOLS 
v.0.1.16 (Danecek et al., 2011) to have a minor allele count of three 
due to many singletons and doubletons probably being sequencing 
or PCR errors and thus have consequences on downstream popula-
tion genetic analyses (Andrews et al., 2016; Linck & Battey, 2019). 
To remove sites that were not represented across most individuals, 
we removed sites that had >50% missing data across individuals 
and used a minimum depth of five per site. Certain individuals with 
low coverage across sites (<50% of sites genotyped) were removed. 
The removal of individuals with high missing data was conducted 
before more stringent filtering as these individuals will bias which 
sites are retained. Lastly, as different missing data filtering thresh-
olds can change observed genetic patterns substantially, we applied 
four different thresholds for sites: (1) 50% maximum missing data of 
sites across individuals, (2) 20%, (3) 10% and (4) 5% and these data 
sets were compared for congruence across analyses. Results from 
the 20% missing data data set are presented here unless reported 
otherwise due to congruence of results across the four thresholds.

2.4  |  Statistical analysis

2.4.1  |  Population structure

To assess population structure of both species and initial evi-
dence for hybridisation and introgression between species, meth-
ods that do not use a priori population assumptions were used. 
Models employed include: model-based multilocus population as-
signment methods based on maximum likelihood (ADMIXTURE, 
v.1.3.0 Alexander et al., 2009) and Bayesian (STRUCTURE, v.2.3.4 
Pritchard et al., 2000) optimisation criteria as well as principal com-
ponent analysis (PCA) and likelihood-based genetic clustering (using 
functions “glPCA”, “snap.clust” and “find.clusters” in the package, 
ADEGENET v.2.1.3 (Jombart, 2008) in R v.3.6.3 R Core Team, 2020). 
The consensus of all four methods was used to identify the number 
of genetic clusters (K) within the data sets and to assign individuals 
to these clusters. The data sets including clones and without clones 
were compared for differences. Both “all SNPs” and putatively 
“neutral” data sets were compared for differences in genetic clus-
tering patterns. The “neutral” data sets were created by removing 
outlier SNPs found using PCADAPT R package v.4.3.3 (Luu et al., 
2017). The PCADAPT method identifies SNPs that exhibit signifi-
cantly large correlations with certain PC axes relative to the genomic 
background, based on Mahalanobis distance and corrections using 
a genomic inflation factor. The calculation of q-values was used to 
determine which SNPs to retain with a false discovery rate <10% 
calculated by the QVALUE package v.2.18.0 (Storey et al., 2019) in R.

For ADMIXTURE and STRUCTURE analyses, the data sets were 
randomly trimmed to one SNP per contig to reduce correlations 
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caused by physical linkage. Replicate data sets (10 replicates) 
with one random SNP per contig were created for comparison. In 
ADMIXTURE we ran each data set with a cross-validation of 100 
for K = 1–7. In STRUCTURE we ran each data set with a Burnin of 
100,000 and 50,000 MCMC repeats for K = 1–7. Cross-validation 
error between runs, log-likelihood ratios, and Evanno's Best K 
(Evanno et al., 2005) were evaluated to find the most likely num-
ber of clusters for each data set in both analyses. For the PCA, the 
number of PC axes were deemed appropriate by assessing a drop 
between eigenvalues (where the slope becomes less steep as the 
cutoff) as well as qualitatively assessing any structure on each axis 
iteratively until structure dissipates. For likelihood-based genetic 
clustering using the snap.clust function, we chose the number of 
genetic groups (K) with lowest value for the Akaike information cri-
terion (AIC) and the Bayesian information criterion (BIC) between 
K = 1–10 for each data set. We found two cryptic and sympatric ge-
netic groups within each species (referred to as AG1 and AG2 within 
A. grahamae and AL1 and AL2 within A. lamarcki hereafter), these 
were treated as separate groups in subsequent analyses.

We calculated deviations from the Hardy-Weinberg equilibrium 
for genetic groups within each taxonomic species using the “sum-
mary” function in ADEGENET, then used Bartlett's test for ho-
moscedasticity and a t-test for differences in means between the 
expected and observed heterozygosity in the package STATS v.3.6.3 
(R core team). We calculated population genetic statistics for each 
species treating each genetic group (e.g., AG1 and AG2) as popu-
lations, in the HIERFSTAT package v.0.0.4 (Goudet, 2005) in R for 
FIS and Weir and Cockerham's FST. We tested for significance using 
Goudet's G-statistic with 1000 permutations. A χ2 test was used to 
detect correlations between the frequency of the genetic group in 
each depth profile for A. lamarcki using STATS.

2.4.2  |  Hybridisation and introgression

Potential hybrids and individuals with various levels of mixed ances-
try were found within in the assignment methods results. We inves-
tigated putative hybridisation using NEWHYBRIDS v.1.1 (Anderson 
& Thompson, 2002). NEWHYBRIDS incorporates the predictable 
patterns of inheritance seen in mating events rather than using only 
allele frequencies. We assessed whether individuals had genotypes 
consistent with any of eight hybrid classes: (1 and 2) pure parental, 
P1 or P2, (3) first- F1 or (4) second-generation, F2 hybrids (F1 hy-
brid offspring), (5 and 6) first generation backcross from F1 into each 
parent group, b-1 or b-2, or (7 and 8) second-generation backcross 
into each parent group, b-1–1 or b-2–2. The analysis was run for 
≥10,000 steps and ≥10,000 MCMC with both Jeffery's and Uniform 
distributions testing for the eight possible genotype scenarios and 
each run was repeated five times. The number of steps the analy-
ses was run for was determined by convergence of the parameters. 
We show results from the 5% missing data sets with neutral and 
unlinked SNPs due to inability to estimate hybrid classes with higher 
missing data thresholds.

2.4.3  |  Spatial genetic structure

We assessed the spatial genetic structure of the genetic groups 
within both A. grahamae and A. lamarcki to look for potential spatial 
and or environmental barriers to gene flow. We applied redundancy 
analysis (RDA) to assess the relative exploratory power of geo-
graphic distance and depth environment to SNP genotype data. RDA 
performs a multiple linear regression between matrices (Legendre & 
Legendre, 2012) and is a commonly used technique for assessing the 
relative contribution of multiple predictors. It is effective for uncov-
ering predictors of population genetic structure (e.g., Forester et al., 
2018; Legendre & Fortin, 2010). We utilised the partial RDA model 
for each taxonomic species: SNPs ~latitude + longitude + depth en-
vironment (categorical) + condition (genetic group). Because cryptic 
genetic groups within each species were found, conditioning was 
used to evaluate the relative contribution of depth and geographic 
location to SNP variance considering the variance explained by the 
genetic groups. Missing genetic data was imputed with the most 
common SNP following Forester et al. (2018). For A. grahamae, we 
calculated the over-water distance matrix between locations using 
the function “lc.dist” in the package MARMAP v.1.0.4 (Pante & 
Simon-Bouhet, 2013) in R. Here, we calculated the least-cost path 
between our locations which avoids land masses. These distances 
were then transformed into PCoA coordinate scores for input as ex-
ploratory factors into the RDA model. For A. lamarcki, which was 
only sampled in sites in Curaçao, we used the raw latitudes and lon-
gitudes as input into the RDA model because the over-water dis-
tance was similar. We used the “rda” function in the package VEGAN 
v.2.5 (Oksanen et al., 2018) in R. We began with the full models and 
used permutation tests (1000 permutations) to permute the geno-
types randomly and assess the global model, RDA axes and marginal 
significance using PERMANOVA (“anova.cca” function) (Legendre 
et al., 2011).

2.4.4  |  Demographic inference

To explore the possibility of gene flow occurring during the diver-
gence of our taxa, we used the diffusion approximation of demo-
graphic inference dadi v.2.1.1 (Gutenkunst et al., 2009) in PYTHON 
v.3.6. We treated the two clusters found previously within each spe-
cies as separate populations (within A. grahamae: AG1 and AG2 and 
within A. lamarcki: AL1 and AL2). The joint allele frequency spectrum 
(JAFS) was used to examine the likelihood of various demographic 
scenarios by modelling forward-in-time changes to the JAFS using 
solutions to the Chapman-Kolmogrov forward equation (i.e., the dif-
fusion approximation). The JAFS is a matrix of bins comprising SNP 
counts for each combination of haplotype frequencies between 
the populations. We tested five different divergence scenarios for 
our 2-population comparisons: (1) divergence with no migration (no 
mig), (2) divergence with continuous symmetrical migration (sym 
mig), (3) divergence with continuous asymmetrical migration (asym 
mig), (4) divergence with ancient symmetrical migration followed by 
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isolation (anc mig) and (5) divergence in isolation followed by sym-
metrical migration (sec cont) (see Supporting Information S1-1 for 
schematics of models). For each model, we incorporated inbreed-
ing due to finding a statistically significant positive FIS within each 
taxon (Blischak et al., 2020). Parameters for each of these models 
were fit for the JAFS of each pairwise population comparison, within 
(i.e., AG1 and AG2) and between the known species (i.e., AG1 and 
AL1), thus we assessed divergence patterns within six paired groups. 
The folded JAFS was used due to the ancestral state of each allele 
being unknown without an available outgroup as a reference. The 
JAFS were constructed by representative individuals from each 
population, which had >0.95 admixture assignment using neutral, 
unlinked (one SNP per contig) and 20% missing loci data sets. The 
“subsample” function in dadi was used to randomly select a subset 
of haplotypes for analysis and maximise the number of SNPs due to 
missing data issues and to avoid difficulties with modelling inbreed-
ing when projecting SNP frequencies to smaller sizes. In each paired 
population comparison, singletons and doubletons were masked be-
cause these entries were unreliable due high error rates in sequenc-
ing. Model parameters were optimised by simulating a model JAFS 
and calculating the likelihood of each model fit to our data set JAFS 
using the Nelder-Mead simplex as the optimising algorithm. We as-
sured convergence by running optimisations until independent runs 
with the same parameter scores (≤1% difference) and the lowest AIC 
occurred ≥2–3 times. We then compared ΔAIC and log-likelihoods 
(using the likelihood ratio test when nested) using the most likely 
replicate of each demographic scenario. The residuals between the 
simulated JAFS and the data set JAFS were qualitatively assessed 
for random distributions across the JAFS and forming a normal dis-
tribution at zero. To assess goodness-of-fit we used nonparametric 
bootstrapping to see if the likelihood of parameters from the analy-
sis data set fit the distribution of likelihoods from the bootstraps. 
We applied the Godambe information matrix (GIM) (Coffman et al., 

2016) using bootstraps to calculate the confidence intervals of the 
parameter estimates.

3  |  RESULTS

3.1  |  Sequence clustering and variant calling

Reduced representation sequencing was performed on 227 individu-
als to obtain 686,608 SNPs and 130,890 loci. We identified 41 indi-
viduals with ≥96% genetic similarity (putative clones), representing 
20 clonal groups and one individual of each clonal group was kept 
for subsequent analyses (Tables S2-1 and S2-2, Figure S1-2). Filtering 
measures and genetic assignment of species groups obtained four 
main data sets with a maximum 20% missing data per locus threshold 
(see Table S2-2 for specific filtering results): 1. All individuals data set 
including both species (161 individuals, 4306 neutral SNPs), 2a. A. 
grahamae individuals with San Andrés outgroup included (118 indi-
viduals, 3104 SNPs), 2b. A. grahamae individuals with outgroup, out-
lier individuals and putative hybrid removed (106 individuals, 2725 
neutral SNPs) and 3. A. lamarcki (41 individuals 2515 neutral SNPs). 
The congruent results from clustering analyses agreed with our mor-
phological taxonomic classification of the two species: A. grahamae 
and A. lamarcki and further analyses were performed on these groups 
separately. Congruent results also found two distinct genetic clusters 
within both species that were found sympatrically across sites and 
depths within each species (named: AG1, AG2, AL1 and AL2).

3.2  |  Population structure

Morphologically identified A. grahamae and A. lamarcki formed sep-
arate genetic clusters and one individual that was morphologically 

F I G U R E  2  ADMIXTURE, NJ-Tree and 
PCA results show genetic distinction 
between species and further substructure 
within each species. (a) Ancestry 
proportions with ADMIXTURE analysis of 
161 individuals using 1465 unlinked and 
neutral SNPs (119 Agaricia grahamae and 
42 A. lamarcki) for K = 2–4. Each bar on 
the x-axis represents an individual and 
the y-axis is the proportion of ancestry. 
Genetic clusters are represented by 
colours. (b) Neighbour joining tree of the 
same individuals with 4306 neutral SNPs 
using genetic distance. Grey individuals 
represent outliers. (c) PCA of the same 
individuals using 4306 neutral SNPs 
displaying PC1 and 2. * indicates the 
putative hybrid between nominal species

(a)

(b) (c)
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classified as A. grahamae had 0.5  mixed ancestry at K  =  2 in 
ADMIXTURE and had intermediate PC1  scores between the two 
species clusters (Figure 2). This individual was treated as a provi-
sional F1 hybrid. At K = 3, two cryptic clusters within A. grahamae 
(AG1 and AG2) occurred sympatrically at sites within Curaçao, 
Bonaire and outgroup San Andrés, Colombia. At K = 4, A. lamarcki 
also spilt into two clusters (AL1 and AL2). Across all methods, K = 4 
was deemed most likely for this data set. The same two clusters 
were found in the subset A. grahamae data set at K = 2 (Figure 3). 
At K = 3, three individuals formed a separated cluster and appear as 
outliers separated from both A. grahamae groups on PC1. AG2 was 
more commonly found in Bonaire compared to Curaçao sites (10 vs. 
4) and were more closely related to most individuals collected from 
San Andrés (SA) (7/8 assigned to AG2 at K = 2). The AG2 individu-
als from San Andrés formed a separate cluster at K = 4. Across all 
population structure methods, K = 3 was deemed most likely. We 
removed the A. grahamae/A. lamarcki putative hybrid, three out-
lier individuals and outgroup samples from San Andrés from the A. 
grahamae data set to eliminate confounding elements for Hardy-
Weinberg Equilibrium, spatial and hybrid analyses (i.e., data set 2b). 
A. lamarcki also had the same two clusters found in the “all individu-
als” data set that occurred sympatrically at all sites and within both 
depths. AL1 was more commonly found at 50  m (12/19) and AL2 
at 15  m (22/24) (Figure 4, �2  =  10.96, df  =  1, p  <  .01). Across all 
methods for the A. lamarcki data set, K = 2 was deemed most likely. 
After having subset each of AG1, AG2, AL1 and AL2, into separate 
data sets, we found no further genetic structure (increasing K did 
not reveal any more clusters or improve likelihood greatly) across all 
population structure analyses.

Hardy-Weinberg Equilibrium estimates were calculated for the 
cryptic taxa and F-statistics were calculated for each species with 

cryptic taxa treated as populations. Cryptic taxa within each taxo-
nomic species were not in HWE (Table S2-3) with an excess of ho-
mozygosity. Inbreeding within populations for each species was high 
(AG: FIS = 0.18 and AL: FIS = 0.19) accompanied by substantial pop-
ulation differentiation between cryptic taxa (AG: FST = 0.17, p < .01, 
AL: FST = 0.18, p < .01).

Regarding the Symbiodiniaceae associated with A. lamarcki, cor-
als predominately associated with the two ITS2 profiles (C3/C3d/
C3.N6/C3.N7 and C3/C11/C11.N4/C3.N5) reported in Bongaerts 
et al. (2013, 2015; although sometimes with an extra unidentified 
band) and were partitioned between 15 and 50 m depth. However, 
there was no association observed with the AL1 and AL2  lineages 
(Figure S1-3), with both profiles occurring in both lineages.

We found groups of colonies with the same genotype (“genets”) 
at most sites, with 17 genets observed for A. grahamae and three for 
A. lamarcki populations (Table S2-1, Figure S1-2), and each genet was 
always restricted to a single site (and depth). Most genets consisted 
of two colonies (“ramets”), although one genet for A. grahamae and 
one for A. lamarcki was represented by three ramets. At CR60 we 
took multiple samples for five A. grahamae colonies as well as four 
clusters of closely adjacent colonies, and these always represented 
the same genotype.

3.3  |  Hybridisation

3.3.1  |  Between A. grahamae and A. lamarcki

From the ADMIXTURE results for the data set including both spe-
cies, 115 individuals assigned to A. grahamae with >0.98 assignment 
and 42 individuals assigned to A. lamarcki with >0.99 assignment at 

F I G U R E  3  ADMIXTURE and PCA 
results show genetic structure within A. 
grahamae, these genetic groups occur 
sympatrically at most sites within Curaçao 
and Bonaire. (a) Ancestry proportions with 
ADMIXTURE analysis of 118 individuals 
using 813 neutral and unlinked SNPs 
(K = 2–4) for the 10% missing data set. (b) 
Map of Curaçao and Bonaire indicating 
the proportion of each cluster at each 
site. (c) PCA results using SNPs. Site codes 
consist one letter for region, one letter 
for site and numbers for depth sampled 
at, except for SA which combines all sites 
from outgroup, San Andrés. * indicates the 
previously found putative hybrid between 
A. grahamae and A. lamarcki

(a)

(b) (c)
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K = 2. Of the admixed individuals, three were the outlier individuals 
identified previously within the A. grahamae data set and one pu-
tative hybrid (also identified in the PCA results) had 0.5 admixture 
(Figure 2). The three outlier individuals and outgroup samples from 
San Andrés were removed to create another data set for input into 
NEWHYBRIDS (n = 149, 5% missing, SNPs = 555). In NEWHYBRIDS, 
all individuals assigned as pure species with 0.99 probability (P1 or 
P2) apart from the putative F1 hybrid which assigned as a F1 hybrid 
with a 0.99 probability.

3.3.2  |  Between cryptic groups within A. grahamae

We also assessed the patterns of admixture between the two A. gra-
hamae lineages (AG1 and AG2). ADMIXTURE results presented 55 
individuals assigned to AG1 >0.99 assignment and 14 individuals for 
AG2 at K = 2. The remaining 37 individuals predominately assigned 
to AG1 (0.8–0.98). We used data set 2b (without outgroup, AL/
AG hybrid and outliers) with more stringent filtering for input into 
NEWHYBRIDS (n = 106, 5% missing, SNPs = 514). NEWHYBRIDS 
assigned 86 individuals with predominately P1 assignment (0.62–
0.99) (pure parental AG1) and 12 individuals with predominately 
P2 assignment. The remaining individuals: six individuals (predomi-
nately assigned to AG1) and two individuals (predominately assigned 
to AG2) had higher assignments to hybrid categories (Table S2-4). 
Most notably, the highest probabilities for these admixed individuals 
were second generation back-crosses into each parental. Due to the 
limitations of the NEWHYBRIDS analysis, we were not able to esti-
mate genotype classes of more advanced backcrosses which these 
individuals may more accurately represent.

3.3.3  |  Between cryptic groups within A. lamarcki

Within the A. lamarcki data set, ADMIXTURE found 12 individu-
als assigned to AL1 >0.99 and 26 assigned to AL2 >0.99 and three 
individuals were admixed. Two of these admixed individuals were 
assigned to AL1 with ~0.7 and 0.78 assignment and one with 0.98 
to AL2. A more stringent filtering data set was used for input to 
NEWHYBRIDS (n = 41, 5% missing, SNPs = 622). In NEWHYBRIDS, 
two individuals presented higher assignment to hybrid classes than 
pure parentals: one A. lamarcki individual collected from CE50 had 
a 0.99 probability of being a F2 (offspring of two F1s), and another 
from CR50 had mixed assignments, 0.34 for pure parental AL1, 0.41 
for a first generation back-cross into AL1 and 0.25 for second gen-
eration back-cross into AL1. The second individual, potentially rep-
resenting a further back cross into AL1.

3.4  |  Spatial genetic structure

No strong correlations between genotype or depth, latitude, and 
longitude for either species were uncovered with redundancy anal-
yses. For A. grahamae, although the global model was significant 
(R2 = 0.04, R2

adj = 0.002, F = 1.05, p = .005) it only explained 4% of 
the variance. None of the canonical axes were significant in explain-
ing variation in SNPs (i.e., RDA1 – 4: p ≥ .1) and PC1 explained more 
variation than RDA1 (0.015 > 0.011). This was further substantiated 
through removal of each term, apart from Condition (Clusters), im-
proving the AIC of the model. For A. lamarcki, the full model was 
globally non-significant (R2 = 0.07, R2

adj = 0.0002, F = 1.00, p = .483) 
as was each reduced model. Thus, neither horizontal (by space) nor 

F I G U R E  4  ADMIXTURE and PCA results show genetic substructure within Agaricia lamarcki. Samples were collected from two depth 
profiles at three sites within Curaçao and one depth in at one site. (a) Ancestry proportions with ADMIXTURE analysis of 41 individuals 
using 1328 unlinked and neutral SNPs for K = 2. Each bar on the x-axis represents an individual and the y-axis is the proportion of ancestry. 
Genetic clusters are represented by colours. (b) Map of the study sites within Curaçao, pie charts represents the proportion of each genetic 
cluster found at each site. (c) PCA of the same individuals using 2515 neutral SNPs

(a)

(b) (c)
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vertical (by depth) locations were substantial predictors of genetic 
variation within cryptic taxa in both taxonomic species.

3.5  |  Demographic inference

The demographic modelling results from dadi consistently found 
that models including migration (gene flow) had higher likelihoods 
than those with no migration (Tables 1 and 2, Figure 5 and Figure 
S1-4). In the “no migration” models, divergence time approached the 
lower bound parameter limit. Thus, gene flow probably occurred 
during the divergence of the two species (Agaricia grahamae and 
Agaricia lamarcki) as well as during the divergence of the two cryp-
tic taxa found within each species (AG1, AG2, AL1 and AL2). The 
haplotype frequency patterns within the JAFS were more compara-
ble to the divergence with migration scenario than the no migration 
scenario, particularly in the shared low frequency bins (Figure 5), as 
shared alleles in such bins are expected to be elevated from migra-
tion. Divergence time (T) in the isolation models was always less 
than migration models due to attempts to optimise these frequency 
bins (T1, Figure 5). For all pairwise comparisons the symmetrical and 
asymmetrical continuous migration models showed similar results, 
with the asymmetrical migration models having only minimal dif-
ferences in migration rates. Thus, only the continuous symmetrical 
migration models are reported here. In the ancient migration model 
optimisations between all population-pairs, T2 (the second epoch 
where populations diverged in isolation) approached the lower the 
parameter limit (~0) and thus equating this model (ancient migra-
tion) to the continuous symmetrical migration scenario. The con-
tinuous symmetrical migration and secondary contact models had 

equal likelihood (<2 AIC) for within taxonomic species comparisons 
(AG1 vs. AG2 and AL1 vs. AL2, Table 1). For both AG groups vs. AL1, 
secondary contact had higher likelihood >2 AIC than continuous 
migration model (Table 2). But for AG groups versus AL2, the sec-
ondary contact model had equal likelihood with continuous migra-
tion. Migration rates estimated from dadi were larger between more 
closely related pairs than the more distant pairs, suggesting that 
more divergent taxa are likely to experience less gene flow (Tables 
1 and 2). Parameter uncertainties were often larger than 0.5 of the 
parameters and thus are not shown. These were also not converted 
into real time units because of the unreliability of parameter esti-
mates due to a low number of SNPs used as well as having unreliable 
mutation rate and generation time estimates. The main purpose of 
this analysis was to detect whether gene flow occurred over the di-
vergence history between all taxa, and thus conversion into real time 
units was not necessary for the aims of this study.

4  |  DISCUSSION

Mesophotic coral ecosystems harbour unique depth-specialist 
coral species, yet the ecology and evolution of these species 
remain almost completely unstudied. Given the assumed brood-
ing reproductive mode within the Agaricia genus, we expected 
populations of the mesophotic-specialist species A. grahamae to 
be genetically structured over short spatial scales. Surprisingly, 
no horizontal spatial structuring was detected between reefs 
within Curaçao and Bonaire nor between the two islands (~40 km 
apart; Figures 2 and 3 and RDA results) but appears at San Andrés 
(>1000  km, Figure 3). Similarly, no horizontal spatial structure 

TA B L E  1  Demographic modelling performed between genetic groups within Agaricia grahamae (AG1 and AG2) and Agaricia lamarcki (AL1 
and AL2) support histories of divergence with gene flow. Maximum likelihood estimates for each demographic scenario and each parameter 
is scaled by �

Model LogL AIC 
2

�
a N1

b N2
b F1

c F2
c md T1e T2e

Between A. grahamae genetic groups

No mig –558.54 1127.09 1181.93 239.50 2.12 150 0.00 0.00 — 0.41 —

Sym mig –499.09 1010.18* 591.89 141.06 2.98 1.40 0.00 0.40 1.05 1.19 —

Anc mig –499.15 1012.30 593.28 140.80 2.98 1.40 0.00 0.40 1.05 1.19 0.00

Sec cont –497.26 1008.52* 536.81 148.19 2.91 1.43 0.00 0.46 1.27 0.65 0.38

Between A. lamarcki genetic groups

No mig –551.26 1112.52 467.64 264.47 7.58 1.98 0.03 0.00 — 0.43 —

Sym mig –516.33 1044.66* 385.34 200.97 26.9 1.57 0.46 0.30 0.49 1.01 —

Anc mig –516.27 1046.54 385.56 200.26 26.9 1.56 0.46 0.24 0.51 1.01 0.01

Sec cont –515.94 1045.88* 380.58 207.65 25.0 1.67 0.46 0.39 0.64 0.60 0.29

a
� = 4Nrefµ.

bN1 = the resulting population size change from Nref to population 1. N2 = the resulting population size change from Nref to population 2.
cF1 and F2 = the inbreeding coefficients (F) of population 1 and 2.
dm =the symmetrical migration rate between population 1 and 2, in 2Nref generations.
eT1 = time since divergence to present for one epoch models and time since divergence to T2 in two epoch model. T2 = time since T1 to present. 
Units in 2Nref generations.
*Models with the highest likelihood in bold.
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was found within Curaçao for the depth-generalist congener, A. 
lamarcki (Figure 4). Instead, we uncovered two sympatrically oc-
curring and yet distinct cryptic taxa within each taxonomic spe-
cies (Figures 2–4) that were incompletely depth-partitioned in A. 
lamarcki but with no detectable depth or geographic segregation 
in A. grahamae. These cryptic taxa appear to be connected by 
historical and contemporary gene flow as indicated by the pres-
ence of backcross individuals and through demographic analyses 
(Table 1, Figure 5, Figure S1-4 and Table S2-3). The divergence 
history of A. grahamae and A. lamarcki was also characterised by 
interspecific gene flow (Table 2, Figure 5 and Figure S1-4), sug-
gesting past semi-permeable boundaries between these species.

4.1  |  Lack of genetic structuring between 
reefs and islands

Contrary to our expectations of spatial genetic structure over 
small distances, genetic homogeneity was found for A. grahamae 
between Curaçao and Bonaire (<40 km) as evidenced by the RDA 

(see Section 3) and genetic structure results (Figure 3). Both cryp-
tic taxa found within A. grahamae also occurred at San Andrés 
(>1000 km away) and thus, it is unlikely that the two cryptic groups 
within A. grahamae were recently allopatrically formed. The con-
gener, A. lamarcki was assayed only in Curaçao but also showed no 
genetic differentiation between the sampled reefs (RDA results, 
Figure 4). Genetic homogeneity within either island (Curaçao and 
Bonaire) may not be too surprising because reef communities are 
fairly continuous along leeward sides of the islands which could 
facilitate stepping-stone gene flow and occasional long-distance 
dispersal. However, Curaçao and Bonaire are separated by deep 
oceanic water (>500  m depth) with a north-west bound surface 
current and a west-east subsurface counter current (Andrade, 
2003), presenting a physical dispersal barrier. In contrast to our 
results (and consistent with limited dispersal), shallow occurring 
congeners Agaricia agaricites and A. fragilis were found to have 
localised structure (Bongaerts et al., 2017; Brazeau et al., 2005). 
Our results do, however, match those described for mesophotic 
occurring A. lamarcki and A. undata (Gonzalez-Zapata et al., 2018; 
Hammerman et al., 2018) where populations did not exhibit local 

TA B L E  2  Demographic modelling performed using six cross-species comparisons (A. grahamae: AG1 and AG2 and A. lamarcki: AL1 and 
AL2) support histories of divergence with gene flow. Maximum likelihood estimates for each demographic scenario and each parameter is 
scaled by �

Model LogL AIC 
2

�
a N1

b N2
b F1

c F2
c md T1e T2e

Between species (1) AG1 and AL1

No mig –500.02 1010.04 615.34 246.23 0.84 42.5 0.00 0.01 — 0.84 —

Sym mig –432.32 876.64 330.27 94.41 2.09 2.88 0.00 0.02 0.10 3.21 —

Anc mig –432.32 878.64 330.03 92.97 2.13 2.92 0.00 0.00 0.10 3.28 0.00

Sec cont –426.92 867.84* 307.21 201.16 0.87 76.8 0.15 0.36 0.27 1.29 0.17

Between species (2) AG1 and AL2

No mig –670.25 1350.50 1031.49 212.76 0.78 72.2 0.00 0.00 — 0.68 —

Sym mig –578.08 1168.16* 687.91 67.10 2.40 3.61 0.00 0.00 0.09 3.64 —

Anc mig –578.15 1170.30 687.81 64.93 2.47 3.72 0.00 0.01 0.09 3.80 0.00

Sec cont –576.35 1166.70* 698.43 103.01 1.61 2.47 0.01 0.00 0.15 1.19 0.69

Between species (3) AG2 and AL1

No mig –277.28 564.56 229.23 174.10 0.77 42.6 0.02 0.01 — 0.96 —

Sym mig –261.40 534.80 187.05 95.77 1.33 2.26 0.41 0.53 0.12 2.00 —

Anc mig –261.37 536.74 187.54 74.17 1.69 2.87 0.33 0.52 0.11 2.91 0.04

Sec cont –259.32 532.64* 179.72 149.32 0.83 87.9 0.36 0.62 0.17 1.19 0.22

Between species (4) AG2 and AL2

No mig –401.24 812.48 479.69 159.48 0.69 41.8 0.02 0.00 — 0.79 —

Sym mig –376.24 764.48* 369.51 85.90 1.34 2.55 0.54 0.11 0.11 1.85 —

Anc mig –375.68 765.36 389.22 67.73 1.65 3.16 0.51 0.01 0.11 2.65 0.06

Sec cont –375.64 765.28* 398.10 92.70 1.26 2.42 0.55 0.16 0.13 0.87 0.72

a
� = 4Nrefµ.

bN1, the resulting population size change from Nref to population 1. N2, the resulting population size change from Nref to population 2.
cF1 and F2, the inbreeding coefficients (F) of population 1 and 2.
dm, the symmetrical migration rate between population 1 and 2, in 2Nref generations.
eT1, time since divergence to present for one epoch models and time since divergence to T2 in two epoch model. T2 = time since T1 to present. Units 
in 2Nref generations.
*Models with the highest likelihood in bold.
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genetic structure (over similarly short distances: <40 km). Genetic 
subdivision in A. grahamae does emerge at larger spatial scales 
(AG2 individuals in San Andrés, Figure 3a). It is conceivable that 
reproductive strategies within Agaricia species are more variable 
than assumed and that the dispersal abilities within A. lamarcki, 
A. grahamae and A. undata are potentially greater than that of 
A. agaricites and A. fragilis. Taken together, these findings across 
studies highlight variability in spatial genetic structuring that can 
occur even among congeners. A comparative study on the spatial 
genetic structure at the same localities of Agaricia spp. would pro-
vide greater resolution to these hypotheses as well as studies on 
reproduction in A. lamarcki and A. grahamae.

The occurrence of the clone groups at most sites within A. gra-
hamae and two of the sites within A. lamarcki are not surprising 
results as fission is common in A. lamarcki and in the congener 
A. agaricites (Hughes & Jackson, 1985). Their growth form (folia-
ceous/plating/encrusting) makes Agaricia spp. vulnerable to par-
tial mortality from overgrowth by algae and sedimentation, which 
then results in subsequent fission where one colony becomes two 
or more colonies with separated tissue (Hughes & Jackson, 1980). 
At CR60, we confirmed this process by identifying clones from 
fission.

4.2  |  Distinct depth distributions for A. lamarcki 
but not A. grahamae taxa

Depth constitutes a strong environmental gradient for scleractin-
ian corals, as it modulates light and other environmental conditions 

upon which corals depend (Bongaerts, Carmichael, et al., 2015). 
Although no depth-partitioning was observed for A. grahamae 
taxa between the upper (50 m) and lower (80–85 m) mesophotic 
zone at one site comparison in Curaçao and one in San Andrés, we 
did find a difference in the relative abundance of the cryptic taxa 
by depth in A. lamarcki (15 vs. 50 m, Figure 4, �2 = 10.96, df = 1, 
p < .01). Given the exponential decay of irradiance with depth, the 
most extreme differences appear in first few metres thus compari-
sons between 15 m and the mesophotic are considerably greater 
than between differences within mesophotic zones (e.g., between 
50 and 85  m depth). The observed depth-differentiation within 
A. lamarcki and not A. grahamae follows these light transitions, 
although environmental factors such as nutrient availability, sa-
linity, flow environment and temperature also vary between shal-
low and mesophotic depth zones (Bongaerts, Frade, et al., 2015; 
Dollar, 1982; Lesser et al., 2009) and could be contributing factors. 
Similar to the present study, a survey of A. lamarcki using ddRAD 
(Hammerman et al., 2018) also found two sympatric cryptic ge-
netic groups but within Puerto Rico (sampled mostly between 10 
and 20 m depth). At the population level, depth differentiation has 
been observed in Bermuda for the congener A. fragilis, where pop-
ulations at 12 and 40 m were strongly differentiated (Bongaerts 
et al., 2017). Future surveys that can measure differences in mi-
crohabitats within the same depth profile may be informative for 
determining more precise environmental niches distinguishing 
cryptic taxa rather than depth alone.

In contrast to cnidarian host genotypes, we found almost 
complete depth partitioning of the symbiont profile within A. la-
marcki (Figure S1-3) which further supports the potential for 

F I G U R E  5  Demographic analysis 
for cryptic taxa within species and 
between species show that divergence 
with migration is more likely than 
divergence in isolation. (a) The folded 
joint allele frequency spectrum (Data), 
(b) two simulated JAFS from each model 
(divergence in isolation and divergence 
with migration) (Model), and (c) their 
standardised residuals (Model - Data 
SNPs) are shown for (left panel) A. 
grahamae taxa (AG1 and AG2) and (right 
panel) between species (AG2 and AL1). 
Haplotypes from each population are 
represented on the x- and y-axes of the 
JAFS and the colour scale represents 
the SNP counts corresponding to all 
haplotype frequency combinations 
between pairs of populations

(a)

(b)

(c)
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depth-associated divergence. However, the symbiont profiles did 
not correspond directly to the different host taxa as expected due 
to algal symbiont specificity patterns seen within the genus, brood-
ing taxa within the Caribbean (Bongaerts et al., 2015a) and other 
taxa (Prada et al., 2014; Thornhill et al., 2014). The symbiont pro-
file found in individuals of A. lamarcki at mesophotic depths was the 
same profile shared by A. grahamae (Figure S1-3, Bongaerts et al., 
2013; Bongaerts, Carmichael, et al., 2015). Thus, this could indicate 
an ancestral association with this symbiont, more recent acquisition 
through host hybridisation, or potentially horizontal symbiont ac-
quisition of this depth-specific endosymbiont (Quigley et al., 2018), 
which is indeed shown in found coral taxa (Bongaerts, Carmichael, 
et al., 2015; Rowan & Knowlton, 1995). Another explanation for this 
disparity may be incomplete host-symbiont lineage sorting. Host di-
vergence (between A. lamarcki taxa) could predate symbiont sort-
ing due to retention in the maternal line. Further experimental work 
should investigate symbiont inheritance patterns and use modern 
methods of symbiont genotyping (amplicon sequencing) to better 
determine the relationship between host genotype and algal sym-
biont within these taxa.

4.3  |  Gene flow between cryptic taxa and species

Cryptic taxa are commonly found within genetic studies of sclerac-
tinians, yet until recently their divergence history has not been ex-
amined in detail in either shallow or mesophotic environments (but 
see Prada & Hellberg, 2020; Rippe et al., 2021). Often, cryptic coral 
taxa are closely related and sympatrically occurring and thus have 
the potential to interbreed. Here, we find evidence of two geneti-
cally distinct taxa within both species (Figures 2–4) and backcross in-
dividuals between taxa (see Section 3, Table S2-4). An F1 hybrid was 
also found between A. grahamae and the “deep” A. lamarcki (Figure 3) 
which could suggest a continued low rate of recent interbreeding 
between species. Finally, demographic models that included gene 
flow during divergence (i.e., continuous migration, ancient migration, 
and secondary contact) consistently had higher likelihoods than the 
null models of no migration for both between cryptic taxa within and 
between species (Figure 5, Figure S1-4, Tables 1 and 2).

Although results from dadi gave the greatest support to the 
two-epoch models of divergence in isolation followed by secondary 
contacts (Tables 1 and 2), if population expansions or bottlenecks 
have occurred, divergence time can be overestimated and results 
can favour the secondary contact model (Momigliano et al., 2021). 
As RAD data sets with de novo assemblies are prone to high error 
rates in low frequency SNP calling (Andrews et al., 2016), we did not 
include singletons and doubletons in the analyses and thus were un-
able to accurately model population size changes and differentiate 
between the different migration scenarios (i.e., ancient migration vs. 
continuous migration vs. secondary contact). Thus, our inferences 
about timing and relative model support (among models including 
migration) should be interpreted cautiously. Nonetheless, models 
with no migration were consistently rejected and therefore we can 

confidently conclude that limited migration between distinct taxa 
has occurred between both cryptic taxa within and between spe-
cies. Additionally, the relative amount of estimated gene flow scaled 
with divergence time, where migration was less between A. lamarcki 
and A. grahamae as compared to migration between less diverged 
taxa within each species. These results are consistent with hypothe-
sis that genetic permeability scales with divergence time (Roux et al., 
2016).

We were not able to confidently resolve whether the very 
early stages of divergence occurred with or without gene flow. 
However, our results and those of other studies (e.g., Madracis spp., 
Frade et al., 2010; Eunica felxuosa, Pocillopora damincornis, Prada 
& Hellberg, 2020; Agaricia fragilis, Bongaerts et al., 2017; Prada & 
Hellberg, 2020 and Montastraea cavernosa and Siderastrea siderea, 
Rippe et al., 2021) confirm that low levels of gene flow connect such 
closely related taxa, and yet gene flow is insufficient to homogenise 
them. Without physical barriers between cryptic taxa, exogenous 
and/or endogenous barriers must maintain divergence. The occur-
rence of exogenous selection has been shown in many famous ex-
amples to maintain species barriers through disruptive selection in 
face of homogenising gene flow (e.g., sticklebacks, Dean et al., 2019; 
Darwin's finches, Han et al., 2017; Heliconious butterflies, Merot 
et al., 2017; and cichlids, Poelstra et al., 2018). Among scleractinians 
there is considerable circumstantial evidence for depth-associated 
environmental attributes (including light, nutrient availability, tem-
perature, water flow, etc.) providing strong exogenous selection 
that could contribute to maintaining divergence despite gene flow 
(Bongaerts et al., 2011, 2017; Carlon & Budd, 2002; Gorospe & Karl, 
2015; Prada & Hellberg, 2013; Serrano et al., 2014; van Oppen et al., 
2011). Consistently, depth partitioning is observed throughout the 
Agaricia genus, with each taxonomic species inhabiting a distinct 
depth profile yet each remaining sympatric at the edge of their depth 
range (Bongaerts et al., 2013). Depth-associated factors appear to 
play a role in divergence-with-gene flow within A. lamarcki taxa, be-
tween A. grahmae and A. lamarcki but not within A. grahamae taxa.

Endogenous barriers may also be maintaining the cohesiveness 
of cryptic taxa and indeed the replicated pattern of genome-wide 
divergence (not just divergence at selected outlier loci) implicates 
isolating mechanisms that may not be solely limited to environ-
mental factors. Pre-zygotic isolation is most likely to occur through 
either gametic incompatibilities or temporal and spatial isolation in 
spawning in organisms where one or both gametes spawn, such 
as in corals and other marine invertebrates. In the Orbicella coral 
genus, more closely related species experienced temporal dif-
ferences in spawning time albeit with gametic compatibilities (in 
crossed experiments). More distantly related species had overlap-
ping times with gametic incompatibilities (Knowlton et al., 1997; 
Levitan et al., 2004), thus demonstrating the interactions and de-
velopment of reproductive barriers in corals. On the other hand, 
in Indo-Pacific closely-related Acropora species spawning times 
often overlap and interspecific gamete compatibility can be high, 
although in the presence of conspecific sperm the number of hy-
brid offspring produced is low (Willis et al., 2006). Post-zygotic 
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isolation studies through experimental work in crosses of Acropora 
species have found equal or higher fitness F1 hybrids (compared to 
parentals) in parental habitats as well as greater fitness in F1 hy-
brids than parentals in higher temperature or environmentally 
variable habitats (Chan et al., 2019; Willis et al., 2006), but such 
fitness estimates for F2s and backcrosses remain unclear. Due to 
practical difficulties, there are few spawning and larval crossing 
experiments in many coral species (especially for brooders), there-
fore most endogenous pre- or post-zygotic barries have not been 
fully tested. The common occurrence of sympatric yet incom-
pletely reproductively isolated genetic taxa within scleractinians is 
perplexing and suggests that common features contribute to this 
widespread phenomenon.

5  |  CONCLUSIONS

Here, we have shown that there is previously undescribed cryptic 
genetic diversity within Agaricia and that low levels of gene flow 
among taxa have characterised their divergence history. Thus, 
species boundaries within Agaricia appear to be semi-permeable. 
Intertaxon gene flow stresses the importance of considering 
multiple closely related taxa in population genomic assessments, 
since erroneous conclusions could be drawn regarding assignment 
to spatial population structure and species identity by purely re-
lying on morphology to group individuals into taxa. Importantly 
introgression is likely to be common in scleractinian corals (Mao 
et al., 2018) and single species studies often ignore this important 
source of genetic diversity that could be adaptive in times of en-
vironmental change.

The lack of genetic structuring of mesophotic coral popula-
tions among reefs and islands indicates that mesophotic-specialist 
species may be more horizontally connected than we anticipated, 
which is important regarding their enhanced ability to recover 
from localised disturbances through replenishment from neigh-
bouring reefs and islands. Pairing genetic data with hydrodynamic 
modelling approaches may help to resolve patterns of gene flow 
for regions of concern. The spatial genetic structure disparity be-
tween members of the genus may reflect undescribed differences 
in reproductive biology, and thus traits may be more variable and 
diverse within genera. This justifies the need to investigate spe-
cies where localised dispersal has been assumed, especially those 
understudied in the mesophotic zone. This study draws attention 
to the lack of knowledge in the ecology and diversity of meso-
photic corals. In light of recent reports of disturbances to meso-
photic ecosystems and calls for the inclusion of mesophotic reefs 
into marine protected areas, understanding mesophotic coral con-
nectivity should be a priority in future studies.
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