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ABSTRACT

Coral species abundance and biodiversity estimates are typically based on colony macromorphology. However, such measure-
ments often underestimate the true diversity within coral communities because morphology does not necessarily reflect behav-
ioral or genetic divergence. We previously reported on the unusual spawning behavior of the brain coral Diploria labyrinthiformis
(Linnaeus, 1758) in Curagao, Southern Caribbean, where this species spawns in both spring and autumn. Here, using data
collected from 2013 to 2021, we show that in Curacao, D. labyrinthiformis comprises two behaviorally and genetically distinct
lineages, with 93% of colonies spawning exclusively in one season or the other. The two lineages could not be distinguished
based on obvious macromorphological differences or depth but represented clearly distinct genetic clusters (Fg,.=0.098) based on
genome-wide sequencing. We tested for prezygotic and postzygotic gametic barriers between them by fertilising eggs released in
spring 2019 with sperm collected and cryopreserved in autumn 2018. Fertilisation in this unidirectional cross was successful and
the resulting larvae developed normally, thus eliminating complete gametic incompatibility or early life postzygotic barriers as
explanations for their divergence. Using observations from 19 other localities across the Wider Caribbean Region, we confirmed
the co-occurrence of discrete spring- and autumn-spawning populations across a range of latitudes. Thus, we show that seasonal,
temporal reproductive isolation (allochrony), but not gametic reproductive isolation, is a strong barrier to gene flow in sympatric
lineages of this critically endangered reef-building coral. More broadly, our findings underscore the role of allochrony in the
creation and maintenance of cryptic coral lineages and the urgency of identifying, quantifying, and conserving this diversity
before it is lost.

Valérie F. Chamberland and Matias Gémez-Corrales contributed equally to this work and should be considered joint first authors.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
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1 | Introduction

Reproductive isolation in sexually reproducing organisms
can occur when the homogenising effects of mating and re-
combination break down within a population (Bolnick and
Fitzpatrick 2007; Nosil 2008; Potkamp and Fransen 2019).
Because the geographic barriers to gene flow that are common
on land (such as mountains and rivers) are rare in the ocean
(Gonzalez et al. 2018; Potkamp and Fransen 2019), many con-
sider the large number of coral and other sessile animal species
found on tropical reefs to be remarkable (Bowen et al. 2013;
Reaka-Kudla 1997; Yasuda et al. 2014). While physical barriers
often lead to reproductive isolation and subsequent allopatric
speciation, reproductive isolation that develops in the absence
of such barriers depends more heavily on factors such as as-
sortative mating or disruptive selection (Coyne and Orr 2004;
Rice 1984). These isolating factors are particularly difficult to
identify and study in the mixed, fluid medium of the ocean and
for species such as corals with extremely long lifespans (Bythell
et al. 2018; Devlin-Durante et al. 2016), overlapping generations
(Babcock 1991), and long-distance larval dispersal (Thompson
et al. 2018; Wood et al. 2014).

Coral species diversity has traditionally been inventoried based
on diagnostic skeletal characteristics, but modern genetic esti-
mates of species richness often exceed estimates based on vari-
ation in overall colony morphology (e.g., Bongaerts et al. 2021;
Johnston et al. 2021; Warner et al. 2015). Although phenotypic
plasticity, hybridisation, and incomplete lineage sorting can lead
to overestimations of species diversity when a single taxon is er-
roneously split into multiple, total species diversity will be un-
derestimated when cryptic, morphologically indistinguishable
species are common. While this diversity remains largely over-
looked in both ecological research and conservation, the recent
discovery of several cryptic coral species, that is, species that
are genetically and reproductively distinct but morphologically
homogeneous, (e.g., Bongaerts et al. 2021; Gomez-Corrales and
Prada 2020; Richards et al. 2016; Rosser 2015; Villanueva 2016;
Yasuda et al. 2014) points to the likelihood that a much greater
coral diversity exists than is currently described. However, the
evolutionary processes that result in the formation of cryptic
coral species are not yet well studied or understood (Bowen
et al. 2013; Fukami et al. 2004; Furukawa et al. 2020; Warner
et al. 2015).

Reproductive isolation can arise prezygotically, for example,
through the rapid evolution and divergence of gamete recogni-
tion proteins (Vacquier and Swanson 2011; Zigler et al. 2005),
or postzygotically due to, for example, hybrid inviability
(Bierbaum and Bush 1990; Lu and Bernatchez 1998) or re-
duced fitness (Fishman and Willis 2001; Ouyang et al. 2010).
Allochrony, or differences in breeding time among conspecif-
ics, can also lead to reproductive isolation and thus contribute
to speciation, particularly in species with short reproductive
periods (Taylor and Friesen 2017). In many marine inverte-
brates, including many free-spawning corals, the reproductive
period can be extremely short, with fertilisation occurring in
the minutes following brief mass-spawning events (Lotterhos
and Levitan 2010; Mumby et al. 2024). Mass spawning be-
haviours are often coordinated in response to environmental
cycles of sunlight, moonlight, tides (Kaniewska et al. 2015;

Lin et al. 2021; Wolstenholme et al. 2018), and temperature
(Crowder et al. 2017; Van Woesik et al. 2006). Environmentally
synchronised mass-fertilisation events also occur in flowering
plants (Devaux and Lande 2008; Fox 2003) and migratory fish
such as salmon (Hendry and Day 2005). Within populations,
allochrony can arise due to random mutations that affect re-
productive timing, due to localised differences or changes in
environmental cues, or due to genotype-specific responses to
these changes, creating prezygotic barriers to gene flow among
previously interbreeding conspecifics (Hendry and Day 2005;
Taylor and Friesen 2017; Weis and Kossler 2004). Subsequent
assortative mating based on reproductive timing can lead to
and/or reinforce genetic divergence and eventual speciation
in a population, even in sympatry (i.e., when sharing the same
range) or syntopy (i.e., when co-occurring locally) (de Cara
et al. 2008; Taylor and Friesen 2017).

Divergence driven or reinforced by allochrony is well doc-
umented in many terrestrial organisms, including insects
(e.g., Devries et al. 2008; Marshall and Cooley 2000; Santos
et al. 2007), birds (e.g., Taylor et al. 2019) and plants (e.g.,
de Carvalho et al. 2013; Franklin 2004). While allochrony
is not as well studied in marine invertebrates (Taylor and
Friesen 2017), several compelling cases of temporal reproduc-
tive isolation exist in corals, including in common and eco-
logically important Acropora (Fukami et al. 2003; Furukawa
et al. 2020; Rosser 2015) and Orbicella species (Knowlton
et al. 1997; Levitan et al. 2004). Because the gametes of mass-
spawning corals rapidly dilute in moving water and only
remain viable for a few hours after release (Marshall and
Bolton 2007), the degree of spawning synchrony among coral
colonies greatly influences fertilisation success and genetic
mixing within a population (Levitan et al. 2004). Small differ-
ences in the timing of gamete release, on the scale of min-h,
can therefore constitute a prezygotic reproductive barrier
among closely related species, even if gametes are compati-
ble when synchronous spawning is induced and colonies are
crossed in a laboratory setting (Fukami et al. 2003; Knowlton
et al. 1997).

Here, we focus on the critically endangered Caribbean brain
coral Diploria labyrinthiformis (Linnaeus, 1758). In a year-long
study in 2013 in Curagao (Southern Caribbean), we monitored
39 syntopic colonies, revealing that each colony either spawned
in spring or autumn (Chamberland et al. 2017). While the ob-
served differences in spawning times of Acropora and Orbicella
species correspond to gross morphological differences (e.g.,
thick versus thin branches in Acropora (Furukawa et al. 2020)
and mounding versus columnar growth morphs in Orbicella
(Knowlton et al. 1997)), colonies of D. labyrinthiformis that
spawned in different seasons showed no such obvious mor-
phological differences nor any apparent ecological clustering.
In this study, we continued monitoring the spawning activity
of the same colonies from 2014 to 2019 and in 2021. Because
consistent differences in spawning behaviour should theoreti-
cally lower gene flow between these subpopulations, we used
reduced representation genome sequencing to explore poten-
tial genetic differences between them. We then sequenced the
two nuclear introns PaxC and Calmodulin (CaM) to assess
the phylogenetic relationships of the two subpopulations with
closely related coral taxa (Schwartz et al. 2012). To determine
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whether genetic differences between the two subpopulations
resulted in genetic incompatibility (e.g., gamete incompatibil-
ity, hybrid inviability), we then used cryopreserved sperm to
cross gametes of spring- and autumn-spawning colonies, test-
ing whether colonies belonging to these subpopulations could
still fertilise each other and produce viable offspring. We also
collected spawning observations for D. labyrinthiformis from
19 other localities in the Wider Caribbean Region (i.e., trop-
ical western Atlantic, Florida and the Gulf of Mexico) to as-
sess whether differences in reproductive timing were present
and consistent across the region. Overall, we found that the
coral species commonly known as D. labyrinthiformis in fact
consists of two sympatric, cryptic genetic lineages of incipient
or recent origin which—in at least one location—are able to
successfully interbreed when their gametes are crossed exper-
imentally, but which remain reproductively isolated through
seasonal allochrony, with one lineage spawning in spring and
the other in autumn. Based on our findings, we discuss evo-
lutionary mechanisms that may have led to the divergence of
these D. labyrinthiformis lineages and their reproductive tim-
ing as well as the implications of cryptic diversity for coral
conservation.

2 | Materials and Methods
2.1 | Study Site and Coral Population

For this study, long-term monitoring, gamete collection,
and tissue sampling took place at Double Reef (12.106944°,
—68.94833°) on the leeward coast of Curacao in the Southern
Caribbean. In 2013, we individually marked 40 D. labyrin-
thiformis colonies by fixing a plastic cattle ear tag to the ad-
jacent substrate (Figure 1A). All colonies occurred within
a ~100x20m area parallel to shore and between 4 and 9m
depth. Only colonies with a total surface area greater than
100cm? were included to ensure they were sexually mature
(Weil and Vargas 2010). We recorded the depth and took
several photographs of each colony to assess whether the

spring- and autumn-spawning groups could be distinguished
based on depth or any evident morphological differences
(e.g., colony shape, colour, structural arrangement of valleys
and grooves), though we did not quantify potential micro-
morphological differences using for example, electron micros-
copy. In R Studio (R Core Team 2025), we visualised the depth
ranges of spring- and autumn-spawning colonies using a box
plot generated with the ggplot2 package. Differences between
the two groups were assessed with a non-parametric Kruskal-
Wallis test, conducted using the dplyr package.

2.2 | Spawning Records

In 2013 we monitored the spawning activity (Figure 1B) of all 40
D. labyrinthiformis colonies with multiple observers on SCUBA
during this species’ known spawning window (Chamberland
et al. 2017). Observations were made between April and October
during the hour preceding sunset, daily from 9 to 14days after
the full moon (AFM). During each dive, four pairs of divers
each monitored a subset of 10 colonies located in a small area
of reef (~500m?), roving from one colony to another to ensure
that no spawning activity was missed. Spawning was recorded
per colony as a ‘yes’ or ‘no’ for each day of monitoring. In 2013,
none of the colonies that spawned in spring (May to early July)
spawned in autumn (end of July to September), and vice versa
(Chamberland et al. 2017). To verify if these differences in re-
productive timing of individual colonies were consistent for lon-
ger time periods, we conducted 37 additional surveys between
June 2014 and August 2021 following the same approach used
in 2013. One colony was excluded from the final dataset because
it died during the study.

To determine whether spring- and autumn-spawning subpop-
ulations also occurred in locations other than Curagao, we
compiled all available fecundity and spawning records for D. lab-
yrinthiformis, consisting of histological analyses and field- and
aquarium-based observations made between 1997 and 2024, by
members of 42 different organisations from 20 locations across

FIGURE1 | Study species. (a) The grooved brain coral Diploria labyrinthiformis is a reef-building coral species on Caribbean reefs. Plastic cattle
ear tags served as unique identifiers for the 39 colonies forming the population under study. (b) This species is hermaphroditic and reproduces via

broadcast spawning, releasing gamete bundles that contain both sperm and eggs. Photo credits: (a) V.F. Chamberland and (b) E. Muller.
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the Wider Caribbean Region (i.e., tropical western Atlantic,
Florida and the Gulf of Mexico).

2.3 | Genomic Analyses
2.3.1 | Sample Collections

To quantify the genetic divergence between spring- and
autumn-spawning colonies, coral sperm and tissue samples
were collected between 2013 and 2019 and subjected to sin-
gle gene and genome-wide sequencing analyses (Table S1). We
collected gametes (egg-sperm bundles) released by individual
D. labyrinthiformis colonies on multiple days in spring 2013
and autumn 2015 following methods previously described in,
for example, Chamberland et al. (2017) and Vermeij (2006).
Details are available in Extended Materials and Methods
(Supporting Information), but briefly, spawning colonies
were tented with weighted, cone-shaped plastic tarp nets
with an inverted plastic funnel attached to a 50-mL polypro-
pylene conical tube (BD Falcon) in which buoyant egg-sperm
bundles accumulated. Sample tubes were transported to the
CARMABI Research Station within 60min after collection,
where they were gently agitated so that egg-sperm bundles
broke apart. To obtain coral DNA free of contaminating DNA
from endosymbiotic Symbiodiniaceae, 0.5mL aliquots of
sperm-seawater solution (n =3 per colony) were preserved by
adding 1 mL of ethanol (96%) and then stored at —20°C. Sperm
samples were collected from 11 of the 39 marked colonies and
from 12 additional unmarked colonies that spawned during
collection dives (Table S1). We incorporated these additional
colonies into our genetic analyses to increase sample size in
spawning groups from both seasons, but these colonies were
not included in the spawning behaviour data set since they
were not marked or monitored consistently between 2013 and
2021. Because a limited number of colonies spawned during
autumn gamete collection dives (spring; n =17, autumn; n =6,
Table S1), we further expanded our sampling effort to in-
clude holobiont tissue samples (~1cm?) of the 39 surviving,
marked colonies Samples were collected using a hammer and
chisel, preserved in ethanol (96%) or in DMSO-EDTA buffer,
and stored at —20°C for later genetic analyses. An initial se-
quencing effort in 2017, using both sperm and tissue samples,
yielded low coverage and only hundreds of SNPs. A second tis-
sue collection and sequencing effort was therefore conducted
in 2019, and both datasets were included in downstream anal-
yses to maximise SNP recovery. In total, sampling efforts
across years yielded sperm and/or tissue samples from 51 col-
onies (Table S1).

2.3.2 | DNA Extractions

We performed DNA extractions from sperm and tissue using
the modified cetrimonium bromide (CTAB) protocol (Coffroth
et al. 1992) with a PureLink RNase A incubation (10 mgmL~,
Invitrogen) to remove RNA residues. Extractions were suc-
cessful for 46 of the 51 total sampled colonies (Table S1). DNA
concentrations were measured using a Qubit Fluorometer
(Thermo-Fisher), and DNA quality and purity were assessed
through agarose gel electrophoresis (0.7% w/v). All DNA

extractions were conducted at the BIOMMAR lab, after which
samples were outsourced to SNPsaurus for library preparation
and sequencing.

2.3.3 | Genome-Wide Sequencing

To assess population structure between spring- and autumn-
spawning subpopulations, NextRAD genotyping-by-sequencing
libraries were constructed by SNPsaurus (Eugene, OR) from
genomic DNA following the manufacturer's protocol (Russello
et al. 2015). First, genomic DNA was fragmented with Nextera
reagent (Illumina), which also ligates short adapter sequences
to the ends of the fragments. The Nextera reaction was scaled
for fragmenting 7ng of genomic DNA, although 10.5ng of ge-
nomic DNA was used for input to compensate for the amount
of degraded DNA in the samples and to increase fragment sizes.
Fragmented DNA was then amplified for 26cycles at 73°C,
with one of the primers matching the adapter and extending 9
nucleotides into the genomic DNA with the selective sequence
GTGTAGAGG. Thus, only fragments starting with a sequence
that can be hybridised by the selective sequence of the primer
were efficiently amplified. The nextRAD libraries were se-
quenced on an Illumina HiSeq 4000 sequencer with two par-
tial lanes of 150bp reads, with an average coverage depth of
20x (University of Oregon). The genotyping analysis used cus-
tom scripts (SNPsaurus) that trimmed the reads using bbduk
(BBMap tools (Bushnell 2014)) with the following parame-
ters: bbmap/bbduk.sh in=$file out==3$outfile ktrim=r k=17
hdist=1 mink=8 ref.=bbmap/resources/nextera.fa.gz min-
len=100 ow=t qtrim =r trimq=10.

A contaminant screening was performed by randomly select-
ing 1000 reads from each sample, conducting BLAST searches
against the NCBI nt database, and recording the species identity
of the top hit for each read. We cleaned reads of contaminat-
ing species using bbduk and the reference genomes of bacte-
ria Nocardia farcinica (Ishikawa et al. 2004) and N. nova (Luo
et al. 2014), as well as the reference genome of Breviolum minu-
tum (Shoguchi et al. 2013) (formerly ITS2 type B1) to remove
reads from endosymbiotic dinoflagellates Symbiodiniaceae in
samples derived from tissue collections. We then created a de
novo reference genome by collecting 10 million reads in total,
evenly from the samples and excluding reads that had counts
fewer than 6 or more than 700. The remaining loci were then
aligned to each other to identify allelic loci and collapse allelic
haplotypes to a single representative. All reads were mapped to
the reference genome with an alignment identity threshold of
87% using bbmap (BBMap tools), and genotype calling was con-
ducted using SAMtools and BCFtools (Danecek et al. 2011; Li
et al. 2009) (samtools mpileup -gu -Q 12 -t DP, DPR -f ref.fasta -b
samples.txt | beftools call -cv - > genotypes.vef). We filtered the
resulting variant call format (VCF) file to remove alleles with a
population frequency of less than 3% and removed heterozygous
loci in all samples or loci that had more than 2 alleles in a sample
(suggesting collapsed paralogs). We checked for the presence of
artefacts by counting single nucleotide polymorphisms (SNPs)
at each read nucleotide position and by determining that SNP
number did not increase with reduced base quality at the end of
the reads. All of the above steps were conducted by SNPsaurus.
After obtaining the VCF, standard filters were applied to retain
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loci and remove potential clones based on genetic similarity
(Extended Materials and Methods).

The curated genome-wide sequencing data yielded a total of
1481 neutral and independent Single Nucleotide Polymorphisms
(SNPs) after excluding four common outliers between BayeScan
and PCADAPT, and loci in linkage disequilibrium. Of the 39
monitored colonies, plus the additional 12 unmarked colonies
for which sperm samples were collected during spawning, 37
met our loci filtering criteria. One set of 3 samples was identi-
fied as clones (based on a Multi-Locus Genotype similarity of
<0.05%), of which 2 colonies were removed (Figures S2 and
S3), leaving 35 unique colonies for downstream analyses: 18
colonies spawning only in spring, 9 colonies spawning only in
autumn, 1 colony observed spawning in both seasons, and 7 col-
onies with an unknown reproductive season because they were
never observed spawning. We examined genome-wide variation
via Principal Component Analysis (PCA) and Discriminant
Analysis of Principal Components (DAPC) using the R package
ADEGENET (Jombart 2008). For the latter, the number of clus-
ters (from 1 to 8) was estimated using find.clusters and the opti-
mal number of groups was selected using a Bayesian Information
Criterion (BIC) approach. The optim.a.score function was then
used to determine the number of Principal Components (PCs)
to be retained for the DAPC analysis. Once the optimal number
of PCs was determined, a second DAPC analysis was conducted
using this value (Miller et al. 2020). We further assessed popu-
lation structure in Admixture (Alexander et al. 2009) (v 1.3.0)
to estimate individual ancestry. The number of clusters (K) var-
ied from 1 to 8, with 10 replicates for each value of K, and we
identified the value of K with the lowest cross-validation (CV)
error method (Alexander and Lange 2011). Lastly, to infer phy-
logenetic relationships from SNPs among colonies, we built a
Maximum Likelihood (ML) species tree in RaxML-NG (Kozlov
et al. 2019), using the GTR +FO model of sequence evolution.
Node support was evaluated with a maximum of 1000 boot-
strapping replicates (autoMRE, cutoff=0.03). Additionally,
we inferred a coalescent-based phylogeny using SVDquartets
(Chifman and Kubatko 2014) as implemented in PAUP* (v
4.0a168) (Swofford 2003). We evaluated all possible quartets and
assessed node support using nonparametric bootstrapping with
100 replicates. iTOL (v 5) (Letunic and Bork 2021) was used for
tree visualisation and editing.

Next, we compared observed (H,) with expected (H,) hetero-
zygosity for each lineage and estimated their inbreeding coeffi-
cients (F ) with mean confidence intervals using the basic.stats
function in the R package HIERFSTAT (Goudet 2005) and
the mean_cl_boot function in the R package HMISC (Harrell
Jr 2019), respectively. Pairwise F, values between lineages were
then calculated following Weir and Cockerham (1984), using
the genet.dist function in HIERFSTAT. F,. confidence intervals
(95%) were determined using boot.vc with 100 bootstrap runs.

2.3.4 | Single-Gene Sequencing

We assessed the phylogenetic relationship of the spring- and
autumn-spawning subpopulations by sequencing the nuclear in-
trons of PaxC and CaM (Extended Materials and Methods), two
commonly used molecular markers in evolutionary studies of

scleractinian corals, including Faviidae species (Fukami 2008;
Rosser et al. 2017; Schwartz et al. 2012). Evolutionary nucle-
otide substitution models were obtained using JModelTest
2.1.2 (Darriba et al. 2012), and Bayesian Inference was used
to assess phylogenetic relationships for each marker in Beast
v1.8.2 (Drummond et al. 2012) with 10 million generations,
four chains, and 10% burn-in. MCMC chain convergence
was assessed through Tracer v1.6 (Rambaut et al. 2018) with
ESS values above 200. ML trees were estimated with RaxML
(Stamatakis 2006) using 1000 bootstrap replicates. PaxC and
CaM sequences from four coral species closely related to D. lab-
yrinthiformis (Pseudodiploria clivosa, P. strigosa, Colpophyllia
natans and Manicina areolata; Table S2) were downloaded from
GenBank to serve as outgroups. We used iTOL (v 5) (Letunic and
Bork 2021) for tree visualisation and editing.

2.4 | Inter-Seasonal Crosses Between
Spring- and Autumn-Spawning Subpopulations

In May 2019, we used cryopreserved sperm to experimentally
cross gametes from spring- and autumn-spawning colonies
(Extended Materials and Methods) and determine if the popula-
tions were reproductively incompatible (due to gamete incompat-
ibility or hybrid inviability) and thus represented distinct species
according to the Biological Species Concept. Experimental
crosses included five treatments following the experimental
design described in Hagedorn et al. (2017): (1) inter-seasonal
crosses (spring eggs X frozen-thawed (FT) autumn sperm), (2)
spring-only crosses (spring eggs X FT spring sperm), (3) cryopro-
tectant toxicity controls (spring eggs X fresh spring sperm mixed
with cryoprotectant), (4) fresh sperm controls (spring eggs X
fresh spring sperm), and (5) no sperm controls (spring eggs X fil-
tered seawater (FSW; Whatman GF/F, GE Life Sciences)). Inter-
seasonal crosses were prepared using pooled sperm samples that
were collected from 4 autumn-spawning colonies and cryopre-
served in September 2018 and freshly released eggs that were col-
lected from 3 spring-spawning colonies in May 2019 (Table S3).
Spring-only crosses served as experimental comparisons for the
inter-seasonal crosses, using fresh eggs from the same 3 colonies
and a mixed pool of sperm samples from 4 spring-spawning col-
onies that were collected, cryopreserved and thawed that same
day. These last three control treatments allowed us to test for
potential sources of error and confounding factors such as self-
fertilisation and sample contamination with non-self sperm
before the start of the experiment (false positives), and for cell
sensitivity to handling, freezing, and cryoprotectant toxicity
(false negatives). Each of the 5 treatments included 3 biological
replicates (eggs from 3 donors exposed to each treatment) and 3
technical replicates (each cross repeated in 3 separate fertilisa-
tion containers), resulting in a total of 45 individual containers.
We aimed to perform reciprocal inter-seasonal crosses (autumn
eggs X frozen-thawed [FT] spring sperm) in September and
October 2019; however, limited spawning events prevented the
collection of sufficient gamete volumes to conduct these assays.

The experimental crosses were conducted in 355-mL polycar-
bonate kitchen fat-separating pitchers (Scandicrafts Cuisine
International) filled with 50 mL of FSW. Upon returning to the
laboratory following in situ gamete collections, we first com-
pleted all steps for sperm and egg separation and washing, as
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well as sperm freezing and thawing (Extended Materials and
Methods). Then, we transferred batches of ~500 eggs to each
fertilisation container using a micropipette fitted with a wide-
bore tip (~1 mm, @) to limit egg shearing. Fresh or FT sperm
was then added to the fertilisation containers at a final con-
centration of 10° cells mL~%, resulting in a sperm-to-egg ratio
of ~1:100,000 as suggested by Hagedorn et al. (2017) for suc-
cessful fertilisation using FT sperm. Sperm and egg mixtures
were kept at their initial density for 20 min with occasional
stirring, after which the volume in the fertilisation containers
was increased to 350 mL to dilute the cryoprotectant (DMSO;
dimethyl sulfoxide) and reduce further risks of toxicity to
sperm and egg cells. 110 min later, fertilisation was stopped
by rinsing eggs/zygotes in the fertilisation containers to re-
move residual sperm and cryoprotectant (Extended Materials
and Methods). Clean eggs/zygotes were then transferred into
1-L clear polystyrene containers (Dart Container Corporation)
filled with 750mL of FSW where embryogenesis and larval
development took place.

We quantified fertilisation success for each combination of
treatment X egg donor by subsampling up to 150 eggs/zygotes
from each replicate 3-4 h after they were crossed. The propor-
tion of eggs undergoing embryogenesis was quantified under
a stereomicroscope (Amscope). At that time, most fertilised
eggs had reached the gastrulation stage and were easily dis-
tinguishable from round, unfertilized eggs (Chamberland
et al. 2017).

The following morning, fully developed and motile larvae were
transferred using glass pipettes into new, 1-L clear polystyrene
containers (Dart Container Corporation) filled with 750 mL of
FSW. Developing larvae from the three technical replicates
from each treatment X egg donor were pooled and allocated to
new containers to assess whether larvae resulting from inter-
seasonal crosses developed similarly to those from spring-only
crosses. We compared survival and settlement success among
treatments by placing subsets of 20-30 larvae (n =6 per treat-
ment) into 355- mL clear polystyrene cups (Darnel) containing
300mL of FSW and a substrate for settlement. These substrates
consisted of flat, 5x5x1cm (L X W X H) square ceramic tiles
previously conditioned for ~1year in an aquarium system to
allow the development of biofilms that promote larval settle-
ment (Heyward and Negri 1999). Larval survival and settle-
ment were recorded after 7 days using a fluorescence-inducing
blue light (Nightsea) and glasses with a yellow filter which fa-
cilitate larval detection (Roth et al. 2013). All substrates with
settlers were then returned to the aquarium system for post-
settlement development. Surviving individuals were surveyed
after 3 months under blue light, though survivorship could not
be compared statistically between crosses due to limited and
uneven replication between treatments as well as low overall
settler survival.

Differences in fertilisation success (Fertlilised/Total), larval
survival (Alive/Total), and larval settlement (Settled/Alive) be-
tween spring-only and inter-seasonal crosses were assessed using
a generalized linear mixed model (GLMM) approach. The re-
sponse variables were modeled with a binomial distribution and
a logit link function. Two models were fitted: first, a full model
including ‘Treatment’ (experimental cross) as a fixed effect and

random intercepts for ‘Egg donor’ and ‘Replicate’ to account
for variability across egg donors and technical replicates, and
second, a reduced model including only ‘Treatment’ as a fixed
effect, with a random intercept only for ‘Replicate’. For each re-
sponse variable, models were compared using likelihood ratio
tests (ANOVA), where the full model was compared to the re-
duced model to determine whether the addition of the random
intercept for ‘Egg donor’ significantly improved the model fit.
All GLMM analyses were run in R Studio (R Core Team 2025)
using the Ime4 package (Bates et al. 2015).

3 | Results

3.1 | Discrete Reproductive Seasonality of Diploria
labyrinthiformis Subpopulations Across Years

Combined with our 2013 observations, surveys made in Curacao
between 2014 and 2021 resulted in 79 total monitoring dives
during which 120 colony-level spawning events were recorded.
Of the 39 marked colonies, 10 were never observed spawning,
7 were observed spawning once, and 22 were observed spawn-
ing in 2-6 separate years. When spawning times were plotted
by calendar date, a clear split into two breeding groups was evi-
dent (Figure 2): 18 colonies only spawned in spring (May to early
July) and 9 only spawned in autumn (late July to September).
Two colonies spawned in both seasons (Figure 2). Reproductive
season was therefore predictable and discrete for 27 out of the 29
colonies (93%) observed spawning, and this behaviour remained
consistent across 8years of observation. No gross morphologi-
cal differences (in terms of colony shape, colour, or the struc-
tural arrangement of valleys and grooves) between spring- and
autumn-spawning colonies could be detected from in situ pho-
tographs of these colonies (Figure S1). The two spawning groups
also did not segregate by depth at our study site (Kruskal-Wallis
H-test: H=2.04, p=0.15), with spring- and autumn-spawning
colonies spanning similar depth ranges (median depth and [IQR,
n] of 5.9m [2.7, 17] and 5.5m [1.4, 9], respectively) (Table S1,
Figure S2).

Data gathered at 20 localities across the Wider Caribbean Region
revealed that D. labyrinthiformis spawns in spring in San Andrés
and Cartagena (Colombia), Curagao, Bonaire, Tobago (Trinidad
and Tobago), Utila (Honduras), Bani, Bayahibe, and Samana
(Dominican Republic), Dominica, La Parguera (Puerto Rico),
St. Croix and St. Thomas (US Virgin Islands), Saint Barthélemy,
Puerto Morelos (Mexico), Havana (Cuba), and Miami (Florida)
(Figure 3, Data S1). Autumn spawning was recorded in Culebra
(Puerto Rico), Bayahibe (Dominican Republic), Puerto Morelos
(Mexico), Havana (Cuba), Bonaire, and Curacao, all locations
where spring spawning also occurs (Figure 3, Data S1), thus re-
vealing the possibility that discrete and stable spring- and autumn-
spawning lineages may co-occur across a range of latitudes.

3.2 | Genome-Wide Differentiation Between
Spring- and Autumn-Spawning Subpopulations

Analyses of genome-wide single nucleotide variants based on
1481 neutral loci clearly showed that the spring- and autumn-
spawning subpopulations in Curacao were genetically distinct.
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FIGURE2 | Observations of spawning activity of the grooved brain coral Diploria labyrinthiformis population under study in Curacao, Southern
Caribbean (n =39 colonies), including records from 2013, published in Chamberland et al. (2017), and additional monitoring data collected between
2014 and 2021. For each survey date, filled grey and coloured circles indicate colonies for which spawning activity was monitored, whereas unfilled
circles depict colonies that were not monitored. Marked in green are colonies that spawned exclusively in spring, marked in orange are colonies that
spawned exclusively in autumn, and marked in pink are colonies that spawned in both seasons. Excluded from this figure are monitoring days on
which no spawning was observed across the study population, and colonies which were never observed spawning across all survey years.
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FIGURE 3 | Spawning records for the grooved brain coral Diploria labyrinthiformis across the Wider Caribbean Region (i.e., tropical western
Atlantic, Florida, and the Gulf of Mexico). In green are spring observations and in orange are autumn observations. Filled circles indicate that spawning
was observed and unfilled circles indicate monitoring was conducted but no spawning was observed. *In Puerto Morelos (Mexico), spring spawning was
observed but never earlier in the year than in early-July. Spawning observations summarised by location, year, month, and day are provided in Data S1.
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Principal components analysis (PCA) showed two segregated
genetic clusters along the first axis (accounting for 12% of the
genome-wide variance), which coincided with the observed
spawning seasons for 96% (26 out of 27) of the colonies in the
genetic dataset with known reproductive timing (Figure 4A).
Thus, the genetic data supported the division of the D. labyrin-
thiformis population into two discrete lineages based on both
genome-wide SNPs and spawning season. All 9 colonies ob-
served spawning only in autumn clustered with the autumn ge-
netic lineage, and 17 of the 18 colonies observed spawning only
in spring clustered with the spring genetic lineage, with colony
35 clustering with the autumn lineage (Figure 5A) despite the
fact that it was observed spawning twice in spring and never in
autumn (Figure 2). Colony 32, which was observed spawning
once in spring and six times in autumn (Figure 2), also clus-
tered with the autumn genetic lineage (Figure 5A).

Clustering assignment analyses based on the same 1481 neu-
tral loci also supported the existence of two separate lineages
as the optimal number of K clusters derived from the DAPC
was 2 (BIC =163, Figure S6). No overlap between these two
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FIGURE 4 | Genetic structuring between spring- and autumn-
spawning populations of the grooved brain coral Diploria labyrin-
thiformis in Curacao inferred from 1481 genome-wide neutral SNPs.
(a) Principal component analysis of genome-wide variation coloured by
spawning season (PCA). (b) Discriminant analysis of principal compo-
nents (DAPC) for the lineages. (c) Individual colony Admixture propor-
tions diagram (K =2) depicting two inferred genetic clusters.

clusters existed (Figure 4B) after retaining 1 PC for analysis
(Figure S6). The admixture analysis produced an estimated
K =1 genetic cluster based on the lowest cross-validation (CV)
error (CV =0.5500), closely followed by K=2 genetic clusters
(CV=0.5559) (Figure S7). An admixture ancestry plot was
created for K=2, which provided support for the same two ge-
netic lineages identified by PCA and DAPC. This analysis re-
vealed a single colony (21) of admixed ancestry (Figure 4A-C),
with an average pairwise differentiation (Fy,) of 0.098 across
all loci (Table 1). The ML SNP-based phylogenetic recon-
struction also distinguished between autumn-spawning and
spring-spawning subpopulations (97% bootstrap support)
(Figure 5A). In contrast, the coalescent-based phylogeny
(Figure 5B), while recovering clades that included the spring-
and autumn-spawning colonies identified in the ML tree, also
grouped 7 colonies into distinct clades not recovered in the ML
inference, with low bootstrap support across all clades (< 80).

Overall, four of five genetic approaches consistently supported
the separation of the population into two genetically distinct
lineages, with SVDquartets providing partial support as well.
Furthermore, among colonies that were never observed spawn-
ing, these four analyses also consistently supported the assign-
ment of 4 colonies (7, 9, 23, and 25) to the spring-spawning
subpopulation and 3 colonies to the autumn-spawning subpopu-
lation (11, 27, and 37) (Figures 4A and 5A), supporting the notion
that the entire population, including colonies never observed
spawning, clusters into only two genetically distinct lineages.
Notably, the SVDquartets analysis deviated from this pattern
only for colonies 25 and 27, which were placed into different
clades (Figure 5B). Lastly, summary statistics of genetic diver-
sity (H, and H ;) were similar between the two subpopulations
(Table 1), showing comparable levels of genetic diversity without
signs of inbreeding (spring: F;4=0.017, autumn: F;;=0.023).

3.3 | Single-Gene Phylogenetic Reconstruction
Supporting Monophyly of Seasonal Lineages

Two D. labyrinthiformis lineages were identified via genome-
wide sequencing. To assess their phylogenetic relationship to
one another and to closely related Faviidae species, thus test-
ing for possible paraphyly of the subpopulations, we further
sequenced the nuclear introns of PaxC (380 bp) and CaM (382
pb). Successful amplification of these two markers was possible
for 26 and 21 colonies, respectively. The evolutionary nucleo-
tide substitution models identified for these markers were F81
(Felsenstein 1981) and HKY (Hasegawa et al. 1985), respectively.
Because both Bayesian and ML methods produced the same
topology, only the Bayesian tree is presented here (Figure 5C),
which shows that spring- and autumn-spawning lineages were
part of a monophyletic clade (most closely related to M. areolata)
with no clear genetic distinction between colonies with different
spawning seasons.

3.4 | Successful Inter-Seasonal Crosses Between
Spring- and Autumn-Spawned Gametes

After identifying genetically distinct D. labyrinthiformis lin-
eages with temporal reproductive isolation, we used sperm
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FIGURE 5 | Phylogenetic analyses of Diploria labyrinthiformis populations and related coral species based on whole-genome and single-gene
sequencing. (a) Phylogenetic tree of 35 D. labyrinthiformis colonies from the Curagao study population reconstructed with 1481 SNPs identified
using NextRad. Topology was inferred by Maximum Likelihood (ML). Branch support values are Maximum Likelihood bootstrap support values
(only values > 50 are shown). (b) Consensus coalescent-based tree inferred by SVDquartets. Branch support values are nonparametric bootstrap
support values from 100 replicates (only values > 50 are shown). (c) Phylogenetic tree of Diploria labyrinthiformis and closely related coral species
Pseudodiploria strigosa, P. clivosa, Colpophyllia natans, and Manicina areolata based on CaM sequences. Topology was inferred by Bayesian analysis.
Branch support values are Bayesian posterior probabilities (only values > 0.5 are shown). Phylogenetic analysis using PaxC resulted in an identical
topology and is therefore not shown here.

TABLE1 | Geneticstructure in spring- and autumn-spawning populations of the grooved brain coral Diploria labyrinthiformis in Curagao. Table
shows overall summary statistics for the neutral dataset resulting from reduced representation genome sequencing. Data reported are: observed
heterozygosity (H,), expected heterozygosity (H ), inbreeding coefficient (F,), and fixation index (Fg;) with 95% CI [£].

Spawning season

H

H

F

Average pairwise F¢,

o E IS
Neutral dataset 1481 SNPs Spring 0.275 0.277 0.017
[0.267-0.285]  [0.269-0.285]  [0.003-0.031] 0.0981
Autumn 0.257 0.263 0.023 [0.094-0.115]

[0.247-0.268]

[0.254-0.272]

[0.005-0.039]
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cryopreservation and in vitro fertilisation techniques to test
whether these lineages were further isolated by pre- and/
or postzygotic gametic barriers. Eggs from all three spring-
spawning colonies were successfully fertilised by the pooled,
frozen-thawed sperm from autumn-spawning colonies, with
per-colony fertilisation rates of 57% [+1, 3], 32% [£11, 3], and
78% [+8, 3] (mean [£SE, n]) (Figure 6A,B). Despite variabil-
ity in gamete compatibility among egg donors, inter-seasonal
crosseswere equally or more successful than spring-only crosses
in terms of fertilisation success (GLMM; Table 2, Table S4). No
sperm controls yielded fertilisation rates below 2% (Figure 6B),
indicating that the high fertilisation rates in inter-seasonal
crosses were unlikely to result from self-fertilisation or con-
tamination with non-self sperm. Additionally, cryoprotectant
toxicity controls resulted in fertilisation success rates compa-
rable to or higher than those of fresh sperm controls, indicat-
ing that egg exposure to the cryoprotectant dimethyl sulfoxide
(DMSO) had minimal impact on fertilisation potential in this
experimental setup (GLMM; Table 2, Table S4). Zygotes re-
sulting from the inter-seasonal crosses underwent normal em-
bryogenesis and larval development and became motile ~12h

(a)

Fertilization success
o

N

Treatment

Q22 033 034
I
0.75
0.5
0-5 i i
0.00 |—— - i _

after fertilisation (Figure 6A). Larval performance varied
among egg donors but was overall similar between the inter-
seasonal and spring-only crosses both in terms of survival and
settlement success (GLMM; Table 2, Table S4, Figure 6C,D).
A total of 8 settled and metamorphosed individuals resulting
from the inter-seasonal crosses survived in our aquarium sys-
tem until the age of 3 months, after which they were no longer
monitored. This unidirectional cross confirmed gamete com-
patibility and subsequent zygote viability between the two
lineages, indicating that despite the observed genetic differen-
tiation, the two lineages are not fully isolated by prezygotic or
early post-zygotic barriers.

4 | Discussion

In Curagao, we found evidence that the critically endan-
gered reef-building brain coral D. labyrinthiformis consists
of two genetically distinct lineages with clear temporal re-
productive isolation, but not gametic reproductive isolation.
The two lineages occur in sympatry and syntopy but exhibit

. spring-only cross

. no sperm control
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. fresh sperm control
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FIGURE 6 | Outcome of experimental crosses using cryopreserved sperm to test for gametic incompatibilities and postzygotic reproductive bar-

riers between spring- and autumn-spawning colonies of the grooved brain coral Diploria labyrinthiformis. (a) Early life stages of the study species.
Gametic compatibility as well as post-zygotic viability were tracked from the onset of egg cell division through embryogenesis, larval development,
and larval settlement. Metrics used to measure gamete compatibility and offspring viability included (b) fertilisation success (mean proportion of
eggs resulting in embryos + SE), (c) larval survival (mean proportion of embryos that developed into larvae + SE), and (d) settlement success (mean
proportion of larvae that successfully completed settlement and metamorphosis + SE). For fertilisation experiments in (b), inter-seasonal crosses were
compared to spring-only crosses and three controls (no sperm, fresh sperm, and cryoprotectant toxicity). For offspring viability experiments in (c, d),
embryos and larvae from spring-only crosses were compared to those resulting from the inter-seasonal crosses. In panels (c, d), numbers in grey bars
represent individual dams (i.e., egg donors). Photo credits: V.F Chamberland and K.L Marhaver.
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TABLE 2 | Statistical output for genetic compatibility assays between the two lineages. Generalised linear mixed models (GLMMs) with a
binomial error distribution and logit link function were used to compare the outcome of different experimental crosses on fertilisation success, larval

survival settlement, while accounting for random variation among egg donors and replicate containers. Models with associated fit estimates and

comparisons for each experiment and set of treatment levels are available in Table S4. Significant p-values are underlined.

Fertilisation success

Treatments: fresh sperm control, cryoprotectant toxicity control

Fixed effects Estimate SE z-value p-value
Intercept 5.55 1.64 3.37 <0.001
Fresh sperm control -1.79 0.55 —3.24 0.001

Random effect Variance SD
Egg donor 3.88 1.97
Replicate 2.31 1.52

Treatments: spring-only cross, inter-seasonal cross

Fixed effects Estimate SE z-value p-value
Intercept 0.2137 0.46 0.46 0.643
Spring-only cross -1.23 0.28 —4.40 0.001

Random effect Variance SD
Egg donor 0.52 0.72
Replicate 0.03 0.18

Larval survival
Treatments: spring-only cross, inter-seasonal cross

Fixed effects Estimate SE z-value p-value
Intercept —1.24 0.21 —-6.03 <0.001
Spring-only cross 0.04 0.16 0.25 0.81

Random effect Variance SD
Egg donor 0.05 0.22
Replicate 0.07 0.27

Larval settlement
Treatments: spring-only cross, inter-seasonal cross

Fixed effects Estimate SE z-value p-value
Intercept -1.71 0.25 —6.86 <0.001
Spring-only cross —-0.11 0.40 —-0.28 0.78

Random effect Variance SD
Replicate 0.00 0.00

genome-wide differentiation and distinct spring and autumn
spawning seasons, yet they remain reproductively compatible
when experimentally crossed between the two seasons using
cryopreserved sperm. These findings illustrate how temporal
reproductive isolation, in this case through seasonal spawn-
ing asynchrony, can act as a mechanism contributing to or
reinforcing genetic diversification within coral populations
despite gametic compatibility and syntopic occurrence on the
reef.

4.1 | Recent and Incipient Divergence
of Spring- and Autumn-Spawning Coral Lineages in
Curacao

Clustering methods consistently identified two genetically dis-
tinct lineages of D. labyrinthiformis that overwhelmingly coin-
cided with two distinct spawning seasons in spring and autumn.
The observed differences in spawning seasons were clear and
consistent over a period of 8years. Nonetheless, divergence
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between these two lineages appears to be incipient or of recent
origin. This is supported by discrepancies between tree topol-
ogies, a low F, value at the whole-genome level (1481 neutral
loci), the lack of resolution at single-locus markers (PaxC and
CaM genes), and the absence of conspicuous morphological
differences between spring- and autumn-spawning colonies.
Further, the observation of two colonies spawning in both sea-
sons, one colony of admixed ancestry, along with one colony
assigned to opposite genetic and reproductive clusters, supports
the presence of incomplete lineage sorting and/or hybridisation,
as shown in the coalescent-based phylogeny. Experiments using
cryopreserved sperm to bridge the period between spring and
autumn spawning seasons also showed that the ability to pro-
duce viable offspring persists between the two genetic lineages.

Although we found clear evidence of gametic compatibility
between spring-spawning egg donors and autumn-spawning
sperm donors, we cannot exclude the possibility that gametic
compatibility between the two lineages may be unidirectional.
Crosses between autumn-spawning egg donors and spring-
spawning sperm donors were not conducted during this study
and might yet turn out to be unsuccessful. Furthermore,
uni- or bidirectional gametic incompatibility might occur at
other localities. Notably, a pattern of unidirectional gametic
compatibility has been observed in Caribbean Acropora and
Orbicella; A. cervicornis eggs show no signs of incompatibil-
ity when crossed with A. palmata sperm, whereas fertilisation
largely fails when A. palmata eggs are exposed to A. cervicor-
nis sperm (Fogarty et al. 2012). Similarly, O. franksi sperm
readily fertilise O. annularis eggs whereas the reciprocal cross
often fails (Levitan et al. 2004). Such asymmetrical incompat-
ibilities in D. labyrinthiformis would reduce chances of inter-
breeding during (rare) overlapping spawning events, further
contributing to or reinforcing genetic divergence. In the case
of D. labyrinthiformis, we also cannot rule out the possibil-
ity that postzygotic barriers such as poor hybrid fitness (e.g.,
reduced viability, sterility) could arise later in life (Fishman
and Willis 2001; Ouyang et al. 2010). We only observed off-
spring generated via inter-seasonal crosses until the age of
3months, that is, several years before they could reach sexual
maturity. Overall, temporal prezygotic reproductive isolation
in the form of asynchronous spawning seasons appears to be
a strong mechanism limiting gene flow between these two
D. labyrinthiformis lineages, which are thus very unlikely to
mate under natural conditions.

4.2 | Allochrony as a Mechanism of Reproductive
Isolation in Corals

For many coral species, mass spawning is finely synchronised
among conspecific colonies (e.g., Baird et al. 2009; Fogarty
and Marhaver 2019; Shlesinger and Loya 2019). Because of
these narrow reproductive windows, the short viability pe-
riod of coral gametes, and their rapid dilution in the sea, small
temporal differences in spawning among conspecifics will
greatly lower fertilisation success and thus gene flow among
colonies spawning at different times (Levitan et al. 2004;
Mumby et al. 2024). For example, the Caribbean coral spe-
cies O. franksi spawns only 1-2h before O. annularis, which
appears to be sufficient to perpetuate reproductive isolation

between these sympatric, but morphologically- and geneti-
cally distinct species (Levitan et al. 2004, 2011). Despite these
differences, the two species are reproductively compatible
when synchronous spawning is induced in the lab and hetero-
specific gametes of the same age are crossed in vitro, indicat-
ing that a permeable species boundary occurs in these coral
species (Knowlton et al. 1997), similar to that observed in D.
labyrinthiformis in this study. However, compared to Orbicella
species, natural gamete encounters between the two lineages
of D. labyrinthiformis are far less likely due to a reproductive
isolation period of weeks-months instead of min-h.

Consistent, multi-year efforts to monitor the spawning ac-
tivity of benthic invertebrates such as corals are rare and
inherently challenging; thus, the prevalence of spawning
asynchrony among cryptic subpopulations is likely to be
underestimated in such organisms. However, the number
of studies showing temporal reproductive isolation in coral
species is growing, suggesting that allochrony may be a com-
mon and effective mechanism by which coral subspecies can
undergo, reinforce, or maintain genetic divergence while in
sympatry. A recent literature review identified at least 24
cases of sympatric cryptic coral lineages across ocean basins,
spanning 18 stony coral and 6 octocoral genera (Grupstra,
Gomez-Corrales, et al. 2024). Of these, distinct reproductive
phenology between lineages was observed in 6 stony coral
genera (Acropora: Furukawa et al. 2020; Gilmour et al. 2016;
Ohki et al. 2015; Rosser 2015; Rosser et al. 2017, 2020,
Coelastrea: Mitsuki et al. 2021, Fungia: Grinblat et al. 2021,
Galaxea: Abe et al. 2008, Pachyseris: Bongaerts et al. 2021,
Pocillopora: Schmidt-Roach et al. 2013), and in 2 octo-
coral genera (Heliopora: Iguchi et al. 2019, Plexaura: Pelosi
et al. 2021). Here, D. labyrinthiformis represents a new case
of distinct reproductive phenology between lineages, and in
this case, temporal reproductive isolation appears to be a far
greater barrier to gene flow than gametic incompatibilities or
early postzygotic barriers.

4.3 | Possible Scenarios of Coral Lineage
Divergence, Dispersal and Persistence

The evolution of cryptic coral species in sympatry can be
driven by ecological specialisation across environmental gra-
dients, by the emergence of differences in reproductive tim-
ing, or by both factors concurrently or in series (Gonzalez
et al. 2018; Grupstra, Gomez-Corrales, et al. 2024). While
spring- and autumn-spawning lineages of D. labyrinthiformis
currently co-occur in sympatry and syntopy, the spatial and
geographic history and context of their divergence cannot be
inferred solely on the basis of this study. However, given this
species’ current range and observed behaviour, the possibility
exists that the two lineages could have undergone sympatric
divergence based on allochrony, for example, if one or more
mutations occurred in the genes or transcription factors re-
sponsible for the timing of spawning, yielding a rapid and
strong barrier to gene flow. Spawning records from across the
Wider Caribbean Region indicate that spring- and autumn-
spawning D. labyrinthiformis colonies co-occur in some lo-
cations (i.e., Havana [Cuba], Bayahibe [Dominican Republic],
Bonaire and Curagao), but not in others (i.e., Miami [Florida],
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Samané [Dominican Republic], La Parguera [Puerto Rico],
Tobago [Trinidad and Tobago]), where spawning has only
been observed in spring despite monitoring efforts in both
seasons. Determining whether corals with these respective
spawning behaviours correspond to the same genetic lineages
found in Curacao will require additional genomic analyses
across the region. If the two genetically distinct lineages are
indeed widespread throughout the wider Caribbean, it may
still remain difficult to ascertain whether their expansion
occurred following sympatric divergence in one or more lo-
calities, or if secondary contact is taking place following allo-
patric divergence. In the latter case, divergence of spawning
times may have occurred due to drift or as a secondary effect
of adaptation to local environmental factors. In either case,
seasonal allochrony clearly acts as a mechanism maintaining
and reinforcing current reproductive isolation in locations
where both spring- and autumn-spawning lineages occur.

Potential factors underlying the regional distributions of the
two D. labyrinthiformis groups include local environmental
variables that independently impose selective pressures while
also influencing the timing of coral spawning, such as solar ir-
radiance (Van Woesik et al. 2006), sea surface temperature (Lin
and Nozawa 2023), rainfall (Mendes and Woodley 2002), wind
(van Woesik 2010), and even anthropogenic factors (Fogarty and
Marhaver 2019; Shlesinger and Loya 2019). It is further possible
that random dispersal with ocean currents, founder effects, and/or
bottleneck events drove migration, colonisation, and extirpation
patterns of the two lineages following their divergence, and this
may therefore explain their current geographic range (Torquato
et al. 2022; Vogt-Vincent et al. 2023; Wood et al. 2014). More ex-
haustive spawning records from across the region will provide
a better understanding of how environmental and stochastic
factors may control the geographic distribution of spring- and
autumn-spawning D. labyrinthiformis behaviours and lineages.

In the present study, we did not observe any indications that the
genetic differentiation between spring- and autumn-spawning
lineages was associated with environmental gradients or hab-
itat heterogeneity (e.g., light availability: Knowlton et al. 1997;
depth: van Oppen et al. 2018; distance to shore: Rippe et al. 2021;
sedimentation: Vermeij et al. 2007). At our study site, colonies
from the two lineages co-occurred in syntopy, within the same
depth range, and often less than a meter apart from one another.
We further did not detect any gross morphological differences
between them, though detailed, fine-scale skeletal analyses
required for taxonomic classification were not conducted in
the scope of this study. Accurately quantifying differences in
(micro)morphological traits is technically challenging, par-
ticularly among closely related coral species and even more so
between lineages or populations (Budd et al. 2012). Thus, we
did not find major support for the types of habitat-driven diver-
gence that have been identified in other coral species (Bongaerts
et al. 2021; Prada and Hellberg 2021; Rippe et al. 2021).

Importantly, we were also not able to test for barriers to gene
flow that occur later in life such as sterility or reduced fitness of
hybrids and backcrosses. Thus, it remains possible that later-life
and later-generation isolating factors could have substantial ad-
ditional effects on gene flow, contributing to the creation and/or
reinforcement of the divergence of the lineages identified in this

study. It remains possible for these isolating mechanisms to play
a substantial role as our inter-seasonal crosses using cryopre-
served sperm revealed an absence of complete gametic or early
post-zygotic incompatibilities.

In sum, while a variety of interacting factors likely explain the
initial divergence of the coral lineages identified in this study,
temporal reproductive isolation via seasonal allochrony appears
to be a strong, consistent, and regionally common factor cur-
rently maintaining and reinforcing the differentiation between
spring- and autumn-spawning lineages of the reef-building
coral D. labyrinthiformis. The existence of this previously un-
identified diversity suggests that additional cryptic coral diver-
sity and the mechanisms underlying its emergence remain yet
to be uncovered.

4.4 | Conclusion: The Urgency of Identifying
and Conserving Cryptic Coral Diversity

A growing number of genetic studies show that the taxonomic di-
versity in reef-building corals greatly exceeds estimates derived
from morphological traits alone. Unfortunately, the evolutionary
mechanisms responsible for the emergence of cryptic coral spe-
cies remain largely unknown. Even in the few examples where
genetic, morphological and ecological information is available
(e.g., Aichelman et al. 2025; Bongaerts et al. 2021; Carlon and
Budd 2002; Gilmour et al. 2016; Grupstra, Meyer, et al. 2024),
the mechanisms and processes driving the formation and main-
tenance of cryptic diversity remain elusive for most coral taxa.
Here, we provide a clear case study that illustrates how closely
related and gametically compatible cryptic lineages maintain re-
productive isolation through seasonally allochronous spawning
behaviour. From a conservation perspective, the underestimation
of cryptic coral diversity will affect estimates of species ranges
and distributions, population sizes and extinction risks. Our study
on D. labyrinthiformis clearly illustrates the conservation threat
posed by missed or unrecognised coral lineages. This species as a
whole was recently listed as “critically endangered” under [IUCN's
Red List (Grupstra, Meyer, et al. 2024) given severe population
declines in some parts of its range and its high susceptibility to
Stony Coral Tissue Loss Disease (SCTLD) (Williams et al. 2021).
Our discovery of two lineages that rarely interbreed means that
such threats pose an even higher risk to the survival of each lin-
eage and their unique genetic diversity. Such hidden, cryptic coral
diversity poses new challenges for managers, who must now en-
sure the long-term persistence of a much larger number of coral
species, subspecies, or lineages, each with smaller populations
that cannot be identified through traditional, morphology-based
inventories of species diversity. Amidst the coral conservation cri-
sis, there is a continued urgent need to investigate and understand
the evolutionary mechanisms responsible for the emergence and
maintenance of cryptic coral species diversity, so that not only
populations and lineages but also the ecological and behavioural
forces underpinning their existence can be preserved.

Author Contributions

Valérie F. Chamberland, Mark J.A. Vermeij, Kristen L. Marhaver, Matias
Gomez-Corrales, Skylar Snowden, and Juan A. Sdnchez conceived the

Molecular Ecology, 2025

13 of 18

85U8017 SUOWILLIOD @A 18810 3|cedldde 8Ly Aq pauenob afe sajole VO ‘8sN JO S8|nJ o} Akeid178U1UO /8|1 UO (SUORIPUOD-PUR-SLLIBIALIO A 1M ARIq | BU1UO//SANL) SUORIPUOD PUe SWis | 8U88S *[9202/0/20] Uo ARiqiTauliuo A8 (i eeuiolqiasielseAlun AN AQ 8ET0. 98W/TTTT OT/I0P/WO0 A8 | imAreiq 1 jpuljuo//Siy Wwoj pepeo|umoq ‘2z ‘SZ0Z ‘X62S9ET



study. Valérie F. Chamberland, Mark J.A. Vermeij, Kristen L. Marhaver,
Kelly R.W. Latijnhouwers, and Skylar Snowden conducted spawning
monitoring dives, compiled spawning records, and contributed to tis-
sue and gamete collections. Matias Gémez-Corrales, Diana Carolina
Vergara-Florez, and Juan A. Sanchez did library prep and bioinfor-
matic genomic analyses. Valérie F. Chamberland, Kristen L. Marhaver,
and Kelly R.W. Latijnhouwers performed interseasonal crosses using
cryopreservation techniques. Valérie F. Chamberland, Matias Gémez-
Corrales, and Pim Bongaerts analyzed and interpreted the data. Valérie
F. Chamberland, Matias Gémez-Corrales, Mark J.A. Vermeij, Kristen L.
Marhaver, and Pim Bongaerts wrote the paper.

Acknowledgements

We thank the more than 30 colleagues, students, and volunteers who par-
ticipated in the 79 spawning monitoring dives leading to this publication,
as well as Andhiela van Hoof-Buso and Jarima Osepa at Goby Divers for
logistical support and field access to our study site. We further thank all
members of the 42 different organisations who graciously contributed
spawning records from 20 locations across the Caribbean region. We are
grateful to Mary Hagedorn and her collaborators for pioneering coral
cryopreservation techniques that allowed us to execute the otherwise as-
trologically impossible inter-seasonal crosses, and for providing valuable
input on the experimental design. We further acknowledge Paul Etter
and Erick Johnson at SNPsaurus for their assistance with DNA sample
processing and NextRAD libraries construction. Lastly, we feel incredi-
bly fortunate to have had the chance to work with the 39 Diploria labyrin-
thiformis colonies featured in this study, most of which were lost to Stony
Coral Tissue Loss Disease (SCTLD) between 2023 and 2024.

Ethics Statement

All research and specimen collections were carried out under collection
permit 2012/48584 granted to CARMABI by the Ministry of Health,
Environment, and Nature of Curacao to the CARMABI Foundation.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data supporting the findings described in this work are avail-
able at DRYAD http://datadryad.org/share/aQvH-8LYKRvD8G-
F4DOK57HIfw_CNLg5TBWVMO9tid5I. Raw genome-wide sequence
data (NextRAD) generated from Diploria labyrinthiformis samples for
this study are available on NCBI's SRA (BioProject ID: PRINA1251129).
Single gene sequences are available at GenBank for PaxC (acces-
sion numbers PV475607-PV475631) and CaM (accession numbers
PV468756-PV468776). The code for genomic analyses is publicly acces-
sible in the GitHub repository associated with this publication (https://
github.com/matiasgoco/Dlab_Curacao_Genomics).

References

Abe, M., T. Watanabe, H. Hayakawa, and M. Hidaka. 2008. “Breeding
Experiments of Hermatypic Coral Galaxea fascicularis: Partial
Reproductive Isolation Between Colonies of Different Nematocyst
Types and Enhancement of Fertilization Success by Presence of Parental
Colonies.” Fisheries Science 74, no. 6: 1342-1344.

Aichelman, H. E., B. E. Benson, K. Gomez-Campo, et al. 2025. “Cryptic
Coral Diversity Is Associated With Symbioses, Physiology, and
Response to Thermal Challenge.” Science Advances 11, no. 3: eadr5237.
https://doi.org/10.1126/sciadv.adr5237.

Alexander, D. H., and K. Lange. 2011. “Enhancements to the
ADMIXTURE Algorithm for Individual Ancestry Estimation.”
BMC Bioinformatics 12, no. 1: 246. https://doi.org/10.1186/
1471-2105-12-246.

Alexander, D. H., J. Novembre, and K. Lange. 2009. “Fast Model-Based
Estimation of Ancestry in Unrelated Individuals.” Genome Research 19,
no. 9: 1655-1664. https://doi.org/10.1101/gr.094052.109.

Babcock, R. C. 1991. “Comparative Demography of Three Species of
Scleractinian Corals Using Age- and Size-Dependent Classifications.”
Ecological Monographs 61, no. 3: 225-244. https://doi.org/10.2307/
2937107.

Baird, A. H., J. R. Guest, and B. L. Willis. 2009. “Systematic and
Biogeographical Patterns in the Reproductive Biology of Scleractinian
Corals.” Annual Review of Ecology, Evolution, and Systematics 40, no. 1:
551-571. https://doi.org/10.1146/annurev.ecolsys.110308.120220.

Bates, D., M. Michler, B. Bolker, and S. Walker. 2015. “Fitting Linear
Mixed-Effects Models Using lme4.” Journal of Statistical Software 67,
no. 1: 1-48. https://doi.org/10.18637/jss.v067.i01.

Bierbaum, T. J., and G. L. Bush. 1990. “Genetic Differentiation in the
Viability of Sibling Species of Rhagoletis Fruit Flies on Host Plants, and
the Influence of Reduced Hybrid Viability on Reproductive Isolation.”
Entomologia Experimentalis et Applicata 55, no. 2: 105-118. https://doi.
0rg/10.1111/j.1570-7458.1990.tb01353.x.

Bolnick, D. I., and B. M. Fitzpatrick. 2007. “Sympatric Speciation:
Models and Empirical Evidence.” Annual Review of Ecology, Evolution,
and Systematics 38, no. 1: 459-487. https://doi.org/10.1146/annurev.
ecolsys.38.091206.095804.

Bongaerts, P., I. R. Cooke, H. Ying, et al. 2021. “Morphological Stasis
Masks Ecologically Divergent Coral Species on Tropical Reefs.”
Current Biology 31, no. 11: 2286-2298. https://doi.org/10.1016/j.cub.
2021.03.028.

Bowen, B. W., L. A. Rocha, R. J. Toonen, and S. A. Karl. 2013.
“The Origins of Tropical Marine Biodiversity.” Trends in Ecology
& Evolution 28, no. 6: 359-366. https://doi.org/10.1016/j.tree.2013.
01.018.

Budd, A. F., H. Fukami, N. D. Smith, and N. Knowlton. 2012.
“Taxonomic Classification of the Reef Coral Family Mussidae
(Cnidaria: Anthozoa: Scleractinia).” Zoological Journal of the Linnean
Society 166, no. 3: 465-529. https://doi.org/10.1111/j.1096-3642.2012.
00855.x.

Bushnell, B. 2014. “BBMap: A Fast, Accurate, Splice-Aware Aligner.”
Lawrence Berkeley National Laboratory. LBNL Report #: LBNL-7065E.
https://escholarship.org/uc/item/1h3515gn.

Bythell, J. C., B. E. Brown, and T. B. L. Kirkwood. 2018. “Do Reef Corals
Age?” Biological Reviews 93, no. 2: 1192-1202. https://doi.org/10.1111/
brv.12391.

Carlon, D. B., and A. F. Budd. 2002. “Incipient Speciation Across
a Depth Gradient in a Scleractinian Coral?” Evolution 56, no. 11:
2227-2242.

Chamberland, V. F,, S. Snowden, K. L. Marhaver, D. Petersen, and M.
J. A. Vermeij. 2017. “The Reproductive Biology and Early Life Ecology
of a Common Caribbean Brain Coral, Diploria labyrinthiformis
(Scleractinia: Faviinae).” Coral Reefs 36: 83-94. https://doi.org/10.1007/
s00338-016-1504-2.

Chifman, J., and L. Kubatko. 2014. “Quartet Inference From SNP Data
Under the Coalescent Model.” Bioinformatics 30, no. 23: 3317-3324.
https://doi.org/10.1093/bioinformatics/btu530.

Coffroth, M. A., H. R. Lasker, M. E. Diamond, J. A. Bruenn, and E.
Bermingham. 1992. “DNA Fingerprints of a Gorgonian Coral: A
Method for Detecting Clonal Structure in a Vegetative Species.” Marine
Biology 114, no. 2: 317-325.

Coyne, J. A., and H. A. Orr. 2004. Speciation. Vol. 37. Sinauer Associates
Sunderland.

Crowder, C. M., E. Meyer, T.-Y. Fan, and V. M. Weis. 2017. “Impacts
of Temperature and Lunar Day on Gene Expression Profiles During a

14 of 18

Molecular Ecology, 2025

85U8017 SUOWILLIOD @A 18810 3|cedldde 8Ly Aq pauenob afe sajole VO ‘8sN JO S8|nJ o} Akeid178U1UO /8|1 UO (SUORIPUOD-PUR-SLLIBIALIO A 1M ARIq | BU1UO//SANL) SUORIPUOD PUe SWis | 8U88S *[9202/0/20] Uo ARiqiTauliuo A8 (i eeuiolqiasielseAlun AN AQ 8ET0. 98W/TTTT OT/I0P/WO0 A8 | imAreiq 1 jpuljuo//Siy Wwoj pepeo|umoq ‘2z ‘SZ0Z ‘X62S9ET


http://h52wvrds.r.us-west-2.awstrack.me/L0/http://datadryad.org/share/aQvH-8LYKRvD8G-F4D0K57Hlfw_CNLg5TBWVM9tid5I/1/01010195ddd6d27a-f9323299-2b09-4b99-96b5-1074ab3d11aa-000000/zdJiaiI7oFKmn-msdfN8mJWPCWs=420
http://h52wvrds.r.us-west-2.awstrack.me/L0/http://datadryad.org/share/aQvH-8LYKRvD8G-F4D0K57Hlfw_CNLg5TBWVM9tid5I/1/01010195ddd6d27a-f9323299-2b09-4b99-96b5-1074ab3d11aa-000000/zdJiaiI7oFKmn-msdfN8mJWPCWs=420
https://github.com/matiasgoco/Dlab_Curacao_Genomics
https://github.com/matiasgoco/Dlab_Curacao_Genomics
https://doi.org/10.1126/sciadv.adr5237
https://doi.org/10.1186/1471-2105-12-246
https://doi.org/10.1186/1471-2105-12-246
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.2307/2937107
https://doi.org/10.2307/2937107
https://doi.org/10.1146/annurev.ecolsys.110308.120220
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/j.1570-7458.1990.tb01353.x
https://doi.org/10.1111/j.1570-7458.1990.tb01353.x
https://doi.org/10.1146/annurev.ecolsys.38.091206.095804
https://doi.org/10.1146/annurev.ecolsys.38.091206.095804
https://doi.org/10.1016/j.cub.2021.03.028
https://doi.org/10.1016/j.cub.2021.03.028
https://doi.org/10.1016/j.tree.2013.01.018
https://doi.org/10.1016/j.tree.2013.01.018
https://doi.org/10.1111/j.1096-3642.2012.00855.x
https://doi.org/10.1111/j.1096-3642.2012.00855.x
https://escholarship.org/uc/item/1h3515gn
https://doi.org/10.1111/brv.12391
https://doi.org/10.1111/brv.12391
https://doi.org/10.1007/s00338-016-1504-2
https://doi.org/10.1007/s00338-016-1504-2
https://doi.org/10.1093/bioinformatics/btu530

Monthly Reproductive Cycle in the Brooding Coral Pocillopora dami-
cornis.” Molecular Ecology 26, no. 15: 3913-3925. https://doi.org/10.
1111/mec.14162.

Danecek, P., A. Auton, G. Abecasis, et al. 2011. “The Variant Call
Format and VCFtools.” Bioinformatics 27, no. 15: 2156-2158. https://
doi.org/10.1093/bioinformatics/btr330.

Darriba, D., G. L. Taboada, R. Doallo, and D. Posada. 2012. “jModelT-
est 2: More Models, New Heuristics and Parallel Computing.” Nature
Methods 9, no. 8: 772. https://doi.org/10.1038/nmeth.2109.

de Cara, M. A. R., N. H. Barton, and M. Kirkpatrick. 2008. “A Model for
the Evolution of Assortative Mating.” American Naturalist 171, no. 5:
580-596. https://doi.org/10.1086/587062.

de Carvalho, A. L., B. W. Nelson, M. C. Bianchini, D. Plagnol, T. M.
Kuplich, and D. C. Daly. 2013. “Bamboo-Dominated Forests of the
Southwest Amazon: Detection, Spatial Extent, Life Cycle Length and
Flowering Waves.” PLoS One 8, no. 1: €54852.

Devaux, C., and R. Lande. 2008. “Incipient Allochronic Speciation due
to Non-Selective Assortative Mating by Flowering Time, Mutation and
Genetic Drift.” Proceedings of the Royal Society B: Biological Sciences 275,
no. 1652: 2723-2732. https://doi.org/10.1098/rspb.2008.0882.

Devlin-Durante, M. K., M. W. Miller, W. F. Precht, and I. B. Baums. 2016.
“How Old Are You? Genet Age Estimates in a Clonal Animal.” Molecular
Ecology 25, no. 22: 5628-5646. https://doi.org/10.1111/mec.13865.

Devries, P. J., G. T. Austin, and N. H. Martin. 2008. “Diel Activity and
Reproductive Isolation in a Diverse Assemblage of Neotropical Skippers
(Lepidoptera: Hesperiidae).” Biological Journal of the Linnean Society
94, no. 4: 723-736.

Drummond, A. J., M. A. Suchard, D. Xie, and A. Rambaut. 2012.
“Bayesian Phylogenetics With BEAUti and the BEAST 1.7.” Molecular
Biology and Evolution 29, no. 8: 1969-1973. https://doi.org/10.1093/mol-
bev/mss075.

Felsenstein, J. 1981. “Evolutionary Trees From DNA Sequences: A
Maximum Likelihood Approach.” Journal of Molecular Evolution 17,
no. 6: 368-376.

Fishman, L., and J. H. Willis. 2001. “Evidence for Dobzhansky-Muller
Incompatibilities Contributing to the Sterility of Hybrids Between
Mimulus guttatus and M. nasutus.” Evolution 55, no. 10: 1932-1942.

Fogarty, N. D., M. Lowenberg, M. N. Ojima, N. Knowlton, and D. R.
Levitan. 2012. “Asymmetric Conspecific Sperm Precedence in Relation
to Spawning Times in the Montastraea annularis Species Complex
(Cnidaria: Scleractinia).” Journal of Evolutionary Biology 25, no. 12:
2481-2488. https://doi.org/10.1111/j.1420-9101.2012.02625.x.

Fogarty, N. D., and K. L. Marhaver. 2019. “Coral Spawning,
Unsynchronized.” Science 365, no. 6457: 987-988. https://doi.org/10.
1126/science.aay7457.

Fox, G. A. 2003. “Assortative Mating and Plant Phenology: Evolutionary
and Practical Consequences.” Evolutionary Ecology Research 5, no. 1:
1-18.

Franklin, D. C. 2004. “Synchrony and Asynchrony: Observations and
Hypotheses for the Flowering Wave in a Long-Lived Semelparous
Bamboo.” Journal of Biogeography 31, no. 5: 773-786.

Fukami, H. 2008. “Short Review: Molecular Phylogenetic Analyses of
Reef Corals.” Galaxea, Journal of Coral Reef Studies 10, no. 2: 47-55.
http://jlc.jst.go.jp/DN/JALC/00330368061?from=Google.

Fukami, H., A. F. Budd, G. Paulay, et al. 2004. “Conventional
Taxonomy Obscures Deep Divergence Between Pacific and Atlantic
Corals.” Nature 427, no. 6977: 832-835. https://doi.org/10.1038/natur
€023309.

Fukami, H., M. Omori, K. Shimoike, T. Hayashibara, and M. Hatta.
2003. “Ecological and Genetic Aspects of Reproductive Isolation by

Different Spawning Times in Acropora Corals.” Marine Biology 142, no.
4: 679-684. https://doi.org/10.1007/s00227-002-1001-8.

Furukawa, M., S. Ohki, S. Kitanobo, H. Fukami, and M. Morita. 2020.
“Differences in Spawning Time Drive Cryptic Speciation in the Coral
Acropora divaricata.” Marine Biology 167, no. 11: 163. https://doi.org/10.
1007/500227-020-03781-z.

Gilmour, J. P, J. N. Underwood, E. J. Howells, E. Gates, and A. J.
Heyward. 2016. “Biannual Spawning and Temporal Reproductive
Isolation in Acropora Corals.” PLoS One 11, no. 3: e0150916.

Goémez-Corrales, M., and C. Prada. 2020. “Cryptic Lineages Respond
Differently to Coral Bleaching.” Molecular Ecology 29, no. 22: 4265-
4273. https://doi.org/10.1111/mec.15631.

Gonzalez, A. M., C. A. Prada, V. Avila, and M. Medina. 2018. Ecological
Speciation in Corals. Springer International Publishing. https://doi.org/
10.1007/13836_2018_35.

Goudet, J. 2005. “Hierfstat, a Package for R to Compute and Test
Hierarchical F-Statistics.” Molecular Ecology Resources 5, no. 1: 184—
186. http://onlinelibrary.wiley.com/doi/10.1111/j.1471-8286.2004.
00828.x/full.

Grinblat, M., I. Cooke, T. Shlesinger, et al. 2021. “Biogeography,
Reproductive Biology and Phylogenetic Divergence Within the
Fungiidae (Mushroom Corals).” Molecular Phylogenetics and Evolution
164: 107265. https://doi.org/10.1016/j.ympev.2021.107265.

Grupstra, C. G. B., M. Goémez-Corrales, J. E. Fifer, et al. 2024.
“Integrating Cryptic Diversity Into Coral Evolution, Symbiosis and
Conservation.” Nature Ecology & Evolution 1: 622-636. https://doi.org/
10.1038/541559-023-02319-y.

Grupstra, C. G. B, K. S. Meyer, J. Bennett, et al. 2024. “Holobiont Traits
Shape Climate Change Responses in Cryptic Coral Lineages.” Global
Change Biology 30: e17578.

Hagedorn, M., V. L. Carter, E. M. Henley, M. J. Van Oppen, R. Hobbs, and
R. E. Spindler. 2017. “Producing Coral Offspring With Cryopreserved
Sperm: A Tool for Coral Reef Restoration.” Scientific Reports 7, no. 1:
1-9.

Harrell, F. E., Jr. 2019. “Package ‘hmisc’.” CRAN2018 2019: 235-236.

Hasegawa, M., H. Kishino, and T. Yano. 1985. “Dating of the Human-
Ape Splitting by a Molecular Clock of Mitochondrial DNA.” Journal of
Molecular Evolution 22, no. 2: 160-174.

Hendry, A. P.,, and T. Day. 2005. “Population Structure Attributable
to Reproductive Time: Isolation by Time and Adaptation by Time.”
Molecular Ecology 14, no. 4: 901-916. https://doi.org/10.1111/j.1365-
294X.2005.02480.x.

Heyward, A. J., and A. P. Negri. 1999. “Natural Inducers for Coral
Larval Metamorphosis.” Coral Reefs 18, no. 3: 273-279. https://doi.org/
10.1007/s003380050193.

Iguchi, A., Y. Yoshioka, Z. H. Forsman, et al. 2019. “RADseq Population
Genomics Confirms Divergence Across Closely Related Species in Blue
Coral (Heliopora coerulea).” BMC Evolutionary Biology 19, no. 1: 187.
https://doi.org/10.1186/s12862-019-1522-0.

Ishikawa, J., A. Yamashita, Y. Mikami, et al. 2004. “The Complete
Genomic Sequence of Nocardia farcinica IFM 10152.” Proceedings of the
National Academy of Sciences of the United States of America 101, no. 41:
14925-14930.

Johnston, E. C., A. S. J. Wyatt, J. J. Leichter, and S. C. Burgess. 2021.
“Niche Differences in Co-Occurring Cryptic Coral Species (Pocillopora
spp.).” Coral Reefs 41: 767-778. https://doi.org/10.1007/s00338-021-
02107-9.

Jombart, T. 2008. “Adegenet: A R Package for the Multivariate Analysis
of Genetic Markers.” Bioinformatics 24, no. 11: 1403-1405. https://doi.
org/10.1093/bioinformatics/btn129.

Molecular Ecology, 2025

150f 18

85U8017 SUOWILLIOD @A 18810 3|cedldde 8Ly Aq pauenob afe sajole VO ‘8sN JO S8|nJ o} Akeid178U1UO /8|1 UO (SUORIPUOD-PUR-SLLIBIALIO A 1M ARIq | BU1UO//SANL) SUORIPUOD PUe SWis | 8U88S *[9202/0/20] Uo ARiqiTauliuo A8 (i eeuiolqiasielseAlun AN AQ 8ET0. 98W/TTTT OT/I0P/WO0 A8 | imAreiq 1 jpuljuo//Siy Wwoj pepeo|umoq ‘2z ‘SZ0Z ‘X62S9ET


https://doi.org/10.1111/mec.14162
https://doi.org/10.1111/mec.14162
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1086/587062
https://doi.org/10.1098/rspb.2008.0882
https://doi.org/10.1111/mec.13865
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1111/j.1420-9101.2012.02625.x
https://doi.org/10.1126/science.aay7457
https://doi.org/10.1126/science.aay7457
http://jlc.jst.go.jp/DN/JALC/00330368061?from=Google
https://doi.org/10.1038/nature02339
https://doi.org/10.1038/nature02339
https://doi.org/10.1007/s00227-002-1001-8
https://doi.org/10.1007/s00227-020-03781-z
https://doi.org/10.1007/s00227-020-03781-z
https://doi.org/10.1111/mec.15631
https://doi.org/10.1007/13836_2018_35
https://doi.org/10.1007/13836_2018_35
http://onlinelibrary.wiley.com/doi/10.1111/j.1471-8286.2004.00828.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1471-8286.2004.00828.x/full
https://doi.org/10.1016/j.ympev.2021.107265
https://doi.org/10.1038/s41559-023-02319-y
https://doi.org/10.1038/s41559-023-02319-y
https://doi.org/10.1111/j.1365-294X.2005.02480.x
https://doi.org/10.1111/j.1365-294X.2005.02480.x
https://doi.org/10.1007/s003380050193
https://doi.org/10.1007/s003380050193
https://doi.org/10.1186/s12862-019-1522-0
https://doi.org/10.1007/s00338-021-02107-9
https://doi.org/10.1007/s00338-021-02107-9
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129

Kaniewska, P., S. Alon, S. Karako-Lampert, O. Hoegh-Guldberg, and O.
Levy. 2015. “Signaling Cascades and the Importance of Moonlight in
Coral Broadcast Mass Spawning.” eLife 4: €09991.

Knowlton, N., J. L. Mate, H. M. Guzman, R. Rowan, and J. Jara. 1997.
“Direct Evidence for Reproductive Isolation Among the Three Species
of the Montastraea annularis Complex in Central America (Panama
and Honduras).” Marine Biology 127, no. 4: 705-711.

Kozlov, A. M., D. Darriba, T. Flouri, B. Morel, and A. Stamatakis. 2019.
“RAXML-NG: A Fast, Scalable and User-Friendly Tool for Maximum
Likelihood Phylogenetic Inference.” Bioinformatics 35, no. 21:
4453-4455.

Letunic, I., and P. Bork. 2021. “Interactive Tree of Life (iTOL) v5: An
Online Tool for Phylogenetic Tree Display and Annotation.” Nucleic
Acids Research 49: gkab301. https://doi.org/10.1093/nar/gkab301.

Levitan, D. R., N. D. Fogarty, J. Jara, K. E. Lotterhos, and N. Knowlton.
2011. “Genetic, Spatial, and Temporal Components of Precise Spawning
Synchrony in Reef Building Corals of the Montastraea annularis
Species Complex.” Evolution 65, no. 5: 1254-1270. https://doi.org/10.
1111/.1558-5646.2011.01235.X.

Levitan, D. R., H. Fukami, J. Jara, et al. 2004. “Mechanisms of
Reproductive Isolation Among Sympatric Broadcast-Spawning Corals
of the Montastraea annularis Species Complex.” Evolution 58, no. 2:
308-323. http://www.bioone.org/doi/abs/10.1554/02-700.

Li, H., B. Handsaker, A. Wysoker, et al. 2009. “The Sequence Alignment/
Map Format and SAMtools.” Bioinformatics 25, no. 16: 2078-2079.
https://doi.org/10.1093/bioinformatics/btp352.

Lin, C.-H., and Y. Nozawa. 2023. “The Influence of Seawater
Temperature on the Timing of Coral Spawning.” Coral Reefs 42: 417-
426. https://doi.org/10.1007/s00338-023-02349-9.

Lin, C.-H., S. Takahashi, A. J. Mulla, and Y. Nozawa. 2021. “Moonrise
Timing Is Key for Synchronized Spawning in Coral Dipsastraea
Speciosa.” Proceedings of the National Academy of Sciences of the United
States of America 118, no. 34: €2101985118. https://doi.org/10.1073/
pnas.2101985118.

Lotterhos, K. E., and D. R. Levitan. 2010. “Gamete Raelease and
Spawning Behavior in Broadcast Spawning Marine Invertebrates.”
Evolution of Primary Sexual Characters in Animals 99: 120.

Lu, G., and L. Bernatchez. 1998. “Experimental Evidence for Reduced
Hybrid Viability Between Dwarf and Normal Ecotypes of Lake
Whitefish (Coregonus clupeaformis Mitchill).” Proceedings of the Royal
Society of London, Series B: Biological Sciences 265, no. 1400: 1025-1030.
https://doi.org/10.1098/rspb.1998.0394.

Luo, Q., S. Hiessl, A. Poehlein, R. Daniel, and A. Steinbuchel. 2014.
“Insights Into the Microbial Degradation of Rubber and Gutta-Percha
by Analysis of the Complete Genome of Nocardia nova SH22a.” Applied
and Environmental Microbiology 80, no. 13: 3895-3907. https://doi.org/
10.1128/AEM.00473-14.

Marshall, D. C.,, and J. R. Cooley. 2000. “Reproductive Character
Displacement and Speciation in Periodical Cicadas, With Description
of a New Species, 13-Year Magicicada neotredecim.” Evolution 54, no.
4:1313-1325.

Marshall, D. J., and T. F. Bolton. 2007. “Sperm Release Strategies in
Marine Broadcast Spawners: The Costs of Releasing Sperm Quickly.”
Journal of Experimental Biology 210, no. 21: 3720-3727. https://doi.org/
10.1242/jeb.008417.

Mendes, J. M., and J. D. Woodley. 2002. “Timing of Reproduction in
Montastraea annularis: Relationship to Environmental Variables.”
Marine Ecology Progress Series 227: 241-251. https://doi.org/10.3354/
meps227241.

Miller, J. M., C. I. Cullingham, and R. M. Peery. 2020. “The Influence
of a Priori Grouping on Inference of Genetic Clusters: Simulation Study

and Literature Review of the DAPC Method.” Heredity 125, no. 5: 5.
https://doi.org/10.1038/s41437-020-0348-2.

Mitsuki, Y., N. Isomura, Y. Nozawa, H. Tachikawa, D. Huang, and
H. Fukami. 2021. “Distinct Species Hidden in the Widely Distributed
Coral Coelastrea aspera (Cnidaria, Anthozoa, Scleractinia).”
Invertebrate Systematics 35, no. 8: 876-891. https://doi.org/10.1071/
1S21025.

Mumby, P. J., G. Sartori, E. Buccheri, et al. 2024. “Allee Effects Limit
Coral Fertilization Success.” Proceedings of the National Academy of
Sciences of the United States of America 121, no. 52: €2418314121. https://
doi.org/10.1073/pnas.2418314121.

Nosil, P. 2008. “Speciation With Gene Flow Could Be Common.”
Molecular Ecology 17, no. 9: 2103-2106. https://doi.org/10.1111/j.1365-
294X.2008.03715.x.

Ohki, S., R. K. Kowalski, S. Kitanobo, and M. Morita. 2015. “Changes in
Spawning Time Led to the Speciation of the Broadcast Spawning Corals
Acropora digitifera and the Cryptic Species Acropora sp. 1 With Similar
Gamete Recognition Systems.” Coral Reefs 34, no. 4: 1189-1198. https://
doi.org/10.1007/s00338-015-1337-4.

Ouyang, Y., Y.-G. Liu, and Q. Zhang. 2010. “Hybrid Sterility in Plant:
Stories From Rice.” Current Opinion in Plant Biology 13, no. 2: 186-192.
https://doi.org/10.1016/j.pbi.2010.01.002.

Pelosi, J. A., M. A. Bernal, T. J. Krabbenhoft, et al. 2021. “Fine-Scale
Morphological, Genomic, Reproductive, and Symbiont Differences
Delimit the Caribbean Octocorals Plexaura homomalla and P. kiiken-
thali.” Coral Reefs 41: 635-653. https://doi.org/10.1007/s00338-021-
02175-x.

Potkamp, G., and C. H. J. M. Fransen. 2019. “Speciation With Gene
Flow in Marine Systems.” Contributions to Zoology 88, no. 2: 133-172.
https://doi.org/10.1163/18759866-20191344.

Prada, C., and M. E. Hellberg. 2021. “Speciation-By-Depth on Coral
Reefs: Sympatric Divergence With Gene Flow or Cryptic Transient
Isolation?” Journal of Evolutionary Biology 34, no. 1: 128-137. https://
doi.org/10.1111/jeb.13731.

R Core Team. 2025. “R: A Language and Environment for Statistical
Computing.” R Foundation for Statistical Computing, Vienna, Austria.
https://www.R-project.org.

Rambaut, A., A. J. Drummond, D. Xie, G. Baele, and M. A. Suchard.
2018. “Posterior Summarisation in Bayesian Phylogenetics Using
Tracer 1.7.3.”

Reaka-Kudla, M. L. 1997. “The Global Biodiversity of Coral Reefs: A
Comparison With Rain Forests.” Biodiversity II: Understanding and
Protecting Our Biological Resources 2: 551.

Rice, W. R. 1984. “Disruptive Selection on Habitat Preference and the
Evolution of Reproductive Isolation: A Simulation Study.” Evolution 38,
no. 6: 1251-1260.

Richards, Z. T., O. Berry, and M. J. H. van Oppen. 2016. “Cryptic Genetic
Divergence Within Threatened Species of Acropora Coral From the
Indian and Pacific Oceans.” Conservation Genetics 17, no. 3: 577-591.
https://doi.org/10.1007/s10592-015-0807-0.

Rippe, J. P., G. Dixon, Z. L. Fuller, Y. Liao, and M. Matz. 2021.
“Environmental Specialization and Cryptic Genetic Divergence in Two
Massive Coral Species From the Florida Keys Reef Tract.” Molecular
Ecology 30: mec.15931. https://doi.org/10.1111/mec.15931.

Rosser, N. L. 2015. “Asynchronous Spawning in Sympatric Populations
of a Hard Coral Reveals Cryptic Species and Ancient Genetic Lineages.”
Molecular Ecology 24, no. 19: 5006-5019. https://doi.org/10.1111/mec.
13372.

Rosser, N. L., K. Edyvane, A. C. Malina, J. N. Underwood, and M.
S. Johnson. 2020. “Geography and Spawning Season Drive Genetic
Divergence Among Populations of the Hard Coral Acropora tenuis

16 of 18

Molecular Ecology, 2025

85U8017 SUOWILLIOD @A 18810 3|cedldde 8Ly Aq pauenob afe sajole VO ‘8sN JO S8|nJ o} Akeid178U1UO /8|1 UO (SUORIPUOD-PUR-SLLIBIALIO A 1M ARIq | BU1UO//SANL) SUORIPUOD PUe SWis | 8U88S *[9202/0/20] Uo ARiqiTauliuo A8 (i eeuiolqiasielseAlun AN AQ 8ET0. 98W/TTTT OT/I0P/WO0 A8 | imAreiq 1 jpuljuo//Siy Wwoj pepeo|umoq ‘2z ‘SZ0Z ‘X62S9ET


https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1111/j.1558-5646.2011.01235.x
https://doi.org/10.1111/j.1558-5646.2011.01235.x
http://www.bioone.org/doi/abs/10.1554/02-700
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1007/s00338-023-02349-9
https://doi.org/10.1073/pnas.2101985118
https://doi.org/10.1073/pnas.2101985118
https://doi.org/10.1098/rspb.1998.0394
https://doi.org/10.1128/AEM.00473-14
https://doi.org/10.1128/AEM.00473-14
https://doi.org/10.1242/jeb.008417
https://doi.org/10.1242/jeb.008417
https://doi.org/10.3354/meps227241
https://doi.org/10.3354/meps227241
https://doi.org/10.1038/s41437-020-0348-2
https://doi.org/10.1071/IS21025
https://doi.org/10.1071/IS21025
https://doi.org/10.1073/pnas.2418314121
https://doi.org/10.1073/pnas.2418314121
https://doi.org/10.1111/j.1365-294X.2008.03715.x
https://doi.org/10.1111/j.1365-294X.2008.03715.x
https://doi.org/10.1007/s00338-015-1337-4
https://doi.org/10.1007/s00338-015-1337-4
https://doi.org/10.1016/j.pbi.2010.01.002
https://doi.org/10.1007/s00338-021-02175-x
https://doi.org/10.1007/s00338-021-02175-x
https://doi.org/10.1163/18759866-20191344
https://doi.org/10.1111/jeb.13731
https://doi.org/10.1111/jeb.13731
https://www.r-project.org
https://doi.org/10.1007/s10592-015-0807-0
https://doi.org/10.1111/mec.15931
https://doi.org/10.1111/mec.13372
https://doi.org/10.1111/mec.13372

From Indonesia and Western Australia.” Coral Reefs 39, no. 4: 989-999.
https://doi.org/10.1007/s00338-020-01923-9.

Rosser, N. L., L. Thomas, S. Stankowski, Z. T. Richards, W. J.
Kennington, and M. S. Johnson. 2017. “Phylogenomics Provides New
Insight Into Evolutionary Relationships and Genealogical Discordance
in the Reef-Building Coral Genus Acropora.” Proceedings of the Royal
Society B: Biological Sciences 284, no. 1846: 20162182. https://doi.org/
10.1098/rspb.2016.2182.

Roth, M. S., T.-Y. Fan, and D. D. Deheyn. 2013. “Life History Changes
in Coral Fluorescence and the Effects of Light Intensity on Larval
Physiology and Settlement in Seriatopora hystrix.” PLoS One 8, no. 3:
€59476. https://doi.org/10.1371/journal.pone.0059476.

Russello, M. A., M. D. Waterhouse, P. D. Etter, and E. A. Johnson.
2015. “From Promise to Practice: Pairing Non-Invasive Sampling With
Genomics in Conservation.” PeerJ 3: el106. https://doi.org/10.7717/
peer;j.1106.

Santos, H., J. Rousselet, E. Magnoux, M.-R. Paiva, M. Branco, and
C. Kerdelhue. 2007. “Genetic Isolation Through Time: Allochronic
Differentiation of a Phenologically Atypical Population of the Pine
Processionary Moth.” Proceedings of the Royal Society B: Biological
Sciences 274, mno. 1612: 935-941. https://doi.org/10.1098/rspb.
2006.3767.

Schmidt-Roach, S., P. Lundgren, K. J. Miller, G. Gerlach, A. M. Noreen,
and N. Andreakis. 2013. “Assessing Hidden Species Diversity in the
Coral Pocillopora damicornis From Eastern Australia.” Coral Reefs 32:
161-172.

Schwartz, S. A., A. F. Budd, and D. B. Carlon. 2012. “Molecules and
Fossils Reveal Punctuated Diversification in Caribbean “Faviid”
Corals.” BMC Evolutionary Biology 12, no. 1: 123. http://www.biome
dcentral.com/1471-2148/12/123.

Shlesinger, T., and Y. Loya. 2019. “Breakdown in Spawning Synchrony:
A Silent Threat to Coral Persistence.” Science 365, no. 6457: 1002-1007.
https://doi.org/10.1126/science.aax0110.

Shoguchi, E., C. Shinzato, T. Kawashima, et al. 2013. “Draft Assembly
of the Symbiodinium minutum Nuclear Genome Reveals Dinoflagellate
Gene Structure.” Current Biology 23, no. 15: 1399-1408. https://doi.org/
10.1016/j.cub.2013.05.062.

Stamatakis, A. 2006. “RAXML-VI-HPC: Maximum Likelihood-Based
Phylogenetic Analyses With Thousands of Taxa and Mixed Models.”
Bioinformatics 22, no. 21: 2688-2690. https://doi.org/10.1093/bioin
formatics/btl446.

Swofford, D. L. 2003. PAUP*: Phylogenetic Analysis Using Parsimony
Version 4.0 b10. Sinauer Associates.

Taylor, R. S., M. Bolton, A. Beard, et al. 2019. “Cryptic Species and
Independent Origins of Allochronic Populations Within a Seabird
Species Complex (Hydrobates spp.).” Molecular Phylogenetics and
Evolution 139: 106552. https://doi.org/10.1016/j.ympev.2019.106552.

Taylor, R. S., and V. L. Friesen. 2017. “The Role of Allochrony in
Speciation.” Molecular Ecology 26, no. 13: 3330-3342. https://doi.org/10.
1111/mec.14126.

Thompson, D. M., J. Kleypas, F. Castruccio, et al. 2018. “Variability in
Oceanographic Barriers to Coral Larval Dispersal: Do Currents Shape
Biodiversity?” Progress in Oceanography 165: 110-122. https://doi.org/
10.1016/j.pocean.2018.05.007.

Torquato, F., J. Bouwmeester, P. Range, et al. 2022. “Population Genetic
Structure of a Major Reef-Building Coral Species Acropora Downingi
in Northeastern Arabian Peninsula.” Coral Reefs 41, no. 3: 743-752.
https://doi.org/10.1007/s00338-021-02158-y.

Vacquier, V. D., and W. J. Swanson. 2011. “Selection in the Rapid
Evolution of Gamete Recognition Proteins in Marine Invertebrates.”
Cold Spring Harbor Perspectives in Biology 3, no. 11: a002931-a002931.
https://doi.org/10.1101/cshperspect.a002931.

van Oppen, M. J. H., P. Bongaerts, P. Frade, et al. 2018. “Adaptation to
Reef Habitats Through Selection on the Coral Animal and Its Associated
Microbiome.” Molecular Ecology 27, no. 14: 2956-2971. https://doi.org/
10.1111/mec.14763.

van Woesik, R. 2010. “Calm Before the Spawn: Global Coral Spawning
Patterns Are Explained by Regional Wind Fields.” Proceedings of the
Royal Society B: Biological Sciences 277, no. 1682: 715-722. https://doi.
0rg/10.1098/rspb.2009.1524.

Van Woesik, R., F. Lacharmoise, and S. Koksal. 2006. “Annual Cycles of
Solar Insolation Predict Spawning Times of Caribbean Corals.” Ecology
Letters 9, no. 4:390-398. https://doi.org/10.1111/j.1461-0248.2006.00886.x.

Vermeij, M. J. A. 2006. “Early Life-History Dynamics of Caribbean
Coral Species on Artificial Substratum: The Importance of Competition,
Growth and Variation in Life-History Strategy.” Coral Reefs 25, no. 1:
59-71. https://doi.org/10.1007/s00338-005-0056-7.

Vermeij, M. J. A., S. A. Sandin, and J. F. Samhouri. 2007. “Local Habitat
Distribution Determines the Relative Frequency and Interbreeding
Potential for Two Caribbean Coral Morphospecies.” Evolutionary Ecology
21, no. 1: 27-47. https://doi.org/10.1007/s10682-006-9122-z.

Villanueva, R. D. 2016. “Cryptic Speciation in the Stony Octocoral
Heliopora coerulea: Temporal Reproductive Isolation Between Two
Growth Forms.” Marine Biodiversity 46, no. 2: 503-507. https://doi.org/
10.1007/s12526-015-0376-y.

Vogt-Vincent, N. S., S. Mitarai, and H. L. Johnson. 2023. “High-
Frequency Variability Dominates Potential Connectivity Between
Remote Coral Reefs.” Limnology and Oceanography 68, no. 12: 2733-
2748. https://doi.org/10.1002/In0.12455.

Warner, P. A., M. J. H. van Oppen, and B. L. Willis. 2015. “Unexpected
Cryptic Species Diversity in the Widespread Coral Seriatopora hystrix
Masks Spatial-Genetic Patterns of Connectivity.” Molecular Ecology 24,
no. 12:2993-3008. https://doi.org/10.1111/mec.13225.

Weil, E.,, and W. L. Vargas. 2010. “Comparative Aspects of Sexual
Reproduction in the Caribbean Coral Genus Diploria (Scleractinia:
Faviidae).” Marine Biology 157, no. 2: 413-426. https://doi.org/10.1007/
$00227-009-1328-5.

Weir, B. S., and C. C. Cockerham. 1984. “Estimating F-Statistics for the
Analysis of Population Structure.” Evolution 38, no. 6: 1358. https://doi.
org/10.2307/2408641.

Weis, A. E., and T. M. Kossler. 2004. “Genetic Variation in Flowering
Time Induces Phenological Assortative Mating: Quantitative Genetic
Methods Applied to Brassica rapa.” American Journal of Botany 91, no.
6: 825-836. https://doi.org/10.3732/ajb.91.6.825.

Williams, S. D., C. S. Walter, and E. M. Muller. 2021. “Fine Scale
Temporal and Spatial Dynamics of the Stony Coral Tissue Loss Disease
Outbreak Within the Lower Florida Keys.” Frontiers in Marine Science
8. https://doi.org/10.3389/fmars.2021.631776.

Wolstenholme, J., Y. Nozawa, M. Byrne, and W. Burke. 2018. “Timing of
Mass Spawning in Corals: Potential Influence of the Coincidence of Lunar
Factors and Associated Changes in Atmospheric Pressure From Northern
and Southern Hemisphere Case Studies.” Invertebrate Reproduction &
Development 62, no. 2: 98-108. https://doi.org/10.1080/07924259.2018.
1434245.

Wood, S., C. B. Paris, A. Ridgwell, and E. J. Hendy. 2014. “Modelling
Dispersal and Connectivity of Broadcast Spawning Corals at the Global
Scale.” Global Ecology and Biogeography 23, no. 1: 1-11. https://doi.org/
10.1111/geb.12101.

Yasuda, N., C. Taquet, S. Nagai, et al. 2014. “Genetic Structure and
Cryptic Speciation in the Threatened Reef-Building Coral Heliopora
coerulea Along Kuroshio Current.” Bulletin of Marine Science 90, no. 1:
233-255. https://doi.org/10.5343/bms.2012.1105.

Zigler, K. S., M. A. McCartney, D. R. Levitan, and H. A. Lessios. 2005.
“Sea Urchin Bindin Divergence Predicts Gamete Compatibility.”
Evolution 59, no. 11: 2399-2404.

Molecular Ecology, 2025

17 of 18

85U8017 SUOWILLIOD @A 18810 3|cedldde 8Ly Aq pauenob afe sajole VO ‘8sN JO S8|nJ o} Akeid178U1UO /8|1 UO (SUORIPUOD-PUR-SLLIBIALIO A 1M ARIq | BU1UO//SANL) SUORIPUOD PUe SWis | 8U88S *[9202/0/20] Uo ARiqiTauliuo A8 (i eeuiolqiasielseAlun AN AQ 8ET0. 98W/TTTT OT/I0P/WO0 A8 | imAreiq 1 jpuljuo//Siy Wwoj pepeo|umoq ‘2z ‘SZ0Z ‘X62S9ET


https://doi.org/10.1007/s00338-020-01923-9
https://doi.org/10.1098/rspb.2016.2182
https://doi.org/10.1098/rspb.2016.2182
https://doi.org/10.1371/journal.pone.0059476
https://doi.org/10.7717/peerj.1106
https://doi.org/10.7717/peerj.1106
https://doi.org/10.1098/rspb.2006.3767
https://doi.org/10.1098/rspb.2006.3767
http://www.biomedcentral.com/1471-2148/12/123
http://www.biomedcentral.com/1471-2148/12/123
https://doi.org/10.1126/science.aax0110
https://doi.org/10.1016/j.cub.2013.05.062
https://doi.org/10.1016/j.cub.2013.05.062
https://doi.org/10.1093/bioinformatics/btl446
https://doi.org/10.1093/bioinformatics/btl446
https://doi.org/10.1016/j.ympev.2019.106552
https://doi.org/10.1111/mec.14126
https://doi.org/10.1111/mec.14126
https://doi.org/10.1016/j.pocean.2018.05.007
https://doi.org/10.1016/j.pocean.2018.05.007
https://doi.org/10.1007/s00338-021-02158-y
https://doi.org/10.1101/cshperspect.a002931
https://doi.org/10.1111/mec.14763
https://doi.org/10.1111/mec.14763
https://doi.org/10.1098/rspb.2009.1524
https://doi.org/10.1098/rspb.2009.1524
https://doi.org/10.1111/j.1461-0248.2006.00886.x
https://doi.org/10.1007/s00338-005-0056-7
https://doi.org/10.1007/s10682-006-9122-z
https://doi.org/10.1007/s12526-015-0376-y
https://doi.org/10.1007/s12526-015-0376-y
https://doi.org/10.1002/lno.12455
https://doi.org/10.1111/mec.13225
https://doi.org/10.1007/s00227-009-1328-5
https://doi.org/10.1007/s00227-009-1328-5
https://doi.org/10.2307/2408641
https://doi.org/10.2307/2408641
https://doi.org/10.3732/ajb.91.6.825
https://doi.org/10.3389/fmars.2021.631776
https://doi.org/10.1080/07924259.2018.1434245
https://doi.org/10.1080/07924259.2018.1434245
https://doi.org/10.1111/geb.12101
https://doi.org/10.1111/geb.12101
https://doi.org/10.5343/bms.2012.1105

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Extended Materials and Methods:
Gamete collections, sperm cryopreservation, gamete preparation for ex-
perimental crosses, SNP filtering for genome-wide phylogenomic anal-
yses, and single gene phylogenetic analyses. Table S1: Information on
the Diploria labyrinthiformis colonies under study, including spawning
season, depth, sample collections for genomic analyses, and identifying
molecular markers. Table S2: Accession numbers for PaxC and CaM
sequences from Genebank. Table S3: Overview of gamete collections
used in experimental crosses between spring- and autumn-spawning
colonies. Table S4: Statistical model comparison for genetic compati-
bility assays between the two lineages. Figure S1: Photographic over-
view of all 39 colonies for which reproductive activity was monitored
in Curacao at Holiday Beach reef between 2013 and 2021. Figure S2:
Box plot depicting the depth range of spring- and autumn- spawning
Diploria labyrinthiformis colonies under study. Figure S3: Graphical
representation of three different clustering algorithms collapsing
multilocus genotypes for 5301 SNPs from 45 Diploria labyrinthiformis
samples. Figure S4: Multilocus genotype histogram showing the distri-
bution of 36 multilocus genotypes from Diploria labyrinthiformis sam-
ples. Figure S5: Number of clusters (K) based on Bayesian information
criterion (BIC) differences between successive values of K. Figure S6:
a-score values as a function of the number of retained principal com-
ponents (PCs). Figure S7: Number of clusters (K) based on the cross-
validation error differences between successive values of K. Data S1:
Spawning records at different locations accross the Caribbean region
based on histological analyses (H), field-based observations (F), and
aquarium-based observations (A).
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