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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 Curaçao, Southern Caribbean, where this species spawns in both spring and autumn. Here, using data 
collected from 2013 to 2021, we show that in Curaçao, 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 (FST = 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.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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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 
(González 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; Gómez-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 Curaçao (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 Curaçao 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 ∼100 × 20 m area parallel to shore and between 4 and 9 m 
depth. Only colonies with a total surface area greater than 
100 cm2 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 14 days 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 (∼500 m2), 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 Curaçao, 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 

FIGURE 1    |    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 60 min 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, 0.5 mL 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 (∼1 cm2) 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 mg mL−1, 
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 7 ng of genomic DNA, although 10.5 ng 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 26 cycles 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 150 bp reads, with an average coverage depth of 
20× (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 = $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 | bcftools call -cv - > genotypes.vcf). 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 (HO) with expected (HE) hetero-
zygosity for each lineage and estimated their inbreeding coeffi-
cients (FIS) 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 FST values between lineages were 
then calculated following Weir and Cockerham  (1984), using 
the genet.dist function in HIERFSTAT. FST 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 × frozen–thawed (FT) autumn sperm), (2) 
spring-only crosses (spring eggs × FT spring sperm), (3) cryopro-
tectant toxicity controls (spring eggs × fresh spring sperm mixed 
with cryoprotectant), (4) fresh sperm controls (spring eggs × 
fresh spring sperm), and (5) no sperm controls (spring eggs × 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 × 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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6 of 18 Molecular Ecology, 2025

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, Ø) to limit egg shearing. Fresh or FT sperm 
was then added to the fertilisation containers at a final con-
centration of 106 cells mL−1, 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 750 mL of FSW where embryogenesis and larval 
development took place.

We quantified fertilisation success for each combination of 
treatment × 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 × 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 
300 mL of FSW and a substrate for settlement. These substrates 
consisted of flat, 5 × 5 × 1 cm (L × W × H) square ceramic tiles 
previously conditioned for ∼1 year 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 lme4 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 Curaçao 
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 8 years 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 5.9 m [2.7, 17] and 5.5 m [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), Curaçao, Bonaire, Tobago (Trinidad 
and Tobago), Utila (Honduras), Baní, Bayahibe, and Samaná 
(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 Curaçao, 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 Curaçao were genetically distinct. 
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7 of 18Molecular Ecology, 2025

FIGURE 2    |    Observations of spawning activity of the grooved brain coral Diploria labyrinthiformis population under study in Curaçao, 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.

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 

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 (FST) 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 (HO and HE) were similar between the two subpopulations 
(Table 1), showing comparable levels of genetic diversity without 
signs of inbreeding (spring: FIS = 0.017, autumn: FIS = 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 

FIGURE 4    |    Genetic structuring between spring- and autumn-
spawning populations of the grooved brain coral Diploria labyrin-
thiformis in Curaçao 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.
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9 of 18Molecular Ecology, 2025

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 Curaçao 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.

TABLE 1    |    Genetic structure in spring- and autumn-spawning populations of the grooved brain coral Diploria labyrinthiformis in Curaçao. Table 
shows overall summary statistics for the neutral dataset resulting from reduced representation genome sequencing. Data reported are: observed 
heterozygosity (HO), expected heterozygosity (HE), inbreeding coefficient (FIS), and fixation index (FST) with 95% CI [±].

Spawning season HO HE FIS Average pairwise FST

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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10 of 18 Molecular Ecology, 2025

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 
crosses were 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 ∼12 h 

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 Curaçao, 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 

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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11 of 18Molecular Ecology, 2025

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 
Curaçao

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 8 years. Nonetheless, divergence 

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
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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 FST 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 
3 months, 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 1–2 h 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, 
Gómez-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 (González 
et  al.  2018; Grupstra, Gómez-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 Curaçao), but not in others (i.e., Miami [Florida], 
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Samaná [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 Curaçao 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.
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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 Curaçao 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: 
α-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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