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Abstract 

The shallow-deep gradient stands as a major phenotypic and genetic driver of divergence in 

coral populations. Population structure, genetic diversity, morphological characteristics and 

lunar irradiance cues for spawning were tested in shallow, intermediate and deep populations 

of the octocoral Antillogorgia bipinnata distributed mainly in the leeward reef of Buconos 

and West View from San Andres Island – Colombia. For estimating genetic divergence 

among sites and depths we used NextRAD genotyping-by-sequencing libraries, using a draft 

genome to improve the SNP call. The length and width of Spindles and Scaphol (forms of 

the sclerites as morphological characters of Antillogorgia) were measured to record 

morphological variations along depth cline. Lunar irradiance was estimated using Sky 

Quality Meters (SQM-LU) placed at the surface, 14 m and 35 m, and spawning observations 

were done daily during the predicted spawning to test the reproductive timing and 

reproductive isolation. The most significant findings were: (1) lunar irradiance were quantified 

(in situ) for the first time in the tropical Caribbean, (2) asynchrony was found in reproduction 

between shallow and deep populations, (3) low but significant population structure was 

detected, and (4) we report a new continuous model of ecological speciation, where 

divergence occurs towards the extremes of a cline as producing species as “gemmules”. 

Genotypic clustering, lineage classification, and asynchronous spawning (as a reproductive 

isolation mechanism) shown here support the hypothesis of an incipient speciation process 

in Antillogorgia bipinnata populations. 

 
Background 

 

Ecological speciation is the model under which processes of divergence occurs in the absence 

of geographic barriers (Turelli et al., 2001; Martin et al., 2015), where natural selection acts 

to produce new species. It can be defined as the evolution of reproductive isolation by 

divergent natural selection in populations adapting to different ecological environments 

(Rundle & Nosil, 2018). Ecological speciation or accumulation of pleiotropic genes are main 

mechanisms involved in local adaptation (Schluter, 2009), generating three possible 

processes in which the reproductive isolation mechanism is evidenced. The first involves the 

unviability of immigrants and prezygotic isolation. These features decrease gene flow, 

reducing the likelihood of heterospecific mating encounters (Nosil, 2012). The second is due 



to the role of habitat and temporary isolation per se, where the barrier of prezygotic 

reproductive isolation evolves either by extrinsic processes that include biotic or abiotic 

factors such as climate, habitat, availability of resources or by intrinsic processes such as 

competition for space or synchronicity in their behaviors (Nosil et al., 2009). The last one is 

related to ecologically dependent postzygotic reproductive isolation, which occurs when a 

reduced fitness of the hybrids is evidenced due to the interaction between the phenotype and 

the environment (Thompson et al., 2019). 

Diversification patterns for the species Antillogorgia bipinnata (Verrill 1864) is evidenced 

in its morphotypes shallow, intermediate and deep, where the divergence of colonial forms 

overlaps into specie across a depth cline. Antillogorgia bipinnata is of the Gorgoniidae 

family (Octocorallia) and conforms a group of west side Caribbean corals with broad 

distribution ranging between 5 to 45m depth (Sanchez et al., 2007). It is a gonochoric 

octocoral with yearly reproduction, which is associated with new moon phase between 

December and March. It has a surface brooding reproductive (Sánchez, 2017) strategy and 

their larvae have a philopatric behavior, whereby, tiny variation in migration can be 

observed to small scales (Calixto-Botía & Sánchez, 2017). Despite of conspicuous similarit y, 

shallow morphotype is located between 5 to 10m depth, while Deep morphotype is between 

25 to 40m depth in San Andres Island, exhibiting significant variation in its morpholog ical 

traits such as colony size, colony coloration, branching pattern and sclerite form (specific 

forms of microscopic calcite structures along tissues) (Sánchez et al., 2019), which is a 

morphological character to classify them (Bayer, 1961). Shallow morphotype was 

catalogued as a sister species closely related to A. bipinnata, named Antillogorgia kallos 

(Bielschowsky 1918) (=Pseudopterogorgia, Williams & Chen, 2012). However, molecular 

analysis indicates that A. kallos is a shallower morphotype of A. bipinnata (Sánchez et al., 

2007). 

Ecological speciation processes have been evidenced in cryptic species of Caribbean 

corals, which the depth gradient is the most important factor to generate variations in 

ecotypes and morphological and genetic differences, even to Simbiodinium level (Prada 

et al., 2014). There are several potential species that experience similar ecological 

divergences to A. bipinnata in the Caribbean Sea, such as Eunicea flexuosa, which was 



catalogued as one species, but based on molecular markers, currently the shallow and deep 

morphotypes are differentiated as two species (Prada et al., 2008). Others potential cases 

of ecological divergence due to shallow-deep gradient are suggested for Eunicea knighti, 

Muriceopsis petila, Antillogorgia hystrix, A. americana , and Plexaura nina (Sánchez et al. , 

2019). The depth gradient, has also effects in the timing of spawning in corals, as occurs 

in the Orbicella complex (O. faveolata, O. annularis and O. franksi), where it was tested 

that its species experiments temporal reproductive isolation as mechanism of speciation, 

due to the light regime changes throughout the depth cline (Knowlton et al., 1997;(Angel 

& Maria, 2019). 

The quantity and quality of depth-generated light regimes have effects on corals 

(Wangpraseurt et al., 2012). At the level of symbiosis, these parameters play an important 

role in the activation of the photosynthetic apparatus of the Symbiodinium associated with 

the coral or its photoinhibition (Wangpraseurt et al., 2014). Ecologically, these regimes 

influence the establishment and colonization of benthic populations (Mason & Cohen, 2012). 

Coral larvae recognize spectral properties such as light quality to identify potential 

establishment zones, which vary according to the photosensitivity of these organisms (Davies 

et al., 2014). Similarly, it has been reported that many coral species synchronize their 

reproduction with the environmental signal generated in the irradiance of lunar cycles (Boch 

et al., 2011; Sweeney et al., 2011) as well as the maturation and release of gametes 

(Dubinsky & Stambler, 2010; Levy et al., 2007). This occurs because corals have a set of 

genes called Cry related to reproduction, which are activated when the photosystem 

recognizes blue wavelengths, that induce the expression of cryptochromes in the ectodermal 

tissue of corals, promoting the gamete release and massive spawning, either in synchronic or 

allochronic form (Levy et al., 2007; Kronfeld-Schor et al., 2013). 

 
Little is disputed about allochronic divergence as a magic trait, which is influenced by the 

depth gradient and lunar irradiance (Servedio et al., 2011). Daily, seasonal and yearly 

allochrony have been evidenced in speciation processes. However, it is unlikely that daily 

allochrony generates a divergence process in most organisms, whereas is very common in 

both insects and corals (Fukami et al., 2003; Levitan, 2004; Taylor & Friesen, 2017). In 

corals, daily allochrony promotes temporal isolation, selective mating and ultimately 



prezygotic reproductive isolation (Hendry & Day, 2005; Taylor & Friesen, 2017). In A. 

bipinnata, differences in timing spawning have been evidenced both in Panamá (obs. Calixto 

and Sánchez) and in San Andres Island (this study). This pattern supports the prediction 

mentioned above over temporary isolation and depth gradient as a mechanism for gene flow 

reduction between depths. Here, we focused on ecological speciation as framework to test 

our predictions over temporary isolation along the depth gradient driving an incipient 

speciation process in A. bipinnata morphotypes. We used population genomics, Sclerites size 

and spawning patterns related to the lunar irradiance signal. For this purpose, we individually 

screened 142 colonies (see methods) from the shallow, intermediate and deep morphotypes 

for 2 reef sites (Buconos and West View) separated by 2 km in the leeward reef of San 

Andres Island, Colombia. 

 

Methods 

 

Sampling and DNA isolation 

Two reef localities (Fig. 1) with a distance of 2 km from each other located on the west side 

of the island of San Andrés, Colombia, Buconos and West View, were sampled for the 

detection of individual SNPs. These localities present a reef slope where the three 

morphotypes of A. bipinnata are distributed across the depth gradient. In Buconos, its reefs 

are more distanced with respect to West View. In the first, it was possible to find colonies of 

A. bipinnata until the 45 m depth, while in the other locality the colonies were located in a 

reef located to 30m depth. Therefore, a difference in the depth cline between them was 

evident. For Buconos, 24 shallow colonies from 5-10 m of depth were sampled. 26 

intermediate colonies were sampled at a depth between 15-20 m and 23 colonies from deep 

morphotype were collected at a depth between 35-40 m. In West View, 22 shallow 

morphotype were sampled, corresponding to 5-7.5 m of depth. 22 intermediate colonies were 

sampled at a depth between 15-17 m and 25 colonies from deep morphotype at a depth 

between 25-30 m. 



  
 

Figure 1. Distribution of A. bipinnata morphotypes along the depth cline in Buconos  

and West View locations. Reef gradient in West View is smaller than Buconos. However, 

it is possible to find the three morphotypes in the two localities. 

 
All segments of colonies were collected in DMSO and total genomic DNA was extracted by 

the CTAB and CIA/FCIA method modified from Coffroth et al., 1992, and treated with 

PureLink TM RNase A (10 mg/ml, Invitrogen). A Qubit Fluorometer (Thermo- Fisher, 

Dietikon, Switzerland) was used to measure DNA concentration, and gel (0.7 %) 

electrophoresis was used to measure quality and purity. 

 
Genomic data collection and SNP screening 

NextRAD genotyping-by-sequencing libraries (SNPsaurus, LLC) were constructed from 

genomic DNA following (Russello et al., 2015). Genomic DNA was first fragmented with 

Nextera reagent (Illumina, Inc), 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 genomic 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 hybridized by the selective sequence of the primer will 

be efficiently amplified. The nextRAD libraries were sequenced on an Illumina HiSeq 4000 

with two partial lanes of 150 bp reads (University of Oregon). The genotyping analysis used 

custom scripts (SNPsaurus, LLC) that trimmed the reads using bbduk, BBMap tools 

(Chaisson & Tesler, 2012)  

Reads were also cleaned of contaminating species using bbduk and the reference genomes of 

bacteria such as Nocardia farcinica (Ishikawa et al., 2004) and Nocardia nova (Luo et al., 

2014), and the reference genome of Symbiodinium minutum (Shoguchi et al., 2013), as a 

mean to remove reads from the algal symbiont. Next, we mapped the reads to a new genome 

of A. bipinnata corresponding to a mature deep colony and sequenced as PEX250bp and 

assembled with abyss-pe (Simpson et al., 2009). All reads were mapped to the reference with 

an alignment identity threshold of 87% using bbmap (BBMap tools). Genotype calling was 

done using Samtools and bcftools. The vcf was filtered to remove alleles with a population 

frequency of less than 3%. Heterozygous loci in all samples or that had more than 2 alleles 

in a sample (suggesting collapsed paralogs), were removed. Artifact absence was checked 

by counting SNPs at each read nucleotide position and determining that SNP number did not 

increase with reduced base quality at the end of the reads. 

 
Population genomic analysis 

Data quality was maximized by removing all indels, retaining only SNPs that were genotyped 

in more than 50 % of individuals, had a minor allele frequency of 0.05 and a minimum 

coverage of 5x. These analyses were executed using the R package “vcfR”. (Knaus & 

Grünwald, 2017). Clones were identified using a genetic distance/similarity (Hamming- 



based) between all pairs of individuals and clonal groups were reduced to a single 

representative. Using vcf_find_clones.py code (Bongaerts et al., 2017) individuals were 

analyzed with a clustering threshold of 93%. Sample with the least missing data were retained 

in the non-clonal dataset, while the others were deleted (1559_rep_DW and 1543_IW). A 

linkage disequilibrium (LD) filter was carried out, Pearson correlation coefficient (r2) formed 

the bases for LD estimation, whose threshold was 95 percent. Clone detection was performed 

calculating the genetic distance/similarity between all pair of individuals in the R package 

“poppr” (Kamvar, Brooks, & Granwald, 2015). The remaining SNPs were then evaluated for 

significant deviations from the Hardy-Weinberg equilibrium (HWE) in shallow and deep 

morphotypes using an exact test based on Monte Carlo permutations (1000) of alleles as 

implemented in the R package “adegenet” (Jombart, 2008). All loci were tested for signals 

of selection in order to remove those loci putatively violating neutrality assumptions. 

Population structure was assessed in Structure (Pritchard et al., 2000) using both the 

admixture model with correlated allele frequencies and not considering priors (burn-in of 

100,000 and 50,000 reps), and considering priors with an alpha of 0.5 as recommended by 

Wang, 2017 (Wang, 2017) for unbalanced size samples. Numbers of cluster (K) varied from 

1-7, with 10 replicates for each value of K. The optimal value of K was determined using the 

ΔK method ((Evanno et al., 2005) through the web-based software Structure Harvester ((Earl 

& vonHoldt, 2012), which results were plotted in Structure Plot (Ramasamy et al., 2014). 

 
Population structure was explored via principal component analysis (PCA) and discriminant 

analysis of principal components (DAPC) in “adegenet”. In the latter method, the number of 

clusters inferred was estimated by 1000 iterations of the K-means clustering between K=1 

and 4 after retaining all PCs, and selecting the optimal number of PCs by 1000 replicates of 

the a-score (Jombart, 2008). The overall loci dataset was used to calculate observed (Ho) and 

expected (He) heterozygosity, and inbreeding coefficient (Fis) for deep and Shallow 

morphotypes in the R package “hierfsat” (Goudet, 2005). Population fixation index (Fst) was 

estimated between depth groups using the above-mentioned package. 

Maximum Likelihood (ML) phylogenetic analyses were performed in the CIPRES web 

server using the tool RAxML-HPC2 8.1.24 (Stamatakis, 2014). The analysis had 100 

searches for best tree, and bootstrap (BS) values were calculated under the GTRCAT model 



((Bray & Bocak, 2016). Finally, phylogenetic trees were reconstructed from the concatenated 

NextRAD sequence libraries to resolve species, producing high bootstrap support (D et al., 

2014). 

 
Morphometry in sclerite and lunar irradiance. 

 

Sclerites from 17 deep, 17 shallow and 19 intermediate morphotypes were prepared by 

digesting the organic tissue in a hypochlorite solution. They were then rinsed with distilled 

water and then with ethanol and allowed to dry overnight (Carlo et al., 2011). Once dry, the 

sclerites were fixed on glass slides to be scanned under SEM method and optical 

microscopy. Using the Swift Images v 3.0 (https://www.swift-microscopeworld.co m/t- 

software.aspx) and ImageJ software (https://imagej.net/Wayne_Rasband) was possible to 

measure both length and width (in micrometers) of the sclerites identified as Spindles and 

Scaphols (Fig. 4). To remark the variation between them throughout the depth gradient, a 

boxplot and ANOVA analysis were carried out. 

Measurements of moonlight intensity were conducted using a Sky Quality Meter (SQM-LU- 

DL, Unihedron), an electromagnetic sensor highly sensitive to scarce light in a night sky. 

The sensor is set up to quantify sky brightness in magnitudes per squared arcseconds 

(mag/arcsec2), a photometric unit of electromagnetic radiation spread out over an area of 1 

arcsecond x 1 arcsecond of the sky (e.g., there are 1296000 arseconds in a circle). According 

to the specifications of the supplier, the SQM-LU-DL works with an HWHM of angular 

sensitivity at around 10° and with an uncertainty of ±0.10 mag/arcsec2. 

In a cloudless night sky, the sky brightness is mainly due to the moonlight intensity according 

to its lunar phase and physical conditions of both the sampled area and the sky. SQM-LU- 

DL also consists of an autonomous data-logging that allows to register and to analyze real- 

time intensity of the night sky for several days. In this regard, the radiation attenuated in a  

deep cline according to the increment of light-absorption might be tracked using an SQM- 

LU-DL. 

The quantification of lunar irradiance was carried out since December 2019 to February 

2020. Three SQM-LU-DL sensors were installed to 0 m.a.s.l, 14m depth and 35m depth to 

http://www.swift-microscopeworld.co/


quantify the lunar irradiance penetrated in the water column. Sensors were designed to 

measure the night sky brightness from land (http://unihedron.com/projects/sqm-lu-dl/). So, 

for underwater data measurement, submersible housings were designed in transparent 

polycarbonate to guarantee the measurement (supplemental material 1) 

Results 

 

Population genomics 

 

The reconstruction of the genetic distance (Fig. 2) using the UPGMA method (1000 

Bootstraps) indicated that there was slight differentiation of the deep morphotypes with 

respect to shallow and intermediate morphotypes, where the greater diversity was observed 

in this last cluster. The individuals were grouped in two clusters, which can be discriminated 

by ecotypes but not by localities (West View and Buconos). The branches of the UPGMA 

method are supported with Bootstrap values that vary between 65 and 100, evidencing a 

robust distance topology between the individuals of these populations. Within the blue 

margin, there were intermediate morphotypes, which are seen as a mixing zone between 

shallow and deep, where the greatest genetic variability and therefore the optimal conditions 

were evidenced. These individuals, although they are grouped in different branches within 

the same clade, which suggests that the genetic profile of the intermediate individuals is 

more related to the morphotypes belonging to the depth zone. 

From admixture analysis (figure 3a), it is evident that there was a notorious separation 

between the shallow morphotypes (light red) with deep morphotypes (light blue) in Buconos, 

placing the intermediate morphotypes (light green) between them. This separation pattern 

follows the bathymetric profile at Buconos, where the reefs along the depth gradient are 

notoriously spaced. Yet, the intermediate morphotype in both sites includes the higher genetic 

diversity. Respect to the morphotypes at West View, with shortest distances between each reef 

throughout depth cline admixture patterns tend to overlap. Consequently, in the DAPC, this 

pattern is also notable, because in the ellipse clusters all individuals from West View, where the 

shallow morphotypes were slightly separated (dark red) from deep morphotypes (blue dark) 

and the intermediate morphotypes (dark green) were placed in the middle of them. The 

intermediate morphotype of Buconos is placed into West View samples, because in that cline 

(15-20m depth) is assumed to be the ideal zone for A. bipinnata, where the ecological 

divergence is evidenced at the extremes shallow and depth. 

http://unihedron.com/projects/sqm-lu-dl/)


 

 
 
 

 
 

 
 

Figure 2. Gene tic distance matrix. Method of genetic distance between the individuals screened.  

The deep morphotypes (blue) are slight differentiated to shallow (red) and intermedia 

morphotypes (green). 



In the figure 3b there is also notorious separation between the shallow (light red) and deep 

(light blue) morphotypes, presenting middle depth as optimal zone, due to the greatest 

diversity around this cline (15-20m depth). The morphotypes that conform the deep West 

View cluster are mostly dark blue (deep morphotype) compared to the dark red bars (shallow 

morphotype). However, they are close to individuals collected at intermediate depths from 

both the Buconos and West View sectors. This same mixed pattern occurs in the shallow 

West View cluster, with the difference that the dark red bars (shallow) are in a higher 

proportion than the dark blue bars (deep morphotype). Therefore, the populations located in 

shallow and deep zones generate are in an incipient speciation process, because they are so 

strongly influenced by mixing zones. Additionally, into the shallow and deep microhabitats 

there is evidence of separation between the two locations, which is congruent with the 

distance between Buconos and West View. Currently, based on the data, the divergence 

process in those populations is supported for a significative p-value. Additionally, an analysis 

between ecotypes indicates that shallow and deep present reduced gene flux (Fst= 0.076) in 

comparison to shallow-intermediate (Fst=0.048) or deep-intermediate (Fst=0.019), as 

expected (Table 1). 

Table 1. Summary of differentiation by localities and depths between populations of A.  

bipinnata 

 

Comparison by Fst 
 

populations between Fst Ho Hs Fis P value 

population    

Intermediate-Shallow 0.048** 

Shallow-Deep 0.076** 0.034* 0.20 

Deep-Intermediate 0.019** 

 

0.21 

 

0.0022 

 

P < 0.05 

Comparison by 

localities 

Buconos - West View N/A 0.0031* 0.203 

 

 

0.207 

 

 

0.02 

 

 

P < 0.05 

* Refers to the global value of all populations sampled. ** It refers to the values of each 

ecotype compared without discriminating by locality. 



There is high grade of connectivity between the populations, due to the low Fst global 

(0,034). However, respect to pairwise Fst values shown in the table 2, the greatest Fst values 

were observed contrasting the deep populations (DB-DW) with the others environments, i.e., 

high Fst values were evidenced comparing the deep populations among locations separated 

by depth (shallow-intermediate-deep) and separated by horizontal distance (West View- 

Buconos). While in the intermediate populations (IB-IW), consistent and lower Fst values 

were maintained both by depth and by distance, which is according to the notorious mixed 

patterns showed in the figure 3b. 

 
 

A)  
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Figure 3. Genetic population analysis. a) Discriminant Principal Component Analysis and 

b) Structure. 3a) The discriminant analysis (DA) generates three components that explain the 

variation of the data. 3b) The Structure analysis assigned the individuals in 6 genetic clusters 

discriminating them in depth and locality (each SNP is represented by the vertical bars and 

the colors indicate the probability that an individual conforms to one of the 6 clusters.). In 

both A and B there are separate populations, both by locality and depth, being West View 

(dark red-shallow, dark-intermediate green (mixing zone) and dark-deep blue) and in 

Buconos (light red-shallow, green light-intermedia (mixing zone) and light-deep blue). 

 
Table 2. Genome-wide pairwise differentiation (FST) of populations of A. bipinnata 

 
populations DB IB SB SW IW 

IB 0.061     

SB 0.096 0.037    

SW 0.10 0.035 0.035   

IW 0.098 0.030 0.034 0.030  

DW 0.043 0.040 0.089 0.087 0.076 

 

DB: Deep Buconos, IB: Intermediate Buconos, SB: Shallow Buconos, SW: Shallow West view, IW: 

Intermediate West View, DW: Deep West view. All the comparisons were significative using a 

significance level of 0.05 in a Wilcoxon test and Kruskal-Wallis test. 

Sclerite Size 

 

Of 138 individuals collected in two locations, 53 samples were selected to analyze their 

sclerites. In the table 2 the summary of length of sclerites are evidenced. Additionally, the 

Figure 5 shows the presence of scaphoid forms (curved sclerites) and spindle forms (fusiform 

sclerites) that are include specific arrays to identify species in Antillogorgia. The length of 

the sclerites for each population varied. However, in the shallow morphotypes measurements 

of scaphols-spindles lengths variation exceeded other ecotypes (Fig. 5). An ANOVA analysis 

was performed, where the data showed a significant effect (P <0.05). Therefore, there were 



significant differences between the morphotypes, specifically, between intermediate-deep, 

shallow-deep, but there were no differences between shallow-intermediate (P <0.05, P <0.05, 

P = 0.08 respectively). Consequently, the differences between the deep morphotypes with 

respect to the shallow and intermediate (with similar P values) indicate that the depth gradient 

has a significant effect on the length of the sclerites, according to the Tukey Post Hoc 

Multiple Comparison Test. 

The width was tested with an ANOVA and it showed significative differences, specifically 

between intermediate-deep (P value < 0.05) and intermediate- shallow (P value < 0.05), but 

no differences were found between shallow-deep morphotypes (P value = 0.80). 

A B 
 

 
C D 

 

 

Figure 4. Sclerites scanned from a) shallow, b-c) intermedia d) deep morphotypes. Spindles 

and Scaphols forms were identified along of three ecotypes. 10 µm is the value fixed between 

each line into of the scale. 



A B 
 

 

 
Figure 5. Measurement of sclerites. a) Boxplot shows the length of sclerites from deep 

(blue), shallow (coral) and intermediate (brown) morphotypes. b) the width of       sclerites is 

significant in intermediate morphotypes (p<0.05) respect to deep and shallow. 

Lunar Irradiance and Spawning 

 

The lunar irradiance was monitored during 52 days (Figure 6a). An increase of the 

magnitude was recorded along to gradient, indicating a decrease in light penetration with 

depth. The sensor placed to 0m (black point) recorded magnitudes values between 15-21 

MSAS, representing brighter from sky respect to the sensor located to 14m (Blue), whose 

measurements recorded were in 18.7 to 23.8 MSAS. The sensor located to 35m recorded 

the highest values of magnitudes (19.4 to 24.3 MSAS). On the other hand, all the 

irradiance values fluctuated when the moon changed in its phase. A cero value in moon 

illumination indicates that the moon is in its darkest phase (new moon), while 1 value (or 

100% lighting) indicates full moon. Knowing this, the magnitude recorded in all sensors 

had a slight decrease when the moon changed from new to full phase. The spawning of 

A. bipinnata occurred five days (red arrows) after to new moon. The reproduction was 

asynchronic, first occurred in the shallow morphotypes (day 50 – 29th January 2019) and 

24 hours after (day 51 – 30th January 2019) occurred in the deep morphotypes. This result 

support the hypothesis of temporal isolation (daily allochronic) as incipient reproductive 

isolation mechanism in the morphotypes of A. bipinnata. An ANOVA analyses identified 

differences in the light intensity into the spawning days (fig. 6b), showing significative 



differences between 0m and 14 m, 0m and 35 m, but there weren’t differences between 

14m and 35 m (P value < 0.05, P value < 0.05, P value = 0.11 respectively), indicating 

that below 14 m, the lunar irradiance doesn’t have the same luminous intensity with 

respect to the data recorded to 0 meters. The figure 6c shown the behavior of irradiance 

during the time recorded throughout the depth cline. In the first 15 days, a notorious 

increase of the magnitude was recorded to 14m and 35m depth, while in 0m (littoral) the 

increase was gradually, but these records had values below of 14 and 35m. These records 

occurred when the moon passed from full phase (December 12th) to new moon phase 

(December 26th). 

A 

 

 

B C 
 
 



Figure 6. Changes of lunar irradiance in the depth cline. a) Cero value in magnitudes 

(MSAS) indicates brighter objects have a lower magnitude and darker objects have a 

higher magnitude value. Sensor placed to 35m depth (red) received less quantities of 

moonlight (greatest magnitude) respect to the sensor to 14m (blue) and sonsor to 0m (less 

magnitude). Lunar phases are quantified between cero value (dark phase or new moon) 

and 1 value (full moon). b) Bloxplot shown significative differences (p-value significant 

at the 0.05 level) between Intermediate-deep with shallow environments. c) detailled 

pattron of irradicance throughout of the cline depth. 

 

 
Discussion 

 

The results obtained here reveal a depth cline response to the shallow-deep gradient, placing 

the intermediate area as the ideal zone, where most genetic diversity of the species is 

concentrated. This pattern fits an ecological diversification model, where a population is 

distributed along a gradient with high genetic variability in the ideal zone (intermediate 

depth) and the divergence is evidenced towards the marginal zones (shallow-deep) (Prada & 

Hellberg, 2021). Yet, in our case the divergence occurs towards the tails of the continuum 

and not as binary division (Stankowski & Ravinet, 2021). A significant reduction in genetic 

diversity was evidenced in the intermediate morphotypes (Hs = 0.21, p value <0.05), which 

was segregated towards the marginal zones. However, the genetic diversity in the 

intermediate zones was greater than in the shallow and deep environments, which we 

demonstrated that there is a local fitness to each bathymetric range sampled (Fig. 7). 



 

 
 

 

Figure 7. Model of genetic diversity distribution around depth cline. Uniform 

distribution of genetic diversity, whose Hs values to shallow, intermediate and deep are 

0.190, 0.212 and 0.199 respectively with a p-value less than 0.05. 

Within the speciation models proposed by Nosil et al 2012, the generation of two species 

from the divergence of one is proposed. However, based on the Hs values and the segregation 

pattern presented in Figure 7, a new continuum of speciation is proposed for marine 

environments, which we have called “gemmular segregation” (Fig. 8). Where there is 

evidence of a divergent process towards the extremes (like reproduction by gemmules, that 

leaves a parental cell or colony) of the optimal zone and its genetic diversity is presented in 

a slightly uniform way in the 3 environments. This promotes the hypothesis that not only is 

an incipient speciation process, but also that three populations are leading to differentiation 

and not two as is commonly observed in ecological speciation models. 



 
 

Figure 8. New proposal to the Speciation continuum in a coral reef invertebrate . a) 

Ecological speciation models proposed by Nosil et al 2012 where two species diverge 

uniformly along a cline. b) New model of incipient speciation in shallow-water marine 

environments, where the center of the intermediate conditions retains most genetic diversity 

and new species are being differentiated towards the extremes of the cline. 

Here we tested the existence of genetic connectivity between the 3 populations (shallow, 

intermediate and deep) in each of the analyzed locations (Buconos and West View). The 

global Fst value gives us indications of low levels of genetic differentiation in the sampled 

populations, thus supporting the hypothesis that we are witnessing an incipient divergence 

process in stage. Similarly, Nakajima et al., 2010 evidenced this same process in Acropora 

digitifera, whose Fst value was similarly low. The geographic sampling area in A. digitifera 

populations was ~ 1.000 km, indicating that here are factors other than geographic distance 

that more directly influence speciation processes. For our case, the sampling was developed 

in less than ~ 5 km of geographic area with a notable differentiation between depth clines in 

the two localities. Although our results shown connectivity between population of West 

View, the low Fis coefficient shown here is indicating a lack of interbreeding between 

shallow and deep morphotypes (Serrano et al., 2016), a possible explanation is the isolated 

reproductive (Van Oppen et al., 2011; Serrano et al., 2014), that in our case is mediated by 

differences in the reproductive timing. 



On the other hand, studies carried out in morphospecies of Pocillopora by Oury et al., 2021, 

a weak population structure was identified in the populations, where they hypothesized that 

Isolated by Distance (IBD) was the main mechanism of speciation due to the larval localized 

recruitment and site-specific selection process. In our case, the differences in the reproductive 

timing observed along to the depth cline support the hypothesis of temporal isolation (TI), 

although it is a weak barrier, due to the mixed patterns, it is contributing to the reduction of 

gene flow (Villanueva 2015). 

Our model of incipient speciation is also compatible with combinatorial view of speciation, 

where speciation develops from the ancestral genetic diversity of the population (Marques et 

al 2019). In a gemmular speciation process the extremes of a cline become the canvas for 

ecological divergence and eventual species at new fitness optimum. In case of A. bipinnata 

we have a multifactorial setting along a depth-water motion gradient but also an ultimate 

spawning cue in the moon irradiance penetration cline. 

 
The bathymetric differences between Buconos and West View show a clear effect in the 

distribution of populations of A. bipinnata. In the first, the reefs are longer distanced between 

them, indicating that this populations are further away including an ample sand channel. 

Here, ecological differences (such as light distribution or water motion) are more 

pronounced. On the other hand, the distance between the reefs at West View is shorter, which 

promotes connectivity along the gradient (Lasker & Porto-Hannes, 2015). These 

bathymetric characteristics mentioned are evident in figure 3a, the ecotypes located in West 

View are more clustered, but a slight difference is shown between them, where the middle 

zone connects with shallow and deep ecotypes. In contrast, there is a prominent separation 

in Buconos populations driven by notable differences in reef depth. Despite the small scale 

(> 100 m) in which the ecotypes are present, the morphotypes shallow and intermediate 

seem to be panmictic (Prada et al., 2021), this is evidenced in the genetic distances shown 

in figure 2 which, these morphotypes are robustly connected. Meanwhile, the deep 

morphotypes at both sites (Buconos and West View) are genetically distant from the rest. 

Additionally, A. bipinnata tends to exhibit a greater genetic structure due to its brooder 

strategy (respect to the broadcast corals), which small dispersal distance can be 



inferred from fine-scale studies, promoting the interbreeding process, that is an important 

factor to confer genetic structure to the population (Smilansky & Lasker, 2013). 

Sclerite sizes 

 

In this section we highlight that, the analysis was discriminated by ecotypes (shallow, 

medium and deep) not by localities (Buconos-West View). Therefore, differences in sclerites 

were only evident along the depth gradient.  

The identification and measurement both the length and width of the scaphoids and the 

spindles is a crucial morphological character to separate the species that belong to the genus 

Antillogorgia. Sánchez et al., 2007 point out that each morphotype mainly tends to reduce its 

branches and thickness in sclerites from shallow to deep areas. These variations can be 

evidenced either from 2 to 45 m deep in Belize or from 2 to 8 m deep in Bocas del Toro- 

Panama, where the depth of cline in Panama is more evident. Therefore, it attributes to 

bathymetry as the driver of these morphological changes Calixto-Botía & Sánchez, 2017. On 

the island of San Andrés, the variation of these characters along the depth gradient was tested 

to support the hypothesis that bathymetry has an effect on the differentiation of the 

morphological characters mentioned above. Our results showed that the length of the sclerites 

vary according to the depth gradient. Since, significant differences in deep morphotypes 

with respect to the shallow and intermediate morphotypes were evidenced, as, factors such as 

the water motion or light intensity induce these variations in populations distributed along 

the depth cline (Clavico et al., 2013). 

Although significant differences were found between the environments, it is necessary to 

increase the number of analyzes regarding the amount of sclerites by locality and by depth. 

Similarly, it is necessary to carry out a finer-scale analysis that includes geometric 

morphometry (Carlo et al., 2011) to show correlations between the depth gradient and the 

data on the length and width of the sclerites (Joseph et al., 2015). Since in the case of length, 

the deep morphotypes were differentiated from the shallow, but for the width data there was 



not this differentiation. However, our results support that studies of West 1997 and Clavico 

et al., 2007 carried out in Briareum asbestinum and Renilla muelleri respectively, which they 

reported that the sclerites of the deep morphotypes are larger than those of the shallow ones 

(See table S1). 

Lunar irradiance 

 

Historically, lunar data have been quantified from sensors placed on land, on floating buoys 

on the sea surface or data collected by climate agencies, e.g., National Oceanic and 

Atmospheric Administration (NOAA). On the other hand, studies focused on reproduction 

and circadian cycles in corals or benthic communities have been conducted mainly in the 

laboratory, under controlled conditions to regulate the dark and light phases (Jones et al., 

2015). Here, we provided the first in situ study where lunar irradiance patterns are quantified 

along the depth gradient and linked to ultimate reproductive cues. We successfully adapted 

Sky Quality Meter (SQM-LU-DL, Unihedron) sensors to depth (14 m and 35 m). 

It is known that the deeper, the less light will penetrate the water column. This spectral 

phenomenon was congruent with the data recorded by the sensor, since the average of the 

magnitudes (values based on logarithms) at 0 m, 14 m and 35 m of depth was 17.88, 18.64 and 

20.36 MSAS respectively. This difference, where at 0m there are fewer values of magnitudes, 

but the greater intensity of light makes organisms located at shallow depths more quickly 

receive the lunar intensity both in quality and quantity, while organisms in deep environments 

(> 20m of depth) receive limited lunar intensity values. Due to factors such as suspended 

particles, turbidity or the water column deteriorate the quality and quantity of wavelengths 

(Nguyen et al., 2020). 

The differences in wavelengths were related to asynchronies in reproductive timing. As 

mentioned above, light penetrates more intensely in shallow depths. Based on this, 

reproduction occurred first in the shallow morphotypes than in the intermediate and follow 

by deep morphotypes one day later, these observations support the hypothesis of reproductive 

isolation, as evidenced throughout differential reproductive timing between shallow and deep 

population (Boumans et al., 2017). According to the allochronic studies, a process of 

divergence (without geographical barriers) can be initiated along the depth gradient with a 

period of hours (daily allochronic), promoting asynchronous reproduction as a function of 



the time in which it occurs along the gradient (Taylor & Friesen, 2017). This phenomenon is 

based on the differential expression of a set of genes called Cry (Brady et al., 2016) that are 

involved in reproduction in corals that synchronize their spawning event with lunar cycles. 

Molecular approaches revealed that Cry expression in coral dermal tissue is influenced by 

the amount of irradiance emitted during lunar phases (Kaniewska et al., 2015). Therefore, in 

shallow areas, populations will receive stronger lunar emissions before populations located 

in deeper areas, generating a differentiation in the reproductive stimuli (Levy et al., 2007). 

Conclusion 

 

We found an incipient speciation process with high gene flow, as divergence in the initial 

phase, in which the depth gradient imposes biological and physical characteristics on local 

adaptation of morphotypes of A. bipinnata. Among them, the quantity of the light reflected by 

the moon is the main factor to generate daily allochronic in the populations sampled here, 

reducing the flow of genes between them. In addition, the differences in the length of the 

sclerites of each ecotype support the hypothesis of the depth cline driving morphological 

variations. Furthermore, based on the information about population genetic, A. bipinnata has 

the necessary elements such the distribution of similar values of variability in the optimal 

zone and the marginal areas, the distinction of the genotypic clustering between shallow, 

intermediate and deep shown in the population structure graph and the distribution of the 

lineage sorting in the figure 2 to support the hypothesis of ecological divergence in 

incipient stage, where the differences in the lunar irradiance and depth gradient are the key 

elements to sustain this process. Finally, according to genomic evidenced showed here and 

the local adaptation, our results suggest that the gemmular A. bipinnata speciation model 

describes a gradual species formation under a continuum, in which an incipient divergence is 

evidenced and where the “species boundary” formation isn’t two, otherwise three, because the 

A. bipinnata individuals are undergoing of population (shallow, intermediate and deep) to 

acquire the ecotype connotation (intermediate stage in the speciation process) in the three 

depth sampled and where later species formation is expected. 
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Supplemental material 
 

 

SM 1. a) Lunar sensor, b) submersible housing made in transparent polycarbonate to reduce 

the uncertainty in the measurements. 

SM Table s1. sclerites length summary. 

 

Morphotype Mean (µm) SD (µm) 

Shallow 140.6 12.11 

Intermediate 129.2 7.91 

Deep 163.44 23.17 

 
 

SM Table s2. Sclerite width summary 

 

Morphotype Mean (µm) SD (µm) 

Shallow 16,35 1,33 

Intermediate 12,78 2,0 

Deep 15,97 1,8 

 


