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Abstract 

Accurate species identification is fundamental to biological diversity assessments and 

critical for understanding ecological and evolutionary dynamics. Nonetheless, the high 

levels of morphological variation in many scleractinian corals have blurred the 

recognition of species boundaries. The genus Pocillopora is widely distributed and 

exhibits high levels of colony level phenotypic plasticity and polymorphism, leading to 

the description of over 40 species worldwide. In the Eastern Tropical Pacific (ETP), nine 

“morphospecies” have been recorded, but only four genetically distinct species are now 

recognized in the area, based initially on variation in mitochondrial DNA and then 

supported by genomic data. This study aimed to identify useful molecular and 

morphological traits to recognize and describe the Pocillopora diversity in the ETP. We 

found that Histone and mitochondrial markers could identify discrete lineages, while most 

of the nuclear genes analyzed offered little power for delineation. Neither colonial 

morphology nor corallite micro-morphology reliably corresponded to the lineages 

identified. Based on mitochondrial and nuclear genetic data, we found that at least four 

distinct lineages occur in the ETP. The species names associated with these mitochondrial 

haplotypes in other studies are most often P. cf. effusa, P. lacera, and two putative cryptic 

species: P. capitata and P. meandrina. 

Keywords: cryptic diversity; mitochondrial lineages; morphometrics; reef corals 
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Resumen 

La identificación precisa de especies es fundamental para la evaluación de la 

diversidad biológica así como para entender la dinámica su ecológica y evolutiva. No 

obstante, los altos niveles de variación morfológica en muchos corales escleractinios, han 

complicado el reconocimiento de los límites entre especies. El género Pocillopora está 

ampliamente distribuido y exhibe altos niveles de plasticidad fenotípica y polimorfismo 

a nivel de colonia, lo que ha llevado a la descripción de más de 40 especies en todo el 

mundo. En el Pacífico Tropical Oriental (PTO), se han registrado nueve "morfoespecies", 

pero, a la fecha, solo cuatro especies genéticamente distintas son reconocidas en la zona, 

basándose inicialmente en la variación del ADN mitocondrial y luego respaldadas por 

datos genómicos. Este estudio tuvo como objetivo identificar rasgos moleculares y 

morfológicos útiles para reconocer y describir la diversidad de Pocillopora en el PTO. 

Descubrimos que las regiones de las Histonas sumada a la información mitocondrial, 

podían identificar linajes discretos, mientras que la mayoría de los genes nucleares 

analizados mostraron baja resolución para la delimitación de especies. Ni la morfología 

colonial ni la micromorfología de los coralitos correspondieron de manera confiable a los 

linajes identificados. Con base en datos genéticos mitocondriales y nucleares, 

encontramos que al menos cuatro linajes distintos ocurren en el POT. Los nombres de las 

especies asociadas con estos haplotipos mitocondriales suelen ser P. cf. effusa, P. lacera 

y dos especies crípticas potenciales: P. capitata y P. meandrina. 

Palabras clave: diversidad críptica; linajes mitocondriales; morfometría; arrecife 

coralino 
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1. Introduction 

Species identification is the cornerstone of biodiversity studies and is critical for 

interpreting ecological and evolutionary processes. Morphological traits have been used 

as the main criteria for species delimitation and recognition in tropical reef corals (Todd 

2008; Veron 2011) and are often the only data source for ecological field studies, 

comparisons with established historical records, and applicability to the fossil record. 

However, the presence of cryptic species and extensive environmentally driven 

intraspecific morphological variation (phenotypic plasticity) often leads to blurred 

species boundaries in stony corals (Flot et al. 2011; Schmidt-Roach et al. 2013; Arrigoni 

et al. 2016). 

Molecular approaches have helped to delineate species when morphological traits fail 

(Grupstra et al. 2024; Riginos et al. 2024), but these tools have their own set of limitations 

and, alone, will lack practical, field identifiable traits. Thus, integrative taxonomy that 

uses molecular data to guide the evaluation and identification of diagnostic physical 

features is advocated as a more rigorous way forward in resolving taxonomic hypotheses 

(e.g. Emerson 2025). While the number of studies that integrate various, independent 

lines of evidence for species delimitation of corals has increased in recent years, they are 

biased geographically (e.g. to the western Pacific) (Schmidt-Roach et al. 2013; Oury et 

al. 2020, 2022; Aurelle et al. 2022). To date, those studies that have analyzed the diversity 

of the Eastern Tropical Pacific (ETP) reef corals using molecular data (Combosch et al. 

2008; Pinzón and LaJeunesse 2011; Pinzón et al. 2013; Voolstra et al. 2023; Millán-

Márquez et al. 2024; Connelly et al. 2026) have only rarely integrated morphological 

analysis (Paz-García et al. 2015a, b; Johnston et al. 2017), hampering rigorous 

contextualization of taxa uniqueness. 
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The ETP realm spans from Mexico to Ecuador and comprises several oceanic islands, 

including Clipperton, Revillagigedo, Galapagos, Coco, and Malpelo (Glynn et al. 2017). 

This realm is characterized by the geographic isolation from the central and western 

Pacific by the Eastern Pacific Barrier (EPB) and by severe environmental conditions that 

also exhibit broad interannual fluctuations (Baums et al. 2012; Fiedler and Lavín 2017; 

Glynn et al. 2017; Romero-Torres et al. 2018). These adverse conditions represent 

significant challenges for coral growth and reef development. As a result, the coral reefs 

in the ETP exhibit high morphological variation and lower diversity that in turn promotes 

lower competition by space between species in smaller reef structures compared to other 

regions such as the Great Barrier Reef. Coral communities in the ETP form patchy coral 

communities dominated by a few species of the genera Porites, Pavona, and especially 

Pocillopora (Glynn et al. 2017). Despite these limitations, ETP reefs are ecologically 

relevant, serving as critical recruitment zones and primary habitats for numerous marine 

species (Ricart et al. 2016; Cortés et al. 2017). 

Pocillopora (Lamarck, 1816) exemplifies the historical and biological factors that 

have affected coral classification and systematics. The genus is widely distributed in 

tropical areas and exhibit high polymorphism in corallum morphology, which has led to 

the description of more than 40 species worldwide (Hoeksema and Cairns 2019). 

However, recent systematic and genetic studies suggest that these named species do not 

necessarily reflect genetically distant taxa (Pinzón et al. 2013; Marti-Puig et al. 2014; 

Paz-García 2015; Oury et al. 2023). Indeed, Oury and collaborators (2023) undertook 

integrative analyses incorporating genomic data (17,465 SNPs from ultra-conserved 

elements), morphological traits (including corallum and corallite structures), and 

symbiotic algae diversity, to suggest that the genus Pocillopora comprises at least 13 
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well-supported species hypotheses worldwide. Several of these either await formal 

description or could represent species complexes. 

In the ETP, nine “morphospecies” have been recorded (Glynn et al. 2017): P. capitata 

Verrill, 1864, P. effusa Veron, 2000, P. elegans Dana, 1846, P. damicornis (Linnaeus, 

1758), P. inflata Glynn, 1999, P. meandrina Dana, 1846, P. grandis Dana, 1846, P. 

verrucosa (Ellis and Solander, 1786), and P. woodjonesi Vaughan, 1918. DNA sequence 

data (mainly from the mitochondrial open reading frame, mtORF), however, suggest just 

three biological species are present in the ETP (Table 1): Pocillopora Type 1, 2, and 3a-

3b (sensu Pinzón and LaJeunesse 2011; Pinzón et al. 2013). Most recently, Connelly et 

al. (2026) used genome “skimming” to reveal the existence of four distinct Pocillopora 

species-level genomic clusters (and one pair of population-level subcluster) in the ETP. 

Pocillopora species complexes persist that cannot yet be reliably resolved into species-

level lineages based on current knowledge. 

Table 1 Corresponding nomenclature of Pocillopora lineages described for the ETP 

mtORF 

lineage 

(Pinzon et al. 

2013) 

Genomic 

Species 

Hypothesis 

(GSH, Oury 

et al. 2023; 

Connelly et 

al. 2026) 

Consensus 

name by Oury 

et al. (2023) 

Consensus 

name by 

Connelly et 

al. (2026) 

This study 

based on 

mtORF 

This study 

based on mt 

ORF plus 

Histone 

Type 1 GSH09b P. meandrina P. meandrina 

P. grandis-

meandrina 

complex 

P. meandrina 

Type 1 
GSH09c, 

GSH09cETP 
P. grandis P. capitata 

P. grandis-

meandrina 

complex 

P. capitata 

Type 2 GSH01 P. effusa P. effusa P. cf. effusa P. cf. effusa 

Type 3a 
GSH13b, 

GSH13cETP 

P. villosa 

nomen nudum 
P. lacera P. lacera P. lacera 

Type 3b 
GSH13c, 

GSH13cETP 
P. verrucosa P. lacera P. lacera P. lacera 
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Type 3d 
GSH13c, 

GSH13cETP 
P. verrucosa P. lacera P. lacera P. lacera 

 

One example of such a species complex is the Type 1 mitochondrial lineage (hereafter 

P. grandis-meandrina complex; see Table 1) which includes up to five hypothetical 

species (GSH09a, GSH09b, GSH09cWIO, GSH09cTSP and GSH09cETP) (Oury et al. 2023; 

Connelly et al. 2026). These authors suggest that GSH09a may represent an undescribed 

species closely related to P. meandrina, GSH09b could represent P. meandrina sensu 

stricto, and that GSH09c from the WIO and TSP corresponds P. grandis. Meanwhile 

GSH09c is found exclusively in the ETP and correspond to a different species close to of 

P. grandis: P. capitata (Connelly et al. 2026). Interestingly, and despite sharing the same 

mitochondrial lineage, P. meandrina is not recovered as a sister species to other species 

in the complex according to the genomic-based phylogeny. Previous studies also suggest 

that the P. grandis and P. meandrina could be distinguished based on corallite micro-

morphology (Schmidt-Roach et al. 2014; Oury et al. 2023), specifically, by the shape of 

the columella. 

In contrast to the widely distributed P. grandis-meandrina complex (i.e. Type 1 

mitochondrial lineage), Type 2 represents a single, highly genetically divergent species, 

which may correspond to P. effusa (hereafter P. cf. effusa) (Schmidt-Roach et al. 2014; 

Oury et al. 2023). Finally, mitochondrial lineage Type 3 is the most diverse and complex, 

with over 10 closely related mitochondrial haplotypes reported (Types 3a to 3j) (Pinzón 

et al. 2013). These lineages represent up to three hypothetical species that are not 

monophyletic and could include different mtORF haplotypes (Oury et al. 2023). 

Pocillopora GSH13a (Types 3c, e, g, j) was considered an undescribed species, whereas 

Pocillopora GSH13b (Type 3a) corresponds to P. villosa nomen nudum (not formally 

described) (Oury et al. 2024), and Pocillopora GSH13c (Type 3b, d, f, h, i) that may 
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correspond to P. cf. verrucosa. However, according to Connelly et al. (2026), 

mitochondrial lineages Type 3a, b and d from the ETP form a distinct, sister lineage to 

GSH13c (GSH13cETP) which was formally redescribed as P. lacera Verril, 1869. 

Based on these genomic analyses, Connelly et al. (2026) indicated the presence of four 

species in the central and south region of the ETP: P. capitata (Type 1), P. cf. effusa 

(Type 2), P. lacera (Type 3a, 3b, 3d) and P. meandrina (Type 1). 

To date, there has been no comprehensive systematic assessment of pocilloporids 

across the entire ETP that combines genetic and morphometric analyses. Assessing 

species diversity and gene flow patterns is crucial for developing effective conservation 

strategies and restoration efforts, particularly following severe bleaching events, such as 

those in 2023 that caused up to 90% mortality in some Mexican reefs (López-Pérez et al. 

2024; Nava et al. 2025). This study aims to: (1) identify diagnostic traits for recognizing 

species of Pocillopora in the ETP by comparing specimens from South-east Pacific and 

Western Pacific regions, and (2) characterize Pocillopora species diversity in the ETP 

using integrated molecular and morphological approaches. 

2. Materials and methods 

2.1 Sampling 

Coral samples were collected from 36 localities within the ETP, including Clipperton 

Atoll, Mexico, Costa Rica, Panama, and Colombia. Additional samples from Easter 

Island, Japan, Palau, and the Philippines were also collected and included in this study 

(Supporting Information, Table S1). At any given locality, colony selection for samples 

was targeted to represent variation either a) within or b) among purported morphospecies, 

such that the latter protocol also provides an estimate of local Pocillopora diversity. Coral 

fragments were preserved in 95% ethanol for subsequent genetic and morphological 

analyses. 
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2.2 DNA extraction and amplification 

Genomic DNA was isolated from 1 cm2 coral fragments using the PureLinkTM 

Genomic DNA Mini Kit following the manufacturer’s instructions. To determine the 

mitochondrial lineages, we amplified the ORF and the Control Region using PCR (Flot 

and Tillier 2007). Additionally, we amplified and sequenced seven nuclear regions: 

histone 3-like and histone 2B-like genes (denoted here as Histone 2 and 3), two regions 

of the heat shock protein 70 gene (Hsp70A and Hsp70B), the ATP synthase β subunit 

gene (ATP-β), the membrane carbonic anhydrase (MBS-CA), and the β-Tubulin region. 

The information on primer sequences and the annealing temperature for the seven nuclear 

regions is in Table S2, as well as the primer design for histone regions used in this study. 

2.3  Genetic analyses 

We analyzed 1,509 new sequences from nine loci (two mitochondrial and seven 

nuclear), obtained from over 700 colonies across all locations. To comprehensively assess 

genetic diversity, we incorporated 770 previously published sequences from individuals 

throughout the ETP and other regions for subsequent analyses (Pinzón and LaJeunesse 

2011; Pinzón et al. 2013; Schmidt-Roach et al. 2013, 2014) (Supporting Information, 

Table S1 and S2). 

All new DNA sequences were cleaned and aligned using the PhyDE® program 

(Müller et al. 2010). For nuclear loci, sequences were phased to reconstruct haplotypes 

using DNAsp (Rozas et al. 2003) with default parameters. Finally, sites subject to 

recombination were identified and removed using IMgc (Woerner et al. 2007). 

Samples were assigned to lineages based on comparisons with previously published 

sequences of mtORF haplotypes (Fig. 1), using the naming conventions of Oury et al. 

(2023), Pinzón et al. (2013) and Connelly et al. (2026) (Table 1). Haplotype networks for 

each locus were then estimated using statistical parsimony in Hapsolutely (Vences et al. 
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2024). Finally, genetic diversity indices for each locus were calculated using the R 

package pegas (Paradis 2010). 

Fig. 1 Colony level variation in Pocillopora. Samples are colored according to the 

consensus lineage name based on mtORF (and Histone 3 when available). Locality codes: 

CLI: Clipperton, COL: Colombia, CRI: Costa Rica, EIS: Easter Island, GCL: Gulf of 

California, GRO: Guerrero, JAP: Japan, PAN: Panama, PAL: Palau, PHI: Philippines 

 

 

2.4  Morphological characterization 

To characterize morphological variation across the entire distribution of lineages for 

the first time, we analyzed scanning electron microscopy (SEM) images for 146 skeletal 

samples collected from the ETP (Mexico, Clipperton, Costa Rica, Panama, and 

Colombia), Easter Island, Palau, and the Philippines and further integrated data from an 
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additional 211 colonies that were sourced from recent published taxonomic revisions of 

Pocillopora (Schmidt-Roach et al. 2014; Oury et al. 2023). Since species names are 

inconsistent throughout the literature, all SEM images from samples of published data 

were classified and sorted according to mtORF haplotype nomenclature and/or the 

Genomic Species Hypothesis (GSH) (Supporting Information, Table S1). 

New skeletal samples were bleached in a 10% sodium hypochlorite solution, rinsed 

with distilled water, air-dried, and then scanned with an electron microscope. Images were 

edited for contrast and brightness using ImageJ2 (Rueden et al. 2017). Eight 

morphological traits were used to construct a qualitative data matrix for each colony 

(Supporting Information, Table S3). The selection and coding of these traits followed 

previous taxonomic and molecular systematic studies of Pocilloporidae (Marti-Puig et al. 

2014; Schmidt-Roach et al. 2014). SEM images of Stylophora pistillata (Esper, 1792) 

were used as an outgroup for all traits, either by establishing observed states (0,1,2,3,4) 

or non-applicable (-) (Stefani et al. 2011; Keshavmurthy et al. 2013). Samples with 

skeletal damage or micro-residual tissue that obscured micro-morphological traits were 

excluded from the analysis. 

2.5 Morphological and molecular phylogenetic analyses 

The best-fit model of character evolution for the morphological data was selected using 

the ModelFinder tool (Kalyaanamoorthy et al. 2017) implemented in IQ-TREE. Although 

ModelFinder selected the MK model (assuming equal exchange probability among all 

trait states), the ORDERED model (restricting transitions to adjacent states) demonstrated 

superior performance across all information criteria. Phylogenetic analyses were 

performed under the ORDERED+ASC model with 1,000 bootstrap replicates. The 

resulting maximum likelihood consensus tree, comprising 184 individuals, was generated 

using IQ-TREE (Nguyen et al. 2015). 



 

 14 

We also inferred the phylogenetic relationships among mtORF haplotypes with S. 

pistillata as the outgroup. The mutation model was determined with ModelFinder, and 

the phylogenetic tree was estimated under a maximum likelihood approximation with IQ-

TREE. We also performed 10,000 bootstrap alignments using the ultrafast bootstrap 

method (Hoang et al. 2018). All these analyses were run in the IQ-TREE server 

(Trifinopoulos et al. 2016). The trees were visualized and edited with the ggtree 

v3.5.0.901 package (Yu et al. 2017). 

2.6 Morphometric analyses 

We analyzed SEM images from 187 samples using ImageJ2. We measured seven 

characters describing the micromorphology of corallites (Oury et al. 2023): maximum 

calice diameter (V1) (an approximation of the corallite size), maximum calice diameter 

perpendicular to V1 (V2), distance between the center of the corallite and the center of 

the closest adjacent corallite (V3), distance between denticles of the coenosteum (V4), 

height of septa or septal teeth (V5), maximum columella diameter (V6), and maximum 

columella diameter perpendicular to V6 (V7) (Supporting Information, Fig. S1). Each 

variable was measured for 2-10 corallites per sample and then averaged per colony. We 

also integrated two categorical variables: the shape of the septa (e.g. rudimentary, 

intermediate, long and thin, robust and spinulate) (V8) and the shape of the columella 

(e.g. flat and spinulate, oval-convex, styliform) (V9). Additionally, morphometric data 

from 170 samples measured in a previous study (Oury et al. 2023) were included. 

To test differences in calice diameter (V1) among lineages, we performed Welch´s 

ANOVA followed by a Games-Howell post-hoc test using the rstatix R package 

(Kassambara 2021). To integrate both quantitative and qualitative morphological 

variables, we performed a factorial analysis of mixed data (FAMD) using the R library 

FactoMineR (Lê et al. 2008). The results of three principal dimensions that describe the 
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morphological spaces were plotted with the library ggplot2 (Wickham 2011), 

highlighting the mitochondrial lineage of the samples. 

3. Results 

3.1 Mitochondrial lineages 

We found nine mtORF haplotypes among the 938 colonies genotyped (Table 2). In the 

ETP, the most common mitochondrial lineage was the one corresponded to the P. 

grandis-meandrina complex, which was detected at all sample localities (Fig. 2). The 

second most common lineage corresponded to P. lacera, and was found from Oaxaca 

southwards to Costa Rica, Panama, Colombia, and the Galapagos Islands. The P. cf. 

effusa lineage was restricted to the Clipperton Atoll. 

Table 2 Genetic diversity statistics for mitochondrial and nuclear loci in Pocillopora. 

n = number of sequences included in the final analyses; h = haplotype number; Hd = 

haplotype diversity;  = nucleotide diversity 

Loci n h Hd  

Mitochondrial  

mtORF 938 9 0.44 0.014 

Control Region 314 24 0.61 0.004 

Nuclear 

Histone 2 130 22 0.92 0.016 

Histone 3 186 13 0.81 0.006 

Hsp70A 339 28 0.61 0.001 

Hsp70B 330 23 0.85 0.003 

ATP-β  631 24 0.87 0.024 

MBS-CA 127 14 0.82 0.007 

β-Tubulin  158 6 0.50 0.003 

 

Fig. 2 mtORF lineage diversity and distribution of Pocillopora corals. a, Haplotype 

network based on 938 mtORF sequences. The haplotype frequency is shown in the center 
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of each circle. Consensus lineage names according to the latest taxonomic revisions of 

the genus. b, Map of haplotype distribution of the collection sites. Pie charts represent the 

frequencies of haplotypes found in each locality 

 

 

We only found one mitochondrial lineage in the South-east Pacific (at Easter Island), 

corresponding to the recently described P. tuahiniensis (Johnston and Burgess 2023). In 

the western Pacific, we found the P. acuta complex in the Philippines and Palau. 

Pocillopora cf. verrucosa and P. cf. villosa were also present in the Philippines. At the 

northernmost locality, Japan, we only found the P. damicornis complex lineage. 

For the Control Region, we identified four haplotypes in the ETP and one haplotype 

from Easter Island (Table 2; see Supplementary Information, Figure S2). These results 

were partially congruent with mtORF data: the P. grandis-meandrina complex and P. cf. 

effusa could be identified, but P. lacera, P. cf. verrucosa, and P. cf. villosa shared the 

same haplotype. 
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3.2. Nuclear genetic variation 

High haplotypic and nucleotide diversity were found for most nuclear loci (Table 2). 

Five of the seven loci analyzed showed little congruence with mitochondrial data 

(Supporting Information, Figure S3). For example, at the Hsp70A locus, the most 

common haplotype was shared between most lineages (i.e. P. damicornis complex, P. cf. 

verrucosa, P. tuahiniensis, and P. grandis-meandrina complex). Some lineages possessed 

unique haplotypes, such as P. cf. effusa and P. acuta complex. The Hsp70B, ATP-β, 

MBS-CA, and β-Tubulin loci presented a similar pattern (Supporting Information, 

Figure S3). 

In contrast, Histone 2 and 3 loci provided a higher resolution between species (Fig. 3). 

Histone 3 shows an XhoI restriction site, which, according to Johnston et al. (2017), 

allows the separation of the lineages of P. grandis and P. meandrina (in this case P. 

grandis from ETP corresponds to P. capitata according to Connelly et al. 2026). Based 

on this method, it was possible to recognize the two lineages in our Histone data, 

especially when combined (Fig. 3c). However, we found an important proportion of 

heterozygous specimens at this restriction site (G or T) (Fig. 3b). Both the “P. capitata” 

and “P. meandrina” lineages were found in the Gulf of California as well as in Colombia; 

the heterozygous organisms were also distributed in both localities (Fig. 2d). Moreover, 

these loci revealed unique haplotypes for P. cf. effusa, the P. acuta complex, and P. 

tuahiniensis, whereas P. cf. verrucosa and P. lacera shared a common haplotype (Fig. 3). 

Fig. 3 Histone loci diversity and distribution. a, haplotype network based on 130 

Histone 2 sequences. b, haplotype network for 186 Histone 3 sequences and genotype 

frequency for the XhoI restriction cut site. c, haplotype network based on 66 concatenated 

Histone sequences. The frequency of each haplotype is displayed in the center of each 

circle. Consensus lineage names according to the mtORF and XhoI restriction site 
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haplotypes for each sample; gray color represents samples with unknown mitochondrial 

lineage. Red dotted lines connect haplotypes from heterozygote samples. Gray rectangles 

represent fields for recombination. d, map of haplotype distribution. Pie charts represent 

the frequencies of haplotypes found in each locality 

 

 

3.3. Phylogenetic relationships and morphological convergence 

Phylogenetic analysis based on micro-morphological diagnostic traits resulted in a 

very poorly resolved topology (Fig. 4). Most nodes had low support, with a high trait 

similarity between distantly related taxa (e.g. P. lacera, the P. grandis-meandrina 

complex, and P. tuahiniensis, etc.). Most specimens did not conform to published 

morphological descriptions and, therefore, were overtly dispersed in different groups with 

styliform or oval/convex columella (Fig. 4). Furthermore, we identified additional 

columella types not previously described, including globular/spinulate and laterally 

flattened forms (e.g. P. grandis-meandrina complex from GLC and GRO and for P. 

lacera from COL; Fig. 5). 
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Fig. 4 Morphological and molecular phylogenetic analyses of 184 Pocillopora 

colonies. a, molecular phylogenetic tree based on mtORF. b, morphological phylogenetic 

tree based on micro-morphological characters. Consensus lineage identification (colors) 

and columella shape (shapes) are mapped on the trees. Bootstrap supports for nodes > 

70% are shown. The branch length of the outgroup was scaled 

 

 



 

 20 

In contrast to the morphological tree, the molecular phylogenetic tree based on the 

mtORF haplotypes showed six well-supported clades under the TPM3+F+G4 substitution 

model. Pocillopora tuahiniensis is monophyletic and sister to the rest of the 

mitochondrial lineages (Fig. 4), although with low support. Pocillopora cf. villosa, P. cf. 

verrucosa and P. lacera lineages formed a paraphyletic group. The P. grandis-meandrina 

complex was monophyletic and sister to a diverse clade that includes the P. acuta 

complex, P. cf. damicornis complex, P. ligulata, and P. cf. effusa lineages, all 

monophyletic. 

Fig. 5 Corallite variability for Pocillopora lineages. Samples are colored according to 

the consensus lineage name based on mtORF lineage (and Histone 3 when available). 

Locality codes: AUS: Australia, CLI: Clipperton, COL: Colombia, CRI: Costa Rica, EIS: 

Easter Island, GCL: Gulf of California, GRO: Guerrero, HWA: Hawaii, PAN: Panama 
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3.4 High micro-morphology variation 

We found high morphological variation within most of the genetic lineages analyzed 

(Fig. 5 and 6). Welch’s ANOVA revealed significant differences in corallite diameter 

between lineages (W = 6.8; p-value = 0.000). Specifically, P. ligulata corallites were 

smaller than those from the P. acuta complex, the P. damicornis complex, the P. grandis-

meandrina complex, P. lacera and P. cf. villosa (Fig. 6; see Supporting Information, 

Table S3). The P. acuta complex and the P. grandis-meandrina complex exhibited the 

greatest variation in corallite diameter, resulting in no clear differentiation in corallite size 

among most lineages (Fig. 6a). 

Fig. 6. Morphometric variation of the micro-morphology in Pocillopora. a, corallite 

diameter variation. Box-whiskers indicate median and top-bottom 95% quartiles. White 

spots are outliers. b, plots of the first three principal dimensions from the FAMD analysis 

of 357 Pocillopora samples. Samples are colored according to the consensus lineage 

name based on mtORF or/and nuclear data 
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The three principal dimensions of FAMD analysis, which explained 41.8% of the total 

variation, showed that the mitochondrial lineages did not form distinct morphological 

groups. While some lineages showed less variation in the morphospace, such as P. 

ligulata, P. sp (GSH12), P. sp (GSH13a), and P. sp (GSH15), these still presented overlap 

with other lineages (Fig. 6b). The P. grandis-meandrina complex exhibited the greatest 

morphological variation in both size and shape, overlapping extensively with all other 

lineages (Fig. 6b). 

4. Discussion 

Delineating species in the genus Pocillopora, and in scleratinian corals in general, has 

been difficult due to large macro- and micro-morphological diversity and plasticity, 

recent diversification, wide distribution, low mitochondrial substitution rate, and the 
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presence of cryptic species. Here, we analyzed several molecular markers as well as 

micro-morphological data to elucidate the diversity of pocilloporids in the ETP. 

4.1 How many Pocillopora species are distributed in the ETP? 

We found three mtORF lineages in the ETP that could represent up to four species: 

Pocillopora cf. effusa, P. capitata, P. lacera, and P. meandrina. The consistent 

delineation between the different methods of our results and those recently reported by 

Connelly et al. (2026), provides further confidence that these are robustly distinct 

lineages. All these lineages showed a high variation in the corallum morphology with 

multiple morphospecies present, highlighting the difficulty of distinguishing them (Fig. 

1). The first species that can be identified with most of the loci analyzed is P. cf. effusa 

(Type 2/GSH01). This species is restricted to Clipperton Atoll in the ETP, which is also 

the type locality of P. effusa (Veron 2002). This species has been reported from the 

Tropical South Pacific (TSP: Moorea, Ducie, Gambier, Chesterfield), Hawaii, and to a 

lesser extent in the Western Indian Ocean (WIO) (Gélin et al. 2017; Johnston et al. 2022; 

Voolstra et al. 2023). Although there is no evidence of genetic structure suggesting cryptic 

species within this lineage, populations from the full distribution should be sampled to 

rule out this possibility. Worth noting, P. cf. effusa from WIO, TSP, and Hawaii present 

corallites with a styliform columella and developed septa, while the specimens analyzed 

from Clipperton showed greater variation in micro-morphology, from styliform to flat 

and spinulate columella with rudimentary septa (Fig. 5). 

The second species found was that recently redescribed by Connelly et al. (2026): P. 

lacera (Type 3a/GSH13cETP). This species presents a unique combination of 

mitochondrial and Histone loci genotypes in the ETP. Also, this species has a restricted 

distribution in the ETP, occurring only in southern Mexico (Oaxaca), Costa Rica, 

Panama, Colombia, and the Galapagos; this is the first record of this species in Mexico 
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and second for Costa Rica (Paz-García 2015; Connelly et al. 2026). Although this species 

is frequently found in sympatry with the P. grandis-meandrina complex, it is consistently 

less common. The limited distribution of this species could be associated with climate 

variation within the ETP, specifically, it seems to be associated with warmer and more 

thermally stable water masses (i.e. eastern Pacific Warm Pool, Bolaños-Durán et al. 

2025). Nevertheless, it is necessary to carry out analyses that allow us to discern whether 

the distribution pattern of this species is associated with dispersal capacity, local 

adaptation or even interspecific competition processes. Globally, this mitochondrial 

lineage (Type 3a) has a wide distribution from the WIO and the Central Indo-Pacific 

(CIP) to several areas of the TSP. Yet, the genomic analyses directed by Connelly et al. 

(2026) suggested that the colonies distributed in the ETP represents a different species 

from those in the WIO, CIP and TSP despite sharing the same mtORF lineage. Regarding 

the micro-morphology, P. lacera is described to present a weakly developed columella 

and rudimentary or absent septa. However, we found more morphological variation in the 

ETP, including globular, oval/convex, and spinulated columella (Fig. 5). 

We also found P. cf. verrucosa (Type 3b, d) according to Oury et al. (Type 

3b/GSH13b), which is restricted to the Galapagos Islands (Pinzón et al. 2013), although 

according to Connelly et al. (2026) this lineage also corresponds to P. lacera. 

Finally, the most common and widely distributed lineage in the ETP corresponded to 

the P. grandis-meandrina complex (Type 1/GSH09a, b, c). This group shows high 

morphological variation in the corallum morphology, including the nine “morphospecies” 

recorded in the ETP. Additionally, there is evidence of temporal switch between 

morphospecies from P. inflata to P. damicornis-like and variation of corallum 

morphology according to shift of environmental conditions and water flow (Paz-García 

et al. 2015a, b). In this regard, the genetic lineage of P. damicornis was present in Japan 
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and but not present in samples from the ETP (Fig. 2). A corallum morphology resembling 

P. damicornis is commonly present in the ETP, belonging to P. grandis-meandrina 

complex and P. lacera and may be result of convergence driven by low current condition 

(Paz-García et al. 2015b). 

Globally, the P. grandis-meandrina complex is distributed in the WIO, TPS, and the 

Central Pacific in Hawaii (Marti-Puig et al. 2014; Johnston et al. 2018). However, this 

lineage may consist of up to five distinct species that, possibly due to incomplete lineage 

sorting, present the same mitochondrial lineage (Johnston et al. 2017; Oury et al. 2023). 

Thus, the distribution of putative species is still unclear. 

Although different methods have been suggested to identify the cryptic species of this 

complex, such as the variation at Histone 3 loci as well as the micro-morphology of 

corallites (Schmidt-Roach et al. 2014; Johnston et al. 2017, 2018; Oury et al. 2023), our 

results showed that both the genetic and micro-morphological variation in the complex is 

greater than previously recorded, complicating the identification of cryptic species. Based 

on the restriction enzyme site suggested by Johnston et al. (2017), we recovered “P. 

capitata” (genotype C’TCGAG) and “P. meandrina” (genotype C’GCGAG) lineages, 

however, the number of samples heterozygous for the restriction site (C’KCGAG) was 

considerable (20% of the samples; Fig. 3a). This suggests either the method was only 

applied to homozygous individuals or it cannot identify cryptic species, since histone loci 

often occur in multiple copies (Noël et al. 2023). 

Nevertheless, by using the concatenated Histone loci (2 and 3), we found higher 

resolution, with unique haplotypes to each hypothetical species. Unfortunately, the 

number of samples with information for both Histone loci was low (Fig. 3c). The two 

Histone lineages are found at both limits of geographical distribution of Pocillopora 

corals in the ETP, from the far north of the Gulf of California to southern Colombia, 
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suggesting that heterozygous samples may occur across the distribution in the ETP or, 

alternatively, that heterozygous samples occur at the edges of the distribution. 

For the micro-morphological traits, the P. grandis-meandrina complex is the most 

variable lineage (and best sampled), with up to six types of columellae, most found in the 

ETP (Fig. 5). Even samples that could be identified as “P. capitata” or “P. meandrina 

complex” based on the Histone loci presented different morphotypes from those 

suggested in the taxonomic reviews of the species (an oval/convex columella for P. 

meandrina according to Schmidt-Roach et al. 2014 and Oury et al. 2023) (Fig. 5 and 6). 

Determining whether these lineages and morphotypes represent different species will 

require genomic analyses that encompass the entire distribution of the mitochondrial 

lineage P. grandis-meandrina complex. 

4.2 Are there informative genetic and/or morphological traits for species 

identification of pocilloporids? 

The use of molecular markers to determine species boundaries has grown 

exponentially in recent decades. For Pocillopora, the most widely used marker has been 

the mtORF region, which has helped to elucidate patterns of diversity (Pinzón and 

LaJeunesse 2011; Pinzón et al. 2013; Schmidt-Roach et al. 2013, 2014). However, with 

the accessibility of next-generation sequencing techniques (e.g. RADseq, UCEs, 

LcGWS), the picture of species boundaries in Pocillopora has changed again. To date, 

several species complexes that share the same mitochondrial lineage are recognized 

(Oury et al. 2023, 2024, 2025; Connelly et al. 2026). This mito-nuclear discordance seems 

to be common in anthozoans and may be due to introgression (Oury et al. 2025), but 

principally to low rates of mitochondrial genome evolution (Hellberg 2006; Quattrini et 

al. 2023). Therefore, basing the identification of Pocillopora specimens only on mtORF 
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could underestimate the number of species and obscure underlying patterns of 

biodiversity. 

Consequently, alternative approaches must be explored to accurately identifying 

specimens, particularly through the analysis of nuclear genetic variation. However, our 

results showed that most of the nuclear loci analyzed have high diversity but low 

divergence between mitochondrial lineages and potential species (Fig. 3; Supporting 

Information, Fig. S3). The exception to this pattern was found in the Histone 2 and 3 loci, 

especially when they were used together (Fig. 3c). These markers recovered the P. acuta 

complex, P. cf. effusa, P. lacera, and P. tuahiniensis as different and divergent lineages. 

However, individuals in the P. grandis-meandrina complex were highly heterozygous, 

making it difficult to identify the cryptic species of this complex. 

On the other hand, with respect to morphology as a diagnostic trait, skeletal and 

colonial macroscopic features of corals deemed as diagnostic for many species are indeed 

highly variable and could be a response to certain environmental gradients instead of 

evidence of evolutionary divergence (Todd 2008). For example, several experimental 

settings with differential water flow, exposure to predators, and in situ observations of 

morphological changes through different seasons and sites have demonstrated how 

colony morphology in Pocillopora is strongly driven by environmental factors 

(Nakamura and Yamasaki 2005; Mass and Genin 2008; Palacios et al. 2014; Paz-García 

et al. 2015a, b). 

Our results suggest that the micro-morphology of Pocillopora is widely variable, and 

although certain lineages, such as P. ligulata (Fig. 5 and 6), have some morphological 

cohesion, most lineages overlap morphologically, especially within the P. grandis-

meandrina complex. We showed evidence of the high variation of the corallite 

morphology, and the analysis of the traditional diagnostic traits used for identification of 
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Pocillopora species resulted in a very poorly resolved topology. Further, more targeted 

re-examination of physical features is needed to reevaluate and potentially uncover 

nuanced, yet currently unperceived diagnostic morphological traits. 

5. Conclusions 

The diversity of pocilloporid corals in the ETP may be represented by up to four 

species: P. cf. effusa, P. lacera, and two cryptic species of the P. grandis-meandrina 

complex: P. capitata and P. meandrina. Most of the nuclear loci tested proved 

phylogenetically uninformative, but the concatenated region of Histone 2 and 3 allows 

the recognition of most of the ETP species as well as P. acuta, P. tuahiniensis (from other 

geographical regions). On the other hand, we showed that the macro- and micro-

morphology of corallites does not allow the identification of the species neither in the 

ETP nor in other geographical regions. Finally, it is necessary to perform a novel global 

integrative analysis to determine if the ETP Pocillopora species represent entities with a 

wide distribution in other marine biogeographic realms, or if the ETP species are different 

and undescribed species. 
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Supplementary information 

Table S1. Specimen collected and published data included in the analyses. 

Table S2. List of primers used for PCR amplification. Fragment sizes in base pairs. 

T°m = melting temperature. n = sequences obtained in this study; total = sequences 

included in the analysis. 

Table S3. Morphological diagnostic traits states used for phylogenetic analysis. All 

traits were selected according to taxonomic and systematic studies of Pocilloporidae. 

Table S4. Games Howell test for pairwise comparisons of corallite diameter between 

lineages. P-value: adjusted p-values by Tukey HSD method. Significance: P-values level 

of significance: ****= p < 0.0001; ***= p<0.001; ** = p<0.01; * =p< 0.05; ns= not 

significance. 

Figure S1. Corallite variables measured following Oury et al. (2023). 

Figure S2. Control region diversity and distribution. A, haplotype network based on 

314 sequences. The haplotype frequency is in the center of each haplotype. Mitochondrial 

lineage names according to the mtORF lineages of the samples. B, map of haplotype 

distribution. Pie charts represent the frequencies of haplotypes found in each locality. 

Figure S3. Nuclear genetic variation in Pocillopora. A, Hsp70A locus haplotype 

network based on 339 sequences. B, Hsp70B locus network based on 330 sequences. C, 

ATP-β locus network based on 631 sequences. D, MBS-CA haplotype network based 

on 127 sequences. E, β-Tubulin network based on 158 sequences. The haplotype 

frequency number is in the center of each haplotype. Lineage names according to the 

mtORF and XhoI restriction site haplotypes for each sample; gray color represents 

unknown mitochondrial lineage samples. Red dotted lines connect haplotypes from 

heterozygote samples. 
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