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First Ecological Characterization of Whip Black Coral Assemblages (Hexacorallia: Antipatharia) in the Easter Island Ecoregion, Southeastern Pacific
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One of the main priorities of marine scientific research is to provide practical information and guidance for biodiversity conservation and management. In this context, the identification of key and fragile habitat-forming species is particularly important. Despite their ecological importance, whip corals in the order Antipatharia remain poorly studied around the world, and especially in the South Pacific. During recent expeditions to explore mesophotic and deep benthic habitats around Rapa Nui (Easter Island), dense assemblages of whip black corals were observed in situ. We here report the first detailed description of the distribution and abundance of these black coral assemblages and their associated fauna and habitat. These descriptions were based on analysis of video surveys collected on 67 remotely operated vehicle dives conducted in 2014 through 2019 at three sites (Pukao seamount, Apolo peak, and Rapa Nui Island shelf and slope) within the Easter Island Ecoregion at depths between 50 and 330 m. At least four morphotypes (yellow, red, white/orange, and Pukao) of unbranched black corals were detected. Each morphotype had polyps arranged in a single row on only one side of the corallum, a diagnostic morphological character currently assigned to the antipatharian genus Stichopathes. Samples of the yellow and red morphotypes were collected and studied using morphological and molecular techniques. These analyses indicate that the genus Stichopathes is not monophyletic and requires further revisions, a conclusion that is consistent with previous studies. Extensive fields of whip black corals, primarily of the yellow and red morphotype, were present at 28 sites from 60 to 245 m on rocky substrates, coarse sand, or rhodoliths. Densities of these assemblages per frame were up to 58.2 ± 5.2 colonies m–2 (average: 13.2 ± 0.8), which represent some of the highest reported densities for black corals to date. Numerous faunal groups, including ophiuroids, echinoids, and fishes, were associated with these whip black coral assemblages. Our observations should be considered in future management and conservation efforts around Rapa Nui, where a multi-use marine protected area was established in 2018, as well as in adjacent international waters that remain unprotected but likely harbor similar assemblages.
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INTRODUCTION

Antipatharians, commonly known as black corals, comprise approximately 279 species in seven families (Molodtsova and Opresko, 2021). Black corals are distributed from polar to tropical seas and have a wide bathymetric distribution ranging from 2 to 8,600 m (Opresko, 2006; Wagner et al., 2012; Gorny et al., 2018). Over 75% of described species are found in deeper waters (>50 m), primarily on hard substrates with a few species occurring on soft sediments (Wagner et al., 2012; Molodtsova and Opresko, 2017; Horowitz et al., 2018). Antipatharians have an important ecological role, as they provide crucial habitat for many associated species, several of which are adapted to live exclusively on black corals (Marin, 2007; Wagner et al., 2012; Terrana and Eeckhaut, 2019). Black corals are some of the longest living and slowest growing animals on Earth, which makes them and the animals that depend on them particularly vulnerable to disturbances of the seafloor and water column (Wagner et al., 2012). All black corals are protected under the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) and are also considered vulnerable marine ecosystem indicator species by several regional fishery management organizations (Wagner et al., 2012).

Despite their ecologic importance, they remain poorly studied worldwide and especially in the South Pacific (Molodtsova, 2005; Yesson et al., 2017). This underrepresentation is due to the elevated costs of studying deep and remote environments as well as the scarcity of taxonomic experts working on this taxon (Wagner et al., 2012; Wagner, 2015). Further, the lack of well-preserved tissue samples has greatly limited the scope of molecular analyses of black corals. As a result of the lack of available samples, surveys, and molecular data, the true species diversity of antipatharians is likely underestimated worldwide (Barrett et al., 2020).

Records of black corals in Chilean waters are scarce, with only 20 species in four families reported in the literature (Häussermann and Försterra, 2007; Alarcón, 2009; Araya et al., 2018; Gorny et al., 2018; Easton et al., 2019). Of these, 11 species are distributed along the continental shelf between the Peruvian and Magellan Province (18°–56°S) and the rest correspond to records from the continental slope or seamounts (Alarcón, 2009; Araya et al., 2018). Few antipatharians have been reported from offshore Chilean islands (Juan Fernández Archipelago, Desventuradas Islands, Rapa Nui [Easter Island], and Salas y Gómez Island) and colonies are often not identified to species level (Araya et al., 2018; Easton et al., 2019) because records are based on video observations or samples in poor condition that were inadvertently collected by fishers. In the Juan Fernández and Desventuradas Ecoregion (Spalding et al., 2007), a total of seven antipatharian species have been reported; six from the Juan Fernández Archipelago (Plumapathes fernandezi, Plumapathes cf. pennacea, Trissopathes sp., Leiopathes spp., Aphanipathes sp. and Antipathes sp.) and one from the Desventuradas Islands (cf. Stichopathes sp.) (Häussermann and Försterra, 2007; Alarcón, 2009; National Geographic and Oceana, 2013; Araya et al., 2018; Tapia-Guerra et al., 2021). Due to the paucity of data, the actual distribution of black corals around these islands is largely unknown (Araya et al., 2018).

Unfortunately, data on the geographic distribution or abundance of black corals from the Easter Island Ecoregion (EIE) (Spalding et al., 2007), which encompasses the islands of Rapa Nui and Salas y Gómez, are largely absent or unreliable. Only two antipatharian taxa in the family Antipathidae (Antipathes and Stichopathes) have been recorded from Rapa Nui but none were identified to species level (Disalvo et al., 1988; Fernández et al., 2014; Araya et al., 2018). Reports arising from preliminary analyses of video surveys and opportunistic samples from Rapa Nui and nearby seamount Pukao suggested the presence of at least two whip black coral species in the genus Stichopathes (Easton et al., 2019; Shepherd et al., 2020), which is characterized by having whip-like colonies and polyps that are arranged in a single row on only one side of the colony (Bo et al., 2012). However, the Stichopathes taxonomy is not yet resolved, in part because of phenotypic plasticity of diagnostic characters and the close phylogenetic relationship between species in the families Antipathidae (especially Stichopathes and Antipathes) and Aphanipathidae (Bo et al., 2012; Wagner et al., 2012; Barrett et al., 2020). For example, several previous studies that combined morphological and molecular data noted that caution should be used when using external morphology to identify black corals (Bo et al., 2012) because several colony morphologies including whip corals are not monophyletic (Bo et al., 2012; Brugler et al., 2013; Terrana et al., 2021). These taxonomic difficulties, along with the lack of historical surveys of the antipatharian fauna around Rapa Nui, highlight the need to conduct detailed studies focusing on the taxonomy and ecology of antipatharians from this region. The creation of the Rapa Nui Multiple-Use Marine Protected Area (MUMPA) in 2018 has provided the marine fauna of this region some protection as industrial fishing and bottom trawling are prohibited within its limits (Easton et al., 2019; Paredes et al., 2019; Wagner et al., 2021). However, the effectiveness of these protections is still largely unknown because critical baseline information about deep-water ecosystems in the region are largely missing (Easton et al., 2019).

To help fill this knowledge gap, we characterized assemblages of whip black corals in the EIE by combining in situ observations with an examination of collected specimens using morphological and molecular techniques. This study is the first to characterize the abundance, distribution, morphology, and phylogenetics of whip black corals in the Rapa Nui MUMPA and on the Salas y Gómez Ridge, which with the adjacent Nazca Ridge are two seamount chains that span across 2,900 km and include numerous seamounts with summits extending into mesophotic depths.



MATERIALS AND METHODS


Study Area and Remotely Operated Vehicle Data Collection

Underwater video surveys with a remotely operated vehicle (ROV) were conducted on the summit of Pukao seamount (26.92°S; 110.26°W) in 2016; on a subsurface peak along the southwestern slope of Rapa Nui (Easter Island) known as Apolo peak (27.23°S; 109.48°W) in 2014, and on multiple locations around the island of Rapa Nui between 2017 and 2019 (Figure 1). Benthic surveys were conducted from local fishing boats with a Commander MK2 ROV (Mariscope Meerestechnik, Kiel, Germany) driven slowly about 50 cm above the seafloor and equipped with a high-definition camcorder (Panasonic SD 909, resolution 1920 × 1010, 30 fps), a GoPro Hero 4 camera (resolution 2704 × 1520, 60 fps), and laser pointers spaces 10 cm apart for scale. A total of 67 ROV dives were conducted to bottom depths ranging between 50 and 330 m, capturing more than 50 h of bottom video (Table 1) on six dives at Pukao seamount (∼4 h of total bottom time), three dives at Apolo peak (∼1 h of total bottom time), and 58 dives around Rapa Nui (∼45 h of total bottom time). Bottom time for each dive survey ranged from 15 to 40 min (Table 1).
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FIGURE 1. Whip black coral abundance and ROV survey locations (2014–2019) on the Apolo peak, the summit of Pukao seamount, and around Rapa Nui (Easter Island) at 50–330 m. X = absence of whip corals, stars = stations where specimens were collected, purple line = Chilean Economic Exclusive Zone, pink area = Chilean Marine Parks. Map generated using ArcMap (version 10.8) and GEBCO and NCEI base maps (British Oceanographic Data Centre, 2008; NCEI, 2021). Note that when multiple morphotypes were recorded during a survey, points overlap.



TABLE 1. Summary information of ROV video transects conducted as part of this study.
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Sample Collections and Morphological Analyses

During two ROV dives in April 2017 at Rapa Nui, two distinct morphotypes (yellow and red) of whip black corals were inadvertently sampled when they became entangled in the ROV chassis. The yellow morphotype was sampled at station T17 (27.100°S; 109.431°W) between 120 and 180 m, and the red morphotype was sampled at station T19 (27.101°S; 109.426°W) at 180 m (Table 1). The collected specimens were stored in 95% ethanol and deposited in the Sala de Colecciones Biológicas, Universidad Católica del Norte (SCBUCN), Coquimbo, Chile under catalog numbers SCBUCN 8849 (yellow morphotype) and SCBUCN 8850 (red morphotype). Samples of each morphotype were prepared for scanning electron microscopy (SEM). To remove the tissue from the corallum, specimen clippings were placed in sodium hypochlorite (household bleach) for 5–10 s and rinsed in 70% ethanol. This process was repeated until all tissue was removed, then the corallum was placed in 95% ethanol for 5–10 s before it was dried in a Tousimis, Samdri-780A critical-point dryer using CO2, mounted on bronze stubs, and coated with gold in a JEOL JFC-100 evaporator. Coated samples were examined under a Hitachi SU3500 SEM at the Microscopy Laboratory of the Facultad de Ciencias del Mar, Universidad Católica del Norte, Coquimbo, Chile.

Morphometric measurements were taken using IC Measure software following Wagner et al. (2010). Measurements of the stem length were taken from underwater images, whereas measurements of the polyps and spines were taken from images of preserved material of each morphotype. Sample collections were performed under permits Res. Ext N°41/2016 and N°3314/2017 from SUBPESCA (National Fishing Authority of Chile) to the Universidad Católica del Norte. This project was also presented to the local “Consejo del Mar de Rapa Nui” (Council of the Sea of Rapa Nui), which allowed underwater footage and sampling around the island.



DNA Extraction, Amplification, and Sequencing

Whole genomic DNA was isolated from a single polyp of each specimen with the GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific Waltham, MA, United States) per manufacture’s protocol and submitted to the Bio-polymers Facility at Harvard Medical School for library preparation and next-generation sequencing (NextSeq 500). Reads were trimmed with BBDuk2 v. 38.84 (Bushnell, 2021) with the following settings: ktrimright = t, k = 27, hdist = 1, edist = 0, qtrim = rl, trimq = 6, minlength = 10, ordered = t, and qin = 33. Trimmed reads were mapped to Antipathidae reference sequences that extended from the 18SrRNA gene through ITS1 to the 5.8S or 28S rRNA genes in Geneious Prime 2021.1.11 with the following Geneious mapper settings: Sensitivity = Medium-Low Sensitivity/Fast and Fine Tuning = Iterate up to five times. The reads belonging to the yellow morphotype (SCBUCN 8849) were successfully mapped with good quality (>75% threshold) and coverage values (>100 reads) to four reference sequences: Cirrhipathes spiralis (AM404320), Cirrhipathes sp. GB-2006 (AM404319), Antipathes grandis (GU296494), and Cirrhipathes anguina (HM060622). The reads belonging to the red morphotype (SCBUCN 8850) were successfully mapped with good quality (>75% threshold) and coverage values (>100 reads) to three reference sequences: Antipathes griggi (KF054602), Antipathes sp.2 GB-2006 (AM404315), Antipathes elegans (AM404317). The resulting consensus sequences were aligned with default MAFFT v7.450 (Katoh et al., 2002; Katoh and Standley, 2013) settings in Geneious Prime for each species. The resulting consensus sequences were extracted at a threshold of 90% for each morphotype and were subsequently used as a reference sequence to which the trimmed reads were mapped as described above to generate the 1,682- and 1,899-bp consensus sequences extending from 18S through 28S respectively for the yellow (Stichopathes sp. SCBUCN 8849, MZ450123) and red (Stichopathes sp. SCBUCN 8850, MZ450124) morphotypes. Stichopathes sp. SCBUCN 8849 and Stichopathes sp. SCBUCN 8850 sequences were annotated manually based on an alignment with Antipathes cf. dichotoma NB-2020 (MT318863) and Tylopathes sp. NB-2020 (MT318885). Details of the quality control assessment and coverage of each consensus sequence are described in the Supplementary Material. The ITS1 region was extracted from these sequences and aligned with most of the Antipatharia ITS sequences available in GenBank and a maximum-likelihood tree was constructed (Supplementary Figure 1). Because the topology of this reconstructed phylogeny was consistent with the phylogenetic reconstructions in Bo et al. (2012), we trimmed the dataset by randomly selecting three representatives of each genus per clade. The trimmed dataset included the two Rapa Nui Stichopathes species, 35 other antipatharian sequences from GenBank (Supplementary Table 1), and one scleractinian (outgroup) ITS1 sequence (Supplementary Table 1) that were aligned with default MUSCLE 3.8.425 (Edgar, 2004) parameters in Geneious Prime. The alignment was trimmed to the extent of the shortest sequences, resulting in a 343-bp alignment. ModelTest-NG 0.1.6 (Darriba et al., 2019) was used to select the substitution models applicable to PhyML phylogenetic reconstructions with the following settings: Data type = DNA, Templates = PhyML, models = 11, Rate variation = uniform/gamma/pinv/+I+G, and Frequencies = Equal frequencies/ML frequencies. A maximum-likelihood, phylogenetic tree was constructed with PhyML 3.3.20180621 (Guindon et al., 2010) plugin of Geneious Prime with the following settings: substitution model = TPM3 + G4, bootstrap = 1000, and optimize = topology/length/rate. The scleractinian coral Porites lutea (LT558237) was used as the outgroup.



Analysis of in situ Observations

The characteristics of habitat associated with the whip black coral assemblages were described based on ROV video data for each site. The habitat was described by substrate type (i.e., rock, silty sediments, mixed substrate, coarse sand) and “modifier” elements (i.e., biological communities, sedimentation, and bio-perturbation) following Tapia-Guerra et al. (2021).

Videos for each dive were analyzed in a time-lapse mode at half normal speed in VLC Media Player (Version 3.0.12; VideoLan, 2006). The number of whip black coral colonies was estimated from ROV video surveys following Bo et al. (2009a) and Cau et al. (2015). In brief, the ROV videos were divided into short video sequences (2 min on average) from which frames were extracted every 30 s using DVDVIDEOSOFT software (version 5.0.101). Only video sequences where the ROV was near the bottom (within 0.5–1.0 m) were analyzed; video sequences with poor visibility were not considered. The field of view per frame was estimated using the laser pointers of the ROV and standardized to m2 using IC Measure software (version 2.0.0.245). Colony count per frame was estimated using ImageJ software (version 1.53e). Position data of ROV deployments were used to create distribution maps using General Bathymetric Chart of the Oceans (British Oceanographic Data Centre, 2008) and NOAA National Centers for Environmental Information (NCEI, 2021) base maps and were plotted using ArcMap software 10.82. To assess differences in abundance as a function of depth at each study site (i.e., Pukao seamount, Apolo peak, and Rapa Nui), non-parametric univariate analyses (Unpaired Two-Samples Wilcoxon Test, Kruskal–Wallis and Mann–Whitney pairwise comparisons) were conducted. All statistical analyses were performed using R software (version 4.0.5) (R Core Team, 2021) using the “car” (Fox and Weisberg, 2018), “plyr” (Wickham, 2011) and “Rmisc” (Hope, 2013) packages and were graphed using the library ggplot2 (version 3.3.2) (Wickham, 2009).



RESULTS


Diversity and Morphology

Based on video surveys, we recorded four whip black corals morphotypes: yellow, red, white/orange, and Pukao (a small red morphotype). All morphotypes observed were characterized by a monopodial corallum, not ramified nor pinnulated, straight or slightly coiled, especially in the distal portion (Figure 2 and Supplementary Video 1). The total length of the colonies differed between morphotypes; the largest morphotype was the yellow one with heights ranging between 80 cm and 350 cm (Figure 2A), followed by the red morphotype (100–180 cm, Figure 2B), the white/orange morphotype (20–30 cm, Figure 2C), and the small-red morphotype (15–28 cm, Figure 2D). Polyps on all morphotypes were arranged in a single row on only one side of the corallum, which is a diagnostic morphological character currently assigned to the genus Stichopathes (Brook, 1889; Bo and Opresko, 2015). Therefore, all morphotypes were assigned to the genus Stichopathes. No further descriptions of the white/orange and the Pukao morphotype are possible at this time because samples of these morphotypes were not collected.
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FIGURE 2. Photographs of whip coral morphotypes of the Easter Island Ecoregion: (A) yellow morphotype (Stichopathes sp. SCBUCN 8849), (B) red morphotype (Stichopathes sp. SCBUCN 8850), (C) white/orange morphotype, (D) Pukao morphotype (red-small). Scale bars = 10 cm. Image credit: Matthias Gorny (OCEANA) and ESMOI.


The stem of the collected colony of the yellow morphotype (Stichopathes sp. SCBUCN 8849) was 1 mm in diameter in the apical portion (Figures 3A,E). The first part of the corallum is in a straight and upright shape and the apical part in a spiral shape (Figure 2A). The skeletal spines are in the shape of an acute triangle, flattened dorsally, and covered with elongated papillae toward their distal half, with 2–3 apical lobes on some spines (Figures 3A–D). The polypar spines are generally 80–180 μm tall and spaced ∼0.8 mm apart (range = 0.6–1.3 mm in each row) (Figures 3B–D). No secondary spines are present on the corallum. On average, polyps are 1.96 mm in transverse diameter (range = 1.73–2.09 mm), are spaced 2.4 mm apart (range = 2.23–2.55 mm), and have long sagittal tentacles (up to 12 mm in living specimens) (Figure 3F). Living colonies are yellow or light brown in coloration (Figure 2A).
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FIGURE 3. Morphological characteristics of stem, spines, and polyps in the yellow morphotype (Stichopathes sp. SCBUCN-8849) (A–F) and red morphotype (Stichopathes sp. SCBUCN-8850) (G–L). (A,G) Skeletal spines on terminal branch; (B,C,H,I) close-up view of the stem; (D,J) close-up view of polypar spine; (E,K) diameter of the central canal; (F) polyps on terminal branch under light microscopy; (L) polyps in poor condition under light microscopy.


The red morphotype was characterized by unbranched colonies that are up to 1.8 m in height (Figure 2B). The stem of the collected colony (Stichopathes sp. SCBUCN 8850) was ∼560 μm in diameter in the apical portion (Figures 3G,K). Colonies are coiled throughout (Figure 2B). The skeletal spines are in the shape of a right triangle, flattened dorsally and covered with elongated papillae toward their distal half, with three apical lobes on some spines (Figures 3G–J). The polypar spines are generally 155–250 μm tall and spaced 0.7 mm apart (range = 0.4–0.9 mm in each row) (Figures 3B–D). The secondary spines are triangular, without apical papillae (Figure 3I), and are much smaller in size than the primary spines at ∼20–50 μm in height. On average, polyps are 1.7 mm in transverse diameter (range = 1.6–1.9 mm, Figure 3L), with long sagittal tentacles (up to 6 mm in living specimens). Living colonies are pink or red in coloration (Figure 2B).



ITS1 Phylogenetic Relationships

The sequences obtained for the full-length ITS1 were 263 bp for the yellow morphotype (Stichopathes sp. SCBUCN 8849) and 245 bp for the red morphotype (Stichopathes sp. SCBUCN 8850). The uncorrected divergence between the yellow and red morphotypes was 38.27%. In the reconstructed maximum-likelihood phylogenetic tree based in the ITS1 alignment, the yellow morphotype (Stichopathes sp. SCBUCN 8849) is within a clade that is composed of Cirrhipathes species and Antipathes curvata and is sister to the Antipathes-Stichopathes clades recognized in Bo et al. (2012; Figure 4). Stichopathes sp. SCBUCN-8849 ITS1 is 95.51–99.23% similar to the species within that clade. The red morphotype (Stichopathes sp. SCBUCN 8850) was within Bo et al. (2012) clade C, a clade composed of Antipathes species and an unidentified Stichopathes sp. (Figure 4). Stichopathes sp. SCBUCN-8850 ITS1 is 95.08–99.16% similar to the species within clade C. Both clades are composed of species whose origin is the tropical western Pacific (Indonesia, the China Sea or Hawaii) (Supplementary Table 1). All distal clades in which Stichopathes species were included were moderately (bootstrap > 65) or well supported (bootstrap > 90); however, Antipathidae was polyphyletic with generally poor support (bootstrap < 65) at basal nodes.
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FIGURE 4. Phylogenetic tree obtained by maximum-likelihood analysis based on internal transcribed spacer 1 rDNA (ITS1) of 37 antipatharian specimens of four families and the scleractinian coral Porites lutea as an outgroup. The two black coral specimens collected as part of this study are in bold. The numbers at nodes are the bootstrap estimated values (>65%). Antipathes-Stichopathes clades recognized in Bo et al. (2012) are indicated. See Supplementary Table 1 for GenBank accessions and localities of specimens.




Abundance and Distribution

Whip black corals were observed on 28 (42%) of the 67 ROV dives (Apolo peak = 2 dives, Pukao seamount = 5 dives, and Rapa Nui = 21 dives) at 60–240 m (Table 1). In total, ∼7,160 whip black coral colonies were counted, with an average abundance of 13.2 ± 0.8 col m–2 across all frames in which whip black coral colonies were present (Table 1). The average total coral abundance was highest on Pukao seamount with 26.8 ± 1.4 col m–2, followed by Rapa Nui (10.6 ± 0.5 col m–2), and Apolo peak (8.0 ± 1.4 col m–2) (Figure 5A). The highest densities reported per frame were 58.2 col m–2 at Pukao seamount, 23.1 col m–2 at Rapa Nui, and 11.0 col m–2 and Apolo peak. The total abundances of whip corals at Rapa Nui and Apolo peak were not significantly different (Wilcoxon test, W = 7906, P = 0.442), whereas the abundances at Pukao seamount differed significantly from those of both Rapa Nui (Wilcoxon test, W = 27268, P < 0.001) and Apolo peak (Wilcoxon test, W = 1581, P = 0.00226). The total abundances of whip black corals also differed with depth (Figures 2B,D). Densities were generally higher at greater depths (Figure 5B) except for Apolo peak (not enough data). At Pukao seamount, intermediate (160–180 m) and deeper stations (200–220 m) had significantly greater densities (P < 0.001, H = 74.44; Figure 5C) that exceeded 20 colonies m–2 (Table 1 and Figure 1). Apolo peak also had densities exceeding 20 colonies m–2 (Table 1 and Figure 1). At Rapa Nui, deeper stations (120–240 m) had significantly greater densities (P < 0.001, H = 99.13; Figure 5D). Whip black corals were widely distributed around Rapa Nui (Figure 1). The largest assemblage of whip corals (15–20 colonies m–2, Table 1 and Figure 1) were concentrated on the western side of the island between Hanga Roa and Anakena at depths between 120 and 240 m (Figure 2D) and the southeastern coast of Hanga Hotuiti at depths between 130 and 280 m. The lowest abundance of whip black corals (1–5 colonies m–2) occurred on southeast-facing shores of Rapa Nui between Hanga Hotuiti and Cabo O’Higgins at 60–120 m. No whip black corals were observed in the southwestern sector of Rapa Nui between Punta Cook and northeast Hanga Roa or the southeastern coast of Hanga Vinapu.
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FIGURE 5. (A) Box plots of total coral abundance (colonies m–2) at each site. Box and whisker plots represent the 95% confidence interval. *Presents significant differences between the groups (P < 0.001). (B–D) Total abundance (colonies m–2 ± SE) of the whip black corals per depth interval on (B) Apolo peak, (C) Pukao seamount, and (D) around Rapa Nui.


The red (2,511 verifiable colonies, ∼35% of the total) and yellow (2,142 verifiable colonies, ∼30% of the total) morphotypes were the most abundant and widely distributed in the area (Figure 1). A total of 1,421 colonies (∼20% of the total) could not be assigned to morphotype because color and most diagnostic characters were not visible in the images. All of these unidentified colonies were inconsistent with orange/white or Pukao morphotypes but could be representatives of the yellow or red morphotypes based on colony length. There were no significant differences between the abundances of the yellow and red morphotypes at the different sites (Pukao seamount: P = 0.07, H = 3.34; Apolo peak: P = 0.2, H = 1.55; Rapa Nui: P = 0.3, H = 1.05; Figure 6). The yellow morphotype was observed infrequently at the shallowest depths (60–90 m), reached a maximum at 150–180 m, and then declined below 180–210 m (Figure 6). The red morphotype was absent from the shallowest stations (60–90 m); density reached a maximum at 120–150 m and decreased at the deeper stations. The two less abundant morphotypes were observed at deeper depths at a single site. The white/orange morphotype (349 colonies, ∼5% of the total) was exclusively recorded at 260 m at Rapa Nui station T14. The Pukao morphotype (734 colonies, ∼10% of the total) was exclusively recorded at Pukao seamount station T19 at 230 m.
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FIGURE 6. Abundance (colonies m–2 ± SE) of the yellow and red morphotypes by depth interval on (A) Apolo peak, (B) summit of Pukao seamount, and (C) around Rapa Nui.




Habitat

Whip black coral assemblages at Apolo peak and Rapa Nui (∼60 to 240 m depth) were associated with three types of habitats (Figure 7): (i) small reef patches of irregular rock substrate, surrounded by large areas of sand separating exposed rocks inhabited by numerous adult and juvenile fishes (e.g., Chromis mamatapara, Prognathodes sp.) and invertebrates (e.g., the ophiurids Ophiocoma spp., the echinoids Diadema spp. and the sea stars Anthenoides sp. and cf. Sclerasterias) (Figures 7A,B), (ii) hard substrates, including those interspersed with patches of coarse sand and large rock formations, dominated by incrusting red algae, with a steep slope in which the presence of cracks provided shelter to numerous fishes (e.g., Pseudolabrus semifasciatus, Synodus cf. doaki) (Figure 7C), and (iii) homogeneous bottom with little relief, coarse sand, and thanatocoenosis (foraminifera deposits), that was inhabited by ophiurids and numerous fishes (e.g., Antigonia cf. capros) (Figure 7D). The white/orange morphotype was exclusively associated with this third habitat type (i.e., coarse sand) at 260 m (Figure 7D and Supplementary Video 1). On the summit of Pukao seamount (∼160 to 220 m depth), whip black coral assemblages were associated with (i) irregular rocky protrusions interspersed with sandy areas (Figure 7E) and (ii) rhodolith beds on coarse sand with a few inhabited by some fishes (Suezichthys sp. and gobiids) (Figure 7F). The Pukao morphotype was exclusively found on this second habitat type (i.e., rhodoliths) at 230 m (Figure 7E and Supplementary Video 1).


[image: image]

FIGURE 7. Benthic habitat types on Apolo peak (A), the upper slope of Rapa Nui (Easter Island) (B–D) and the summit of Pukao seamount (E,F). (A,B,F) Small patches of irregular rock substrate, with large areas of sand, inhabited by some fishes (Chromis mamatapara). (C) Irregular rock bottom with fractures and faults that are dominated by incrusting red algae and are used as habitats for small fishes (Pseudolabrus semifasciatus). (D) Regular continuous homogeneous bottom with coarse sand. (E) Regular continuous homogeneous bottom with coarse sand, rhodoliths, and little relief. Image credit: Matthias Gorny (OCEANA) and ESMOI.




DISCUSSION

Historic information about whip black corals within the EIE is based largely on opportunistic observations included sporadically in descriptions of other taxonomic groups (e.g., echinoderms: Mecho et al., 2019 and Mah, 2021; fishes: Easton et al., 2017 and Shepherd et al., 2020). There have been no previous studies focusing on the taxonomy, distribution, or abundance of antipatharians in the EIE (Easton et al., 2019). This first systematic study based on in situ observations revealed the presence of at least four distinct morphotypes of unbranched black corals that could clearly be differentiated in the videos based on differences in coloration and overall appearance of the colonies (Figure 3). Based on morphological differences in colony length, color, and external characteristics of the polyps (sagittal tentacles), we believe these four morphotypes to be distinct species. However, we were only able to assess this conclusion for the yellow and red morphotypes because species-level diagnostic characters (e.g., DNA markers, size and shape of the primary spines, presence of secondary spines) can often only be assessed by examining collected specimens. The yellow and red morphotypes differed in colony length, color, and skeletal spines characters, which are considered diagnostic for antipatharian species. Further support them being distinct species includes ITS1 divergence values (uncorrected p values) >30% compared to ∼3% reported for within-species divergences in Stichopathes maldivensis and S. variabilis (Terrana et al., 2021), phylogenetic reconstruction based on ITS (Figure 4), phylogenetic reconstruction based on partial 18S rRNA gene, internal transcribed spacer 1 rDNA (ITS1), 5.8S rRNA gene, internal transcribed spacer 2 (ITS2), and partial 28S rRNA gene (Supplementary Figure 2), and genetic divergence (1.31%) and phylogenetic reconstructions based on alignment of the mitochondrial protein-coding genes (Asorey et al., 2021). Our observations of at least four morphotypes with two being confirmed as distinct species corroborate field identifications made in 2017, which suggested that at least two species of Stichopathes are present in the EIE (Easton et al., 2019). Without specimens, we cannot assess whether the unbranched Antipathes reported from the EIE in previous studies (Disalvo et al., 1988) were mistakenly assigned to Antipathes or whether they are one of the species reported in this study. Misidentifications of antipatharian species have been reported in many locations around the world when unbranched forms (e.g., Stichopathes or Cirrhipathes) are incorrectly assigned to Antipathes (Molodtsova, 2005), which is considered a taxonomic dumping ground that is morphologically and phylogenetically heterogeneous (Daly et al., 2007; Bo et al., 2008; Brugler et al., 2013). Even though many species have been removed from Antipathes on the basis of branching pattern and added to other genera, the genus still groups together many uncertain species and requires revision (Bo, 2008).

There are currently three described genera of antipatharian corals with a whip-like or unbranched corallum: Cirrhipathes, Pseudocirrhipathes and Stichopathes. In both Cirrhipathes and Pseudocirrhipathes, polyps are arranged irregularly on all sides of the corallum, with the distinguishing factor being that Pseudocirrhipathes has skeletal spines arranged in verticills (Bo et al., 2009b). In contrast to Cirrhipathes and Pseudocirrhipathes, the genus Stichopathes is characterized by colonies that have polyps that are arranged in a single row on only one side of the corallum (Brook, 1889; Bo and Opresko, 2015). Polyp arrangement on all four EIE morphotypes was in a single row on only one side of the corallum, so all morphotypes were assigned to the genus Stichopathes (Opresko, 2006; Bo and Opresko, 2015). However, several authors have questioned the validity of polyp arrangement and corallum branching as diagnostic external morphological differences between some antipatharian genera (Van Pesch, 1914; Pax, 1918; Pasternak, 1977; Bo, 2008). Evidence that supports the questionable utility of these diagnostic characters is mounting as phylogenetic studies reveal that several antipatharian genera are polyphyletic. For example, recent phylogenetic studies have shown that not only are antipatharian genera, such as Stichopathes and Cirrhipathes, not monophyletic but neither are some antipatharian families (Bo, 2008; Bo et al., 2012; Brugler et al., 2013; Wagner, 2015; Barrett et al., 2020). These studies found that species with polyps arranged in a single row (Stichopathes spp.) and those with polyps arranged irregularly on all sides of the corallum (e.g., Cirrhipathes spp.) are commonly found in the same clade, as are species with unbranched (e.g., Stichopathes spp.) and branched corallum (e.g., Antipathes spp.). Our ITS1-based phylogenetic reconstructions (Figure 4) are consistent with these patterns. For example, Stichopathes sp. SCBUCN-8849 is in a clade with Antipathes curvata and Cirrhipathes spp., whereas Stichopathes sp. SCBUCN-8850 is in Bo et al. (2012) clade C, which is composed mainly of Antipathes species. Morphologically, Stichopathes sp. SCBUCN-8849 and the Cirrhipathes species in that clade share a tissue coloration that ranges between white and brown, and an unbranched corallum whose length can reach more than 3 m in height (Lapian et al., 2007; Terrana and Eeckhaut, 2019). Other morphological characters of Stichopathes sp. SCBUCN-8849 that have been reported in these Cirrhipathes spp. (Lapian et al., 2007) include a spiral corallum, a triangular-shaped skeletal spine with the presence of papillae (Figure 3D), and the presence of a few lobes on the apex of the primary skeletal spines (Figure 3B). However, Stichopathes sp. SCBUCN-8849 only has polyps on one side of the corallum arranged in a single row unlike the irregular polyp arrangement characteristic of Cirrhipathes (Figure 3F). Therefore, these skeletal characteristics may be diagnostic for this clade, whereas polyp arrangement and branching pattern are not. In contrast, no consistent morphological characteristics were recognized among Stichopathes sp. SCBUCN-8850 and other species in clade C. These species have a variety of the primary spine shapes (Lapian et al., 2007; Opresko, 2009; Wagner et al., 2010; Bo et al., 2012; Wagner, 2015), which may present a few apical tubercles as in some of the triangular spines of Stichopathes sp. SCBUCN-8850 (Figure 3G). Some of these species, including Stichopathes sp. SCBUCN-8850 (Figure 3I), have small interspersed secondary spines (Lapian et al., 2007; Bo et al., 2012) but not all of them have these secondary spines (Lapian et al., 2007; Wagner et al., 2010).

Collectively, these observations highlight the need for further taxonomic revisions within the order Antipatharia. Pending those revisions, we continue to use the name Stichopathes for unbranched black corals with polyps on only one side of the corallum. Greater sampling effort of antipatharians and the use of phylogenetic reconstructions and morphological analyses will be critical for revising antipatharian taxonomy. For example, Bo et al. (2012) suggested that Antipathes and Stichopathes could be considered as a single genus based on phylogenetic reconstructions (ITS1) and the similarity among Antipathes-Stichopathes clades (maximum internal divergence 11.13%). The placement of some Antipathes and Stichopathes species within other clades with representatives predominantly from other genera or families that differ by >30% (uncorrected) is indicative that those species may need to be reassigned to other taxonomic groups. For example, the ITS1 sequence of Stichopathes sp. SCBUCN-8849 is ∼99% similar to several Cirrhipathes species but only ∼62% similar to Antipathes-Stichopathes clades from Bo et al. (2012; Figure 4).

Our records of 7,160 colonies at 60–245 m indicate that dense aggregations of whip black corals are present and widely distributed on Pukao seamount, around Apolo peak, and around Rapa Nui, especially along the west-facing shore. The population density of EIE whip black corals (average across all frames: 13.2 ± 0.8 col m–2, Table 1) is considerably higher than that reported for Stichopathes spp. in most other geographic locations, including the Colombian Caribbean (<7.32 m–2), deep North Pacific seamounts (<1 m–2), Puerto Rico (<0.5 m–2), and Mexican waters of the Gulf of Mexico (<0.5 m–2) (reviewed in Wagner et al., 2012). The only location with higher reported population densities is for Stichopathes spiessi on Jasper seamount in the North Pacific (<20 m–2; Genin et al., 1986). The highest whip coral densities in our study were observed between 120 and 240 m (Figure 2). Unlike the high densities values in the west-facing shore of Rapa Nui, whip corals were not observed in the southeast-facing Hanga Vinapu sector, probably because the southeast-facing shelf is a barren and eroded lava pavement that may not be favorable to colonization by corals (Hubbard and Garcia, 2003).

Given the scarcity of quantitative data on whip corals globally (Wagner et al., 2012; Yesson et al., 2017), comparative analyses of distribution by morphotype cannot be performed. However, the yellow and red morphotypes had generally similar densities (<15 col m–2) and were commonly observed at Pukao seamount, Apolo peak, and Rapa Nui on hard substrates (Figure 6). The other morphotypes (i.e., white/orange and Pukao), were found to be quite abundant (>20 col m–2) in unique habitats (i.e., sandy and rhodoliths bottoms) and at depths that were not surveyed as frequently (≥230 m) (Table 1). These observations suggest that these corals appear to have very specific habitat requirements. Further studies at these depths are needed to understand their true distribution. Nevertheless, this first characterization presents a fundamental basic knowledge of the whip corals and environment in this relatively poorly studied region of the Pacific Ocean, with high conservation value (Friedlander et al., 2021; Georgian et al., 2021; Wagner et al., 2021).

Surveys within the EIE have revealed the presence of a variety of often heterogenous substrates (i.e., rocky, sandy and rhodoliths bottoms) (Easton et al., 2017, 2019; Mecho et al., 2019; Shepherd et al., 2020) that provide a wide variety of habitats for black whip corals. The presence of these whip coral gardens seems to contribute to increasing the availability of habitat and resources for other species. Our study supports previous reports that whip black coral populations within the EIE provide important habitat and nursery grounds for a wide variety of organisms (e.g., ophiuroids, echinoids, and potentially new species of fishes). Easton et al. (2017, 2018) and Shepherd et al. (2020) documented the presence of yellowfin soldierfish (Myripristis chryseres) and juveniles of Chromis mamatapara and butterflyfishes (Prognathodes sp.) in association with whip black corals, highlighting the potential habitat preference of these species in whip coral gardens of Pukao seamount and Rapa Nui at 90–230 m. In our study, some invertebrates (e.g., sea star: Goniasteridae and gastropod: unidentified Coralliophilinae) were observed preying on the tissues of whip corals. In a recent description of sea stars from the South Pacific, Mah (2021) mentioned that a sea star (cf. Ceramaster australis) preyed on fallen antipatharian colonies off Rapa Nui. In situ observations show that this sea star is only present in fields of whip coral of the yellow morphotype at ∼130–140 m on Rapa Nui (Supplementary Video 1) (F. Valdes, personal communication). Other potential predators, muricid gastropods, were observed on red morphotype whip corals at ∼180–200 m off Rapa Nui (Supplementary Figure 3). The portion of the stem of corals where muricids were present were denuded or did not contain any tissue. This observation suggests that these gastropods are preying on whip corals as has been reported in other regions (reviewed in Wagner et al., 2012), highlighting that this gastropod family may be specialized to prey on black corals. These observations provide further reinforcement that black corals are ecologically important because they enhance local biodiversity of other taxa (Tazioli et al., 2007; Bo et al., 2012; Wagner et al., 2012; Deidun et al., 2015). Our observations provide important new information on the ecology of antipatharians and their associates, a group for which very limited information is available globally (see Wagner et al., 2012).

While our surveys all occurred in the Rapa Nui MUMPA within 100 km of Rapa Nui, it is likely that similar habitat also occurs on other MUMPA seamounts (e.g., Moai seamount near Rapa Nui, see in Haase et al., 1997) and seamounts in adjacent international waters. Seafloor topography data and seamount databases (British Oceanographic Data Centre, 2008; Yesson et al., 2011, 2020; Harris et al., 2014) indicate that there are over 50 seamounts with summits shallower than 250 m in international waters of the Salas y Gómez and Nazca ridges to the east of our study areas (see Figure 1 inset). While most of these seamounts remain unexplored, they likely harbor similar habitats as those documented during this study. Furthermore, recently developed habitat-suitability models indicate that these high seas seamounts provide highly suitable habitat for various deep-sea corals and sponges (Georgian et al., 2021). Given the slow recovery rates of these taxa, they should be proactively protected from destructive practices such as bottom trawling and seabed mining (Rogers, 2018; Friedlander et al., 2021; Wagner et al., 2021).



CONCLUSION

The diversity of antipatharians for the EIE is much higher than that reported in previous studies and includes at least four distinct morphologies assigned to the genus Stichopathes based on the diagnostic characters currently assigned to the genus: unbranched corallum with polyps arranged in a single row on only one side of the corallum. The true diversity of whip black corals within the EIE remains unknown due to logistical challenges of surveying the region and taxonomic uncertainties within this group. Our ROV surveys showed that whip black corals in the EIE can occur in very high densities and across at least three distinct habitats (rocky, sandy, and rhodoliths bottoms). These black coral aggregations enhance biodiversity by providing suitable habitat for many associated species, including ophiuroids, echinoids, and fishes. As such, these communities should be prioritized for conservation. The presence of dense corals gardens with many associated species should be considered in a management plan to monitor ecosystem health within the Rapa Nui MUMPA as well as in guiding future conservations efforts in adjacent regions that have not yet been protected but likely include similar habitats.
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