

[image: Small tropical islands as hotspots of crustose calcifying red algal diversity and endemism]
Small tropical islands as hotspots of crustose calcifying red algal diversity and endemism





ORIGINAL RESEARCH

published: 26 July 2022

doi: 10.3389/fmars.2022.898308

[image: image2]


Small tropical islands as hotspots of crustose calcifying red algal diversity and endemism


Matthew S. Mills 1,2*†, Mari E. Deinhart 1, Mackenzie N. Heagy 1 and Tom Schils 1†


1 Marine Laboratory, University of Guam, Mangilao, GU, United States, 2 School of Science, Technology, and Engineering, University of the Sunshine Coast, Sippy Downs, QLD, Australia




Edited by: 

Daniela Basso, University of Milano-Bicocca, Italy

Reviewed by: 

Ricardo Bahia, Rio de Janeiro Botanical Garden, Brazil

Marina Nasri Sissini, Fluminense Federal University, Brazil

*Correspondence: 

Matthew S. Mills
 Matthew.Mills@research.usc.edu.au
















†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Marine Ecosystem Ecology, a section of the journal Frontiers in Marine Science


Received: 17 March 2022

Accepted: 04 July 2022

Published: 26 July 2022

Citation:
Mills MS, Deinhart ME, Heagy MN and Schils T (2022) Small tropical islands as hotspots of crustose calcifying red algal diversity and endemism. Front. Mar. Sci. 9:898308. doi: 10.3389/fmars.2022.898308



In the tropics, crustose calcifying red algae (Corallinophycidae and Peyssonneliales; CCRA) are dominant and important reef builders that serve a suite of ecological functions affecting reef health. However, CCRA taxa have historically been overlooked in floristic and ecological studies because of their high degrees of phenotypic plasticity and morphological convergence that impede reliable identifications based on morphology. This study provides an update of the CCRA diversity of Guam (Mariana Islands) based on a recent DNA barcoding effort. This account of CCRA taxa is compared to (1) the most current species inventories for Guam based on morphological identifications and (2) similar floristic accounts of CCRA from other regions using DNA barcoding. 492 CCRA specimens were collected from Guam for which two markers, COI-5P and psbA, were used for phylogenetic analysis and species delimitation. Phylogenetic relationships were inferred using maximum likelihood. Species richness estimates were obtained through a conservative approach using the Automatic Barcode Gap Discovery method for species delimitation. A total of 154 putative CCRA species were identified, with 106 representatives of the subclass Corallinophycidae and 48 belonging to the order Peyssonneliales. When compared to previous studies based on morphological identification, molecular data suggests that all but one of the CCRA species reported for Guam were incorrectly identified and CCRA species richness is more than six times higher than previously assumed. Species accumulation curves show that CCRA species richness will continue to rise with increased sampling effort and the exploration of new (micro)habitats before reaching a plateau. Guam’s true CCRA richness might eventually exceed the currently reported species richness of all marine red algae for the island. Of the 154 putative species documented in this study, only ten closely match (≥ 98% COI-5P sequence similarity) previously described species, implying that many are probably new species to science. The here-reported CCRA diversity for Guam as a small, remote tropical island in the Western Pacific Ocean is greater than those of well-documented CCRA floras for much larger nearshore ecosystems in Brazil and New Zealand, emphasizing the value of tropical islands as hotspots of marine biodiversity.
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Introduction

In ecology, biodiversity has been the subject of extensive study, and has been shown to affect the stability, health, ecosystem processes, and overall performance of ecosystems (Naeem et al., 1994; Loreau et al., 2002; Tilman et al., 2006). Moreover, the implementation of new technologies (Mora et al., 2011) and the rapid changes that many ecosystems are experiencing (Hughes et al., 2003; Hughes et al., 2007) emphasize the need to further examine biodiversity worldwide, especially in the tropics (Paulay, 2003). Macroalgae are an integral component of tropical reefs and contribute significantly to the biodiversity of tropical reef ecosystems in the Pacific (Vroom, 2011). Of these, crustose calcifying red algae (CCRA) provide major ecological functions for tropical reefs. In this study, CCRA are comprised of the non-geniculate, calcified members of the Corallinophycidae and the Peyssonneliales. CCRA have long been considered as essential components of tropical reefs due to their role as reef builders and cementers (Gordon et al., 1976; Adey, 1998), as well as their significant contribution to the carbonate budget on tropical reefs (Lee and Carpenter, 2001). Some CCRA species can also act as suppressors of potentially harmful nutrient indicator algae (Vermeij et al., 2011; O’Leary et al., 2017), as well as remove nitrogenous compounds, thereby reducing the mortality of reef-building corals (Yuen et al., 2009). Moreover, some CCRA are particularly important in the early stages of colonization of bare reef substrates, as they are the dominant organisms that colonize such habitats and have been shown to serve as the preferred settlement substrates for many invertebrate larvae (Tebben et al., 2015; Vargas-Ángel et al., 2015; Deinhart et al., 2022). Other CCRA taxa, however, can have vastly different ecological roles on reefs. Some members of the order Peyssonneliales, for example, flourish on disturbed reefs, outcompeting and overgrowing entire reef communities (Verlaque et al., 2000; Pueschel and Saunders, 2009; Eckrich et al., 2011; Eckrich and Engel, 2013; Nieder et al., 2019; Williams and García-Sais, 2020).

CCRA are thought to be some of the most sensitive organisms to the effects of climate change, ocean acidification, and global warming (Vásquez-Elizondo and Enríquez, 2016). Since CCRA can be more sensitive to chronic disturbances than scleractinian corals, they could be considered as sentinel taxa of tropical marine ecosystems (Fabricius and De'ath, 2001; Ries, 2011; Yamamoto et al., 2012; Mallela, 2013). This does not apply to all CCRA, however. Recent evidence suggests that some CCRA species, particularly those with shorter generation times, high phenotypic plasticity, or broad thermal tolerance, could be more capable of acclimatizing and adapting to increasing ocean temperatures (Cornwall et al., 2019). Further research demonstrated that the reef-cementing and reef-accreting Hydrolithon boergesenii (Foslie) Foslie gained tolerance to ocean acidification over six generations of exposure, suggesting that some CCRA species could maintain their ecological roles in the face of ocean acidification (Cornwall et al., 2020). It is unclear, however, if such findings can be extended to other CCRA species and how this response is influenced by other environmental factors (Cornwall et al., 2020).

Historically, CCRA have often been overlooked by phycologists and ecologists, despite their abundance and ecological importance on reefs. This can largely be attributed to their phenotypic plasticity and convergent morphologies that complicate identifications based on morphology, even at family or genus level (Steneck, 1986; Hernández-Kantún et al., 2014). Molecular phylogenies of CCRA have shown that morpho-anatomical features alone often fail to correctly identify CCRA to species and sometimes to genus-level (Sissini et al., 2014; Gabrielson et al., 2018). However, DNA-based identification has proven to be an effective method to identify CCRA species in diversity, biogeographic, and ecological studies (Sherwood et al., 2010; Hernández-Kantún et al., 2014; Hind et al., 2014; Peña et al., 2014; Sissini et al., 2014; Gabrielson et al., 2018; Manghisi et al., 2019; Sherwood et al., 2020).

CCRA are among the most dominant organisms on reefs in the Mariana Islands and throughout the Pacific Islands (Schils et al., 2013), yet little is known about their diversity and the communities they form. Studies on fossil and living CCRA from Guam date back to 1964 (Johnson, 1964; Gordon, 1975; Gordon et al., 1976; Tsuda, 2003). The first study to provide a floristic account of extant CCRA in Guam was a master’s thesis by Gordon (1975) and the resulting publication (Gordon et al., 1976). In the study, CCRA specimens were collected from sites around Guam and 15 CCRA species were identified through detailed morphological and anatomical observations. The most recent inventory of CCRA was part of a checklist and bibliography on the seaweed flora of Guam and the Mariana Islands (Tsuda, 2003) and the resulting publication (Lobban and Tsuda, 2003). As it stands, 24 extant species of CCRA have been reported for Guam. Of those 24 species, two are representatives of the Peyssonneliales, one belongs to the Sporolithales, four belong to the Hapalidiales, and 17 are Corallinales. Since Lobban and Tsuda (2003), four of the reported species have been transferred to another genus, two of the species have been synonymized, and Peyssonnelia corallis Tsuda is an erroneously used, invalid name for the brown alga Lobophora variegata (J.V.Lamouroux) Womersley ex E.C.Oliveira (Guiry and Guiry, 2022). Most of the previously published CCRA records for Guam relied on thorough morphological and anatomical examination but did not use DNA-based identification. The technical challenges associated with morphological studies of these limestone-encrusted algae, their taxonomic diversity, and their high levels of cryptic diversity warrant a re-examination of Guam’s CCRA flora as these algae have played an important role in benthic community changes on Guam’s reefs in the last decade. Studies on red seaweeds in other Pacific islands, such as Hawaii and Easter Island, report endemism levels of 14-24% (Santelices and Abbott, 1987; Tsuda, 2014) and suggest that many species have much smaller distribution ranges than previously believed. Many of the 24 reported CCRA species for Guam have type localities in far off regions like the Caribbean Sea, Atlantic Ocean, or Mediterranean Sea, stressing the need for a floristic update. As such, the intent of this study is to provide a much-needed review of the taxonomic diversity of CCRA on Guam, as well as a revision of the CCRA flora as reported by Gordon et al. (1976) based on morphology.



Methods


Study area

The island of Guam (13°28’N, 144°46’E) is an organized, unincorporated territory of the United States of America and it is the southernmost island of the Mariana Archipelago (Figure 1). Guam has a diverse geology and topography, with northern Guam comprised primarily of flat, uplifted limestone and southern Guam consisting of volcanic hills. The island is surrounded by fringing reefs that have developed into a barrier reef at its southern tip (i.e., Cocos Lagoon). Guam’s nearshore marine ecosystems also contain patch reefs, seagrass beds, and mangrove stands. Habitats differ distinctly between the east and west coasts, largely due to differences in current, wind, and wave exposure. Prevailing winds and typhoons originate from the east, making eastern reefs more exposed than western reefs (Paulay, 2003). The north equatorial current is thought to split around Guam such that one part sweeps along the east coast, travelling around the southern tip of the island, and flowing up the bottom half of the west coast before joining with the other stream roughly halfway up the coast line (Emery, 1962). Despite the increased exposure, reefs on the east coast have higher rugosity, habitat complexity, live coral cover, and fish diversity and abundance than western reefs (Randall and Holloman, 1974; Randall and Eldredge, 1976; Burdick et al., 2008).




Figure 1 | Maps indicating the study area and sample collection sites. (A) Pacific-centered map showing the location of the Mariana Islands. (B) Map of the Mariana Islands with Guam as the largest and southernmost island. (C) Map of Guam identifying the 31 sites from which CCRA were collected, separated into eastern sites (red dots) and western sites (yellow dots). Scale bar = 10 km.





Specimen collection and preservation

492 CCRA specimens were selectively and opportunistically collected from 31 sites around Guam (Figure 1; Supplementary Table 1). Sampling was directed toward maximizing the number of different CCRA morphotypes in an attempt to cover a broad range of CCRA taxa. Because the initial study of Guam’s CCRA (Gordon et al., 1976) contained detailed collection information of the studied specimens, 12 of the 15 reported species were re-collected based on the habit and gross morphology as described in Gordon et al. (1976). Most species were re-collected from the same locations as reported by Gordon et al. (1976), with only two species that were collected from other sites (Table 1). The specimens were collected by hand or with a hammer and chisel while SCUBA diving or freediving (<25 m depth). Photographs of each specimen were taken in situ prior to collection, as well as ex situ following the removal of tissue used for DNA extraction. In addition to these photographs, all other appropriate metadata (e.g., herbarium accession number, site information, GPS coordinates, etc.) were recorded for each specimen. Specimens were stored separately upon collection and transferred to holding tanks with running seawater to keep them alive until DNA extraction could be performed. Upon completion of DNA extractions, all samples were added to the herbarium collection of the University of Guam (GUAM; Thiers, 2016) as air-dried, silica-dried, and formalin-preserved specimens and were individually stored in custom-made clear acrylic boxes.


Table 1 | Currently accepted names of CCRA species (Guiry and Guiry, 2022) reported for Guam by Gordon et al. (1976).





DNA extraction

Each CCRA specimen was carefully examined to find an area visibly free of epiphytes, which was then swabbed using 10% bleach or 95% ethanol to remove potential surface contaminants. CCRA tissue was collected by using a Dremel rotary tool, a pair of tweezers, or a single-edged razor blade (single use) to scrape off minimal amounts of tissue from specimens. To prevent sample contamination, the Dremel drill bit (or tweezers) were soaked in 10% bleach, 100% ethanol, and burned between each use. Total genomic DNA from CCRA tissue was extracted using either the QIAGEN DNeasy Blood & Tissue Kit (Qiagen Inc., Valencia, CA) or the GenCatch Blood & Tissue Genomic Mini Prep Kit (Epoch Life Science Inc., Missouri City, TX) following the manufacturer’s bench protocol. The extracted DNA was stored at 4°C until the polymerase chain reaction (PCR) was successful, after which it was stored at -20°C.



Polymerase chain reaction (PCR)

Two genetic markers were PCR amplified for DNA barcoding (species delimitation and taxon identification). The mitochondrial cytochrome c oxidase subunit 1 DNA barcode region, or COI-5P (roughly 664 bp), was the primary marker used for CCRA barcoding and species delimitation due to its proven accuracy for species identification (Sherwood et al., 2010; Dixon and Saunders, 2013; Hind and Saunders, 2013; Manghisi et al., 2019). COI-5P is the primary marker used in the barcode of life database (BOLD) but can be difficult to amplify for CCRA. Therefore, different primer combinations were tested to amplify COI-5P for every specimen. The primers used include GWSFn and GWSRx, the primers utilized by Saunders and McDevit (2012), as well as TS_COI_F01_10 (Mills and Schils, 2021). COI-5P was amplified following the amplification profile 95°C for 3 minutes; 35 cycles of 94°C for 40 seconds, annealing at 48°C for 40 seconds, extension at 72°C for 1:40 minutes; and a final extension at 72°C for 10 minutes.

The chloroplast photosystem II thylakoid membrane protein D1, or psbA (roughly 950 bp) was also used for CCRA barcoding and species delimitation due to its high amplification success. This marker is often used in CCRA barcoding and identification studies (Broom et al., 2008; Carro et al., 2014; Maneveldt et al., 2019). PsbA is more conserved than COI-5P and provides additional support for deeper nodes of the CCRA phylogeny. The gene was amplified using the primers psbAF and psbAR2, developed by Yoon et al. (2002) following the amplification profile 95°C for 3 minutes; 35 cycles of 94°C for 40 seconds, annealing at 50°C for 40 seconds, extension at 72°C for 1:40 minutes; a final extension step at 72°C for 10 minutes.



DNA sequencing and sequence analysis

PCR products were sent to Macrogen Inc. (Seoul, Republic of Korea) for DNA sequencing. Consensus sequences were generated from the forward and reverse reads, which were then compared to a database of available CCRA specimens via BLAST search or via the Barcode of Life Database (BOLD; Ratnasingham and Hebert, 2007). All sequence data were archived and analyzed using the Geneious Pro 11.0.5 computer software (https://www.geneious.com; Kearse et al., 2012).

CCRA specimens belonging to the order Peyssonneliales and the subclass Corallinophycidae were analyzed separately, and alignments for each of the gene regions were created using the MUSCLE plugin (Edgar, 2004) in Geneious Pro 11.0.5. Partitioned maximum likelihood analyses of the concatenated two-locus alignments (COI-5P and psbA) of the Corallinophycidae and Peyssonneliales were run in IQ-TREE (Minh et al., 2020). ModelFinder (Kalyaanamoorthy et al., 2017) was used to identify the best-fit substitution model for each locus. Ultrafast bootstrap approximations (UFBoot; 1,000 bootstrap replicates) were calculated to evaluate branch support in a single IQ-TREE run. Two independent single-locus methods were used to assess CCRA diversity and delimitate putative species: distance-based Barcode-Gap analyses (Hebert et al., 2003; Meier et al., 2008) and the tree-based Bayesian implementation of the Poisson Tree Processes (bPTP) model (Zhang et al., 2013). Recent studies investigating cryptic diversity in CCRA, and other red algae have often reported a 2-4% COI-5P barcode-gap between species (Saunders, 2008; Dixon and Saunders, 2013; Hind and Saunders, 2013; Hind et al., 2014). Automatic Barcode Gap Discovery (ABGD; Puillandre et al., 2012) was performed using the default parameters for both COI-5P and psbA to help delimitate putative species in this study. Taxa that matched sequences of described species (≥ 98% COI-5P similarity) were identified as those species. All other taxa were identified to the highest possible taxonomic resolution using BOLD, GenBank, and by comparing the sequences generated for this study against those used in recent large-scale taxonomic and phylogenetic investigations of the Corallinophycidae (Peña et al., 2020) and the Peyssonneliales (Pestana et al., 2021) based on the phylogenetic species concept.



Rarefaction and extrapolation curves

Sample‐size‐based rarefaction-and-extrapolation curves, which depict the relationship between species richness estimates and sample size (number of specimens sequenced), were computed in the statistical software environment R (R Core Team, 2022) using the R package iNEXT (Hsieh et al., 2016). Hill number of order zero (q = 0) were used to interpolate and predict species richness based on the number of specimens sequenced. The function ggiNEXT was used to plot the rarefaction-and-extrapolation curves.




Results

DNA sequences were obtained for 492 CCRA specimens. Of those, 341 specimens belonged to the subclass Corallinophycidae, and 151 specimens belonged to the order Peyssonneliales (Table 2). ModelFinder identified GTR+F+I+G4 as the best-fit model for both partitions in the Corallinophycidae alignment. GTR+F+G4 (COI-5P) and GTR+F+I+G4 (psbA) was the best-fit partition model for the Peyssonneliales. Both ABGD analyses of COI-5P and psbA alignments resolved a total of 122 and 125 distinct species respectively, with a barcode gap of 2-3% interspecific sequence divergence for COI-5P and ~1.5% for psbA. Species delimitation based on the bPTP model was largely concordant with the ABGD results but resolved a few more cryptic species for both COI-5P (135 species) and psbA (134 species) than the distance-based approach. The species delimitation results of the ABGD and bPTP analyses of COI-5P and psbA supported each other, though there were rare disagreements when the bPTP model identified cryptic sister species or species complexes (Mastophora rosea (C.Agardh) Setchell and Hydrolithon sp. 5) where ABGD identified a single species (Figures 2, 3, in bold type). On the few occasions where the two analyses disagreed, the more conservative ABGD results were used to define species boundaries. Both genes were not successfully sequenced for all specimens, so a combined analysis of both genes resulted in the recognition of 154 putative CCRA species. DNA sequence data suggested that the 341 specimens belonging to the Corallinophycidae comprised 106 putative species (Figure 2), while the 152 Peyssonneliales specimens represented 48 putative species (Figure 3). However, there were a few instances where the ABGD and bPTP analyses of COI-5P resolved a group of closely related taxa as separate sister-species, while the analysis of psbA resolved them as a species complex. In the few cases where the two analyses did not agree, COI-5P results were followed because this marker is less conserved than psbA and serves as a benchmark for species delimitation in red algae (Sherwood et al., 2010; Dixon and Saunders, 2013; Manghisi et al., 2019). For all trees (Figures 2, 3), bootstrap support values are shown on nodes.


Table 2 | Breakdown of the number of CCRA species at ordinal level and the coastline that they were collected from.






Figure 2 | Maximum likelihood phylogenetic tree of concatenated COI-5P and psbA sequences for all specimens in the subclass Corallinophycidae collected during this study with bootstrap support values located at the nodes. Asterisks (*) denote nodes with full support. The side of the island that each species was found is shown using [E] for east side, [W] for west side, and [EW] for both sides. Tips denote putative species (n=106). Species recognized by ABGD, but split into one or two additional sister species by bPTP species delimitation are in bold type. Batrachospermum gelatinosum (Linnaeus) De Candolle was used as the outgroup and pruned from the depicted tree.






Figure 3 | Maximum likelihood phylogenetic tree of concatenated COI-5P and psbA sequences for all specimens collected during this study belonging to the order Peyssonneliales with bootstrap support values located at the nodes. Asterisks (*) denote nodes with full support. The side of the island that each species was found is shown using [E] for east side, [W] for west side, and [EW] for both sides. Tips denote putative species (n=48). Species recognized by ABGD, but split into one or two additional sister species by bPTP species delimitation are in bold type. Plocamium cartilagineum (Linnaeus) P.S.Dixon was used as the outgroup and pruned from the depicted tree.





Discussion

Specimens of the same apparent taxa from largely the same locations as in Gordon et al. (1976) were collected to compare morphospecies identifications with molecular species identifications. Of the 15 species, 12 were able to be re-collected, 10 of which were collected from the same locations as in Gordon et al. (1976), and sequence data were obtained for 11 of the 12 species. Porolithon onkodes (Heydrich) Foslie, thought to be the one of Guam’s most dominant and important CCRA species identified by Gordon et al. (1976), was found to be comprised of three separate cryptic species based on molecular data. In fact, DNA sequence analysis suggested that none of the 11 re-collected and sequenced CCRA species initially identified morphologically by Gordon et al. (1976) matched any of the molecularly-identified species of this DNA barcoding effort (Table 1). DNA sequence analysis validated only one of the 24 CCRA species listed in the most recent checklist of Guam’s seaweed flora (Lobban and Tsuda, 2003). This species is Mastophora rosea (C.Agardh) Setchell, for which Guam is the type locality. The differences between molecular and morphospecies identification observed further reiterate the unreliability of morphoanatomical identification and the utility of DNA based identification in revealing cryptic diversity among CCRA (Carro et al., 2014; Sissini et al., 2014; Pezzolesi et al., 2016; Gabrielson et al., 2018; Maneveldt et al., 2019; Peña and Torres, 2021). The 106 Corallinophycidae species detected in this study represent members of the orders Corallinales (87 spp.), Hapaladiales (11 spp.), and Sporolithales (8 spp.). This is more than a quadruple increase of the currently reported 22 species of crustose calcifying representatives of the Corallinophycidae from Guam. In addition, the 48 detected Peyssonneliales species represent a more than 20-fold increase of the previous two species reported for Guam. Overall, the 154 species recognized in this study represent more than a six-fold increase in CCRA species previously listed for Guam. However, the sample-size-based rarefaction-and-extrapolation curves (Figure 4) show that the true CCRA species richness of Guam is probably substantially higher as the gain in CCRA species has not begun to level off with increased sampling effort. If the species richness of Guam’s CCRA would approach 300 as predicted by the extrapolation curve, the red algal diversity of Guam (currently at 356 species; Lobban and Tsuda, 2003) would almost double.




Figure 4 | Sample-size-based rarefaction (solid line) and extrapolation (dashed line) curves. (A) Rarefaction-and-extrapolation curve of the number of sequenced specimens (x-axis) versus CCRA species richness (y-axis) for the whole of Guam. The grey dot indicates the total number of specimens sequenced and the overall species richness. (B) Rarefaction-and-extrapolation curve of the number of sequenced specimens (x-axis) versus CCRA species richness (y-axis) for the east and west coast of Guam. The red and green dots indicate the total number of specimens sequenced and the species richness for the east and west coast, respectively. (C) Rarefaction-and-extrapolation curve of the number of sequenced specimens (x-axis) versus CCRA species richness (y-axis) of the Corallinophycidae and Peyssonneliales. The red and green dots indicate the total number of specimens sequenced and the species richness of the Corallinophycidae and Peyssonneliales, respectively.



Of the 154 species found in this study, only ten of them matched (≥ 98% COI-5P similarity) sequences of described species, four of those were only described from Guam last year (Mills and Schils, 2021), suggesting that many of these CCRA species are possibly new to science. These findings are also consistent with recent studies that revealed extensive degrees of endemism and cryptic diversity within Guam’s seaweed flora (Verbruggen and Schils, 2012; Gabriel et al., 2017; Leliaert et al., 2018; Gabriel et al., 2019; Mills and Schils, 2021; Vieira et al., 2022). Additionally, the CCRA diversity reported herein is greater than those of much larger coastal and oceanic ecosystems, including those documented in recent studies in New Zealand and Brazil (Twist et al., 2019; Sissini et al., 2021), in other barcoding blitzes in Hawaii, Taiwan, Tunisia, and northern Madagascar (Sherwood et al., 2010; Liu et al., 2018; Manghisi et al., 2019; Vieira et al., 2021), and in comprehensive checklists of seaweeds from México and the Philippines (Lastimoso and Santiañez, 2020; Pedroche and Sentíes, 2020). The comparatively higher CCRA diversity for the small, remote western Pacific island of Guam emphasizes the conservation value of tropical islands as hotspots of marine biodiversity. Although based on different taxonomic concepts (phylogeny versus morphology), the high cryptic diversity and the potentially high levels of endemism in CCRA corroborate ecological studies that revealed pronounced differences in (1) the community composition of seaweed assemblages (Schils et al., 2013) and (2) the floristic diversity (Schils and Guiry, 2016) between islands of different marine ecoregions in the tropical Pacific. Even at a smaller geographical scale, the distribution of CCRA taxa seems to be structured. This structure could be influenced by any number of factors, including habitat diversity and availability, species interactions, environmental factors, macro-ecological forces, and geographic isolation (Schils et al., 2013; Selkoe et al., 2016). Despite being similar in length (~70 km as a smoothened contour line), the east (windward) coast of Guam appears to have a higher CCRA species richness than the west (leeward) coast, possibly due to a higher (micro)habitat diversity along the east coast (Randall and Holloman, 1974; Randall and Eldredge, 1976; Paulay, 2003; Burdick et al., 2008). In addition, a high number of CCRA species seems to be restricted to either coast (82%, or 126 out of 154 species), with only a small number of shared species that were collected along the east and west coast (18%, or 28 out of 154 species). Further sampling is necessary to validate these hypotheses. Approximately 50% of the 154 species were represented by a single specimen. Similar results have been reported in recent studies of CCRA diversity in New Zealand and Brazil, indicating the need to increase sampling effort to detect more and to better document the distribution of these potentially rare species (Twist et al., 2019; Sissini et al., 2021).

While this study comprised 492 CCRA specimens collected from 31 sites surrounding the rather small island of Guam (549 km2), it represents a modest sampling effort at best. Because of the opportunistic nature of specimen collection, long stretches of reef were not sampled. Moreover, despite being found as deep as the mesophotic and rariphotic zones (Littler et al., 1985; Richards et al., 2018), all CCRA specimens were collected from reef flats and shallow (<25 m) nearshore reef ecosystems. Species accumulation curves (Figure 4) show that Guam’s CCRA species richness will continue to grow with increased sampling effort and the exploration of new (micro)habitats. However, it is expected that more complete sampling of Guam’s shallow reefs and expanding sampling to greater depths will result in even higher CCRA species richness than currently predicted in the species extrapolation curves. On a global scale, the discovery of 154 CCRA species corresponds to 27% of all currently described and accepted non-geniculate members of the Corallinophycidae (449 spp.) and Peyssonneliales (134 spp.; Guiry and Guiry, 2022). Based on the current data, the species discovery curve is expected to rise to about 300 species for Guam. Guam is a rather small island with a total shoreline length of 244 km. Considering this, the global CCRA species diversity is expected to be orders of magnitude higher than the currently known 538 species, emphasizing the need to further investigate the diversity of this ecologically important group.

The results of this study serve to emphasize just how little is known about the diversity of Guam’s CCRA flora, despite their ecological significance and dominant benthic cover on tropical reefs. A better understanding of Guam’s CCRA communities could improve the overall understanding of ecosystem processes and community dynamics of tropical reef systems. More accurate estimates of Guam’s CCRA diversity can only be reached through increased collection from more collection sites and depth zones to obtain a broader geographical and more complete (micro)habitat representation. This study serves not only as a testament to the utility of DNA-based identification in examining CCRA diversity, but also as an important first step toward better understand this dominant, ecologically important, and often overlooked group of reef builders and cementers.
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Species ID Type Locality Species ID Collection Site
Dawsoniolithon conicum (E.Y Dawson) Caragnano, Foetisch, Maneveldt & Payri Mexico Dawsoniolithon sp. 3 Apra Harbor*
Neogoniolithon conicum (E.Y .Dawson) G.D.Gordon, Masaki & Akioka]
Hydrolithon boergesenii (Foslie) Foslie US. Virgin Islands  Hydrolithon sp. 5 Pago Bay
Hydrolithon reinboldii (Weber Bosse & Foslie) Foslie]
Hydrolithon farinosum (.V.Lamouroux) Penrose & Y.M.Chamberlain Mediterranean N/A Pago Bay
Fosliella farinosa (J.V.Lamouroux) M.Howe]
Lithophyllum kotschyanum Unger Bahrain Lithophyllum sp. 6 Double Reef
Lithophyllum pygmaeum (Heydrich) Heydrich Papua New Lithophyllum sp. § Pago Bay & Tanguisson
Lithophyllum moluccense Foslie] Guinea
Lithoporella melobesoides (Foslie) Foslie Maldives Mastophora sp. 2 Apra Harbor*
Mastophora pacifica (Heydrich) Foslie Hawaii Mastophora sp. 1 Pago Bay
Lithoporella pacifica (Heydrich) Foslie]
Mesophyllum erubescens (Foslie) Me.Lemoine” Brazil N/A N/A
Mesophyllum mesomorphum (Foslie) W.H.Adey Bermuda Rhizolamellia sp. 1 Pago Bay
Neogoniolithon brassica-florida (Harvey) Setchell & L.R.Mason South Africa Neogoniolithon sp. 4 Hagatna Bay
Neogoniolithon frutescens (Foslie) Setchell & L.R.Mason]
Neogoniolithon fosliei (Heydrich) Setchell & L.R.Mason Egypt Neogoniolithon sp. 6 Anae Island, Agat
Neogoniolithon megalocystum (Foslie) Setchell & LR Mason Indonesia N/A N/A
Neogoniolithon pacificum (Foslie) Setchell & L.R.Mason]
Phymatolithopsis repanda (Foslie) S.Y.Jeong, Maneveldt, P.W Gabrielson, W.A Nelson & Australia N/A N/A
T.0.Cho
Lithothamnium asperulum Foslie]
Porolithon onkodes (Heydrich) Foslie Papua New Porolithon sp. 1, 2, & Pago Bay

Guinea 12
Sporolithon schmidtii (Foslie) G.D.Gordon, Masaki & Akioka Thailand Sporolithon sp. 3 Pago Bay

“T'he taxonomic or nomenclatural status of this taxa is unresolved in some way.

Synonyms as used by Gordon et al. (1976) are listed in square brackets. The remaining three columns list the type localities of each species, the species ID used in this study, and the site(s) in
Guam from which the taxa were re-collected. Taxa denoted with ‘N/A’ for both Collection Site and Species ID in this study are those which were not successfully collected, and those that list
a Collection Site but have ‘N/A” in the Species ID are taxa for which sequences were not successfully obtained. Collection sites marked with an asterisk (*) refer to sites that differ from those
mentioned by Gordon et al. (1976).





