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The recently described crustose calcifying red algal species Ramicrusta hawaiiensis, known only from mesophotic depths off Lehua Island, west of Kaua’i Island, was found in shallow benthic reef habitats (3-18 m deep) along the western coast of Hawai’i Island. Molecular and microscopy techniques were used for genetic confirmation and for detailed morphological and anatomical examination. Two independent benthic cover survey datasets collected from west Hawai’i Island were used to investigate temporal and geographic distribution of Ramicrusta. In both datasets, we report Ramicrusta at approximately 60% of the sites surveyed. Benthic cover for this alga varies among sites and among years and its presence in west Hawai’i is evident since at least 2003. These findings help to document Hawaiian coral reef ecosystem change and benthic community composition reshuffling. This study also emphasizes the critical importance of taxonomy and proper identification of macroalgal species to understand the potential for phase-shifts of dominant taxa in coral reef ecosystems after environmental disturbances and fluctuations in abiotic factors. In the last decade, members of the red algal order Peyssonneliales have increased in abundance and overgrown other benthic species in reef ecosystems in the Caribbean and tropical Pacific. The novel aspect of finding abundant Ramicrusta in much shallower water than originally described, the decadal presence of Ramicrusta, and its potential for competition with other benthic organisms make this research valuable to coral reef ecology and justify further investigation of Ramicrusta ecology and biology in the Hawaiian Islands and globally.
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Introduction

The interaction between corals and macroalgae is integral to reef ecology (Littler and Littler, 1984; McCook et al., 2001; McManus and Polsenberg, 2004; Bruno et al., 2009; Bramanti et al., 2017). Changes in ecological relationships, such as nutrient levels (Stimson, 2015; Carlson et al., 2019), herbivory (Donovan et al., 2018), coral diseases (Maynard et al., 2015), and climate factors (Foo et al., 2022) have been observed to make the critical difference in mixed algal-coral reef communities by influencing competitive advantage (McCook et al., 2001; McManus and Polsenberg, 2004). With increases in global climatic events, such as storms, heatwaves, and El Niño, the balance in abundance between corals and macroalgae is likely to change (Norström et al., 2009; Arif et al., 2022), but rarely are long-term benthic survey data available to document changing patterns in community composition.

Members of the order Peyssonneliales (Rhodophyta) (Krayesky et al., 2009) are mostly crustose calcifying red algae (CCRA) (Deinhart et al., 2022) that can coexist with corals or dominate subtidal reef habitats (Ballantine and Ruiz, 2011; Edmunds et al., 2019). One genus, Ramicrusta, comprises 19 species with a global distribution (Guiry and Guiry, 2022). Ramicrusta species have been described in marine environments in the Caribbean (Pueschel and Saunders, 2009; Ballantine et al., 2016; Bramanti et al., 2017), Gulf of Mexico (Fredericq et al. 2014); Brazil (Pestana et al., 2020), Guam (Mills and Schils, 2021), Australia (Dixon and Saunders, 2013; Dixon, 2018), Vanuatu (Dixon and Saunders, 2013), New Guinea (Dixon and Saunders, 2013), South China Sea (Nieder et al., 2019), Tunisia (Manghisi et al., 2019), and recently Hawai‘i (Sherwood et al., 2021c).

The ability of Ramicrusta species to directly overgrow living corals and to rapidly expand into new areas has been documented on reefs in the Caribbean (Eckrich et al., 2011; Ruiz, 2015; Smith et al., 2019; Hollister et al., 2021), Guam (Mills and Schils, 2021), and Donsha Atoll (Nieder et al., 2019). Eckrich and Engel (2013) reported that 45.8% of live coral colonies on reefs in Bonaire showed evidence of overgrowth by Ramicrusta thalli. This aggressive macroalga directly overgrew and killed individual coral colonies within 18 months (Eckrich and Engel, 2013). In benthic surveys, Williams and García-Sais (2020) recorded a dramatic increase in the abundance of Ramicrusta in Puerto Rico from 2016 - 2018. Ramicrusta thalli were absent at monitored sites prior 2016, but were observed at 76% of survey locations two years later, with benthic cover as high as 63% at some sites (Williams and García-Sais, 2020). In the Caribbean, Ramicrusta species have been documented overgrowing gorgonians, sponges, hydrocoral, crustose coralline algae, and the green calcified alga, Halimeda (Eckrich et al., 2011). Although Edmunds et al. (2019) and Williams and Edmunds (2021) observed decreases in percent cover of peyssonnelid algal crusts (PAC) on reefs after strong hurricanes in St. John, US Virgin Islands, shortly thereafter, PAC growth increased and PAC benthic cover returned to pre-disturbance levels, implying that PAC, including Ramicrusta, have the ability to be resilient and competitive in the community after natural catastrophic events.

In the last decade, many crustose genera in the Peyssonneliales and Gigartinales have been collected from the shallow intertidal to mesophotic depths in the Hawaiian Islands (Sherwood et al., 2010; Sherwood et al., 2020b; Sherwood et al., 2021a; Sherwood et al., 2021b; Sherwood et al., 2021c). These red algal crusts are often overlooked in reef ecosystems, lumped together in surveys as crustose calcifying red algae (CCRA) without determining genus or species identities, and their ecology remains little known. While many species of Peyssonneliales were observed in previous biological inventories, such as Sherwood et al. (2010), no Ramicrusta specimens were reported. Sherwood et al. (2021c) described two new species of Ramicrusta in the Hawaiian Islands: Ramicrusta hawaiiensis and Ramicrusta lehuensis. These two new algae represent the first of their genus to be described in Hawai‘i and have been reported only off Lehua Island, a 115 hectare uninhabited island 1.1 km north of Ni‘ihau, due west of Kaua‘i (22.02103°N, 160.10246°W). The potential for Hawaiian Ramicrusta species to be similar to their Caribbean or western Pacific relatives makes early geographic identification and regular monitoring of Hawaiian Ramicrusta crucial to understanding their role in the reef communities in the Hawaiian Islands (Eckrich et al., 2011; Eckrich and Engel, 2013; Ruiz, 2015; Smith et al., 2019; Hollister et al., 2021; Mills and Schils, 2021).

In recent years, a CCRA was frequently observed on survey transects on reefs along the west coast of Hawai‘i Island, Hawai‘i USA. With the recent decline of coral cover in this region as a result of coral bleaching events (Kramer et al., 2016), this unidentified alga may have become more obvious to reef survey teams. We noticed this CCRA actively overgrowing live coral colonies and crustose coralline algae in west Hawai‘i during surveys in 2020. The objective of this study was to confirm the identity of this unidentified CCRA along the western coast of Hawai‘i Island using DNA sequence data, describe the anatomy of the species using scanning electron microscopy, and document temporal and geographic patterns of this macroalga from 2003 to 2020 using benthic survey data. Our description and assessment of trends in multi-year long-term ecological data provide useful information foundational for marine monitoring and management of this macroalgal species.

    

Methods


DNA extraction and PCR protocols

The macroalgal sample was collected on May 18, 2021, at approximately 8 m deep just north of Kealakekua Bay at Keopuka DAR-WHAP site 18, HI, USA (19.48314°N, 155.9458°W) and stored in silica gel desiccant for scanning electron microscopy and molecular analyses. The material was divided in half to allow it to be deposited in the UL Lafayette herbarium (LAF) and Bernice Pauahi Museum Herbarium in Honolulu, HI (BISH). Total genomic DNA was extracted from the algal sample using the Quick-DNA Plant/Seed Kit (Zymo Research). DNA was extracted from the same specimen used for morphological analysis.

A portion of the mitochondrion-encoded cytochrome oxidase subunit I (COI) was amplified using the GazF1 & GazR1 primers (Saunders, 2005). The chloroplast-encoded ribulose-1,5,-bisphosphate carboxylase/oxygenase large subunit (rbcL) marker was amplified using multiple primer pairs: F7-R753, F15-R916, F57-R753, F577-R1150, F645-R1381, and F993-RStart (Freshwater and Rueness, 1994; Lin et al., 2001; Gavio and Fredericq, 2002; Krayesky et al., 2009; Kim et al., 2010). Multiple overlapping reads were generated to ensure quality chromatograms were obtained for the full length of the consensus read.

PCR for COI was conducted according to the methods in Saunders (2005) with an initial denaturation at 94°C for 3 min followed by 40 cycles at 94°C for 1 min (denaturation), 45°C for 1 min (primer annealing), and 72°C (extension) for 1 min followed by a final extension at 72°C for 5 min. PCR for rbcL was conducted using established methods (Freshwater and Rueness, 1994; Lin et al., 2001; Gavio and Fredericq, 2002) with an initial denature of 94°C for 4 min followed by 2 cycles at 94°C for 1 min (denaturation), 40°C for 1 min (primer annealing), and 72°C (extension) for 2 min then 40 cycles at 94°C for 1 min (denaturation), 42°C for 1 min (primer annealing), and 72°C (extension) for 2 min followed by a final extension at 72°C for 5 min.

The resulting PCR products were purified with ExoCIP Rapid PCR Cleanup kit (New England Biolabs). Purified PCR products were subsequently cycle sequenced using the BigDye Terminator v. 3.1. kit (Life Technologies). The resulting cycle sequence reactions were purified with ETOH/EDTA precipitation and were sequenced in-house at the UL Lafayette campus on an ABI Model 3130xl Genetic Analyzer. The resulting chromatograms were assembled using Sequencher v. 5.1 (Gene Codes Corp., Ann Arbor, MI, USA) and exported as individual “.fasta” files.



Multi-gene alignment

The COI and rbcL sequences were aligned with the CLUSTAL W (Thompson et al., 1994) algorithm in the MEGA X software (Kumar et al., 2018), and then edited manually for a more precise alignment with other available sequences of Ramicrusta and related taxa from NCBI GenBank as in Sherwood et al. (2021c) (Supplementary Table 1). A concatenated gene dataset for COI and rbcL was assembled using the application Sequence Matrix v. 1.8 (Vaidya et al., 2011) and exported as a “.phy” format. DNA sequences from the peyssonnelid genus Incendia were used as the outgroup for phylogenetic analyses.



Phylogenetic analysis

The concatenated dataset was imported into the CIPRES gateway (Miller et al., 2010) and analyzed in PartitionFinder2 (Lanfear et al., 2017) to determine the best partition scheme and model(s) of evolution that can be implemented by RAxML. For the two datasets, a three-codon position partitioning scheme, each evolving with a GTR+I+G model was selected on the basis of the Akaike Information Criterion (AIC), the corrected Akaike Information Criterion (AICc), and the Bayesian Information Criterion (BIC). The alignment with these models and partitioning scheme was then analyzed for maximum likelihood (ML) with RAxML-HPC2 on XSEDE v. 8.2.12 (Stamatakis, 2014) via the CIPRES gateway (Miller et al., 2010) with 1,000 bootstrap replicates.



Sequence divergence analyses

The COI and rbcL sequences were aligned with the CLUSTAL W algorithm in the MEGA X software, but truncated close to the primer sites to produce base pair lengths with no missing data. Sequence divergences values were calculated as the number of pairwise base pair differences in MEGA X (COI = Supplemental Tables 2A, rbcL = Supplemental Table 2B).



Scanning electron microscopy methods

Scanning electron microscopy methods were adapted from Richards et al. (2014) as follows: portions of the thallus from silica gel-dried specimens were removed using a razor blade and forceps and sectioned by performing vertical fractures. Specimens were sectioned manually using a new single-edge razor blade for each fracture and were mounted using liquid graphite conductive adhesive (Electron Microscopy Sciences) on a 32 mm x 6 mm-sized aluminum mount (Electron Microscopy Sciences). An 18 nm gold coating was applied to the sample using the EMS 550X sputter coating device. Specimens were viewed using a Scios 2 Dual Beam Focused Ion Beam scanning electron microscope (FIB-SEM) at a voltage of 15 kV, housed in the Microscopy Center at the University of Louisiana at Lafayette following manufacturer’s instructions.

Morphological comparisons of vegetative Ramicrusta hawaiiensis tissue used the characteristics delineated in Sherwood et al. (2021c) and Mills and Schils (2021) to distinguish Ramicrusta species that lack reproductive structures, including thallus thickness, epithallial cells, perithallial cells, presence of pit connections, hypobasal cells, and rhizoid cells.



Study region

We assessed the distribution of a previously unidentified CCRA along the leeward or west coast of Hawai‘i Island, HI, USA (Figure 1). This coastline has a range of nearshore marine habitats that consist of calcareous reefs, basalt outcroppings, and large sand flats. The West Hawai‘i Fish and Habitat Monitoring and Assessment project of the Department of Land and Natural Resources (DLNR)’s Division of Aquatic Resources (DAR) has collected benthic photographic data at 26 permanent sites established for the West Hawai‘i Aquarium Project (WHAP). Benthic photo-quadrat images were collected at 23 sites beginning in 2003; two additional sites were added in 2007 and one more site was added in 2014 for a total of 26 sites with imagery. The 26 DAR fixed monitoring sites span the west coast of Hawai‘i Island from Manukā in the south to Lapakahi in the north, along 140 km of coastline, and represent mid-depth (9-15m), coral-rich habitat (Tissot et al., 2004). The photo-quadrat imagery from these surveys represents a robust, long-term temporal benthic dataset. While the DAR-WHAP benthic surveys are temporally extensive, the sites were established to represent primarily mid-depth, coral-rich habitat in west Hawai‘i and to assess the efficacy of a marine reserve system (Tissot et al., 2004). In addition to these data, we incorporated benthic data from the 2020 Arizona State University South Kona Intensive (SKI) reef surveys to broaden the scope of habitats analyzed. These SKI photographic data are representative of only a single time point, but were designed to capture the variation that exists among marine nearshore habitats at 2-18 m depths along 60 km of coastline in the district of South Kona (Asner et al., 2021). These two datasets (WHAP and SKI) and their field sites, while in the same region and occasionally in the same vicinity, were collected independently. We used the DAR-WHAP data to explore temporal trends in benthic cover of the unidentified CCRA, and we used the SKI data to assess the most recent geographical distribution of the unidentified CCRA in the South Kona district from Keauhou to Manukā. These surveys only represent shallow reef environments (< 20 m deep). No geographically extensive or long term mesophotic surveys have been conducted in west Hawai‘i to-date.




Figure 1 | Map of study region on Hawai’i island, Hawai’i USA. (A) Hawai’i Island. (B) Location of Hawai’i Island, the southernmost of the Hawaiian Islands. (C) Location of the Hawaiian Archipelago in the north Pacific Ocean. White bracket indicates the west Hawai’i region in which survey data and specimens were collected.





Temporal and geographic benthic data collection and analysis

In 2021 and 2022, we analyzed two photographic benthic survey datasets from west Hawai‘i to determine the temporal and geographic patterns of the CCRA suspected to be a Ramicrusta species. DAR-WHAP photo-quadrat images were collected during respective survey years and annotated in 2021 to calculate a percent cover of Ramicrusta distinct from other algal crusts with which it was grouped during photo analyses in previous years. The photo-quadrat surveys at the WHAP sites were conducted in the years: 2003, 2007, 2011, 2014, 2016, 2017, and 2020. For each of the surveyed years, images were collected usually in less than one month between May and November. Four permanent 25-meter transects are located at each site. Transects are approximately 10 meters apart, with two north-facing transects parallel to each other, and two south-facing transects parallel to each other. Images were taken at 1 m intervals along each transect starting at the 0 m mark and ending at the 25 m mark to produce 26 images of a 0.3 m2 area of the benthic habitat. A 75 cm monopod was secured to the camera housing and placed perpendicular to the reef substratum to ensure that images were taken from a standard height. Individual images were uploaded to CoralNet (v1.0 https://coralnet.ucsd.edu; Beijbom et al., 2015; Williams et al., 2019) for image annotation and benthic taxa identification. Twenty random points were placed on each photo and the underlying benthic taxa at each point were identified to the lowest taxon possible. CCRA were identified to the genus Ramicrusta by looking for the characteristic dark maroon-red and rusty orange color of the algal crust and the occasional raised edges or free margins. Percent cover was calculated by pooling all points within a given transect and dividing the number of points of a specific taxon by the total points included in that transect. Points identified as heavily shaded, artifact (survey tape or camera pole), or mobile species (fish, urchins, etc.) were removed before the percent cover was calculated. Because the four transects are so close to each other, data are presented as the mean of these four averages with standard error representing the variance among transects.

The 112 SKI sites from 2020 were chosen based on a stratified random sampling design and were surveyed between June and August of 2020; methods for the stratification and site selection can be found in Asner et al. (2021). The percent cover of the unidentified CCRA at each site was determined using a 10 m x 10 m Structure from Motion (SfM) survey with a Canon 5D Mark IV (Canon U.S.A., Inc. Melville, New York, USA). SfM photogrammetry is an image processing technique that allows the reconstruction of accurate 3D models from overlapping successive photographs taken from cameras at various angles with or without ground control points (GCPs). Images were processed using Agisoft Metashape software (v1.6.2, Agisoft LLC., St. Petersburg, Russia) using procedures described in Burns et al. (2015) and Bayley and Mogg (2020). Spatially rectified orthomosaics were clipped into 10 m x 10 m squares. Prior to any further analysis, all clipped orthomosaics were visually inspected for the presence of the unidentified CCRA. The CCRA were identified to the genus Ramicrusta by looking for the characteristic dark maroon-red and rusty orange color of the algal crust and the occasional raised edges. Orthomosaics in which the alga’s presence was evident, were then assessed for the CCRA percent cover by randomly placing ten 0.25 x 0.25 m quadrats throughout the orthomosaic. Orthomosaics in which no presence of the alga was evident given a CCRA percent cover of 0 and were kept in the dataset for analysis. Metadata for all SKI sites, such as depth, were taken at the mosaic level, but not the individual quadrat level. Individual quadrats were clipped from each mosaic and were uploaded into CoralNet (v1.0 https://coralnet.ucsd.edu Beijbom et al., 2015; Williams and García-Sais, 2020). Fifty random points were generated in each quadrat photo to estimate the average percent cover of the unidentified CCRA for each quadrat. Quadrat points from a single mosaic were summarized to the site level to estimate mean CCRA benthic cover. Maps and clipped orthomosaics were processed using ArcMap version 10.7.1.

Environmental datasets were collected to investigate any temporal and geographic trends in relation to the unidentified CCRA percent cover. Sea Surface Temperature Anomaly (SSTA) data were collected using National Oceanic and Atmospheric Administration (NOAA) Coral Reef Watch program (CRW) at the site level for both DAR-WHAP and SKI sites (https://coralreefwatch.noaa.gov/product/5km/index.php#data_access: NOAA Coral Reef Watch, 2018). All NOAA CRW data were gathered at 5 km resolution GeoTIFFs for the entire coast of west Hawai‘i. Each pixel represents the relative temperature compared to the mean temperature of the past seven years for that particular time point. Positive SSTA values represent warmer than average sea surface temperature (SST) in the given location for that date; whereas, negative SSTA values represent cooler than average SST for the location for that date. These SSTA data were collected on the first of every month at each site beginning one year prior to the benthic surveys being conducted to allow a lag time for benthic environments to respond to any changes in SSTA (Doty, 1971; Glenn et al., 1990; Edmunds and Lasker, 2016; Donovan et al., 2021; Foo et al., 2022). These monthly data were averaged by year and site to determine specific SSTA for each location with a one-year-lagged temporal timestamp.

Degree heating week (DHW) data were collected using NOAA CRW at the site level for the 2015 and 2019 coral bleaching events (Winston et al., 2022). These data were created by using the DHW from the first of each month, from August to December, and then calculating the average DHW for each of the 2020 SKI site locations during each of the two bleaching events. The DHW variables were assessed only at the SKI locations to assess any effect they may have had on the most recent benthic cover of the unidentified CCRA.

Using the DAR-WHAP dataset, we conducted a Two-way Analysis of Variance (ANOVA) to investigate differences in percent cover among years at individual sites. A natural log transformation was used for percent cover data to unbound the benthic cover data so that values are not restricted to 0 - 100 and to shift these left-skewed data to a normal distribution. To assess trends and correlative relationships with environmental data, we used a Linear Mixed Effects Regression (LMER) as an exploratory analysis. This model used each site’s year as a random intercept variable in the model to account for year level variation. In this temporal analysis, we used SSTA, latitude, and the interaction of the two as predictor variables. Prior to the analysis, we scaled predictor variables to a mean of zero and a standard deviation of one. Due to discrepancies or lack of sampling consistency, for this analysis, we used only 23 of the 26 DAR-WHAP sites available. Sites 96, 97, and 98 were removed prior to analysis because these sites were not sampled in all years. Data from sites 96, 97, and 98 are still plotted in preceding figures, but are not included in any figures that present statistical results.

We used an Ordinary Least Squares (OLS) multiple regression to determine correlative relationships between the percent cover of the unidentified CCRA, depth, SSTA, and average DHW from both the 2015 and 2019 bleaching events in the 2020 SKI data. All statistics were calculated in R Studio version 3.6.2.




Results


Phylogenetic analyses and sequence divergence analyses

The phylogenetic analyses from the concatenated COI and rbcL revealed that the voucher specimen LAF 7678 aligns with Ramicrusta hawaiiensis (Figure 2), thus expanding the geographic and depth range of the species. The COI and rbcL barcode sequences of voucher LAF 7678 were very similar to Ramicrusta hawaiiensis voucher from Lehua Island ARS 09600 (1.8% and 0.04% intraspecific sequence divergence, respectively). Ramicrusta hawaiiensis LAF 7678 was distinct from R. lehuensis based on the sequence divergence values of 9.1% and 7.1% for COI5-P and rbcL, respectively (Supplemental Tables 2A, 2B). Ramicrusta hawaiiensis LAF 7678 interspecific sequence divergence ranges from 6.94% (R. aranea) to 12.5% (R. australica) for COI-5P and 1.98% (R. aranea) to 10.8% (R. australica) for rbcL. Comparing interspecific divergence values of the outgroup taxa Incendia glabra and I. regularis ranged from 14.6% and 15.78% for COI5-P and rbcL, respectively (Supplemental Tables 2A, B). All interspecific sequence divergence values are in the range consistent with previous studies in the Peyssonneliales order (Mills and Schils, 2021; Sherwood et al., 2021a; Sherwood et al., 2021b; Sherwood et al., 2021c).




Figure 2 | Concatenated COI and rbcL maximum-likelihood tree (2,035 bp) for Ramicrusta hawaiiensis and closely related species. Numbers along branches indicate nodal bootstrap support. Nodes with full support are indicated with an asterisk. Bootstrap support values less than 50 were omitted. Scale bar = substitutions per site.





Morphological and anatomical description

The morphology of R. hawaiiensis LAF 7678 generally agrees with the description of the one specimen of R. hawaiiensis collected by Sherwood et al. (2021c), but discrepancies may be explained by the difference in habitats (Table 1). The thallus surface of LAF 7678 is dark red to pink color with orange bumps and moderate calcification (Figure 3), approximately 550 µm thick, and forms tightly adherent crusts with occasional free margins on reef structures (Figure 4A). Epithallial cells are composed of several stacked rows of small cells, around 7-10 µm in diameter by 4-8 µm in height in the uppermost rows (Figures 4B, 3C, E). Perithallial cells are slightly elongated, 12-21 µm in diameter and 20-27 µm in height; they get smaller and more regular in shape toward the epithallus (Figures 4B–E). Primary pit connections and cell fusions are present in some perithallial cells. Hypobasal cells are globose, around 4-8 µm in diameter and 17-20 µm in height (Figure 4F). Rhizoids are common, 50-130 µm long and 12-21 µm in diameter (Figures 4G, H). Reproductive structures were not observed.


Table 1 | Morphological comparisons of Hawaiian specimens of Ramicrusta hawaiiensis and R. lehuensis, including thallus thickness, epithelial cells, perithallial cells, presence of pit connections, hypobasal cells, and rhizoid cells.






Figure 3 | In-situ images of the morphology of Ramicrusta hawaiiensis overgrowing a basalt boulder on South Kona coral reefs in 2021. (A) Note the distinct color shift on the specimen with the upper lighter orange section and the lower red ventral section of the specimen, black line bar = 23 cm. Field observations have noted that surface-facing sections of this alga tend to be rusted orange while shaded sections of specimens have rusted red or pink hues. (B) Image from SfM orthomosaic where Ramicrusta hawaiiensis is prominent with orange encrusting morphology on basalt slabs, scale bar = 50 cm. (C) Field observations from 2003 DAR-WHAP photo-quadrat image surveys with Ramicrusta specimens noted by the black arrow. Images (D–G) show active overgrowth by Ramicrusta hawaiiensis on (D) Porites lobata, E. Pocillopora spp., (F) Crustose Coralline Algae (CCA), and (G) Porites compressa.






Figure 4 | Scanning Electron Microscopy images of Ramicrusta hawaiiensis voucher LAF7678. (A) Section view of thallus construction, scale bar = 200 µm. (B) Section showing cell fusions (arrows), epithallial cells (e), and hypobasal cells (bracket), scale bar = 100 µm. (C) Section showing epithallial cells (e), primary pit connections (gray arrow), and cell fusions (white arrows), scale bar = 50 µm. (D) Zoomed in view of layered epithallial construction (e), scale bar = 10 µm. (E) Section showing perithallial cells with cell fusions (top bracket) and a single row of hypobasal cells (bottom bracket), scale bar = 50 µm. (F) Enlarged view of single row of hypobasal cells with rhizoid (arrow), scale bar = 20 µm. (G) Section showing multiple rhizoids, common (arrows), scale bar = 100 µm. (H) Zoomed in view of rhizoids (arrows), scale bar = 20 µm.



The identification of Hawaiian Ramicrusta to the species level requires vouchers and microscopic examination of a cross-section of the crust or DNA analysis. Vouchers were only available for benthic surveys in 2021. However, the CCRA in photographs from 2003-2020 were confidently identified to the genus Ramicrusta by the characteristic dark maroon-red and rusty orange color of the encrusting alga and the occasional upturned or raised edges.



Temporal and geographic trends of Ramicrusta on west Hawai’i island

Of the 23 DAR-WHAP sites assessed from 2003-2020, 16 of them (69.6%) had a detectable amount of Ramicrusta present during at least one survey year. Of these 16 sites,14 sites had Ramicrusta present as early as 2003 (Figure 5; Table 2). Among the 16 sites where Ramicrusta was present during at least one survey year, the greatest percent changes in cover were observed between survey years 2007 and 2011, and between 2017 and 2020 (Table 2). Geographically, southern sites within the DAR-WHAP dataset, such as those in South Kona, had higher benthic cover of Ramicrusta (Figure 6). From 2003-2020, average percent cover of Ramicrusta at DAR-WHAP sites showed an abrupt increase at sites south of 19.60°N latitude (Figure 6). Results from a Two-way ANOVA showed differences in the percent cover of Ramicrusta among multiple DAR-WHAP sites (F(1)=89.104, p < 0.001) and among years 2017 and 2020 (F(2)=2.828, p < 0.012) (Figures 5 and 7). In our exploratory analysis, we found long-term geographic patterns for the benthic cover of Ramicrusta and the environmental variable of SSTA. Results from a Linear Mixed Effect Regression (Table 3) showed that SSTA data had a positive effect with the percent cover data of Ramicrusta (β-Est = 0.0.0846, t value = 2.773, p = 0.016), while increased latitude (sites farther north) had a negative effect (β-Est = -0.228, t value = -7.829, p = < 0.001). Additionally, the interaction of the two parameters (SSTA*latitude) showed a negative effect (β-Est = -0.120, t value = -3.573, p < 0.001) (Table 3).




Figure 5 | Geographic and temporal distribution of percent benthic cover of Ramicrusta. Map of the 26 DAR-WHAP sites in west Hawai’i (center), and 18 graphs of temporal benthic cover at sites where Ramicrusta was present (left and right). Ramicrusta was present at sites shown in red, but absent at sites shown in black. Individual site percent cover values for Ramicrusta are ordered by latitude with standard error bars with northern (bracketed with arrow pointing left) and southern (bracketed with arrow pointing right) sites. Only sites that had detectable Ramicrusta were plotted. The absence of bars indicates that no Ramicrusta was observed at that site in that year. Note sites 97 and 96 are plotted in this figure but not included in statistical analysis due to missing survey years. The absence of years in the x axis indicates that no benthic surveys were conducted at that site in that year. Blue arrows on the x axis indicate years with marine heat waves.




Table 2 | Summary of Ramicrusta cover at the DAR-WHAP sites assessed in this study.






Figure 6 | Average percent cover of Ramicrusta at DAR-WHAP sites from north to south in each year of surveying. Ramicrusta percent cover shows an abrupt increase at sites south of 19.60 latitude. Red line indicates the best fit line with the shaded region showing the standard error.






Figure 7 | Mean percent cover of Ramicrusta in DAR-WHAP surveys 2003 - 2020. Bars represent standard error of the mean. The DAR-WHAP data indicate significantly higher abundance of Ramicrusta in 2020 than in 2017. Shared letters indicate annual means that are not significantly different based on a Tukey post-hoc comparison test.




Table 3 | Coefficient estimates of Sea Surface Temperature Anomalies (SSTA), latitude, and their interaction on the percent cover of Ramicrusta from a Linear Mixed Effect Model accounting for site as a random effect at DAR-WHAP sites from 2003 - 2020.



In 2020, Ramicrusta was present at 71 (63%) of the 112 SKI survey sites. The average South Kona regional percent cover in 2020 was 2.22% ± 0.57 SE (Figure 8). As expected, because of the wide range of habitats surveyed, averages varied considerably among sites with a median percent cover of 1.2%. The most southern site surveyed (site 178) had the highest Ramicrusta benthic cover of 37.4% ± 9.17 SE. In 2020, average percent cover of Ramicrusta at DAR-WHAP and SKI sites showed higher abundance at the more southern survey sites (Figure 9). In the OLS multiple regression, a positive effect between SSTA and Ramicrusta benthic cover (p = 0.019, β-Est = 0.14) was evident, similar to the analysis of the DAR-WHAP temporal data. However, this effect is very weak and explains little overall data variance; an independent OLS regression showed that these SSTA data captured a very small proportion of the overall variance within the Ramicrusta SKI data (p = 0.024, Adjusted R-squared = 0.03). Predictor variables of depth (p = 0.671, β-Est = -0.026) and average degree heating weeks (DHW) for the 2019 (p = 0.608, β-Est = -0.234) or the 2015 (p = 0.504, β-Est = 0.304) marine heat waves events did not show any significant trends relative to the Ramicrusta benthic data.




Figure 8 | Geographic distribution and percent benthic cover of Ramicrusta at South Kona sites in 2020. Map of the 112 South Kona Intensive (SKI) sites in South Kona (right). Ramicrusta was present at 71 sites shown in red, but absent at 41 sites shown in black. Average percent cover values with standard error bars for Ramicrusta are ordered by latitude from north to south at the sites (red) where Ramicrusta was observed in the surveys. Note that the scale of the y axis is 0-20% (unlike 0-5% in Figure 4) for all sites, except site 178 (0-50%).






Figure 9 | Average percent cover of Ramicrusta at DAR-WHAP sites and SKI sites from north to south in 2020. Ramicrusta percent cover shows higher abundance at several of the southern survey sites at 19.50 latitude and farther south. Trend lines indicate the best fit line with the shaded regions showing the standard error.






Discussion


Temporal, geographic, and habitat characteristics of Ramicrusta in west Hawai’i

Crustose calcifying red algae (CCRA) in the order Peyssonneliales are gaining more ecological attention because of their presence and growth patterns in reef ecosystems around the world. Despite the challenges of accurate taxonomy of CCRA because of their crustose morphology, frequent lack of reproductive structures, cryptic habit on reefs, and plasticity of growth forms in different habitats, these macroalgae must not be overlooked or misidentified in coral-algal studies, especially as climate change continues to alter basic environmental conditions. In the Hawaiian Islands, in the last decade, many crustose genera in the Peyssonneliales and Gigartinales have been collected (Sherwood et al., 2010; Sherwood et al., 2020b; Sherwood et al., 2021a; Sherwood et al., 2021b; Sherwood et al., 2021c) and two new species, Ramicrusta hawaiiensis and R. lehuensis, were described in 2021: R. hawaiiensis from mesophotic depths (> 30 m deep) and R. lehuensis from 11 m deep in the northern portion of the archipelago. However, this study documents that on the west coast of Hawai‘i Island, the red, crustose, calcifying Ramicrusta is present, abundant, and clearly visible in shallower depths (3 -18 m deep), and showed the propensity to overgrown live coral colonies and crustose coralline algae.

This study shows that the unidentified CCRA observed along the west coast of Hawai‘i Island in reef surveys DAR-WHAP site 18 are Ramicrusta hawaiiensis. Although assemblages of Ramicrusta at the other sites surveyed were visually attributed to R. hawaiiensis, additional collections are required for molecular analysis to verify that they are, in fact, R. hawaiiensis. Differences in the percent cover of Ramicrusta among sites (Figures 5, 6, 8, and 9) and among years (Figures 5 and 7) suggest that there may be environmental (substratum, wave exposure, currents), ecological (recruitment success), or biological controls (urchin and fish abundance) influencing the growth and spread of this macroalga. Future studies should investigate the influence of the many variables on the ecology of Ramicrusta, as well as sequence additional samples from this region to verify the full range of Ramicrusta species and to assess if other closely related taxa are present in the region. Previous biological inventories focusing on Hawaiian algal species such as Sherwood et al. (2010) provided baseline data however did not find evidence of Ramicrusta. Given the abundance of Ramicrusta presented in these data, additional biological inventories focusing specifically on CCRA on Hawaiian reefs may describe further species and an even greater geographic extent of Ramicrusta species.

The examination of temporal photographic datasets suggests a long-standing presence of Ramicrusta on Hawai‘i Island for at least the past 20 years that has been overlooked or identified as “crust” or misidentified as a CCA in monitoring. In comprehensive taxonomic surveys of Hawaiian red algae from 2006 to 2010, no species of Ramicrusta were reported in the shallow intertidal zone to 60 m deep using LSU, COI, and UPA genes (Sherwood et al., 2010). Abbott (1999) did not include any Ramicrusta species in the marine flora or the Hawaiian Islands, but did note that Hawaiian members of the Peyssonneliales are commonly found without reproductive structures which poses an additional challenge for identification and phylogenetic determination of these cryptic species. The previously undocumented presence of Ramicrusta in Hawai‘i over the past two decades highlights the need for accurate taxonomic and phylogenetic assessments to be incorporated into marine monitoring. As climate change continues to affect coral reefs, reef communities may respond and shift—additional macroalgal species, which are rare or cryptic and were previously overlooked, may become more abundant. For example, the fleshy red alga, Chondria tumulosa may have been a sparse and cryptic species at Pearl and Hermes Atoll in the Northwestern Hawaiian Islands that increased in abundance and spread rapidly after changes in ecosystem conditions (Sherwood et al., 2020a). Changes in nutrient concentrations (Stimson, 2015), water temperature (Boudouresque and Verlaque, 2010; Dijkstra et al., 2019), and greenhouse gas concentrations (Fernández de la Hoz et al., 2019) have been linked to coral-macroalgal phase shifts on reefs, range shifts in macroalgal distribution, and changes in macroalgal abundances.

The distance between our west Hawai‘i study area and Lehua Island where R. hawaiiensis was first described (Sherwood et al., 2021c) is over 500 km and this vast distance suggests a unique and likely incomplete geographical pattern with a yet-to-be-determined distribution vector. Ramicrusta hawaiiensis was described at Lehua Island at 49 – 50 m depths in the mesophotic zone (Sherwood et al., 2021c); however, DAR-WHAP and SKI surveys in west Hawai‘i documented Ramicrusta growing at depths of 3 – 18 m. The habitats investigated in west Hawai‘i represent strikingly different habitat types than those described by Sherwood et al. (2021c) at Lehua Island. Different environmental and oceanographic characteristics, such as irradiance and water temperature might impact the growth rate, pigmentation (Figure 3), morphology, and abundance of this alga. The slight genetic differences among specimens from the mesophotic depths at Lehua Island and the shallow subtidal zone of west Hawai‘i Island suggest that Ramicrusta has affinities with multiple ancestral populations.The expanded distributional data presented in this paper make clear that further geographic inquiry at an archipelagic scale is needed to determine this alga’s overall distribution. This is particularly relevant since the presence of Ramicrusta was readily detectable in previously acquired benthic imagery. Ramicrusta might be present but overlooked or misidentified in other areas of the Hawaiian Archipelago, perhaps even the Northwestern Hawaiian Islands, but voucher specimens are needed.

Nondescript macroalgal thalli that are cryptic, both in situ and taxonomically, pose a challenge to marine scientists. Although SfM photogrammetry is a powerful survey tool that provides detailed information about structural habitat complexity, the accuracy of identification of macroalgal community composition to the species level is low unless the SfM surveys are conducted in concert with voucher collections. Researchers adding annotations to reef mosaic or photo-quadrat images cannot confidently assign algal species names and in many cases, not even genus names in some cases, to crustose, filamentous, and foliose algae without examining anatomical and genetic traits. Macroalgal members of the reef community, even those with similar morphologies, may differ in life history, phenology, and physiology, emphasizing the importance of identification and monitoring of individual species in order to fully understand reef ecology (Stuercke & McDermid, 2004). For instance, in mesophotic depths in the Hawaiian Archipelago, accurate identification of frondose green macroalgae with similar, simple morphologies required genetic analyses to distinguish the four species belonging to two separate genera, Ulva and Umbraulva (Spalding et al., 2016). Future studies focused on DNA sequencing of additional shallow water and mesophotic specimens of Ramicrusta should be performed to verify the distribution and range of Ramicrusta species in the Hawaiian Archipelago to corroborate the ecological findings presented in this study. Ramicrusta specimens in west Hawai‘i did not show evidence of cystocarps or sporangia, enhancing the taxonomic enigma of a cryptic species, and thus, additional studies are needed to document the reproductive structures and strategies of R. hawaiiensis.

Ramicrusta species occupy a diverse range of habitats globally. Atlantic and Caribbean specimens have been observed at depths similar to those reported in west Hawai‘i: 4.5 – 15.5 m (Hollister et al., 2021), < 9 m depth (Edmunds et al., 2019), 5 – 30 m (Williams and García-Sais, 2020). The overall vertical distribution across reef landscapes of the Ramicrusta species in Guam is broad—from intertidal areas to lower mesophotic zones (Mills and Schils, 2021). The new depth distribution of R. hawaiiensis described here (mesophotic to shallow subtidal) corroborates this pattern of broad vertical distribution. Field observations made in 2020 showed that Ramicrusta presence was more notable at sites with higher basalt cover and in exposed areas as opposed to major bays. Some morphological and anatomical traits of Ramicrusta, e.g., the raised margins and thick calcification may give this species a competitive edge in terms of growth, overgrowth of corals, and resistance to herbivory (Steneck, 1985; Steneck et al., 1991). The rebound of Ramicrusta after strong hurricanes in the Virgin Islands (Williams and Edmunds, 2021) suggests that small patches survived and grew quickly. In addition, four newly described species of Ramicrusta in Guam were reported in reef environments that have previously experienced stressor events, such as coral bleaching, or that were exposed to rapid changes in salinity, temperature, nutrients, and terrestrial run-off (Mills and Schils, 2021). In Puerto Rico, large patches (>100 m2) of Ramicrusta textilis have been observed overgrowing reef substrata (Ballantine et al., 2011). These patches may be similar to those observed in west Hawai‘i, especially at site 178 in the 2020 SKI dataset (Figure 10). Larger unconsolidated patches (100 cm2) were observed in several areas, particularly in the southern section of west Hawai‘i during 2020 SKI field observations, and may represent areas of significant overgrowth of the reef substrata and live coral by R. hawaiiensis. Perhaps some Ramicrusta species are ideal competitors with wide tolerances to variations in depth, light, temperature, and water movement, and when given an ecological window of opportunity after a disturbance, the crusts may exhibit a competitive edge.




Figure 10 | Image of 10 m x 10 m orthomosaic in 2020 at SKI site 178 (Left). This site had the highest observed Ramicrusta benthic cover = 37.4% ± 9.17 SE. Ramicrusta is distributed across this SfM mosaic as the rusty-orange encrusting algae throughout the plot (Left) and outlined in red in the images on the right. Ramicrusta can be seen overgrowing a Porites coral in the image on the bottom right.



The expanded geographic distribution of this algal species reported in this study, and the ability of Ramicrusta hawaiiensis to overgrow living coral (Figure 3), highlight the need for continued monitoring and investigation of potential management strategies of the Ramicrusta-coral interaction. Herbivory and nutrients can affect colonization of crustose coralline algae, and thus shape the benthic community structure (Belliveau and Paul, 2002), perhaps these factors also affect peyssonnelid crust recruitment and growth. Flat, hard, crustose morphology may confound some grazers, and crust anatomy with meristematic regions buried under layers of cells may provide some protection from herbivory  (Littler, 1976; Littler et al., 1983a, Littler et al., 1983b). However, herbivory has been suggested as a potential key in managing Ramicrusta and PAC outbreaks on coral reefs (Williams and García-Sais, 2020). Herbivory on Ramicrusta and PAC by the sea urchin, Diadema antillarum has been documented in the Caribbean (Ruiz, 2015; Stockton and Edmunds, 2021). Diadema antillarum has been found to be the only consumer of Ramicrusta and PAC on Caribbean reefs, but more information is still needed on the predation of Ramicrusta by other herbivores (Williams, 2022). Previous studies have suggested that a unique microbiome on Ramicrusta specimens may deter coral settlement and cause the macroalga to be unpalatable to herbivorous fishes and urchin species (Wilson et al., 2020; Williams, 2022). No notable herbivore predation events on Ramicrusta were observed during the recent 2020 WHAP or SKI field surveys, and no evidence of scraping or abrasion typical of parrotfish (Scaridae) predation was found in the photo imagery. However, further investigation into predation by local urchin and fish species in west Hawai‘i is merited.



Long-term dynamics of Ramicrusta in west Hawai’i

The Ramicrusta patches photographed in 2003 were lumped together with other crustose species in surveys by the long-term monitoring biologists; however, the divers’ decades-long ecological data stored as photos, mosaic images, and vouchers are rare treasures for phycologists and marine ecologists working to understand ecosystem dynamics. Ramicrusta hawaiiensis may have been in Hawai‘i before 2003 as cryptic and unnoticed crusts; however, as ocean conditions changed and especially after the mass bleaching event in 2015 (Kramer et al., 2016), Hawaiian Ramicrusta may have gained a competitive advantage to expand its distribution, increase its abundance, or gain enhanced visibility to divers.

Temporal trends suggest that in west Hawai‘i, there is a correlation between warmer years (with positive SSTA twelve months prior to surveying) and higher cover of Ramicrusta. Antecedent temperature regimens may affect the Ramicrusta population as has been documented for other algal species in the Hawaiian Islands (Doty, 1971; Glenn et al., 1990). In a recent study of intertidal communities in the Hawaiian Islands, a significant positive relationship was found between SST and the abundance of three dominant algal taxa: turf algae, brown crustose algae, and a fleshy brown, Turbinaria ornata (Phaeophyceae, Fucales)  (Ward, 2022). Increased intertidal community diversity in response to SST was best explained by SST conditions in the ten months preceding sampling  (Ward, 2022). A more detailed analysis of prior environmental conditions at various time intervals are needed to better understand the influence of multiple factors, i.e., temperature, solar irradiance, water motion, and nutrient levels, on the benthic community along the coast of west Hawai‘i. In addition, trends in the interaction variable (SSTA*latitude) suggest that there is a negative correlation between Ramicrusta and SSTA together particularly in the northern region of west Hawai‘i Island. Laboratory-based experiments would help to reveal the effects of temperature on the growth and reproduction of R. hawaiiensis.

This study documents Ramicrusta far south of the location of its original description in the Hawaiian Archipelago. Its full geographic range and vertical distribution remain unknown. As coral reef communities in the Hawaiian Islands shift and evolve, accurate taxonomic identification of macroalgae to the species level, not just as “crusts” or ambiguous group names, e.g., CCA, PAC, and CCRA, will be crucial to scientific advances in the understanding of reef community dynamics. Now with the recognition of R. hawaiiensis and a better understanding of its ecology, future assessments can track Ramicrusta in the Hawaiian Islands and support efforts to preserve and protect coral reef resources.
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