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Editorial on the Research Topic 


16th deep-sea biology symposium





Introduction

The Research Topic on the 16th Deep Sea Biology Symposium compiles a range of articles presented during the conference that was held in Brest (France) in September 2021 and hosted by the Institut Français de Recherche pour l’Exploitation de la Mer (Ifremer). This triannual event is the central meeting for deep-sea research, where scientists from all over the world gather together to showcase and discuss the latest advances in their field. For the first time in 2021, this event was held in a hybrid mode with participants attending on site and online. Puccinelli et al. showed that, while meetings organized by the Deep-Sea Biology Society had typically less than 400 participants, the use of a hybrid format increased participation by 33% (581 attendees), 73% of whom joined online.

The 26 articles of this Research Topic span research conducted by 138 authors across all ocean basins, encompassing a range of topics that we classified in four sections: 1) zoology and systematics, 2) biodiversity, 3) ecology and 4) conservation and policy. These works investigated most trophic levels from phytoplankton to benthos, fish and whales, across diverse deep-sea environments such as mesopelagic to abyssal environments, vents, seeps and seamounts. This Research Topic provides novel insights on the largest biome of the planet, while advancing our understanding of the complex interactions between organisms and their physical environment, and how such equilibrium is affected by human-induced activities and climate change.





Zoology and systematics

Given the difficulty of accessing deep-sea habitats and their large extent, there are big knowledge gaps related to the biology, ecology and evolutionary history of deep-sea species (Howell et al., 2020). To fill these gaps, eight articles of this Research Topic focused on taxonomy, species delimitation, phylogeography and biology of deep-sea species. Two articles described species collected in the Clarion-Clipperton Zone (CCZ), an abyssal region in the Northern Pacific Ocean harboring large deposits of polymetallic nodules. Using a combination of morphological and genetic analyses, Eichsteller et al. provided a revised identification key of the brittle star genus Ophiotholia and described a new species (Ophiotholia saskia) (Eichsteller et al., 2023). In addition, Gooday and Wawrzyniak-Wydrowska described macrofaunal assemblages of foraminifera in four areas of the CCZ, including a protected area (i.e. APEI). Among almost 2,000 collected specimens, the authors recognized 280 morphospecies. Interestingly, diversity assemblages were very different among the four areas, highlighting that APEIs may not serve as refugia for deep-sea species in case of anthropogenic disturbance in the CCZ. Improving biodiversity assessments in the CCZ is particularly important in the context of possible future deep-sea mining of polymetallic nodules in this region.

Precise taxonomy of deep-sea species can benefit from additional data types when morphological characters are not sufficient or reliable. Specifically, Montenegro et al. assessed if morphological characters typically used to differentiate the medusozoans Botrynema brucei and B. ellinorae have an evolutionary significance. Using four genetic markers, they found that the current species separation based on morphological characters was inaccurate. As a result, B. ellinorae was assigned as a subspecies of B. brucei. Similarly, Korfhage et al. used four genetic markers to delimit species of deep-sea corals. They compared genetic data with proteomic fingerprinting, a technique that measures the variability in composition of peptides and small proteins in each individual. They found that both techniques can successfully discriminate coral species, although proteome fingerprinting lacked power when sample sizes were small and when reference databases were lacking.

Genetic data bring important insights into deep-sea species phylogeography and evolutionary history. For instance, Jang et al. investigated the genetic structure of Alviniconcha snails in seven hydrothermal vents from the Indian Ocean. Using eight genetic markers, the authors found strong genetic differentiation between snails from northern and southern vents, suggesting the discovery of a cryptic Alviniconcha species. In contrast, Weston and Jamieson focused on the distribution of the hadal amphipod Hirondellea dubia across multiple oceans. Using morphological and genetic data, they found that H. dubia has a much wider bathymetric and geographic distribution than previously described. In fact, H. dubia is not restricted to hadal depths, but it can occur between 4,700 m and 10,800 m, and it is found in multiple broad oceanic regions including the Southern, Northwest and Central Pacific, as well as the Northern and Southern Atlantic. Importantly, genetic data allowed the authors to exclude the possibility of cryptic species among the investigated populations.

Finally, two articles focused on improving knowledge of deep-sea species biology. Azofeifa-Solano et al. described the reproductive biology of the yeti crab Kiwa puravida occurring in methane seeps of the Costa Rican Pacific margin. By examining several morphological characters, they tested for the presence of sexual dimorphism. They found differences in male and female claw size, suggesting that claw weaponry is under sexual selection in this species. In this last study, Piquet et al. examined the fate of chemosynthetic bacterial symbionts of the deep-sea mussel Bathymodiolus azoricus following starvation. Using fluorescence and electron microscopy, they followed the loss of symbionts in mussels maintained in the laboratory. They found that after 61 days all symbionts were lost, and that the epidermis that usually contains the symbionts had the same structure as the one of non-symbiotic mussels.





Biodiversity

Deep-sea biodiversity research is sparse, especially in the tropics (Costa et al., 2020). Jamieson et al. filled some of these knowledge gaps by conducting one of the few biological and high-resolution bathymetric surveys in Java Trench located in the Eastern Indian Ocean. During submersible transect surveys, they reported diverse hadal communities comprising 10 phyla, 21 classes, 34 orders and 55 families, with many new depth and biogeographic extensions, including a rare encounter of a hadal ascidian. In addition, they report putative evidence of chemosynthesis based on visual evidence of bacterial mats. With their observational work the authors lay the foundations for more hypothesis-driven research in hadal environments. Given that collecting new deep-sea biodiversity information can be expensive, there is value in synthesizing existing information that is often fragmented and sitting across different research institutions. Alvarado et al. provided a first synthesis of existing deep-sea echinoderm information from Costa Rica. By reviewing existing biodiversity information from public databases and biological specimens deposited in museum collections, they found a total of 124 taxa between 200-3600 m. Notably, they reported 22 new records for the Eastern Tropical Pacific, 46 for Central American waters, and 58 for Costa Rica, highlighting the value of conducting such synthesis efforts.

Global warming causes profound environmental shifts in the poles, altering the composition and structure of their communities. Pantiukhin et al. focused on collecting video observations of gelatinous zooplankton (jellyfish) in Fram Strait, the main gateway to the Arctic Ocean. By combining biological and environmental data that were collected simultaneously, the authors found that depth and temperature were key in explaining jellyfish distribution and abundance. Incorporating those observations into spatial distribution modelling approaches they were able to project that with further temperature increases, jellyfish communities in the Fram Strait would become less diverse but more abundant in the future. On the opposite end of the globe, Grimes et al. used photographic surveys to explore epifaunal communities along 6000 km of Western Antarctica, from the tip of the Antarctic Peninsula to the Ross Sea. Benthic communities were dominated by ophiuroids, pycnogonids, holothuroids, and demosponges, with a decrease in abundance at higher latitude sites. Both studies provide critical baseline information of key groups of Arctic and Antarctic biological communities that will allow to track future climate-driven changes.

Finally, there were significant new knowledge contributions to the biodiversity and ecology of chemosynthesis-based ecosystems. Astorch-Cardona et al. conducted a unique spatial and temporal study of phylogenetic and chemical data of iron-rich microbial mats from the Lucky Strike Hydrothermal Field in the Mid-Atlantic Ridge. Their metabarcoding analyses revealed distinct microbial communities at each site, linked to the chemical composition of the diffuse fluids nourishing the mats. Notably, these variations remain constant over time except for years when a geological event took place. Furthermore, Velez et al. focused on sediment fungal diversity and community structure from low- and high-temperature vent systems (Pescadero Basin, Pescadero Transform Fault, and Alarcón Rise) and an Oxygen Minimum Zone (Alfonso Basin) in the southern Gulf of California. Using high-throughput sequencing, the authors reported 102 fungal amplicon sequences, mainly Ascomycota and Basidiomycota, the majority of which were from the high-temperature vent systems, corroborating these as diversity hotspots. This information, along with characteristic assemblages per studied ecosystem, will pave the way for further exploration work that includes an extensive sampling design, accounting for intra-sample variability. Lastly, Avila et al. investigated the role of whale falls as chemosynthetic refugia, by studying nematodes colonizing whalebones between 1500-4204 m in the Southwest Atlantic Ocean, off Brazil. Their findings showed the affinity of whalebone nematode assemblages to hydrothermal vents and cold seeps suggesting that organic falls may indeed act as intermediate refugia for meiofauna from chemosynthetic environments.





Ecology

A strong focus of the articles published is on deep-sea ecology. These works provided information on functional and trophic ecology of diverse deep-sea habitats including the mesopelagic, seeps and seamounts, focusing on a range of trophic levels from primary producers to benthos and fish. A few studies have investigated the relevance of alternative food sources to deep-sea benthos, with Cautain et al. highlighting the role of sympagic (i.e. ice-associated) production in supplying a high fraction of carbon to macrobenthos in the Barents Sea, although a large variation was observed between summer and winter. Åström et al. indicated that some benthic taxa in the seeps of the Svalbard-Barents Sea region acquire up to 50% of their carbon from chemosynthesis and have wider trophic niches in comparison to taxa inhabiting non-seeps. Finally, Stauffer et al. provided first observations of food falls (e.g., whale, penguin) in the Wadden Sea, and highlighted their relevance for the food web of deep-sea benthos.

Herrera et al. provided a clear understanding of benthic community early stages ecological succession using as a novel study system a deep seamount formed from the activity of the Vailulu’u volcano in American Samoa. Volcano eruptions represent disturbance events able to reset the ecological succession clock to zero, similarly to what is observed after anthropogenic disturbances (e.g., bottom trawling). The authors highlight how such knowledge could be applied to identify signs and states of recovery from human activities in deep seamounts.

Moving up in the water column, two studies are focused on the functional diversity of fish from the mesopelagic (200-1000 m). Aparecido et al. determined the functional diversity of mesopelagic fish from over 7,000 specimens, using 17 functional traits related to feeding, survival, and locomotion functions. They identified high fish diversity, however with variation between day and night and a higher diversity in the deepest ocean layers. On the other hand, McGonagle et al. highlighted that diet and morphological diversity do not drive hyperspeciation in melanostomiine dragonfishes from the Gulf of Mexico, the most speciose group of mesopelagic fishes. Other factors, including sexual conspecific recognition and/or sexual selection, may be the main drivers of hyperspeciation in this sub-family. Finally, a focus was placed by Callery and Grehan on the potential application of a supervised machine learning methodology to provide a habitat classification system and preliminary habitat inventories, needed for marine management decision making, until seabed mapping is fully developed.





Conservation & policy

There is an urgent need for adequate environmental governance in the deep sea due to multiple lines of evidence of several anthropogenic impacts and threats to this system such as deep-sea mining (Vonnahme et al., 2020) or climate-induced thermal stress (Szuwalski et al., 2023). The study of Boteler et al. investigated the problem of connectivity, essential to design effective and resilient networks of Marine Protected Areas in view of conservation measures to protect and restore deep-sea biodiversity. Authors proposed a synthesis of existing data about the connectivity of the Salas y Gómez and Nazca ridges, two seamount chains in the Southeast Pacific recognized as some of the most important global areas to protect, mostly situated in areas beyond national jurisdiction. High rates of endemism and migratory corridors provide evidence of large-scale conservation measures necessary for developing management strategies for the region.

Among deep-sea habitat-forming species, cold-water corals (CWCs) are known to form Vulnerable Marine Ecosystems (VMEs). Angiolillo et al. reported the first attempt to describe the impact of longline fishing on a CWC Dendrophyllia ramea population on the Apollo bank (Ionian Sea). This study showed that deep-water fishing activities negatively affect this species stressing the importance of urgent conservation measures on this specific VME. Finally, another approach to balance sustainable development and biodiversity protection is the Ecosystem-based management (EBM). Following the declaration of the International Seabed Authority (ISA) about the need of incorporating EBM in its tools, Guilhon et al. analyzed understanding and implications of EBM of ISA stakeholders for deep-sea mining. This paper reveals different EMB views from ISA stakeholders highlighting the need for clarification on what EBM involves for seabed mining.





Conclusion

We received a large number of novel and cutting-edge submissions covering a broad range of topics, emphasizing the strong and increasing interest of the research community for deep-sea biology. We believe that the next deep-sea biology symposium (17DSBS) taking place in Hong-Kong in 2025 will highlight further exciting research on the largest biome of the planet.
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Deep-sea sediments are vast microbial habitats that cover almost two-thirds of the planet’s surface. Particularly, sediments in hydrothermal vents and oxygen minimum zones (OMZ) represent emblematic, and poorly understood extreme niches that pose strong selective pressures to life, representing untapped reservoirs of a unique microbial diversity. Nonetheless, the mycobiota in these systems remains relatively unknown. Here, we explored fungal diversity and community structure in deep-sea sediments collected from low- and high-temperature vent systems (Pescadero Basin, Pescadero Transform Fault, and Alarcón Rise) and an OMZ (Alfonso Basin) in the southern Gulf of California, by using high-throughput Illumina sequencing of the ITS1 region. We identified 102 fungal amplicon sequence variants (ASVs), principally affiliated to the Ascomycota and Basidiomycota. Our results also evidenced a high proportion of widely distributed, uncultured phylotypes (e.g., unknown clades closely related to the Basidiomycota such as Fungi sp. 18 and 19 formerly reported from deep-sea), evidencing the copious occurrence of novel fungal lineages with limited distribution to deep-sea sediments. Overall, the largest number of ASVs was recovered from high-temperature vent systems, corroborating these as diversity hotspots. In addition, clustering patterns across samples and the FUNGuild analysis revealed characteristic assemblages in each ecosystem, which could be linked to site-specific processes. This study provides baseline data paving the way for a better understanding of deep-sea fungal diversity, evidencing its potential importance in ecosystem functioning.
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INTRODUCTION

Deep-sea seafloor (below 200 m depth) covers around 95% of Earth’s surface, representing the largest biome (Danovaro et al., 2014, 2017). This biome is characterized by the absence of light (leading to severe organic nutrient limitations), high hydrostatic pressures, and average temperatures of 4°C (Gage and Tyler, 1991). It sustains some of the most extreme and unique ecosystems on Earth, such as hydrothermal vents and oxygen minimum zones (OMZs), yet remains as one of the least studied because of its remoteness and the technological challenges for its investigation (Ramirez-Llodra and Billett, 2006).

On the one hand, hydrothermal vents are extreme environments where fluids that are geothermally heated and enriched in reduced compounds and trace metals exit to the seafloor reaching temperatures from 330 to 400°C (Van Dover, 2014). They host complex biological communities where primary production is fundamentally driven by sulfur-based chemosynthesis, as fluids provide free-living and endosymbiotic bacteria with chemical energy. These fascinating environments are globally distributed along mid-ocean spreading centers, back-arc spreading centers, and at some seamounts (Van Dover et al., 2002; revised in Dick, 2019). On the other hand, OMZ are steady-state low-oxygen layers at mid-water depths (Diaz et al., 2013) that are widespread in the northeast subarctic Pacific, the northern Indian Ocean, and the Eastern Tropical Pacific (Paulmier and Ruiz-Pino, 2009). They are formed in areas of high primary production in the surface waters and poor circulation, where the biological degradation of the sinking organic matter results in oxygen depletion (Rogers, 2000; Levin, 2003). The species that live in these areas have low oxygen tolerance thresholds, morphological adaptations, specialist rather than opportunistic lifestyles, and the potential to utilize chemosynthesis-based nutritional pathways (Levin, 2003). Globally, about 1,150,000 km2 of the seafloor is exposed to oxygen concentrations <0.7 mg O2/l from OMZs (Helly and Levin, 2004).

Our knowledge of deep-sea biodiversity only hints at thousands of undiscovered organisms and their potential benefits (Barbier et al., 2014). Despite its incipient exploration (Grossart et al., 2019), in recent years, assorted deep-sea ecosystems have been recognized as important fungal habitats, including subseafloor igneous crust (e.g., Ivarsson et al., 2016), seafloor sediments (e.g., Vargas-Gastélum et al., 2019), hydrothermal vents (e.g., Burgaud et al., 2009), OMZs (e.g., Orsi and Edgcomb, 2013; Manohar et al., 2014), whale falls (Nagano et al., 2020), among others. Furthermore, increasing evidence supports fungal active involvement in marine biogeochemical processes (Stoeck et al., 2007; Alexander et al., 2009; Stock et al., 2009; Edgcomb et al., 2011; Manohar et al., 2015; Quemener et al., 2020), yet our understanding of deep-sea fungal diversity remains in its infancy.

To date, culture-dependent and independent studies hint at the Ascomycota and Basidiomycota as the most abundant groups in hydrothermal vents (Burgaud et al., 2009; Xu et al., 2017, 2018), as well as Chytridiomycota (Le Calvez et al., 2009). In addition to a fungal lineage formed by environmental 18S rDNA sequences reported exclusively from submarine and continental hydrothermal systems (López-García et al., 2007). Similarly, fungal communities in OMZ seem to be dominated by Basidiomycota, Ascomycota, and early diverging phyla (Jebaraj et al., 2010; Manohar et al., 2015; Peng and Valentine, 2021). Nevertheless, our knowledge of deep-sea fungal diversity in hydrothermal vents and OMZ remains limited, resulting in a rudimentary understanding of ecosystem functioning and resilience.

Since their recent discovery, the biological diversity and ecology of the hydrothermal vents of Pescadero Basin (PB), Pescadero Transform Fault (PTF), and Alarcón Rise (AR), as well as the OMZ of Alfonso Basin (AB) has been increasingly investigated (Goffredi et al., 2017, 2021; Salcedo et al., 2019, 2021; Espinosa-Asuar et al., 2020). Nevertheless, their fungal diversity remained unknown, hampering the robust view of ecosystem functioning. In this work, we report the first ITS rRNA survey of fungal diversity in deep-sea sediments collected in PB, PTF, AR, and AB, in the southern Gulf of California, Mexico. Our results evidenced that a diverse and functionally multifaceted microfungal community inhabits these deep-sea extreme ecosystems, revealing that the conserved core of fungal taxa across ecosystems comprised barely 3.9% of the total community. A lot of work remains to be done in order to obtain a full picture of fungal diversity in this region, and to understand compositional differences across ecosystems. Therefore, major efforts must be directed at further systematic samplings associated to DNA barcoding and culturing to validate our observations.



MATERIALS AND METHODS


Sampling Sites

Sediment samples were collected in four localities (PB, PTF, AR, and AB), distributed along the SW margin of the Gulf of California and the central portion of the gulf’s mouth (Supplementary Figure 1). This semi-enclosed, dynamic basin is located at the NE Pacific Ocean, between 22°–32°N, and 105°–107°W. Detailed information of the biotic and abiotic setting of the study sites is available in Goffredi et al. (2017); Clague et al. (2018), Paduan et al. (2018), and Sánchez et al. (2018). Briefly, the PB is a sedimented basin located at the entrance of the Gulf of California near 24° N. It includes a series of large carbonate mounds and chimney edifices, where venting fluids reach up to 290°C, and contain high concentrations of hydrocarbons, hydrogen and hydrogen sulfide (Goffredi et al., 2017). The PTF hosts discrete low-temperature hydrothermal vents (fluids exiting at 5°C), with substrate composed of volcanic rubble and sediment (Clague et al., 2018; Salcedo et al., 2019). The AR vent system is located at the SW end of the Gulf of California, and is bounded by the 60 km long Tamayo Transform Fault, which connects it to the 21°N segment of the East Pacific Rise (Paduan et al., 2018). This basalt-hosted system is characterized by surface lava flows; thick sediments are evident only along the transform faults (Clague et al., 2018). It hosts black smokers and chimneys composed of iron, copper, and zinc sulfides. Their end-member fluids reach a maximum temperature of 360°C and contain high concentrations of hydrogen sulfide and metal-sulfides (Paduan et al., 2018). Lastly, the AB is located within La Paz Bay, where the deepwater that enters the basin is drown from low-oxygen intermediate waters; and below 200 m, the water is suboxic to anoxic (González-Yajimovich et al., 2005). Sediments in this system are characterized by terrigenous mud as the main component (Douglas et al., 2002).



Sample Collection

Seven sediment cores were collected by the articulating manipulator arm of the remotely operated vehicle Doc Ricketts, during the expedition Vents and Seeps (2015) by Monterey Bay Aquarium Research Institute, on the R/V Western Flyer under the permit numbers SRE: #CTC/01700/15 and SAGARPA: DGOPA-02919/14 issued by the Mexican government. Onboard, a subsample from the base of each core was obtained (10-cm length section by using a sterile PVC cylinder), sealed, and deep-frozen at −80°C. The material was collected from accessible, randomly chosen sites in the following locations: (1) PB, high-temperature hydrothermal vent fields (three cores); (2) AR, high-temperature hydrothermal vent fields (one core); (3) PTF, low-temperature hydrothermal vents (one core), and (4) AB, OMZ (two cores) (Table 1). The disparity in the number of samples from each locality depended on the limited exploration time and the geological settings of every site.


TABLE 1. Sampling stations where sediment cores were collected in the southern Gulf of California, Mexico.
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DNA Extraction, Amplification, and Sequencing

Using the DNeasy PowerMax Soil Kit (Qiagen, Hilden, Germany), total DNA was extracted from 5 g of each sediment sample [removing the exterior layer of the core, as described in Velez et al. (2021)], following the procedures indicated by the manufacturer. The DNA samples were quantified using Qubit® 2.0 Fluorometer (Invitrogen, Carlsbad, CA, United States) and preserved at −20°C until used. All of the steps that involved sample handling and extracting nucleic acids were processed within a laminar flow hood. Illumina MiSeq paired-end (2 × 300) sequencing was performed by the commercial service (amplification, library preparation, and sequencing) provided by the Genomic Services Laboratory (LANGEBIO, Irapuato, Guanajuato, Mexico), targeting the ITS1 region of the ribosomal RNA gene cluster by using primers set ITS1-F (5′-CTTGGTCATTTAGAGGAAGTAA-3′; Gardes and Bruns, 1993) and ITS2 (5′- GCTGCGTTCTTCATCGATGC-3′; White et al., 1990), yielding to around 25,000 reads per subsample (data are available at NCBI GenBank under the BioProject ID PRJNA793088).



Bioinformatics

Raw reads were processed using the fungal ITS-specific workflow proposed by Callahan et al. (2016) using the package dada2 v1.13.1 in R v4.0.2 (R Core Team, 2020). Briefly, we used cutadapt v3.2 (Martin, 2011) to detect and remove primer and adapter contamination from reads. Then, we used the function filterAndTrim to exclude reads with ambiguous bases (maxN = 0) and each read was required to have <1 expected errors based on their quality scores [maxEE = c (1,1), truncQ = 3]. The quality profiles of filtered reads were inspected using plotQualityProfile function. Amplicon sequence variants (ASVs) were inferred using the parametric error model implemented by dada2 for the forward and reverse reads independently, using the function learnErrors (Callahan et al., 2016). As recommended by the authors, the estimated sample-specific error rates were visually inspected using plotErrors. To assemble paired-end reads, we used the function mergePairs considering a minimum of 50 pb of overlap and excluding reads with any mismatch in the overlapping region. Chimeras were removed using the consensus method of removeBimeraDenovo. To discard diversity bias due to differences in the number amplicons per site, we conducted rarefaction and extrapolation curves with the package iNEXT v 2.0.20 (Hsieh et al., 2020).

The taxonomic assignment was performed using the DECIPHER v2.16.1 Bioconductor package (Wright, 2016) against the UNITE_v2020_February2020 database (Abarenkov et al., 2020) implementing the trained classifier available on DECIPHER website.1 We used the IdTaxa function with default settings. To avoid diversity overestimation due to over-split components, all of the of ASVs with a taxonomic assignment higher to genus level (for example, Basidiomycota sp.) were clustered using Cd-Hit (Li and Godzik, 2006) with a threshold of 97%. Particularly, the ASVs classified as “Fungi spp.” were verified and further curated using the BLAST tool of NCBI Genbank non-redundant (nr) database to obtain the top 10 most similar hits. As a further corroboration we used a phylogenetic approach (recommended in Lücking et al., 2020) to explore the taxonomic affinities of our sequences vs. reference material retrieved from NCBI. So, sequences were aligned with MUSCLE v3.8.1551 (Edgar, 2004), and a Neighbor-Joining tree was built using MEGAX (Kumar et al., 2018).



Alpha and Beta Diversity Estimates

To explore the relative abundance and shared taxa among sites, we created a heat map and intersection plots using the R packages ggplot2 (Wickham, 2016) and UpSetR (Conway et al., 2017). We used iNEXT to estimate the rarefied Shannon and Simpson diversities along with their bootstrap 95% confidence intervals (1,000 replicates). To evaluate the equitability of the taxa frequency distribution (also interpreted as dominance), we estimated the Shannon Evenness using the package vegan v2.5-6 (Oksanen et al., 2019). We estimated the differences in taxonomic composition between sampling points through a Bray-Curtis (Abundance-based), and Sorensen dissimilarity (presence-absence) matrices. Both dissimilarity matrices were plotted using the Ward clustering criterion. To represent the differences among sites communities, we performed a principal component analysis (PCA) using a Hellinger-transformed abundance table by using the vegan package.



Functional Guilds

Despite functional categorization provides useful guides to navigate the complex fungal kingdom, confirming the effect of functional diversity on ecosystem processes (Crowther et al., 2013); the ability to assign trophic strategies to individual taxonomic units remains a broad challenge in the field of microbial ecology. Milestone proposals have showed that fungal functional guilds can be approached based on taxonomic affinity, introducing FUNGuild, an open annotation tool for parsing fungal community datasets by ecological guild (Nguyen et al., 2016). We used this approach (FUNGuild v1.1 database2) to assign ecological functions (trophic modes) to our ASVs. It should be noted that unfortunately precise community-wide conclusions are still unattainable since: (1) many genera contain more than one trophic strategy; (2) insufficient guild data are available for several fungal groups (Nilsson et al., 2019); and (3) the lifestyles of marine fungal taxa remain largely unknown. Nonetheless, this invaluable information base should pave the way for further improved work on deep-sea fungi.




RESULTS


Sequence Analysis

Overall we obtained 184,466 reads from the analyzed sediment samples collected in high-temperature hydrothermal vent fields in the Pescadero Basin (47,917 reads) and the Alarcón Rise (32,941 reads), low-temperature hydrothermal vent fields in the Pescadero Transform Fault (61,106 reads), and OMZ in Alfonso Basin (42,502 reads) (Supplementary Table 1). After quality control, a total of 143,244 sequences were used for analysis. These reads were classified into 940 ASVs out of which 102 represented fungal taxa (65,780 reads). All of the rarefaction and extrapolation curves of the fungal assemblages in sediment samples from the different ecosystems reached the asymptote (Figure 1), indicating that the data provided a good description of the diversity.


[image: image]

FIGURE 1. Rarefaction and extrapolation curves of fungal amplicon sequence variants (ASVs) obtained from deep-sea sediment samples collected in the Pescadero Basin (PV_1, PV_2, PV_3), Pescadero Transform Fault (FI_4), Alarcón Rise (AV_1), and Alfonso Basin (ZM_1, ZM_2).




Fungal Taxonomic Diversity

Out of 143,244 reads, 65,780 were taxonomically assigned. In all the studied sites, the fungal community was dominated by the Ascomycota, followed by Basidiomycota. Glomeromycota were present as a negligible proportion of the community at a single site in the Pescadero Basin (Figure 2A). At the order level, dominance patterns varied across ecosystems. For instance in the Alarcón Rise Helotiales dominated the fungal community, whereas Malasseziales occurred abundantly in the Pescadero Transform Fault and Pescadero Basin. Sites in the Alfonso Basin were dominated by Agaricales and Xylariales, respectively (Figure 2B). Overall, at the species level, Fungi sp. 4 and 18 represented the dominant ASVs (Figure 3). These taxa are affiliated to the Pezizomycotina and uncultured Basidiomycota clades from deep-sea, respectively, and could potentially represent currently unknown taxa with limited distribution to deep-sea sediments. Moreover, we detected the abundant occurrence (n = 21) of ASVs that could only be taxonomically assigned at the kingdom level as Fungi sp. These taxa were also corresponded to mostly uncultured fungal clades (Figure 4).
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FIGURE 2. Relative abundance of fungal phyla (A), and orders (B) across samples.
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FIGURE 3. Heatmap (red-white) showing sediment fungal richness and relative abundance at the species level across samples. The color intensity is proportional to fungal relative abundance, with red indicating higher values.
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FIGURE 4. Phylogenetic relationship of deep-sea derived ASVs that were taxonomically assigned at the kingdom level (indicated in red font) with close species based on ITS1 rRNA sequences using the neighbor-joining algorithm. Bootstrap values > 50% are indicated above the branches.




Fungal Alpha and Beta Diversity Indexes

Based on our limited sampling, we observed a heterogeneous number of fungal ASVs across ecosystems, with the highest richness values in the high-temperature vent system of Alarcón Rise (AV_1); whereas the lowest values corresponded to the Pescadero Transform Fault (PV_3; Figure 5). Overall, our results hint that high-temperature vent systems represent the richest ecosystem for fungi (highest number of ASVs) followed by OMZ, which should be confirmed in further studies.
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FIGURE 5. Number of fungal ASVs registered at the site level.


Alpha diversity indexes showed variations in and between ecosystems. For instance, the rarefied Shannon and Simpson metrics agreed that Pescadero Basin showed both, the highest diversity in PV_1 and the lowest diversity in PV_2 (Figures 6A,B and Supplementary Table 1). In addition, the highest evenness was observed in the Pescadero Transform Fault in PV_3 and Pescadero Basin in PV_1, whereas the lowest values corresponded to the Pescadero Basin in PV_2, Alfonso Basin in ZM_1, and the Alarcón Rise in AV_1 (Figure 6C).
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FIGURE 6. Alpha diversity metrics of fungal ASVs in sediment samples from deep-sea low- and high-temperature hydrothermal vents, and oxygen minimum zones, depicting rarefied Shannon (A) and Simpson (B) indexes, and evenness (C).


Bray-Curtis and Sorensen dissimilarities showed sparse clustering patters. However, both metrics consistently agreed that vent systems in the Alarcón Rise differed from Pescadero Basin (Figure 7). Moreover, the PCA showed sparse clustering patterns among samples collected in the same deep-sea ecosystem with AB and AR samples differing the most (Figure 8). Our results indicated that a large proportion (81.37%) of the ASVs occurred at a single site, whereas only 2 ASVs were shared among the seven samples (Figure 9A). At the system level, the Venn diagram analysis revealed that 3.92% of the ASVs were shared among low- and high-temperature hydrothermal vents, and the OMZ, while 52.94% of the ASVs were specific to high-temperature vents (PB and AR), 24.50% to the OMZ (AB), and 6.86 to the low-temperature vent site (PTF) (Figure 9B). Lastly, no ASVs were shared between the OMZ and the low-temperature vent site.


[image: image]

FIGURE 7. Dendrogram generated using Ward’s clustering criterion showing dissimilarities of fungal communities in sediment samples from deep-sea low- and high-temperature hydrothermal vents, and an oxygen minimum zone based on Sorensen (A) and Bray-Curtis (B) metrics. Height indicates distance given the dissimilarity metrics.
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FIGURE 8. Principal component analysis (PCA) on Hellinger-transformed abundance data showing clustering patterns in fungal ASVs from deep-sea low- and high-temperature hydrothermal vents, and an oxygen minimum zone.
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FIGURE 9. Upset plot indicating overlapping and unique fungal AVSs across the seven sampling sites stacked in the x-axis (A), where the set size represents the overall number of species for each sample; and Venn diagram (B) showing the total number of shared and uniquely retrieved fungal AVSs in deep-sea low-temperature hydrothermal vents, high-temperature hydrothermal vents, and an oxygen minimum zone. HTVent, high-temperature vents; LTVent, low-temperature vent; OMZ, oxygen minimum zone.




Functional Guilds

FUNGuild analysis was performed to predict functions of fungal communities, accounting for the determination of 16.57% of total reads (pie chart Figure 10). No hits were obtained for the site PV_3 in the Pescadero Transform Fault. The analysis revealed characteristic functional guilds in each ecosystem, with the dominance of undefined saprotrophs in the Pescadero Basin, endophytes in the Alarcón Rise, and dung-saprotroph-endophyte-plant pathogen-undefined saprotrophs in Alfonso Basin. The site AV_1 in the Alarcón Rise showed the richest functional diversity (including animal endosymbiont-animal pathogen-endophyte-plant pathogen-undefined saprotrophs, animal pathogens, dung saprotroph-plant saprotrophs, ectomycorrhizal-fungal parasite-plant pathogen-wood saprotrophs, endophytes, plant pathogens, plant pathogen-undefined saprotrophs, plant pathogen-wood saprotrophs, undefined saprotrophs, and wood saprotrophs), whereas PV_1 in the Pescadero Basin the lowest (Figure 10).
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FIGURE 10. Stacked bar plot showing the relative proportion (y-axis) of the assigned fungal functional guilds (shown in red in the pie chart) across sediment samples from deep-sea low- and high-temperature hydrothermal vents, and an oxygen minimum zone (x-axis).





DISCUSSION

Even though microorganisms dominate the deep marine biosphere, most exploration efforts have solely focused in the investigation of prokaryotes, neglecting a key and copious eukaryotic component of microbial communities: fungi (Nagano and Nagahama, 2012). The present work represents the first report addressing this knowledge gap for three deep-sea extreme ecosystems in the southern Gulf of California: the Pescadero Basin and the Alarcón Rise (high-temperature hydrothermal vents), the Pescadero Transform Fault (low-temperature hydrothermal vents), and the Alfonso Basin (OMZ), unveiling a total of 102 fungal ASVs and characteristic diversity patterns across ecosystems.


Fungal Taxonomic Diversity

Our findings on the dominant occurrence of Ascomycota, followed by Basidiomycota in all the studied sites, agrees with a plethora of investigations in hadal trenches (Xu et al., 2019; Gao et al., 2020), deep-sea sediments (Damare et al., 2006; Singh et al., 2012; Zhang et al., 2014, 2016), OMZs (Jebaraj et al., 2010), methane hydrate-bearing deep-sea marine sediments (Lai et al., 2007), hydrothermal vents (Burgaud et al., 2009; Le Calvez et al., 2009), and chemosynthetic whale falls (Nagano et al., 2020). Furthermore, the occurrence of Glomeromycota as a minor proportion of the community in the Pescadero Transform Fault (PV_1), resembles former findings reporting this phylum as a component of fungal vent communities (Le Calvez et al., 2009; Nagano et al., 2010; Nagahama et al., 2011; Luo et al., 2020). Largely, these results suggest that despite distinctive extreme conditions of the investigated systems, they host a considerable fungal diversity in higher taxonomic categories.

Less than 0.0001% of the deep ocean has been investigated, representing the least explored biome of Earth (Danovaro et al., 2017). Unsurprisingly, 20.58% of our ASVs were identified only to the kingdom level, which sums to accumulating evidence on the rich occurrence of formally undescribed, uncultured fungal phylotypes from deep-sea (revised in Nagano and Nagahama, 2012; Nilsson et al., 2019). Interestingly, the most widely distributed (occurring in all the ecosystems) and top dominant ASV, Fungi sp. 18, showed affinity to previously reported deep-sea phylotypes such as the DSF-group1 (Ascomycota; AB507843, AB507839). This uncultured fungal group is believed to have a restricted distribution to oxygen-depleted deep-sea environments, such as methane cold-seeps, anoxic bacterial mats, and deep-sea sediments (Bass et al., 2007; Takishita et al., 2007; Nagano et al., 2010), occurring perhaps as a parasite of planktonic animals (Nagano and Nagahama, 2012). So, our results validate the wide distribution of this clade across deep-sea extreme systems, including low- and high-temperature hydrothermal vents.



Alpha Diversity Estimates

Our findings on vent systems as the richest ecosystem for fungal ASVs corroborates former postulates on hydrothermal vents as a deep-sea oasis for marine life (Carney, 1994). This has been correlated with high productivity and dynamism at fluid-influenced sites, which support energetically expensive diversity levels (Alfaro-Lucas et al., 2020); in contrast to other relatively homogeneous and stable deep-sea benthic habitats (Snelgrove and Smith, 2002) where communities thrive on the organic matter produced in shallower waters (Ruhl and Smith, 2004). So, it is reasonable to believe that fungi, as heterotrophic microorganisms, take advantage of nutrient pulses in deep-sea extreme ecosystems. In addition, our results revealed opposite diversity patterns to those reported for bacteria from the same samples, where high-temperature vents (PV_1 and PV_3) were the least diverse localities (Espinosa-Asuar et al., 2020), denoting cross-kingdom antagonistic processes that shall be further confirmed.


Pescadero Basin

In terms of taxonomic diversity, the Malasseziales occurred abundantly in the high-temperature vents of PB, evidencing their copious occurrence in this ecosystem (Amend, 2014). Nonetheless, we documented differences across sites in terms of the rarefied diversity indexes (Simpson and Shannon), evenness metrics, and community composition. On the one hand, the highest diversity values were observed in PV_1, where the fungal community was dominated by Fungi sp. 5, 18, and 19 (similar to Geastrum, and uncultured lineages from hydrothermal vents in the Mid-Atlantic and deep-sea sediments in South China, respectively), Malassezia globosa, Vishniacozyma victoriae, and Cryptococcus uniguttulatus. On the other hand, this system also included the site with the lowest diversity values (PV_2), characterized by the abundant occurrence of Fungi sp. 18 and 19. These results confirm strong substrate heterogeneity in PB vents owing to the variety of ecological settings in this locality and differences in fluid regimes and chemical composition (Mullineaux et al., 2018; Paduan et al., 2018). In agreement, Salcedo et al. (2019) proposed the existence of a greater variety of niches in PB than in PTF and AR, inferred by a wide range in the carbon isotopic signatures of sedimentivore consumers, implying the occurrence of numerous free-living microorganisms such as fungi.



Pescadero Transform Fault

Low-temperature vent site of the PTF, showed moderate evenness and diversity values, depicting strong dominance patterns of a few taxa (Fungi sp. 18 and 19) in a species-poor community. At large, the community was dominated by the Dothideomycetes and Malasseziales, suggesting these fungi represent a characteristic element in this locality. However, in contrast to sites in the PB, Ramularia sp., Malassezia sp., and Fungi sp. 14 (similar to Preussia spp., and uncultured fungal phylotypes from ponds) occurred abundantly, denoting distinctive local assemblages. Interestingly, the low fungal diversity in PTF vents is consistent with the low faunal diversity of 16 taxa identified by Goffredi et al. (2017), and the low diversity in trophic guilds and the less complex food web observed by Salcedo et al. (2019). This may be related to the apparent simplicity of this vent site, which is mainly composed of dense clusters of siboglinid worms Escarpia spicata and Lamellibrachia barhami surrounded by uplifted sediment hills and characterized by a discrete low-temperature seepage (Goffredi et al., 2017).



Alarcón Rise

Considering that different and independent ecological processes determine species richness and evenness (Ma, 2005), it is feasible that our results on the highest richness of ASVs and low evenness values for the high-temperature vent system of the Alarcón Rise (site AV_1) may reflect an unstable system where site-specific conditions and spatial patchiness of resources account for a highly rich fungal community that varies in resource utilization strategies (confirmed by the FUNGuild analysis). Moreover, we observed distinctive fungal assemblages with the Helotiales, mostly Cadophora malorum, which has been previously isolated from the endemic shrimp Rimicaris exoculata from the Rainbow hydrothermal site by Rédou et al. (2016) as a dominant element. This finding also resembles former reports on the dominance of this order in deep-sea animal-associated fungi from hydrothermal vents in the Pacific Ocean (Burgaud et al., 2009, 2010), fungi associated with the sponge Stelletta normani in the Atlantic Ocean (Batista-García et al., 2017), and deep-sea coral gardens in the Atlantic Ocean (Marchese et al., 2021), suggesting the animal-related lifestyle of this fungus in AV_1. The highest fungal richness observed in AR vents is consistent with the highest invertebrate richness previously identified since 43 taxa were identified in this locality in comparison to 27 taxa in PB and 16 taxa in PTF (Goffredi et al., 2017; Salcedo et al., 2021).



Alfonso Basin

Although OMZs are considered as inhospitable areas to aerobically respiring organisms, our data evidenced that the analyzed OMZ regions in the AB support thriving fungal communities (including unidentified, uncultured deep-sea fungal phylotypes) that are associated with diverse functional guilds (e.g., undefined saprotrophs, wood saprotrophs, dung saprotroph-endophyte-plant pathogen-undefined saprotroph, animal pathogen-endophyte-epiphyte-fungal parasite-plant pathogen-wood saprotroph, among others). Our results on contrasting richness values, and marked differences in fungal assemblages, even at higher taxonomic levels, evidenced the spatial and environmental patchiness in this deep-sea ecosystem (Dalsgaard et al., 2012), where microbial diversity is known to vary along the oxycline (Wright et al., 2012). Furthermore, our data revealed that around one-fourth of the ASVs (24.5%) were exclusive to the AB, supporting the possibility of fungal ecotypes selection. These results are consistent with previous observations demonstrating fungal taxa metabolic adaptations to utilize nitrate and (or) nitrite as an alternative for oxygen (Shoun et al., 1992), hinting on their potential to participate in anaerobic denitrification processes in the analyzed OMZs.




Beta Diversity Estimates

No single factor determines the global distribution and abundance of all fungi (Nilsson et al., 2019). Our results evidenced the differentiation of fungal communities among an OMZ, low- and high-temperature vent systems, sharing only five ASVs. Particularly, the OMZ site ZM_2 and the vent system site AV_1 were the most distinct sites, in accordance to previous reports on bacterial diversity (Espinosa-Asuar et al., 2020). These results suggest that fungal assemblages in each ecosystem (e.g., AR vs. PB vents) might be explained by the diversity of the surrounding physicochemical conditions (i.e., gradients of temperature, pH, etc.), as well as by the degree of connectivity (Grossart et al., 2019). For instance, the vent field of the PB is composed of calcite, venting fluids are rich in aromatic hydrocarbons, hydrogen, methane, and hydrogen sulfide at a pH of ∼6.5, and has a faunal composition dominated by the siboglinid tubeworm Oasisia aff. alvinae (Goffredi et al., 2017). In contrast, the AR hosts black smokers chimneys constructed of polymetallic sulfides, emanating fluids with high concentrations of H2S and metal-sulfides, where the siboglinid Riftia pachyptila proliferates (Goffredi et al., 2017; Paduan et al., 2018). These marked physical, chemical, and biological differences (presence of exclusive species) might be responsible for high fungal turnover between surrounding sites, yet the specific environmental factors driving these differences remain to be explored.

Our beta diversity results based on Bray-Curtis metrics also resembled former reports for bacteria, evidencing the clustering of the site PV_2 (high-temperature vent in the PB) with FI_4 (low-temperature vent in the PTF; Espinosa-Asuar et al., 2020). This may be associated to the geographical distribution and connectivity of sampling sites within the Gulf of California. Since PV_2 represents the most easterly site within PB, perhaps receiving a low influence on the sediments from venting fluids within the PB. Nonetheless, this might also reflect the occurrence of many singleton species in the dataset, leading to sparse matrices predominantly filled up with zeros (Legendre and Gallagher, 2001), overriding the agreement in presence of species (Ricotta and Podani, 2017).



Functional Guilds

Although true fungal diversity and its role in deep-sea environments are still unclear, facultative parasitic or opportunistic (e.g., Van Dover, 2007; Burgaud et al., 2009), and symbiotic interactions with endemic deep-sea animals have been repeatedly documented. The FUNGuild analysis evidenced characteristic functional fungal signatures across the investigated deep-sea extreme systems. For instance, the dominance of undefined saprotrophs in the Pescadero Basin suggests that the fungi might be involved in important ecological functions in nutrients turnover. Whereas, in the Alarcón Rise and Alfonso Basin potentially symbiotic fungal guilds represented the most common trophic guilds, hinting at animal-associated lifestyles. It is worth mentioning that despite our results indicated that Malassezia restricta (putative opportunistic human pathogen) occurred abundantly in site PV_3, this record was not reflected in the FUNGuild results, representing a significant bias. This highlights the urgent need for additional studies and the development of reference databases to fully elucidate fungal functional roles in deep-sea ecosystems.




CONCLUSION

This work evidenced a high fungal diversity -at both taxonomic and functional levels- in the sediments collected from distinct vent systems (including low- and high-temperature systems associated with carbonate mounds and black smokers) and an OMZ in the southern Gulf of California. This fungal diversity was characterized by the plentiful occurrence of deep-sea uncultured clades that could potentially represent unknown taxa with limited distribution to deep-sea sediments, hinting at the magnitude of the still unknown species occurring in the oceans. The fungal diversity herein detected included species with different ecological roles suggesting that despite the extreme conditions characterizing deep-sea extreme systems, they host a complex fungal community. Nonetheless, we stress on the importance of conducting further exploration works that include an extensive sampling design, accounting for intra-sample variability.

Our results uncovered distinctive fungal assemblages in each ecosystem, which could be linked to site-specific processes that should be further evaluated. Interestingly, these fungal diversity patterns are consistent with the faunistic data reported in previous studies, hinting chemical and physical heterogeneity as the main drivers of the community structure at microscopic and macroscopic levels. This preliminary work opens the way to new studies of the diversity and ecology of fungi in deep benthic ecosystems. So, additional studies are needed to corroborate in detail fungal ecology in these extreme environments, and to elucidate fungal trophic roles, as well as their potential utilization in bioprospection and bioremediation.
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This study reports the first attempt to quantitatively describe a Dendrophyllia ramea population on the Apollo bank (Ionian Sea), revealed in summer 2021 through a remotely operated vehicle (ROV) survey. The habitat description, bathymetric distribution, population density, and structure of the species were assessed by image analysis. A well-developed population of D. ramea, located on boulders on a sedimentary plateau at 70–80 m depth, was observed. The density ranged on average between 0.17 ± 0.04 and 0.8 ± 2.4 colonies m–2 with dense patches up to 8 colonies m–2. The population consisted primarily of many isolated single corallites and colonies of various sizes, some of which reached a maximum height of more than 40 cm. Deepwater fishing activities, primarily longline fishing, negatively affected this species. The newly collected data add knowledge about this vulnerable scleractinian coral. The documented negative effect of fishing activities on vulnerable marine ecosystem (VME) species further highlights the need for urgent conservation measures.
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INTRODUCTION

The orange tree coral Dendrophyllia ramea (Linnaeus, 1758) is an Atlantic-Mediterranean species belonging to the family Dendrophyllidae Gray, 1847. It is an arborescent scleractinian with white tentacles and pale orange polyps and can form large, branched colonies exceeding 100 cm in height (Salomidi et al., 2010; Bo and Fisheries and Aquaculture Resources Use and Conservation Division, 2017).

It is distributed in the eastern Atlantic Ocean, recorded in Azores (Braga-Henriques et al., 2013), Canary Islands (Arístegui et al., 1987; Bianchi et al., 2000; Reyes et al., 2000; Brito and Ocaña, 2004; Aguilar et al., 2010a), in the Gulf of Cadiz (Aguilar et al., 2010b), and further south along the African coast [Morocco, Cape Verde, Gulf of Guinea, Ghana, and Nigeria (Zibrowius, 1980)]. In the Mediterranean, this species has been reported mainly in the southern basin with a patchy distribution, and it is considered rare (Orejas et al., 2019a). Recently, Salvati et al. (2021) updated the D. ramea Mediterranean distribution with new records from northeastern Sicily. In this basin, D. ramea generally developed in the circalittoral zone on rocky substratum or bioconstruction characterized by moderate currents and turbidity, usually between 40 and 80 m depth, up to the maximum recorded depth of ∼240 m (Bonfitto et al., 1994; Jiménez et al., 2016; Orejas et al., 2017). In the Aegean Sea (Greece and Cyprus), this scleractinian has also been observed dwelling on the soft bottom at 125–170 m depth (Salomidi et al., 2010; Orejas et al., 2019a).

Knowledge about D. ramea is scarce. Some biological information comes from experiments carried out in aquaria (Orejas et al., 2019b; Reynaud and Ferrier-Pagès, 2019). It is known for its use for ornamental purposes in both the Mediterranean Sea and the Atlantic Ocean. Moreover, it is affected by bycatch and entanglement in lost fishing gear (Salvati et al., 2021). For these reasons, it is listed as Vulnerable in the Mediterranean Red List (Anthozoans) (Otero et al., 2017) of the International Union for the Conservation of Nature (IUCN) and as Data Deficient in the Italian IUCN Red List (Italian corals) (Salvati et al., 2014). Recently (December 2017), it has also been included in Annex II (List of endangered or threatened species) of the Barcelona Convention for all European States of the Mediterranean (EC No. 338/97, UNEP/MAP-SPA/RAC, 2018).

Assessing the species distribution, population structure, and conservation status is of paramount importance to obtain valuable information to establish adequate management and conservation plans, particularly for vulnerable species. Understanding the ecological interactions of vulnerable marine ecosystem (VME) with environmental and human constraints has important implications for biodiversity conservation.

Considering the limited knowledge on the ecology of this scleractinian, a population of D. ramea was investigated in the southern shelf off Syracuse (Sicily, Ionian Sea, Italy) to contribute to bridge this gap. The presence of this species in the area has been reported by technical divers and local fishermen, but, to the best of our knowledge, no information is available on its density and distribution in the Ionian Sea.

The aim of this study was to characterize the D. ramea population by investigating its distribution and density patterns as well as population structure, and associated megabenthic species. Moreover, the main threats affecting this vulnerable coral in the study area are also discussed.



MATERIALS AND METHODS


Study Area

The study area is in the southeastern part of the Sicilian continental margin (Ionian Sea, Central Mediterranean Sea) and encompasses the so-called Apollo bank. The insular shelf is narrow, up to 4-km wide, with the shelf break characterized by the presence of numerous canyon heads. The oceanography of the area is characterized by three water masses (Bonanno et al., 2006; Bergamasco and Malanotte-Rizzoli, 2010; Celentano et al., 2020): the Modified Atlantic Water (MAW) coming from the Strait of Sicily and flowing eastward in the upper layer (∼200 m); the Levantine Intermediate Water (LIW) flowing in the intermediate layer, westward toward the Strait of Sicily, and northward entering the Adriatic Sea; and water of Adriatic origin in the deepest layer. The Ionian Sea is also characterized by a bimodal phenomenon in the subbasin, i.e., Adriatic-Ionian Bimodal Oscillating System (BiOS, Gačić et al., 2010, 2011), a reversal of the circulation from cyclonic to anticyclonic at decadal timescale, having important implications for the surface transport of larvae and litter (Bergamasco and Malanotte-Rizzoli, 2010; Celentano et al., 2020).

No precise information is available in the literature about the Apollo bank, but the information collected by fishermen and recreational/technical divers reported the presence of D. ramea colonies, locally called “Apollo corals,” along the entire continental margin at the bathymetric range between 70 and 90 m depth. The area is of high importance for fisheries; several fleets operate targeting both pelagic and demersal species, by longlines, and at deeper depths by trawling. The explored sites are located approximately ≈1.5 NM offshore the coast between Plemmirio and Avola villages (Figure 1). They are in front of the Natural Reserve Cavagrande and of the mouth of the Cassibile river, one of the most important rivers of Sicily.


[image: image]

FIGURE 1. Investigated area: (A) Apollo Bank. Black dots represent the locations of the two remotely operated vehicle (ROV) tracks where Dendrophyllia ramea was found. Background bathymetry was obtained from EMODnet. (B,C) ROV track for each exploratory dive with the location of relative coral range abundance per size class and an indication of the type of substratum.




Sampling Design

In summer 2021, a research campaign was carried out on board the R/V Astrea of Istituto Superiore per la Protezione e Ricerca Ambientale (ISPRA). Two exploratory dives, carried out in the depth range of 70–80 m using a remotely operated vehicle (ROV, Perseo, L3 Calzoni), revealed the presence of D. ramea in the study area (Figure 1 and Table 1). The ROV was equipped with a Kongsberg high-definition video camera (1,920 × 1,080 pixels), two lasers 16 cm apart used as a metric scale, and a manipulator arm to take samples. In addition, ROV position was acquired every 2 s using an ultrashort baseline (USBL) underwater compact positioning system (μPAP 200, Kongsberg) with up to 0.25° accuracy. Specific attention was paid to maintain a constant ROV cruising speed of approximately 0.5 knots and an altitude of approximately 1.5 m from the bottom.


TABLE 1. Summary of remotely operated vehicle (ROV) tracks performed in the study area with an indication of geographical coordinates, depth, total length, useful sampling units (SUs), Dendrophyllia ramea colonies (no.), occupancy (%), density (colonies m–2), and percentage frequency (%) of entangled colonies by abandoned, lost, or otherwise discarded fishing gear (ALDFG), along with litter number (no.) and density (items m–2).
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The smooth plot of the georeferenced ROV tracks was imported into the geographic information system (GIS) software ArcGIS v10.3.1, and each ROV video track was divided into 2-m-long sampling units (SUs; 2 m long × 1.5 m wide), according to the studies by Corbera et al. (2019) and Castellan et al. (2020). Overall, 1 h 30 min of ROV footage at the bottom was processed using the free Internet software VLC. The portions of the video (SUs) that is not relevant (i.e., ascent and descent ROV phases, sample collection, recording close-up images, and frames with poor visibility or out of focus) were not considered in the analyses.

The substratum type along the tracks was visually classified according to three categories, namely, mud, boulders on mud, and rocky shoal. The prevalent substratum type was assigned to each SU. A total of 328 SUs were extrapolated, and all megafaunal organisms visible along each SU were classified to the lowest taxonomic level. The population of D. ramea was estimated both by the occupancy (frequency of occurrence in the SUs, %) and by the density (no. of colonies m–2), calculated for each SU, and expressed as mean ± SE. Information on the habitat and megabenthic species associated with D. ramea was also collected.

Still images, captured from each video by DVDVideoSoft software, were used for the morphometric analysis of D. ramea colonies. Each frame was analyzed, and, when possible, colonies were measured using ImageJ/Fiji software and the laser beams as a scale. The estimated length values and/or the number of calyxes were used for a preliminary assessment of the population structure in terms of skewness and kurtosis. Each coral colony was assigned to one of the four size classes as defined by Orejas et al. (2019a).

The presence of benthic litter and abandoned, lost, or otherwise discarded fishing gear (ALDFG) along with their interaction with coral species was recorded following the method described by Angiolillo et al. (2021).




RESULTS

The explored sites were mainly characterized by soft bottom with scattered boulders. Overall, hard substratum covered up to 75.8% of the explored sea bottom (Figure 2A). The boulders were covered by calcareous algae and encrusting sponges and dwelled by bryozoans, serpulids, mollusks, and tunicates.
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FIGURE 2. (A) Percentage composition of substratum type. (B) Size distribution of colony height of D. ramea colonies in the study area.


Turbidity was high, and a thin layer of sediment covered the encrusted boulders. Rocky shoal substratum was recorded only in the first dive (T1) and was characterized by the co-presence of D. ramea and several healthy colonies of Corallium rubrum (Figures 1, 3A). No other relevant structuring of Cnidarian species was observed, except for the scattered presence of the gorgonian Eunicella cavolini and some specimens of Alcyonium acaule and Cerianthus sp. Several echinoderms were observed, such as the starfish Echinaster sepositus, Chaetaster longipes, and Peltaster placenta and the echinoids Echinus melo, Cidaris cidaris, and Centrostephanus longispinus. The presence of the lobster Palinurus elephas is remarkable. Associated megafauna observed within the coral forest included 25 taxa. Three of the taxa found are listed in at least one of the main legal instruments for species conservation and management ongoing in the Mediterranean Sea (Relini and Tunesi, 2009).
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FIGURE 3. D. ramea and the anthropogenic impact in the study area. (A) D. ramea (white arrows) and healthy Corallium rubrum colonies dwelling on a rocky shoal. (B,C) Candelabra-shaped D. ramea colony with a close-up image. (D) Single corallites (white arrows) on the soft bottom. (E,F) Boulders with different sized branched colonies of D. ramea. (G,H) Larger colonies of D. ramea entangled and broken by old lines (white arrows). (I,J) Very large bushy-shaped colonies of D. ramea abraded by lines (white arrows). Approximated scale bar: 16 cm.


A total of 171 colonies of D. ramea (Figure 3) were counted along the two tracks over an area of approximately 350 m2. No colonies were observed on the soft substratum, except for a few single corallites (Figure 3D) recorded in the proximity of boulders (Figure 1). Overall, the colonies showed 24.4–38.9% occupancy (Table 1), up to 82.4% when considering the part of tracks characterized only by hard substratum. An average abundance of 0.6 ± 0.4 to 1.1 ± 2.2 colonies per SU was observed, with a density ranged between 0.17 ± 0.04 colonies m–2 and 0.88 ± 0.24 colonies m–2 (maximum density of 8 colonies m–2) (Table 1).

Size-frequency histograms for each site showed that 97.0% of the colonies were smaller than 40 cm (Figure 2B). About 50.2% of the overall colonies showed single corallites. The distributions were leptokurtic and highly skewed, with evident right tails represented by big adults up to 49.5 cm in height and 79.9 cm in wide. Particularly, the second track (T2) shows the dominance of small colonies and some medium-sized colonies (Figures 3D–F), whereas, in the track T1, very large colonies were more abundant (Figures 1, 3B,C,G–J). Along the two tracks, small and larger colonies were associated with each other, with a patchy distribution.

A total of 30 litter items were recorded. The dominant litter types (96.6%) were related to fishing activities: lost lines and bottom longlines made up the most significant portion of the litter (63.3%), followed by ropes (30%) and nets (3.3%). An unidentified waste was also found. All the three size classes of marine litter were observed; however, 60% of the items were assigned to the third class (>10 m2), mainly represented by ropes and longlines, which showed the highest occurrence. Average litter density ranged between 0.05 ± 0.01 and 0.01 ± 0.01 items m–2 (Table 1). Of the total litter items, 26.6% were observed to entangle sessile invertebrates (Figures 3G–J). Entanglement affected 44% of the largest colonies of D. ramea (Table 1), followed by a specimen of ascidian Microcosmus sp. Fresh rubble of scleractinian was observed on the seafloor near living colonies. The presence of epibionts was observed only on the larger colonies entangled in ALDFG. Unidentified bryozoans, sponges, and bivalves were settled on dead parts of the colonies.

The remaining litter was recorded lying on the bottom (73.3%). In these cases, it was not always possible to verify if litter produced injury to organisms. Fishing-related litter was almost completely covered by epibionts: hydroids were always recorded, followed by high occurrences of coverage by encrusting sponges, coralline algae, oysters, and bryozoans.



DISCUSSION

To the best of our knowledge, this is the first quantitative study of a Dendrophyllia ramea population on the Apollo bank, despite the presence of the species in this area is known so far.

In the study area, this species thrives on boulders on a sedimentary plateau at 70–80 m depth, as described by several authors in other Mediterranean areas (Zibrowius, 1980; Aguilar et al., 2006; Templado et al., 2009). Moreover, the bathymetric range is similar to that observed by Salvati et al. (2021) in northern Sicily. Some isolated D. ramea corallites were also observed on the soft substratum (Figure 3D) between boulders. However, colonies growing directly on the soft bottom, as described by Orejas et al. (2017), were not recorded. This species inhabits different geomorphologic settings, all characterized by highly dynamic systems (Salvati et al., 2021). The peculiar characteristic of the Ionian Sea in the dynamics and processes of water exchange, important in determining biological patterns (Bonanno et al., 2006; Bergamasco and Malanotte-Rizzoli, 2010; Celentano et al., 2020), could support the flourishing settlement of D. ramea in this area. More detailed studies of the environmental and hydrographical conditions should be performed to confirm this hypothesis.

The population of D. ramea studied showed a patchy distribution, with maximum densities up to 8 colonies m–2 and average densities of 0.17 ± 0.04 and 0.8 ± 2.4 colonies m–2 (Table 1). Smaller colonies formed patches at higher densities. These results are comparable with those recently obtained by Orejas et al. (2017), while they are higher than those reported by Salvati et al. (2021) for northern Sicily.

The size structure of the D. ramea population is asymmetrical, mainly dominated by small colonies and single corallites. There are also very large, lush colonies that show a bushy shape (Figure 3J). The presence of small- and medium-sized colonies together with large colonies suggests an active recruitment (Orejas et al., 2017). The high number of small-sized colonies may indicate young colonies, originated from sexual reproduction and low larvae dispersion or by the fragmentations of larger colonies (Wallace, 1985; Bruckner and Bruckner, 2001; Okubo et al., 2007). Fragmentation can be a consequence of both natural and anthropic stresses, as observed with other anthozoans (e.g., Wallace, 1985; Coppari et al., 2019). Relatively small colony sizes might also be due to the presence of fishing impacts.

The anthropogenic impact revealed by the ROV footage suggests that the remarkable D. ramea population described is far from being in a pristine state. All largest colonies are entangled by fishing gear (Table 1 and Figures 3I,J), and broken branches are observed together with fragments, suggesting a frequent disturbance to the coral population in the area. An entangled colony shows detached branches with the basal portions conspicuously turned up and exposed. Periodic disturbances could cause upturning of entire colonies and their possible fragmentation (Orejas et al., 2019c). No dead D. ramea colonies have been recorded, but the colonies at direct contact with fishing gear are often covered by epibionts, suggesting that the tissue abrasion may enhance infections as well as the susceptibility to epibiosis (Bo et al., 2014; Angiolillo, 2019).

Almost all litter items observed are related to fishing activities and are more abundant in the track with more rocky outcrops and more larger colonies (T1). The rocky nature and abrupt morphology of the sites that were explored meant that fishermen frequently damage bottom nets or snag their lines in rocks or corals. The Apollo bank is severely exploited by commercial fishing activities targeting valuable commercial species such as lobsters and large fishes. Local fishermen knew about the presence of the Dendrophyllia population at Apollo bank, which they call “Apollo coral,” because all along the southern coast of Syracuse at that bathymetric range of D. ramea is bycatch; nets can completely remove entire colonies, and longlines can bring up, damage, or cut off the branches of colonies. Moreover, in the proximity of canyon heads, the area is also intensively trawled (Global Fishing Watch, globalfishingwatch.org, and Marine Traffic, marinetraffic.com). Although it has not yet been quantified and characterized, sediment loads and turbidity may increase if trawling occurs nearby of the area and may cause mechanical damage, producing colony fragmentation and material accumulation.

The destructive effects of ALDFG on benthic VME and habitat-forming species are widely documented (Bo et al., 2014; Galgani et al., 2018; Angiolillo and Fortibuoni, 2020), and its use should be regulated or banned in areas characterized by coral forests (Chimienti et al., 2019), because it may severely threaten the survival of arborescent corals (Fabri et al., 2014; Angiolillo, 2019; Otero and Marin, 2019; Chimienti et al., 2020; Angeletti et al., 2021).

The co-presence of the vulnerable D. ramea with the precious C. rubrum and other protected species such as C. longispinus and P. elephas, all listed in different annexes of several legal instruments (i.e., SPA/BIO Protocol of Barcelona Convention, Berne Convention, and Habitat Directive 92/43/EEC), is remarkable for the area.

Understanding the species and community distribution, population structure, and state of conservation of vulnerable corals and their ecological interactions with environmental and human constraints has important implications for biodiversity conservation (de la Torriente et al., 2019; Moccia et al., 2019). This type of information is fundamental to identify and implement appropriate management and conservation plans to ensure biodiversity conservation/restoration and to shape specific management measures also within the Marine Strategy Framework Directive (EC, 2008).



CONCLUSION

These preliminary data on the D. ramea population at Apollo bank highlight the need for the conservation of this remarkable assemblage in the area. The collection of new data at the Mediterranean scale is required to enlarge the knowledge on the distribution of this vulnerable scleractinian and add information about the biodiversity of the mesophotic zone. Further exploratory studies are essential to deepen the biology and ecology of the species and to assess the ongoing and future responses of this coral to natural- and human-induced changes (e.g., increasing human pressures and climate change) affecting the Mediterranean Sea. Data acquired in this study, although spatially limited, together with those recently reported by Salvati et al. (2021) for the northeastern Sicilian waters, add new knowledge on D. ramea and its vulnerability to fishing activity and may be useful to bridge the gap in the data-deficient assessment in the Italian IUCN Red List.
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The hadal zone (depths > 6,000 m) comprises isolated features that host high degrees of endemism, with species inhabiting only a single feature or a group of adjacent features. The amphipod, Hirondellea dubia is an abundant scavenger at the hadal depths of the Kermadec, Tonga, and New Hebrides trenches in the Southwest Pacific Ocean, particularly at depths > 9,500 m. However, several records have hinted that H. dubia may not be restricted to the Southwest Pacific nor be exclusively hadal. Here, we present new records of H. dubia recovered by baited landers deployed to five hadal trenches during three expeditions and assess the geographic and vertical distribution of this species. To rule out the possibility of cryptic diversity, morphological taxonomy was paired with two mitochondrial markers (16S and COI) to test for species boundaries among the new and published molecular data using four delineation approaches (ABGD, CD-HIT, GMYC, and bPTP). We found H. dubia to be a single species and not restricted to the Southwest Pacific or hadal depths. This species’ geographic range extends from the Southwest Pacific to the Mariana Trench (Northwest Pacific), the Clarion-Clipperton Zone (Central Pacific), the South Sandwich Trench (Southern), and the Puerto Rico Trench (North Atlantic). This amphipod’s vertical range spans over half of the ocean’s total depth, between 4,700 and 10,817 m. This study presents an extraordinary geographic range extension to a species long considered endemic to a cluster of three Southwest Pacific trenches and shows a pan-oceanic distribution across extremely isolated hadal features.

Keywords: Lysianassoidea, integrative taxonomy, bathymetric distributions, biogeography, deep sea, scavenging amphipods, subduction trenches


INTRODUCTION

The deepest oceanic zone, the hadal zone, comprises subduction trenches, fracture zones/trench faults, and troughs that extend from depths of 6,000 to ∼11,000 m (Jamieson et al., 2010). These hadal features are often separated by thousands of kilometers and defined by high hydrostatic pressure, near-freezing temperatures, food scarcity, and geologic instability (Jamieson et al., 2010; Stewart and Jamieson, 2018). As isolated habitats with strong environmental selection pressures, hadal features are thought to host a high number of endemic species, whereby a species inhabits a single trench or a group of adjacent trenches (Wolff, 1959; Belyaev, 1989; Lacey et al., 2016). This concept of hadal endemism has been partially derived from scavenging amphipods, which are well-sampled and conspicuous members of the hadal faunal community (Blankenship et al., 2006), particularly abundant at depths > 8,000 m.

Hirondellea Chevreux, 1889 is a speciose and cosmopolitan genus (Lowry and Stoddart, 2010), with five of the 20 species considered bathymetrically limited to hadal depths and each have restricted geographic distributions. The most notable is H. gigas (Birstein and Vinogradov, 1955), which inhabits depths between 6,770 and 10,897 m in the subduction trench cluster of the Northwest Pacific Ocean (Birstein and Vinogradov, 1955; Dahl, 1959; Kamenskaya, 1977; Hessler et al., 1978; Belyaev, 1989; France, 1993; Kobayashi et al., 2012; Eustace et al., 2013; Ritchie et al., 2015; Jażdżewska and Mamos, 2019). Three Hirondellea species are known only to the Peru-Chile Trench, Southeast Pacific Ocean, specifically H. wagneri Kilgallen, 2015 from 6,173 m, H. sonne Kilgallen, 2015 from 7,050 m, and H. thurstoni Kilgallen, 2015 from 6,173 to 8,072 m (Kilgallen, 2015). Hirondellea dubia Dahl, 1959, the fifth hadal hirondellid, is a dominant scavenger at the Kermadec, Tonga, and New Hebrides trenches in the Southwest Pacific Ocean. At depths greater than 8,000 m, H. dubia is abundant with single traps having recovered more than 12,000 individuals (Blankenship et al., 2006; Lacey et al., 2016; Wilson et al., 2018).

Hirondellea dubia is considered restricted to hadal depths (Jamieson et al., 2011; Wilson et al., 2018). However, several records hint that H. dubia may not be entirely hadal, nor be endemic to the Southwest Pacific Ocean. For example, three out of 585 individuals were found at a 4,700 m site in the New Hebrides Trench (Lacey et al., 2018). Elsewhere in the Pacific Ocean, molecular markers indicate that H. dubia is present at 5,469 m deep at the abyssal plains east of the Mariana Trench (Ritchie et al., 2015), some 6,000 km north of the Kermadec and Tonga trenches, and at the abyssal plains of the Clarion-Clipperton Zone (Bribiesca-Contreras et al., 2021). The New Hebrides and Mariana trench observations are anecdotal, as errors in specimen curation could not be unequivocally ruled out. Outside the Pacific Ocean, H. dubia inhabits between 6,640 and 8,265 m in the South Sandwich Trench, which spans between the Southern and South Atlantic oceans (Jamieson et al., 2021b). Yet, this identification was based solely on morphology and deemed sensu lato. As deep-sea amphipod taxonomy is challenged by cryptic diversity (Havermans et al., 2011, 2013; Jazdzewska et al., 2021), the South Sandwich Trench identification needs confirmation through molecular taxonomy.

The records of H. dubia at abyssal depths and the South Sandwich Trench pose questions about whether they represent the distribution of H. dubia or cryptic species. Here, we present new collection data for H. dubia from the global Five Deeps Expedition and two Mariana Trench expeditions and place it in context with historical records of H. dubia. Given the widespread phenomenon of cryptic diversity in the deep sea, we aimed to rule out the possibility that cryptic species that are morphologically indistinguishable from H. dubia exist outside the Southwest Pacific Ocean. We applied a taxonomic feedback loop approach (Page et al., 2005) by pairing morphological taxonomy with two mitochondrial markers, namely 16S ribosomal DNA (16S) and cytochrome c oxidase 1 (COI), to test for species boundaries among the new material and published data from the Pacific Ocean. The findings of this global study begin to test the concept of hadal endemism and expand our understanding of species distributions across the deepest marine zone.



MATERIALS AND METHODS


Amphipod Recovery and Morphological Identification

Three sampling expeditions recovered scavenging amphipods by free-fall autonomous landers (Jamieson et al., 2009). Two expeditions sampled the Mariana Trench: the “HADES-M” cruise FK141109 in 2014 on the RV Falkor (5,156–10,545 m) and the “FISH2017” cruise SY1615 in 2017 on the TV Shinyo-Maru (8,000–10,890 m). Between 2018 and 2019, the Five Deeps Expedition deployed landers from the DSSV Pressure Drop to the Puerto Rico Trench (750–8,380 m), South Sandwich Trench (6,044–8,266 m), Agulhas Fracture Zone (5,493 m), Java Trench (5,760–7,176 m), Diamantina Fracture Zone (7,009 m), San Cristobal Trench (6,515–8,407 m), Santa Cruz Trench (5,906–8,428 m), Mariana Trench (2,100–10,924 m), Tonga Trench (6,793–10,817), and Molloy Hole (5,547–5,591 m). Details on the deployment sites that recovered H. dubia are in Table 1. See Drazen (2015), Jamieson et al. (2021a), and Jamieson and Linley (2021) for more complete expedition details.


TABLE 1. Locations and baited lander deployments where the amphipod Hirondellea dubia was recovered during this study.

[image: Table 1]
Each lander was equipped with an invertebrate funnel trap baited with whole mackerel (Scombrus sp.) and a pressure and temperature sensor. Landers stayed at depth for 7–12 h. Pressure (dbar) was converted to depth (m) following Saunders (1981).

Amphipods were preserved in 70% ethanol. Specimens were sorted into morphotypes based on external characters using a stereomicroscope (Wild Heerbrugg M8). We selected a subset of Hirondellea individuals from each location for species-level identification following Dahl (1959), Lowry and Stoddart (2010), and Kilgallen (2015). Appendages were dissected, mounted with glycerol, and imaged with a Leica DMi8 inverted microscope and DFC295 camera.

Historical records for H. dubia are compiled in Supplementary Material 1 (Dahl, 1959; Jamieson et al., 2011, 2021b; Ritchie et al., 2015; Lacey et al., 2016; Leduc and Wilson, 2016; Wilson et al., 2018; Bribiesca-Contreras et al., 2021). Absence records were inferred, with an absence defined as an instance when a published species list for a hadal feature included Lysianassoidea species but not H. dubia (Dahl, 1959; Hessler et al., 1978; Belyaev, 1989; France, 1993; Jamieson, 2015; Lacey et al., 2016; Jażdżewska and Mamos, 2019; Weston et al., 2021b).



DNA Extraction and PCR Amplification

A total of 13 individuals of H. dubia from Mariana, Puerto Rico, South Sandwich, San Cristobal, Santa Cruz, and Tonga trenches were selected for molecular taxonomy. Only 10 individuals were sequenced at both markers. PCR amplification failed for a Tonga Trench and a San Cristobal Trench individual and the Santa Cruz Trench individuals, likely due to poor DNA quality resulting from lander recovery (Dixon et al., 2004). One H. gigas individual from 7,949 m in the Mariana Trench (Table 1) and two Hirondellea sp. individuals from 6,714 to 8,052 m in the Atacama Trench (Weston et al., 2021a) were included in the molecular taxonomy. A total of 24 sequences have been deposited on GenBank (Supplementary Material 2).

Total genomic DNA was extracted with the Bioline ISOLATE II Genomic DNA Kit. The two mitochondrial regions were PCR amplified following Ritchie et al. (2015) with AMPH1 (France and Kocher, 1996) and “Drosophila-type” 16SBr (Palumbi et al., 1991) primers for 16S (260 bp) and LCO1490 and HCO12198 (Folmer et al., 1994) primers for COI (624 bp). PCR products were cleaned with Exonuclease 1 and Antarctic Phosphatase (New England Biolabs) and sequenced on an ABI 3730XL (Eurofins Genomics, Germany). Electropherograms were examined in MEGA X (Kumar et al., 2018), and the primers and ambiguous sequences were manually clipped. COI sequences were translated into amino acids to confirm the absence of stop codons. Sequences were initially compared with species diagnostic barcodes using the BLASTn website1 and the existing Barcode Index Numbers (BINs) on the BOLD v4 website2 (Ratnasingham and Hebert, 2013).



Molecular Dataset Assembly and Species Delimitation

Datasets for each mitochondrial marker were built to assess for cryptic diversity among H. dubia across the Pacific, Southern, and Atlantic oceans. New sequences were supplemented with data that was publicly available by October 2021 on GenBank and the Barcode of Life Data System (BOLD) (Ratnasingham and Hebert, 2007). Published sequences for Alicella gigantea Chevreux, 1899 were chosen for the outgroup (Weston et al., 2020), as this deep-sea scavenging amphipod is in a separate superfamily with enough phylogenetic distance (Ritchie et al., 2015). Alignments were constructed using the MAFFT v7 (Katoh et al., 2019) webserver3 with the FFT-NS-1 strategy and trimmed to equal length. The four alignment datasets were: (1) complete-16S with 36 individuals (176 bp), (2) reduced-16S with 7 haplotypes (176 bp), (3) complete-COI with 27 individuals (500 bp), and (4) reduced-COI with 17 individuals (500 bp). The compiled datasets are presented in Supplementary Material 2.

Four molecular species delimitation methods were applied to test for the number of Molecular Operational Taxonomic Units (MOTUs) or species, with two distance-based and two tree-based methods. The first distance-based method was the Automatic Barcode Gap Discovery (ABGD) (Puillandre et al., 2012), which was conducted on the ABGD webserver4 with the JC69 Jukes-Cantor parameter and default setting. CD-HIT-EST (Li and Godzik, 2006) was the second distance-based method and executed on the CD-HIT Suite webserver5 (Huang et al., 2010) using default settings and a predefined threshold of 0.976 (Kniesz et al., 2022).

The two tree-based phylogenetic delineation approaches were the Generalized Mixed Yule Coalescent (GMYC) likelihood method (Pons et al., 2006; Monaghan et al., 2009) and the Bayesian implementation of the Poisson Tree Processes (bPTP) (Zhang et al., 2013). Both approaches need an input tree, which was inferred using the Bayesian Evolutionary Analysis by Sampling Trees software package v1.10.4 (Suchard et al., 2018). The Hasegawa, Kishino, and Yano model with gamma distribution (Hasegawa et al., 1985) was identified in MEGA X (Kumar et al., 2018) as the optimal evolutionary models for both genes based on the Bayesian information criterion. For GMYC, the ultrametric trees were constructed with the parameters of a normalized exponential relaxed clock and a Yule process of speciation. For the bPTP trees, an uncorrelated relaxed clock was selected. Two independent runs were executed for 40M generations, sampling every 10,000 generations, for each gene and approach. Outputs were reviewed with Tracer v1.7 to ensure convergence (effective sample size > 200) and merged in LogCombiner v1.8.4. The maximum clade credibility tree was determined by TreeAnnotator v1.8.4, after burning the first 10% of states. For GYMC, the number of delimited species was determined through the “gymc” function in the splits v1.0-20 package (Ezard et al., 2021) in R v3.6.3 (R Core Team, 2020). For the bPTP method, the unrooted tree was analyzed on the bPTP webserver6 for 200,000 generations, thinning of 100, and burn-in of 25%.

The Bayesian tree of the reduced-COI dataset is used as the graphical presentation of the species delimitation results and annotated in Inkscape v0.92.2 (The Inkscape Team, 2017).




RESULTS


Presence Records and Morphological Taxonomy

Hirondellea dubia was recovered during 14 baited lander deployments to the Mariana Trench (5,641–8,942 m), four to the San Cristobal Trench (6,515–8,407 m), two to the Santa Cruz Trench (7,431–8,428 m), seven to the Tonga Trench (6,793–10,817 m), and four to the Puerto Rico Trench (6,954–8,378 m) (Table 1 and Figures 1, 2), which adds to the 45 historical records from the Kermadec, Tonga, New Hebrides, Mariana, and South Sandwich trenches and the Clarion-Clipperton Zone (Supplementary Material 1). Records included the deepest points of the Tonga, Puerto Rico, and South Sandwich trenches (Bongiovanni et al., 2021). No hirondellids were recovered from the Java Trench and Diamantina Fracture Zone, nor in the near-hadal depths of the Agulhas Fracture Zone and Molloy Hole.


[image: image]

FIGURE 1. Geographic distribution of the amphipod Hirondellea dubia, with new records (blue circle) compiled with historical records (red square). Features with depths > 4,700 m where H. dubia could be expected to be present but has not been found (red cross). Locations are abbreviated as, AFZ, Agulhas Fracture Zone; ANS, Afanasy-Nikitin Seamount; AT, Atacama Trench; BT, Banda Trench; CCZ, Clarion-Clipperton Zone; DFZ, Diamantina Fracture Zone; IBT, Izu-Bonin Trench; JAV, Java Trench; JPT, Japan Trench; KT, Kermadec Trench; MAR, Mariana Trench; MOL, Molloy Hole; NHT, New Hebrides Trench; PHT, Philippine Trench; PLT, Palau Trench; PRT, Puerto Rico Trench; SBF, South Fiji Basin (only 4,100 m); SST, South Sandwich Trench; SCB, San Cristobal Trench; SCZ, Santa Cruz Trench; TT, Tonga Trench; WZFZ, Wallaby-Zenith Fracture Zone.
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FIGURE 2. Vertical distribution of the amphipod Hirondellea dubia (solid bar) across nine features in the Pacific (black), North Atlantic (gray), and Southern/South Atlantic (white) oceans with new records (blue circle) and historical records (red square). Cross symbols indicate records with corresponding molecular data, namely 16S and COI. The black square at the Clarion-Clipperton Zone represents the molecular record that was not delimited as H. dubia. The dashed lines represent the maximum trench depth (Stewart and Jamieson, 2018; Bongiovanni et al., 2021).


Examined specimens were morphologically consistent with the original taxonomic species description of H. dubia (Dahl, 1959). In particular, the maxilla 2 outer plate had an 8/3 crown setal-tooth arrangement, the maxilliped inner plate had a concave apical margin with 1 small plumose seta and 1 larger slender seta, the gnathopod 1 dactyl lacked subterminal spines on the inner margin, the gnathopod 2 palm was minutely subchelate, the uropod 2 inner ramus were not incised, the uropod 3 rami were subequal, the telson cleft was one-quarter of its length, and two setae were present at the tips of the telson lobes. No apparent phenotypic variation was observed among individuals from different features.



Species Delimitation

Overall, the four species delimitation methods identified one MOTU for H. dubia based on the 16S and COI markers and separated it from H. gigas and Hirondellea sp. AT-2018 (Figure 3). Additionally, the H. dubia COI sequences were matched to the existing BIN BOLD: AAX1198 and H. gigas to BOLD: ADD2499. Hirondellea sp. AT-2018 was not matched to an existing BIN. Amphipods previously identified and published as Uristes sp. nov. from the Tonga Trench (Blankenship and Levin, 2007; Ritchie et al., 2015) were placed within the H. dubia clade. From the Clarion-Clipperton Zone, the two individuals from 4,865 m were placed in the H. dubia clade. However, the amphipod from 4,084 m, while published on GenBank as H. dubia (Bribiesca-Contreras et al., 2021), was placed in a separate genetic lineage and not matched to the existing H. dubia BIN, BOLD: AAX1198. Record of that individual does not exist in the APEI 1 species list (Bribiesca-Contreras et al., 2021), thus likely more indicative of a data curation error or misidentification than a true presence (Supplementary Material 2).
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FIGURE 3. Bayesian inferred tree showing species boundaries among the amphipod Hirondellea dubia (blue) individuals based on COI. Study-generated sequences are in bold. Results from the four molecular species delimitation methods are shown with vertical bars, with disagreements (dark gray) and consensus (purple) highlighted. Branch nodes show posterior probabilities > 0.7. Locations are abbreviated as, AT, Atacama Trench; CCZ, Clarion-Clipperton Zone; KT, Kermadec Trench; MAR, Mariana Trench; NHT, New Hebrides Trench; PRT, Puerto Rico Trench; SST, South Sandwich Trench; SCB, San Cristobal Trench; TT, Tonga Trench. Tip labels show collected depth (meters). See Supplementary Material 2 for the GenBank accession numbers. Photograph of H. dubia from 8,379 m at the Puerto Rico Trench, Atlantic Ocean (scale 5 mm).


Minor disagreements were present among the bPTP approaches (Figure 3), resolving a different number of MOTUs, with 5 in the complete-16S dataset, 4 in the reduced-16S dataset, 6 in the complete-COI dataset, and 5 in the reduced-COI dataset. Oversplitting occurred within the H. dubia clade, where the Mariana, New Hebrides, and San Cristobal trench individuals were a separate MOTU in the complete-16S dataset, and the New Hebrides Trench amphipods were a distinct MOTU in the complete-COI dataset.




DISCUSSION

The hadal zone comprises isolated features that host high levels of species unique to a single feature or a group of adjacent features. Conversely, we found that H. dubia is an amphipod that challenges the concept of hadal endemism. Our combined morphology taxonomy and species delimitation with 16S and COI molecular markers reveal that H. dubia is not restricted to a Southwest Pacific trench cluster but has a multi-oceanic distribution across the Pacific, Southern, and Atlantic oceans, and a vertical range, spanning 6,117 m.

Increasing common in the deep sea, species with wide distribution often turn out to be composed of cryptic species discernible by molecular taxonomy (Bickford et al., 2007; Glazier and Etter, 2014; Brasier et al., 2016). One iconic example is the scavenging amphipod Eurythenes gryllus (Lichtenstein in Mandt, 1822), which was considered to inhabit every ocean between 550 and ∼8,000 m but integrative taxonomy revealed this to be a species complex of at least 12 species (Havermans et al., 2013; Havermans, 2016). Considering this trend, we expected H. dubia to be a species complex, with morphological differences and distinct genetic lineages. However, our dual lines of evidence provided congruent data to strongly suggest that H. dubia is a single species (Figure 3). This study expands its known distribution to the Puerto Rico, Santa Cruz, and San Cristobal trenches, confirms its presence at the Mariana and South Sandwich trenches, and verifies that the historical records of H. dubia and Uristes sp. nov. at the Kermadec, Tonga, and New Hebrides trenches, and the Clarion-Clipperton Zone, except for the record at 4,084 m, are all H. dubia (Figure 1).

Among hadal taxa, H. dubia is an outlier with a multi-oceanic distribution. For example, ∼70% of hadal amphipods, 65% of hadal isopods, and nearly all hadal snailfishes are known to single hadal feature (Belyaev, 1989; Elsner et al., 2015; Jamieson, 2015; Jamieson et al., 2021a). A similar cosmopolitan hadal amphipod is Bathycallisoma schellenbergi (Birstein and Vinogradov, 1958) present at 10 hadal features across the Pacific, Atlantic, Indian, and Southern oceans (Kilgallen and Lowry, 2015; Jamieson et al., 2021b; Weston et al., 2021b). Their wide distributions lead to questions about the degree of connectivity and population isolation. Hirondellea dubia could be a strong taxon to investigate the extent to which hadal features function as independent units by applying high-throughput sequencing methods (Taylor and Roterman, 2017), as the abyssal depth records, albeit very few, indicate that populations may not be restricted to subduction trenches, and thus a possibility of dispersal between trenches.

Hirondellea dubia has a vertical range that covers over half the ocean’s total depth, between 4,700 and 10,817 m. A eurybathic range is not uncommon for deep-sea amphipods, such as ∼4,000 m for H. gigas, ∼3,500 m for Eurythenes maldoror and Eurythenes magellanicus (Havermans, 2016), and ∼6,000 m for A. gigantea (Jamieson et al., 2013). Curiously, the vertical distribution of H. dubia varies among the trenches, with the Mariana Trench appearing as an outlier (Figure 2). At the other seven trenches, H. dubia was found either at or within ∼700 m of the deepest point, which is likely due to sampling design than true absence, particularly for the Santa Cruz Trench. Whereas H. dubia was absent from the deepest ∼2,000 m of the Mariana Trench, despite the next two deployments being at 8,964 and 9,059 m, thus ruling out sampling bias. Another explanation may be that H. dubia is not biochemically capable to survive the deepest ∼2,000 m of the Mariana Trench (Downing et al., 2018). Yet, that is refuted given that H. dubia is present at Horizon Deep, the deepest point of Tonga Trench and a mere 107 m shallower than Challenger Deep (Bongiovanni et al., 2021). An alternative hypothesis may be related to food distribution across the trench axes and ecological interactions between scavenging species. Resource competition has been proposed in the Kermadec and New Hebrides trenches, with H. dubia largely absent from the depths that corresponded to the maximum densities of the larger B. schellenbergi (Lacey et al., 2018). While testing these hypotheses is outside the study’s scope, the distribution of H. dubia across trenches indicates that the drivers of vertical distribution are more complex than solely tolerance to hydrostatic pressure.

Contrary to the geographic range extension, H. dubia was absent at hadal and near-hadal depths in the Arctic, Indian, and the South Atlantic oceans (Figure 1). It is unclear if this is a true absence or sampling bias. Absence from the Agulhas Fracture Zone and Molloy Hole could be due to their abyssal depths (Bongiovanni et al., 2021; Jamieson and Linley, 2021). Whereas the Diamantina Fracture Zone is hadal and at the same latitude as the Kermadec Trench. Furthermore, the Java Trench is also hadal and much closer to the western Pacific Ocean trenches than the South Sandwich or Puerto Rico trenches (Stewart and Jamieson, 2018). These absences combined with the known Wallaby-Zenith Fracture Zone absence (Weston et al., 2021b), suggest that H. dubia does not inhabit the Indian Ocean. This absence cannot be readily explained by other known environmental factors, such as temperature, as the Indian Ocean bottom temperatures lie between the warmer Mariana Trench and colder South Sandwich Trench (Jamieson et al., 2021a). Therefore, an explanation for the absence of H. dubia in the Indian Ocean stays obscure.

In conclusion, H. dubia is a single species with an extensive geographic and vertical range. This species exemplifies the gaps in our understanding of species distribution across the hadal zone. Moreover, the wide distribution of H. dubia raises questions regarding deep ocean biogeography and speciation. For example, what is the degree of connectivity among feature populations? Further, how did H. dubia spread to such distant locations such as the Puerto Rico and South Sandwich trenches but not the Atacama Trench? These questions should begin being resolved as hadal research expands more comprehensively across multiple, trans-oceanic hadal features. Hirondellea dubia represents an important hadal species from which to test eco-evolutionary questions, and expeditions on the scale of the Five Deeps Expedition will be paramount in recovering the specimens to answer these questions.
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The Java Trench is the only subduction trench in the Indian Ocean that extends to the hadal zone (> 6,000 m water depth), and except for sevenbenthic trawls acquired around the 1950s, there has been little to no sampling at hadal depths undertaken since. In 2019, we undertook a 5-day expedition comprising a scientific dive using a full ocean depth-rated submersible, the DSV Limiting Factor, seven hadal-lander deployments, and high-resolution bathymetric survey. The submersible performed a video transect from the deepest point of the trench, up a 150 m high near-vertical escarpment located on the forearc, and then across a plateau at a depth of ∼7,050 m to make in situ observations of the habitat heterogeneity and biodiversity inhabiting these hadal depths. We found the Java Trench hadal community to be diverse and represented by 10 phyla, 21 classes, 34 orders and 55 families, with many new records and extensions in either depth or geographic range, including a rare encounter of a hadal ascidian. The submersible transect revealed six habitats spanning the terrain. The deepest trench axis comprised fine-grained sediments dominated by holothurians, whereas evidence of active rock slope failure and associated talus deposits were prevalent in near-vertical and vertical sections of the escarpment. Sediment pockets and sediment pouring down the steep wall in “chutes” were commonly observed. The slope terrain was dominated by two species in the order Actiniaria and an asteroid, as well as 36 instances of orange, yellow, and white bacterial mats, likely exploiting discontinuities in the exposed bedrock, that may indicate a prevalence of chemosynthetic input into this hadal ecosystem. Near the top of the escarpment was an overhang populated by > 100 hexactinellid (glass) sponges. The substrate of the plateau returned to fine-grained sediment, but with a decreased density and diversity of epifauna relative to the trench floor. By providing the first visual insights of the hadal habitats and fauna of the Java Trench, this study highlights how the habitat heterogeneity influences patchy species distributions, and the great benefit of using a hadal-rated exploratory vehicle to comprehensively assess the biodiversity of hadal ecosystems.
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INTRODUCTION

The Indian Ocean is the world’s third largest ocean spanning 70,560,000 km2, accounting for 19.5 and 19.8% of the global ocean area and volume, respectively (Eakins and Sharman, 2020). It is the least understood of the five oceans (Stefanoudis et al., 2020), as historically it was largely scientifically neglected up to the late-1950s (Rogers, 2016). The Indian Ocean is geomorphologically complex, hosting subduction trenches, seamounts, ridges, plateaus, coral atolls, fracture zones and hydrothermal vents. The Indian Ocean is largely bounded by canyon-incised continental slopes (Daniell et al., 2010; Harris et al., 2014) that in places can plunge from the coast to > 7,000 m deep (Stewart and Jamieson, 2019). Numerous expeditions and institutional efforts in the last two centuries have contributed greatly to our knowledge of coastal marine biodiversity within the Indian Ocean (Wafar et al., 2011). However, assessments of deep benthic fauna at abyssal depths of the Indian Ocean are infrequent and rarely exceed 5,000 m (e.g., Parulekar et al., 1982; Janßen et al., 2000; Pavithran et al., 2009; Wolff et al., 2011), or cross the abyssal-hadal boundary (Weston et al., 2020, 2021).

Contemporary marine science has acknowledged the global importance of understanding Indian Ocean biodiversity for habitat management and are focussing efforts on, for example, coral reefs (Sheppard, 1998; Wafar et al., 2011; McClanahan and Muthiga, 2016) and seamount associated pelagic communities (Rogers, 2016; Rogers et al., 2017), typically in the upper 3,000 m. However, the average depth of the Indian Ocean is 3,741 m (Eakins and Sharman, 2020) and hosts vast areas, particularly in the East Indian Ocean, that exceed 6,000 m (e.g., the Wharton Basin, Java Trench, and the Wallaby-Zenith and Diamantina fracture zones; Jamieson, 2015; Stewart and Jamieson, 2019; Bongiovanni et al., 2021; Weston et al., 2021).

The geomorphological complexity of the East Indian Ocean has recently been highlighted by the high-resolution and large-scale multibeam mapping that has been acquired during the search for the lost Malaysian Airliner MH370, particularly the Diamantina Fracture Zone (Smith and Marks, 2014; Picard et al., 2018; Wölfl et al., 2019). Furthermore, the exact depth of other features, for example the Wallaby-Zenith Fracture Zone, has been substantially corrected from the original satellite altimetry-derived to new multibeam echosounder-derived bathymetry (Weston et al., 2021). In fact, during the search for the deepest point in the Indian Ocean for the 2019 Five Deeps Expedition (Jamieson, 2020) it was not clear if the Java Trench or Diamantina Fracture Zone was deeper (Stewart and Jamieson, 2019). After conducting multibeam transects at both features, the Five Deeps Expedition demonstrated that the Java Trench holds the deepest point in the Indian Ocean, with of depth of 7,187 ± 13 m at an unnamed deep at 11.129° S/114.942° E (Bongiovanni et al., 2021).

The Java Trench, also known as the Sunda Trench (e.g., Omura et al., 2017), is located south and west of the islands of Java and Sumatra. The Java Trench is ∼3,200 km in length and is the only subduction trench to extend to the hadal zone in the Indian Ocean, making it a geographically isolated hadal ecosystem (Stewart and Jamieson, 2018). Very little biological sampling occurred in the Java Trench or surrounding hadal features for nearly six decades since the RV Galathea and RV Vitjaz expeditions of the 1950s (Belyaev, 1989). However, the Wallaby-Zenith Fracture Zone was visited by the RV Sonne in 2017, as was the Java Trench in 2019 by the DSSV Pressure Drop. Those expeditions produced the first accounts of the scavenging amphipods, fish, decapods, octopods, and gelatinous organisms from those areas (Jamieson and Vecchione, 2020; Jamieson et al., 2021; Jamieson and Linley, 2021; Swan et al., 2021; Weston et al., 2021, respectively). The studies were all based upon mobile fauna observed by baited lander, or accompanying baited traps, which cannot resolve distribution patterns of epifauna, habitat heterogeneity or the presence of enigmatic systems such as chemosynthetic bacterial mats.

The Danish Galathea Expedition (1950–1952), sampled the deep Indian Ocean with trawls and dredges 50 times to depths exceeding 3,700 m (Belyaev, 1989). However, only three of these 50 trawls succeeded in obtaining biological specimens. These three sites were in the Java Trench (6,730, 6,900–7,000, and 7,160 m deep). Eight years later the former-Soviet Union expedition on the RV Vityaz obtained the only other known samples from the Java Trench, with four trawls and two dredges between 6,433 and 7,060 m deep (Belyaev, 1989). Combined, these campaigns collected 43 species with represented 35 families, 26 orders, and 16 classes in nine phyla. Annelids were the most common, with 12 species from eight families, and then, crustaceans with 10 species in nine families, most of which four were isopods. Of the echinoderms, they found four types of holothurians (three Elpidia and one Apodid), and single species of echinoid, asteroid, and ophiuroid.

Chemosynthesis has been speculated to occur along the forearcs of subduction trenches (Blankenship-Williams and Levin, 2009). Cold seeps have been found in the Japan Trench at 6,437 and 7,326 m (Fujikura et al., 1999; Fujiwara et al., 2001), and in the Mariana Trench a serpentinite-hosted ecosystem, the Shinkai Seep Field (SSF), is known from 7,500 m (Ohara et al., 2012; Okumura et al., 2016). Hand et al. (2020) speculated that filaments attached to the talus and outcrop at 10,677 m in Sirena Deep in the Mariana Trench may be chemolithoautrophic microbial mats. These cold seeps and putative microbial mats are located at the trench forearcs. Tokuda et al. (2020) found that amphipods from the Mariana and Kermadec trenches consumed, amongst other sources, possible seep-derived organic material. Together, these studies provide indirect evidence that chemosynthesis contributes to the energy budget of the hadal community. However, identification of chemosynthetic habitats is difficult due to the technical challenges of operating at great depth and the complexity of forearc topographies.

The DSSV Pressure Drop expedition undertook a scientific submersible dive to the base of the forearc (7,180 m) of the Java Trench, aimed at assessing the epifaunal communities and habitat heterogeneity from the trench floor to a near-vertical slope of the forearc. Additionally, signs of chemosynthetic processes were assessed. This work aims to provide the first visual insight into the habitats and fauna of the hadal Indian Ocean.



MATERIALS AND METHODS


Sampling Equipment

To identify the locality of the deepest point, the Java Trench was surveyed with a high-precision, full ocean depth rated 1° x 2° Kongsberg EM 124 multibeam echosounder (MBES) on a hull-mounted gondola fixed ∼20 m from the ship’s bow (Bongiovanni et al., 2021). The MBES had a nominal frequency of 12 kHz, with an operating frequency of 10.5–13.5 kHz. Lockheed Martin/Sippican T-5 expendable bathythermographs (XBTs), depth and temperature accuracies of + 2% and + 0.1°C, respectively, were used to collect depth and temperature data in the upper 1,800 m of water column. In addition to the XBT data, the submersible and supporting landers were each equipped with CTD probes (SBE 49 FastCAT; SeaBird Electronics, Bellevue, WA) that during both the descent and ascent recorded salinity, temperature and depth profiles. These data were used to calculate full-ocean sound velocity profiles for the EM 124 MBES and to validate the submersible dive depths.

The submersible used was the Deep Submergence Vehicle (DSV) Limiting Factor (Triton 36,000/2, Triton Submarines LLC, United States; Jamieson et al., 2019; Figure 1), rated to full-ocean depth and capable of carrying a pilot and a scientific observer. The seafloor and faunal imagery was recorded using four externally mounted HD video cameras (IP Multi SeaCam 3105; Deep Sea Power and Light, San Diego, CA), illuminated by ten 15,500 lumen LED lights (LED-1153-A3-SUS; Teledyne Bowtech, Aberdeen, United Kingdom). The submersible was piloted manually and aimed to keep a steady altitude of 2 m off the seafloor. The system did not have an accurate underwater navigation system, and thus continuous positioning data was not recorded. Therefore, locations are estimated based on depth from twin CTD probes (SBE 49 FastCAT, SeaBird Electronics, US), with reference to rendezvous positions with three free-fall autonomous landers (hadal-landers), Skaff, Flere, and Closp, that were static and triangulated acoustically from the surface vessel DSSV Pressure Drop and support boat Learned Response, prior to the submersible dive.


[image: image]

FIGURE 1. The hadal-lander lander Skaff (A) and the submersible DSV Limiting Factor (B) imaging each other at the deepest point in the Indian Ocean, Java Trench, 7,192 m. Arrows indicate the location of the high-definition video cameras.


In addition to providing fixed navigation points for the submersible, the three identical hadal-landers were also used to deliver baited cameras and CTDs to the study sites (Jamieson et al., 2019). These landers each had a high-definition video camera (IP Multi SeaCam 3105; Deep Sea Power and Light, San Diego, CA) positioned horizontally, 30 cm off the seafloor, with the field-of-view centered on the bait that protruded 1 m from the lander and supported the bait (mackerel; Scomber sp.). The cameras were set to record continuously with scene illumination provided by single LED lamps (LED SeaLite; Deep Sea Power and Light, San Diego, CA). These data were used to further assess the seafloor habitat substrate and provide additional information on local biodiversity.



Study Site

The Java Trench is formed as the Indo-Australian Plate subducts beneath the Eurasian Plate, at a rate of 73 ± 0.8 mm yr–1 decreasing in velocity eastward to 60 ± 0.4 mm yr–1 (DeMets et al., 2010; Figure 2). The ∼3,200 km long trench axis descends to depths of > 7,100 m (Stewart and Jamieson, 2019), culminating in the deepest depression at 11.129° S/114.942° E at a depth of 7,192 ± 5 m (Bongiovanni et al., 2021). The area of the trench > 6,000 m is estimated to be 22,689 km2 (Stewart and Jamieson, 2018). Along with the neighboring Banda Trench (or Weber Basin), the Java Trench underlies a highly productive biogeochemical province, the Sunda-Arafura Sea Coastal province (SUND), with an estimated primary production rate of 328 g C m–2 yr–1 (Longhurst, 2007).
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FIGURE 2. (A) The study area within the Java Trench, Indian Ocean, with the (B) seven hadal-lander deployments (white circles) and submersible dive transect starting at the deepest point of the trench (yellow line). (C) Three-dimensional representation of the approximate submersible dive transect up the near-vertical fault escarpment on the forearc. Location of inset (B) delineated by the white box in (A). Extent of Five Deeps Expedition multibeam bathymetry data (Bongiovanni et al., 2021) delineated by the black outline in (A) and displayed in (B,C). Regional elevation data in (A) sourced from the GEBCO Compilation Group (2021). The figure was created in ESRI ArcGIS v10.7.




Operations

The 5-day diving operation consisted of seven deployments of the hadal-landers two dives with the submersible, of which one was for scientific research (Table 1). Prior to the dive, the hadal-lander Skaff was deployed to the deepest point to derive seawater density in order to properly ballast the submersible. The scientific dive described in this study, was a ∼2.5 h transect from the deepest point of the trench and heading northwest up a steep, near-vertical slope ∼150 m high before crossing a relatively flat plateau to cover as many potentially different habitats as possible in one dive. During this dive the seafloor was visible for 1 h and 56 min. The hadal-landers were deployed to sample discreet depth zones as well as the start and end of submersible transects and were selected based on the high-resolution bathymetric survey data. The submersible transect was performed at a relatively constant speed and altitude, but as the submersible did not have an auto-pilot feature the speed and altitude varied throughout the dive. We estimate a mean speed of 20 m.min–1 on flat terrain with a horizontal field of view of the camera of 3 m, and 10 m.min–1 on vertical terrains, although in the latter, navigating and obstacle avoidance during the vertical ascent resulted in a highly variable speed. We estimate the distance traversed on the trench floor was 0.4 km and on the plateau was 0.9 km. While the height of the near-vertical slope was 150 m, due to periods of lateral survey and intense obstacle avoidance it is estimated the submersible track length was ∼500 m from the bottom to the top of the slope.


TABLE 1. Deployment details of the lander and submersible dives including bottom time, bottom temperature, and salinity.

[image: Table 1]


Species Density Estimates

As the submersible lacked real-time positioning or recording of over ground speed, the density of benthic organisms was only estimated, and should be taken as indicative and not quantitative. On flat terrain, the density of common species (Ind.km–2) was calculated assuming the 3 m wide field of view at a speed of 20 m.min–1. On vertical ascents, the field of view remained ∼3 m but the distance traveled used was the height of the ascent at the slower speed of 10 m.min–1.




RESULTS


Environmental

Beyond 2,000 m deep, the salinity of the Java Trench remained constant at 34.7 to the maximum water depths encountered (Figure 3). The temperature decreased from 30°C at the surface to ∼5°C at 1,000 m, 2.5°C at 2,000 m reaching a temperature minimum of 1.18°C at ∼4,250 m. Thereafter, the temperature increased to 1.54°C at the deepest point (7,192 m), consistent with adiabatic heating. The near-bottom temperatures of the hadal-lander sites increased to 1.34°C at the shallowest site (5,760 m), and 1.54°C at the deepest two sites (Table 1).


[image: image]

FIGURE 3. Temperature (black), salinity (gray) with depth profiles from the surface to deepest point in the Java Trench (A), and magnified between 4,000 and 7,500 m to show adiabatic heating (B). The dashed boxes in (A) represent the data shown in (B).




Geology and Habitat-Heterogeneity

The hadal-landers showed that the substrates on the slopes of the Java Trench were comprised of poorly sorted substrate, featuring a fine-grained matrix with irregularly shaped gravel and cobble sized material (Figure 4). The sediment did, however, get progressively softer with depth as indicated by the position of the bait arm on the landers. From 5,760 to 6,737 m, the bait arm settled ∼3 cm above the seafloor, whereas from 6,957 to 7,176 m, the bait arm was either partially embedded or completely buried in sediment, as in the case of the 7,168 m site. No obvious current indicators such as scour, lineations or sediment tails are observed from the lander footage.


[image: image]

FIGURE 4. Seafloor substrates as observed by the hadal-lander at increasing depths from 5,760 to 7,168 m (left panels). Typical substrates as observed by the submersible on the plateau, upper and lower slope, and the trench axis (right panels).


The submersible transect revealed six broad habitat classes (Table 2 and Figure 5). Beginning at the deepest point of the Java Trench, observed substrates comprised fine-grained sediment (Habitat 1) with abundant lebenspurren and no obvious indications of bottom-current activity (see “trench axis” Figure 4). Overall the ∼150 m high near-vertical escarpment, or wall (Figure 2C), comprises sections of exposed bedrock with associated talus deposits at the base of those terraces. Observations from the submersible footage suggests that vertical cliff sections and extensive talus deposits are ubiquitous in the lower slope habitat (Habitat 3 and 4, see “lower slope” Figure 4), compared to the upper slope where a decrease in overall slope angle results in comparatively shorter vertical sections of bedrock outcrop, more localized talus deposits and larger fine-grained sediment pockets (Habitat 5 and 6, see “upper slope” Figure 4). The submersible transect ended on a relatively flat plateau also comprising fine-grained sediments (Habitat 1, see “plateau” Figure 4) with conspicuously fewer lebenspurren observed than the trench axis.


TABLE 2. Seafloor characterization of dominant habitats as shown in Figure 5A.

[image: Table 2]
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FIGURE 5. Habitat characteristics of the submersible transect of the near-vertical forearc at 7,180–7,050 m. Depth profile of the submersible transect against estimated horizontal distance with the six habitat types described in Table 2 (A). Location of observed chemosynthetic deposits (e.g., Figure 7) (circles) and the overhang (Figure 6G) labeled (B). Areas of observed talus deposits (circles) with large sediment chutes indicated (note smaller chutes were frequently observed) (C). Larger bedrock terraces and cliffs (circles) with location of large boulder (Figure 6B) labeled (D).


Evidence of active erosion was first encountered at the base of the near-vertical fault escarpment, characterized by angular talus blocks and rubble piles (Figure 6A). Larger talus deposits were observed 34 times during the transect up the ∼150 m escarpment including tabular-shaped boulders (Figure 6B) likely indicative of a short transport distance. Block failure where discontinuity orientation is likely a controlling factor, creating planes of structural weakness within the rock mass, has resulted in repeated rock slope failure (Figures 6C–I). Although the exact dip and strike of joint sets cannot be ascertained from the submersible footage, it appears that they dip out of the face of the rock wall (e.g., Figures 6F,H,I) with wedge block failures exposing discontinuous bedrock ledges exhibiting “saw tooth” profiles (Figures 6C–E). The resultant angular detachment blocks form the localized talus deposits described herein. From the submersible footage alone, it is not possible to conclusively state whether the talus blocks were deposited during one catastrophic failure event or are the result of continued (and possibly ongoing) individual failure incidents.
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FIGURE 6. Bedrock outcrop and active erosion observed over the near-vertical fault escarpment. (A) Angular talus blocks and rubbles piles observed at the very base of the escarpment. (B) Large tabular boulder > 1 m in diameter likely transported a short distance from an escarpment further upslope, smaller talus fragments are visible. (C) Orientation of discontinuities (e.g., joint sets) form planes of weakness (black dotted lines) resulting in rock slope failure (e.g., clean failure plane) and saw tooth profile along ledge edges. (D) Bedrock exposed in near-vertical section of the escarpment with a veneer of fine-grained sediments. (E) Heavily fractured and jointed bedrock resulting in area of abundant saw tooth edged ledges. (F) Wedge block failure > 2 m3. (G) Overhang near the top of the ∼150 m high escarpment showing clean failure plane and talus deposit beneath the cliff. (H) Example of jointing visible within the rock face. (I) Alternative view of the wedge failure shown in (F). Black arrows indicate small sediment chutes forming conduits for sediment to pour down the steep walls of the trench.


Toward the top of the slope, as it began to plateau onto a flatter plain (Figure 5B), the submersible inadvertently maneuvered underneath an overhang, a few meters deep, recessed into the otherwise steep incline with associated talus deposit clearly visible (Figure 6G). At the very top of the slope, there was a broad reduction in slope angle of the overall escarpment resulting in smaller bedrock exposures and a reduction in the amount of talus deposited locally. Observation suggests a change in the structure of the bedrock resulting in thinner stratification of exposed surfaces with burrows in softer layers and possible chemosynthetic deposits following the bedrock structure (Figure 7F).
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FIGURE 7. Examples of brightly colored putative chemosynthetic deposits observed by submersible on the ∼150 m high near-vertical wall (7,180–7,050 m water depth), north slope of the Java Trench. Putative chemosynthetic deposits exploiting planes of weakness in the host rock (A–E). Thinly stratified strata with potential chemosynthetic deposits following the bedrock structure, burrows are observed in the pooled sediment below the bedrock outcrops (F).




Potential Chemosynthetic Bacterial Mats

During the ascent of the slope, there were 36 observations of potential chemosynthetic deposits (Figure 7). These deposits were orange, yellow, and white in color and exploited structural weaknesses in the bedrock and around talus blocks. No obvious metazoan organisms were associated with these deposits.



Anthropogenic and Terrestrial Signatures

Litter was seen through the trench axis, slope, and plateau. Notably, between the 210 m traveled from the trench axis to the base of the slope, 13 items were seen. The items seen ranged from floating plastic bags to unidentified plastic, some possibly metal, manmade objects embedded on the sediment. Similar items were seen on the plateau and slope with reducing density, respectively. On the trench axis, two wooden branches and half a coconut shell were observed on the seafloor.



Benthic Megafauna

The rear of the recess in the overhang was populated by hexactinellid sponges, possibly in the subclass Hexasterophora (Figure 8). The hexactinellid sponges numbered more than 100 individuals, but their spatial extent could not be determined.
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FIGURE 8. The recess on the upper slope, inhabited by > 100 hexactinellid sponges. Inset: Individual magnified x3.


As the submersible traversed the fine-grained trench floor during the first 20 min of the dive, four holothurian species (order Elasipodida) were seen (Figures 9A–D, 10A,B). The two most abundant species were Amperima cf. naresi (Théel, 1882) and Elpidia cf. sundensis Hansen, 1956. The estimated density of A.cf. naresi at the trench axis was 7.0 Ind.km–2 whereas E. cf. sundensis was 14 Ind.km–2. A third species, Psychropotes sp., was seen three times within the trench axis (2.6 Ind.km–2) (Figure 9D). On the upper plateau, a single Enypniastes sp. was seen swimming near the seafloor (Figure 9C) and one individual of A. cf. naresi (Figure 9A). Apart from these two individuals, no holothurians were observed on the plateau or the slope.
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FIGURE 9. Benthic fauna of the Java Trench. Holothurians: (A) Amperima cf. naresi, (B) Elpidia cf. sundensis, (C) Enypniastes sp., (D) Psychropotes sp., and (D) Elpidia cf. sundensis. (E) Munnopsid isopod. Actiniaria: (F) aff. Galatheanthemum and (G) aff. Bathyphellia. (H) Snailfish. Echinoderms: (I) the asteroid Hymenaster sp., (J) unidentified Ophiuroid sp. 1, (K) fragile, semi-transparent Crinoids?, (M) unidentified crinoid, and (Q) unidentified Ophiuroid sp. 2. (L) The polynoid polychaete aff. Macellicephaloides. Amphipods: (N) the “supergiant” Alicella gigantea, (O) Bathycallisoma schellenbergi, (P) the unidentified Stegocephalidae species, and (S) the pardaliscid aff. Princaxelia. (R) The Mysid Amblyops sp. (T) The stalked ascidian, aff. Culeolus sp. Images (A–L) were captured by the submersible, and imaged (M–T) observed by the hadal-landers.



[image: image]

FIGURE 10. Distribution of epifaunal species. (A,B) The four holothurian species. (C) The brittle star (Ophiuroid sp.) and sea star (Hymenaster sp.). (D) The actiniarians. The dashed lines represent the start and end of near-vertical slope of the forearc.


Three classes of echinoderms were observed, namely ophiuroids or brittle stars (Ophiuroidea), asteroids or sea stars (Asteroidea), and crinoids or feather stars (Crinoidea). Ninety-eight unidentified ophiuroids (Ophiuroid sp. 1) were seen on the seafloor of the trench axis (Figure 9J), giving an estimated density of 86 Ind.km–2. The ophiuroids were distributed with increasing density with proximity to the base of the slope. On the slope itself, they were seen in a small clusters associated with fine grained sediment pockets observed among the talus and bedrock outcrops, but were generally not present on the slope. Across the plateau, the ophiuroid density decreased to 21.9 Ind.km–2. Two individuals of a second species (ophiuroid sp. 2) were observed at the hadal-lander site at 6,146 m depth (Figure 9Q). No asteroids, Hymenaster sp., were observed within the trench axis or on the plateau (Figure 9I), but rather were only found attached to talus blocks on the near-vertical escarpment (Figure 10C). Thirty-two asteroids were seen on the slope, an estimated density of ∼53.3 Ind.km–2. Fragile and almost transparent crinoids of an unknown family were occasionally seen within talus deposits (Figure 9K). Another species of crinoid, resembling the family Bathycrinidae, was seen at 6,439 m by the hadal-lander (Figure 9M).

Two unidentified species of sea anemones (Actiniaria) were seen attached to variously sized talus blocks present only on the near-vertical escarpment. The first observed anemone species, aff. Galatheanthemum (Galatheanthemidae), was seen 55 times (density estimate of 91.7 Ind.km–2), with the highest density toward the base of the slope (Figures 9F, 10D). A second species, aff. Bathyphellia (Bathyphelliidae), was observed 140 times during the ∼150 m ascent up the slope, with an estimated density of 233.3 Ind.km–2 (Figure 9G).

Several polychaetes belonging to the family Polynoidae, aff. Macellicephaloides, were seen within the fine-grained sediment of the trench axis (Figure 9L).

The hadal-landers also recorded the peracarid crustacean orders Isopoda, Mysida and Amphipoda. Two munnopsid isopods (Munnopsidae) were seen near the base of the slope, and five were seen on the plateau (Figure 9E). Individuals were also recorded present at 6,439, 6,737, and 6,957 m by the hadal-landers. Mysida and Amphipoda, were seen swimming and feeding on the bait. The mysid, aff. Amblyops sp., was seen at stations deployed at 5,760 and 7,176 m depth (Figure 9R). Four medium to large-sized species of amphipods were identifiable, specifically Alicella gigantea Chevreux, 1899 between 6,957 and 7,176 m (Figure 9N), aff. Princaxelia (Pardaliscidae) between 5,760 and 6,957 m (Figure 9S), Bathycallisoma schellenbergi (Birstein and Vinogradov, 1958) between 6,957 and 7,176 m (Figure 9O), and an unidentified species in the family Stegocephalidae between 6,957 and 7,176 m (Figure 9P) depth.

Perhaps the most obscure observation was of a stalked ascidian tunicate, aff. Culeolus sp., that had become uncoupled from the seafloor, and drifted passed the hadal-lander at 6,430 m depth (Figure 9T).

The landers also recorded some additional mobile fauna that are presented in separate studies, specifically decapods (Swan et al., 2021), cirrate octopus Grimpoteuthis sp. (Jamieson and Vecchione, 2020), larvaceans (Jamieson and Linley, 2021), and fish comprising seven Ophidiidae species, one Ateleopodidae species and one liparid species (Jamieson et al., 2021). Only the liparids were seen during the submersible dive with one individual at the base of the slope, one individual near the top of the slope, and four individuals on the plateau (Figure 9H).




DISCUSSION

The Java Trench has gone largely unexplored, except for brief trawl surveys in the 1950s, it is not surprising that any new study will immediately produce many new records and significant extensions in either depth or geographic range across many species of benthic organisms. For example, on the same 5-day expedition, the first hadal cephalopods were found (Jamieson and Vecchione, 2020), as were the deepest Indian Ocean decapods (Swan et al., 2021), the deepest larvaceans (Jamieson and Linley, 2021) and multiple new species records of hadal fish were found, and mostly all new for the Indian Ocean (Jamieson et al., 2021). Indeed, the snailfish (Liparidae) reported here was the first hadal snailfish record from the Indian Ocean. Similarly, this expedition provided the first record of a hadal ascidian and hexactinellid sponges (Jamieson, 2015) and putative evidence for chemosynthesis. Interestingly, the hadal hexactinellid sponges found inside an overhang, a setting comparable to the caves they are known from at littoral depths (Vacelet et al., 1994). These accolades simply serve as indicators of how little the deep Indian Ocean has been explored.


Diverse Hadal Community

The Java Trench is also unique in that it is the only large, hadal subduction trench in the Indian Ocean. The geographically closest hadal trench is the Banda Trench (or Weber Basin), however, these two trenches are separated by the Savu and Timor seas and the Islands of eastern Indonesia and Timor which form physical barriers to connectivity. While there are vast expanses of seafloor between 6,000 and 6,500 m deep to the south of the Java Trench, within the Wharton Basin and the Wallaby-Zenith and Diamantina fracture zones, overall the hadal communities are largely restricted to the East Indian Ocean, separated from the latitudinally expansive trench systems of the Western Pacific by Indonesia and the Australian continent. Nonetheless, the benthic fauna of the Java Trench exhibit many similarities to those known from other trenches, such as the prevalence of the holothurians within the trench axis (Wolff, 1960), particularly of the family Elpididae (Jamieson et al., 2011) and the presence of crinoids (Oji et al., 2009), polynoid polychaetes (Paterson et al., 2009), munnopsid isopods (Jamieson et al., 2012a), amphipods of the Scopelocheridae, Alicellidae, and Pardaliscidae families (Jamieson et al., 2012b,2013; Lacey et al., 2018; respectively). Bathycallisoma schellenbergi has been known from the Java Trench as it was sampled by historical expeditions and also from hadal depths of the Wallaby-Zenith Fracture Zone to the south (Weston et al., 2021). Alicellea gigantea is known to be present at abyssal depths of the Wallaby-Zenith Fracture Zone, and this study extends its already expansive multi-oceanic distribution into the hadal depths of the Indian Ocean (Jamieson et al., 2013; Weston et al., 2021). The predatory amphipods of the genus Princaxelia, while seemingly rare, are recorded elsewhere at hadal depths (Jamieson et al., 2012b), and this study also extends their distribution to the Indian Ocean. The Stegocephalidae amphipod is the first record of it visiting a baited lander deployed at hadal depths. These individuals were large, similar in length to B. schellenbergi or Eurythenes spp., however, they had a different and distinctive swimming pattern. One noticeable absence to the hadal amphipod community were Hirondellea spp., however, no species of this genus were found at the Wallaby-Zenith Fracture Zone (Weston et al., 2021), thus suggesting a curious absence from hadal depths of the Indian Ocean.

By collating all known records of hadal fauna from the Java Trench with the records from this study (Supplementary Table 1), the trench community is now represented by 10 phyla, 21 classes, 34 orders and 55 families. The exact number of genera and species is more difficult to resolve as the two main sources of data are video-derived from this study and from trawl samples taken nearly six decades earlier, many of which were not identified to species level. Thus, there are little visual records of the specimens in which to compare. There are, however, 78 records of > 70 putative species. Of these records, 27% were derived from this study, and 44% if combined with the other published results from the same 5-day expedition (Jamieson and Vecchione, 2020; Jamieson et al., 2021; Jamieson and Linley, 2021; Swan et al., 2021).



Habitat Heterogeneity and Species Distribution

There are two observable patterns relating to the species distribution and the heterogeneity of habitats. The sudden, rather drastic shift between the flat and soft fine-grained sediments of the trench floor to the harder, more complex and steeper sides of the slope resulted in a sudden shift between the holothurian and ophiuroid community on the trench floor to one comprised of actiniarians and asteroids on the slopes (Figure 10). On the flatter and relatively soft plateau, the benthic community returns to the former, albeit in fewer numbers. Indeed, the observable numbers of holothurians are greater at the trench floor than on the plateau, and the numbers of actiniarians also increases toward the base of the slope, suggesting better feeding conditions toward the deeper trench floor. The presence of fine-grained sediment with apparent low shear strength, appearing ‘softer’ with depth, as visually observed by the hadal-landers (Figure 4), and between the plateau and trench axis, as observed by the submersible, are thought to be typical of trench settings as seismic and gravitational forces redistribute sediment toward the trench axis (Oguri et al., 2013; Ichino et al., 2015). This sediment transport process is called “trench resource accumulation depth” (TRAD; Jamieson et al., 2010), and thought to redistribute particulate organic matter by drawing from the upper slopes and accumulating toward the trench axis, thus it coincides with the deepest point of a given trench, regardless of actual depth.

The Java Trench is a comparatively shallow subduction trench (defined as < 8,000 m, Stewart and Jamieson, 2018), which provides the opportunity to compare fauna distribution patterns based on the TRAD. In the Java Trench, the TRAD coincides with groups that are bio-chemically limited to depths < 8,000 m, such as the ophiuroids and asteroids, that are typically absent from the TRADs of deeper trenches (e.g., the Mariana Trench; Jamieson, 2015). In this setting, ophiuroids and asteroids were observed in relatively high numbers compared to other similar studies, such as the Puerto Rico Trench (Jamieson et al., 2020), where they may be opportunistically exploiting the shallower TRAD (Figure 9). The high densities of ophiuroids may also be elevated by the unsuitable habitats on the steep escarpment that may be limiting their distribution up the forearc. Conversely, the complex talus deposits of the forearc were utilized by the asteroids and two species of actiniarians. Given the pronounced presence of actiniaria and asteroids on the harder substrates, we hypothesize that on the opposite slope (the underriding plate), where there is generally a thicker sediment drape and perhaps fewer areas of bedrock outcrop present on the subducting abyssal plain, these species are likely to be either absent or far less abundant.

Habitat heterogeneity drives the distribution of species, and in the Java Trench there may be contrasting species diversity and biomass depending on whether the underriding or overriding flank of the trench is being assessed, regardless of water depth. Furthermore, the dense aggregation of hexactinellid sponges underneath the overhang highlights how the habitat heterogeneity influences patchy species distribution. This example of habitat heterogeneity coupled with the complex substrate, three-dimensional structure, and topography observed in this study could only have been realized using a hadal-rated exploratory vehicle and not with free-falling vehicles or towed sampling gear.



Evidence of Chemosynthetic Bacterial Mats

Perhaps the most significant finding from this study is the visual record of the vertical to near vertical bend-related fault escarpment on the forearc. The observations of the putative chemosynthetic bacterial mats on this steep slope show how prevalent and significant this phenomenon might be along all forearc settings, as suggested by Blankenship-Williams and Levin (2009). Interestingly, here we observed 36 bacterial mats in what is estimated to be a 500 m long survey track of a 150 m high portion of the deepest fault escarpment in this trench (Figures 5B, 7). Chemosynthetic communities are typically used as indicators of fluid flow, and their tentative association with structural weaknesses in the bedrock mass reported here, are suggestive of fluid discharge exploiting these pathways. Whether these bacterial mats also occur on more benign sections of the forearc or are limited to these structurally complex escarpments remains unresolved.

In the absence of targeted sediment cores, we are unable to confirm the presence of metazoan organisms associated with the observed chemosynthetic deposits, it is simply more accurate to state that there were no associated organisms visible to the camera. Nonetheless, listed within the trawl specimens from the RV Vitjaz expeditions (Belyaev, 1989) were records of Vesicomyidae (Bivalvia), Thyasiridae (Bivalvia), and Siboglinidae (Annelida) which are all typically associated with chemosynthetic deep-sea environments.

The bivalve family Vesicomyidae, are a morphologically diverse, widely distributed, and commonly associated with hydrothermal vents and hydrocarbon seeps (Ruelas-Inzunza et al., 2003; Krylova et al., 2015). Vesicomyidae are also common at abyssal and hadal depths (Knudsen, 1970; Belyaev, 1989). Their association with chemosynthesis was, however, recently questioned by Krylova et al. (2018) who did not detect chemosynthetically fixed carbon in the Vesicomya species nor evidence of symbiotic lifestyles, but found that Vesicomya possesses a functional gut that is often filled with detritus-like particles, more indicative of detritivory. Indeed, Belyaev (1989) noticed a prevalence of Vesicomyidae in locations near constant coastal derived organic matter suspended in the near-bottom waters, a trend also indicated by Krylova and Sahling (2010), therefore the presence of Vesicomyidae are likely not indicative of chemosynthesis. The family Thyasiridae is also known from vents, seeps and locations associated with organic enrichment (Keuning et al., 2011) and several species are nutritionally dependent on chemoautotrophic bacteria (Dando and Spiro, 1993). Likewise, Sclerolinum, a small genus of Siboglinidae, has an obligate mutualistic association with thiotrophic (sulfur-oxidizing) bacteria (Eichinger et al., 2013). The Sclerolinum genus is known from many deep-sea settings, found living either on decaying organic materials like sunken wood and sulfidic sediments (Ivanov and Selivanova, 1992; Smirnov, 2000) or hydrothermal vents and cold seeps (Lazar et al., 2010; Pedersen et al., 2010). Thus, it is not surprising to have records of these families in the Java Trench given the high surface primary production, and the presence of wood debris found in this study with the apparent abundance of bacterial mats likely associated with sulfur and other elements.

While this study provides a visual indication of an abundance of potentially chemosynthetic bacterial mats, and the sample records from the RV Vityaz expeditions provide an indication of multiple chemosynthetic-associated species, it does appear likely that chemosynthesis may be prevalent in the Java Trench. This adds support to the hypotheses of Blankenship-Williams and Levin (2009) and Hand et al. (2020) that this phenomenon may occur in all or most trenches and may be a key part of the hadal food web, as indicated by Tokuda et al. (2020). The next steps would be to return with the submersible to survey a greater area of seafloor on a variety of geomorphological and geological features with varyingly complex topographies to assess the prevalence of these putative chemosynthetic communities. Direct sampling of these deposits for chemical characterization and epifaunal collection for food web modeling would also be required to establish the significance of chemosynthesis in the Java Trench, and ultimately its prevalence in hadal ecosystems.

Sampling at hadal depths is typically limited to free fall landers positioned statically on relatively flat seafloor, or historically, trawling that typically targets large areas of relatively flat unobstructed seafloor. The submersible transect, notwithstanding limitations in space and time, provided unexpected insight into how the habitat can rapidly change over a comparatively small distance and in turn alter the benthic biodiversity. By introducing this new technology to these largely unexplored depths within an ocean with a historical paucity of deep-sea research, it was perhaps inevitable that this study would produce such a diverse set of discoveries in just 5 days.

In the 70 years between the ground-breaking expeditions of the Vityaz and Galathea visits to the Java Trench, the Five Deeps Expedition provided the first visual imagery of the hadal benthic fauna across complex topography at the deepest point of the Indian Ocean. Therein, we recorded multiple new depth and geographical distribution records spanning several taxa, as well as very rare observations such as the first hadal cephalopod, the stalked ascidian and the colony of hexactinellid sponges recessed into the forearc. Furthermore, structural weaknesses in the bedrock mass, that result in repeated rock slope failure and development of extensive talus deposits, appear to also form permeable conduits for fluid discharge that support putative chemosynthetic communities. Being able to freely explore such complex terrain and observe the distribution of species in relation to habitat type provides valuable insight into the natural order of the hadal ecosystem. This in turn can steer the first steps toward more hypothesis driven, and less exploratory driven, science at full ocean depth via targeted sampling with the submersible. These next steps should also bridge the gap between this type of observational research and the taxonomic work derived from the 1950s trawl campaigns (coupled with modern molecular taxonomy), to lift the quality of research from the hadal zone closer to that of its shallower counterparts.
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Cold-water corals build up reef structures or coral gardens and play an important role for many organisms in the deep sea. Climate change, deep-sea mining, and bottom trawling are severely compromising these ecosystems, making it all the more important to document the diversity, distribution, and impacts on corals. This goes hand in hand with species identification, which is morphologically and genetically challenging for Hexa- and Octocorallia. Morphological variation and slowly evolving molecular markers both contribute to the difficulty of species identification. In this study, a fast and cheap species delimitation tool for Octocorallia and Scleractinia, an order of the Hexacorallia, of the Northeast Atlantic was tested based on 49 specimens. Two nuclear markers (ITS2 and 28S rDNA) and two mitochondrial markers (COI and mtMutS) were sequenced. The sequences formed the basis of a reference library for comparison to the results of species delimitation based on proteomic fingerprinting using MALDI-TOF MS. The genetic methods were able to distinguish 17 of 18 presumed species. Due to a lack of replicates, using proteome fingerprinting only 7 species were distinguishable. Species that could not be distinguished from one another still achieved good signals of spectra but were not represented by enough specimens for comparison. Therefore, it is predicted that with an extensive reference library of proteome spectra for Scleractinia and Octocorallia, MALDI-TOF MS may provide a rapid and cost-effective alternative for species discrimination in corals.
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INTRODUCTION

Octocorallia and Scleractinia of the subclass Hexacorallia are two of the major groups of cnidarians with continuous or discontinuous calcium carbonate or horn-like skeletons that are commonly known as corals. In addition to Octocorallia and Scleractinia, the hexacorallian orders Antipatharia and Zoantharia, and the Hydrozoa families Stylasteridae, Milleporidae, and Hydractiniidae also include skeletonized, colonial corals (Cairns, 2007). Members of Scleractinia precipitate a solid calcareous skeleton with external soft tissue. Cup-like calyces are secreted by the epidermal cells at the base of the polyps and are subdivided by calcareous septa into which the polyp can retract for protection (Daly et al., 2007). The order Scleractinia encompasses approximately 1,300 extant species (Cairns, 1999). Scleractinian classification has traditionally been based on morphological characters of the skeleton, including those that can be assessed in fossil genera (Wells, 1956; Daly et al., 2007). Molecular phylogenetic analyses have, however, revealed many of these characters to be homoplasies e.g., the presence of fenestrate septa and synapticulae in complex and robust corals (Fukami et al., 2008). Subsequent integrative taxonomic studies combining morphological and molecular data have identified new microskeletal characters that are congruent with molecular evidence, leading to widespread reinterpretation of species boundaries and recognition of cryptic taxa in many scleractinian genera e.g., (Keshavmurthy et al., 2013; Arrigoni et al., 2016a,b, 2020). The taxonomy of Octocorallia, a group encompassing approximately 3,500 extant species of soft corals, sea pens, and gorgonians, is even less well understood (McFadden et al., 2010). Octocorallia are defined by their eight pinnate tentacles and eight internal mesenteries. In contrast to Scleractinia, the polyps and soft tissues are relatively invariant in Octocorallia, and taxonomic classification has historically been based on the shape of colonies and the morphology of sclerites (microscopic calcareous skeletal elements) (Fabricius and Alderslade, 2001). As in Scleractinia, molecular studies have revealed widespread homoplasy of these characters, as well as many cryptic taxa (McFadden et al., 2006, 2010). Morphological characters congruent with the molecular data have been more difficult to identify in octocorals, however, with the result that some species can be distinguished by molecular characters alone (e.g., Pante et al., 2015; McFadden et al., 2017).

Despite the importance of molecular data for species identification in both Scleractinia and Octocorallia, species discrimination using traditional DNA barcoding genes such as COI (Hebert et al., 2003) has lagged behind other metazoan groups because of the relatively slow rate of evolution of mitochondrial genes in Anthozoa (Huang et al., 2008; Shearer and Coffroth, 2008; Bucklin et al., 2011). No “universal” barcoding gene has been identified for Scleractinia, and mitochondrial markers routinely fail to discriminate species reliably (Shearer and Coffroth, 2008). In Octocorallia, the mitochondrial protein-coding gene mtMutS, which occurs uniquely in the octocorallian mitochondrial genome, has been widely used for species discrimination, often in conjunction with COI or the nuclear 28S rDNA gene (McFadden et al., 2011, 2014). However, these markers, used separately or in combination, do not discriminate all octocoral species reliably (Baco and Cairns, 2012; McFadden et al., 2014; Pante et al., 2015; Quattrini et al., 2019). Reduced representation sequencing methods such as RADseq and target-enrichment of exons and ultraconserved elements show promise for species delimitation in both scleractinians and octocorals (Quattrini et al., 2019; Arrigoni et al., 2020; Quek and Huang, 2021), but remain expensive relative to Sanger sequencing of single-locus methods and especially of more suitable multilocus approaches.

Here, a new method of coral species discrimination is presented using a proteomic approach, the matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). This method analyzes the variability in composition of peptides and small proteins. In microorganisms it was shown to measure a variety of ribosomal proteins next to other, mainly intracellular peptides and smaller housekeeping proteins (Singhal et al., 2015). However, for application in metazoan species discrimination, so far, only few studies tried to assign analyzed masses to actual, known protein. For example, in a study on Drosophila species, due to size comparison with a database, a protein involved in the male reproductive system was identified as a candidate for one of the analyzed molecule masses (Feltens et al., 2010). However, most studies neglect looking into actual peptide- and protein identities and focus on the mere, discriminative power of the proteome fingerprint. Thus, only little is known about the direct effect of sequence variability on resulting mass spectra. Due to their size, molecules are prone to destruction by laser radiation. That is why during the preparation for MALDI-TOF MS measurements, the samples are mixed with an energy-absorbing organic compound called matrix. The solution dries on a target plate while the matrix and the enclosed sample co-crystallize. A laser beam evaporates the matrix absorbing large parts of the radiation, and individual analytes are protonated. The protonated ions are separated according to their mass-to-charge ratio (m/z) by accelerating these toward a detector through a time-of-flight tube. The m/z of an ion is measured by determining the time it takes the ion to travel the length of a flight tube. This results in a characteristic spectrum for the analytes in the sample (Singhal et al., 2015). MALDI-TOF MS is a widely used method in species discrimination for fungi (Patel, 2019), viruses (Calderaro et al., 2014), and bacteria (Yang et al., 2018). Successful species discrimination has also been shown for insects (Ulrich et al., 2017), fish (Mazzeo et al., 2008), crustaceans (Rossel and Martínez Arbizu, 2019; Paulus et al., 2021; Kürzel et al., 2022), and some cnidarians, such as Staurozoa (Holst et al., 2019).

In this study, we examine the coral assemblages around Iceland and compare the discrimination power of genetic and proteomic methods for species identification.



MATERIALS AND METHODS


Sampling

The specimens were collected by the ROV Kiel 6000 between 19th June and 27th July 2020 in Icelandic waters during the IceAGE 3 cruise SO276/MerMet17-6 (with RV SONNE) and by the ROV PHOCA during the IceAGE RR cruise MSM75 between 29th June and 8th August 2018 (RV MS MERIAN). Stations were located around Iceland, in the Norwegian Basin, the Norwegian Sea, and the Reykjanes Ridge in 207.1 to 2,040.8 m depth (Figure 1 and Supplementary Material 1). The collected corals were photographed with an HD camera system of the ROV Kiel 6000 in the habitat and with a DSLR camera system (Canon EOS 5D Mark IV with Canon MP-E 65 mm f/2.8 1–5× Macro Photo lens and Canon Compact-Macro Lens EF 50 mm 1:25) on board. Samples were preserved in 96% undenatured ethanol which was changed after 24 h on board. Larger samples were preserved in 3% formal solution where subsamples were taken and preserved in 96% undenatured ethanol. Samples were stored at −20°C at the German Centre for Marine Biodiversity Research (DZMB) in Hamburg, Germany.
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FIGURE 1. Map showing the stations of the sampled specimens from research cruise IceAGE 3 (IA3) and IceAGE RR (IARR).




DNA Extraction and Sequencing

The polyps were taken by a sterile tweezer for DNA extraction. The DNA extraction was carried out with the E.Z.N.A. Tissue DNA Kit (Omega Bio-tek, Inc.). According to the protocol, approximately 30 mg of coral tissue from the polyps were added to 200 μl TL Buffer and 25 μl proteinase K. The lysates were incubated for at least 3 h or overnight at 55°C. Further steps of the DNA extractions were performed according to the protocol of the kit. The polymerase chain reactions (PCRs) were performed using the protocols in Table 1 with the primers in Table 2. All reactions were carried out with 12.5 μl AccuStart GelTrack PCR SuperMix (ThermoFisher Scientific), 9.5 μl nuclease-free H2O, 0.5 μl forward primer, and 0.5 μl reverse primer. In this study, one mitochondrial (COI) and two nuclear gene segments (28S, ITS2) were amplified for Hexacorallia and two mitochondrial (mtMutS, COI) and two nuclear gene segments (28S, ITS2) were amplified for Octocorallia, respectively. The mitochondrial gene segments COI amplified a length of approximately ∼648 bp and mtMutS amplified a length of approximately ∼870 bp. Furthermore, the nuclear gene, the internal transcribed spacer 2 (ITS2), was amplified with a length of ∼1,500 bp. For the last amplified gene segment, the 28S rDNA, two different reverse primers (Table 2) were used. These gene fragments amplified a length of ∼800 and ∼650 bp, respectively. To check if the amplification was successful, gel electrophoresis was carried out using 3 μl of each product on 1% agarose/TAE gel containing 1% GelRed™. To eliminate primers and dNTPs before sequencing, 10 μl of each PCR product was purified with 4 μl ExoSAP-IT Express (ThermoFisher Scientific) at 37°C for 4 min followed by incubation at 80°C for 1 min. Purified PCR products were sent to Macrogen, Amsterdam for sequencing.


TABLE 1. PCR protocols used in this study.
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TABLE 2. Primers used for the amplification of the mitochondrial and nuclear genes in this study.
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Phylogenetic Analyses

Sequence chromatograms were assembled and trimmed in Geneious 7.1.91. Sequences were aligned with the L-INS-i method in MAFFT (Katoh et al., 2009) by using the plugin in Geneious software. The sequences of the protein-coding genes (mtMutS and COI) were translated to amino acids to ensure that there were no stop codons. However, in the following steps, the nucleotide sequences were analyzed. The mtMutS and COI alignments were concatenated, and a partition-homogeneity test was carried out with PAUP 4 (Swofford, 2003) to ensure that there was no lack of congruence. Because of a lack of congruence between the mitochondrial and the nuclear genes, two separate gene trees were generated, one for the 28S rDNA and ITS2 nuclear DNA (nDNA) and another one for the mtMutS and COI mitochondrial DNA (mtDNA). Concatenation of the two mitochondrial sequences of mtMutS and COI of Octocorallia had no effect on the COI sequences of Hexacorallia, since only this one mitochondrial gene sequence is sequenced here. For both the nDNA and mtDNA data sets, a Maximum Likelihood (ML) tree and Bayesian analysis were constructed. The most appropriate evolutionary model for nucleotide substitution was determined by JModeltest 2.1.10 (Guindon and Gascuel, 2003; Darriba et al., 2012). The determined model was the GTR + G model with a gamma shape of 0.347 for the concatenated mtDNA alignment and the HKY + G model with a gamma shape of 0.401 for the concatenated nDNA alignment. The Bayesian analysis was accomplished by BEAUti 1.8.3 (Drummond and Rambaut, 2007) to generate an xml input file with a Yule speciation tree (Yule, 1925) with a length of chain of 10 million. The created xml file was imported in BEAST 1.8.3 (Drummond and Rambaut, 2007) and was run with a random number seed of 10 million. All Effective Sample Size (ESS) values were calculated with MCMC Trace Analysis Tool (Tracer v1.5.0) software (Drummond and Rambaut, 2007). Thereafter, TreeAnnotator 1.8.3 (Drummond and Rambaut, 2007) was used to discard 25% of the trees and choose the best tree. The ML trees were generated with IQ-tree (Nguyen et al., 2015) using bootstrap values of 1,000 replicates. The Bayesian and ML trees were checked and edited in FigTree 1.4.4 (Rambaut and Drummond, 2012).



Species Discrimination

All DNA sequences were searched against GenBank nucleotide database by using the Basic Local Alignment Search Tool (BLASTN) (Altschul et al., 1990). In situ images, colony shape, BLASTN matches, and metadata of the samples were used for species identification. In most cases, the species identified by BLAST varied with different markers. In these cases, the species was chosen which was most likely to be found in the area or the species identification was downgraded to family level. Two different methods were used to discriminate species: the General Mixed Yule Coalescent (GMYC) model and the Automatic Barcode Gap Detection (ABGD).

To calculate the GMYC model, a newick file was generated in FigTree and imported in R (version 3.5.0 2018) by using the package “splits” (Fujisawa and Barraclough, 2013). GMYC is a species delimitation method based on branching events. The speciation and coalescence within species are assessed as two categories. It is assumed that species are monophyletic. The simple threshold approach assumes that there is a threshold time i. Prior to i, all nodes provide diversification events (interspecific). After i, all nodes are evaluated as coalescence events (intraspecific). Thus, the species number is estimated by i (Fujisawa and Barraclough, 2013).

The online version of the ABGD method2 was used to calculate the barcoding gaps and the prior thresholds for different loci. The parameters were set as follows: Pmin = 0.001, Pmax = 0.1, Steps = 10, X = 1.5, Nb bins = 20 and the Kimura 2-parameter model was selected.



MALDI-TOF MS Analysis

In total, one square millimeter of tissue of 49 ethanol-preserved individuals were separated into 1.5 ml microcentrifuge tubes. After ethanol evaporation, 1.5 μl of a matrix solution containing α-Cyano-4-hydroxycinnamic acid (HCCA) as a saturated solution in 50% acetonitrile, 47.5% molecular grade water, and 2.5% trifluoroacetic acid was added. The solution was incubated for at least 5 min and was applied to one spot for crystallization on the target plate. The Microflex LT/SH System (Bruker Daltonics) measured the samples by using the flexControl 3.4. (Bruker Daltonics) software. Masses were measured from 2 to 20 k Dalton. A centroid peak detection algorithm was carried out for peak evaluation by analyzing the mass peak range from 2 to 20 k Dalton. Furthermore, peak evaluation was carried out by a signal-to-noise threshold of two and a minimum intensity threshold of 600 with a peak resolution higher than 400. To validate fuzzy control, the proteins/oligonucleotide method was employed by maximal resolution of ten times above the threshold. The obtained dataset was analyzed as described by Rossel and Martínez Arbizu (2018a) in R, version 1.4.1106 (R Core Team, 2020) using the packages MALDIquant (Gibb and Korbinian, 2012) and MALDIquantForeign (Gibb, 2015). Protein mass spectra were trimmed to an identical range from 2,000 to 20,000 m/z and smoothed by using the Savitzky-Golay method (Savitzky and Golay, 1964) with half window size (HWS) of 10. The SNIP baseline estimation method (Ryan et al., 1988) was applied to remove the baseline, and the TIC method in MALDIquant was used to normalize the spectra. A signal-to-noise ratio (SNR) of 5 was applied to reduce the noise of the spectra, and a half window size of 10 was used for peak detection. The peaks of the spectra were binned several times by using the function binpeaks in MALDIquant with a tolerance of 0.002 in a strict approach. To apply further analysis, a Hellinger transformation (Legendre and Gallagher, 2001) was applied to the resulting intensity matrix. A dendrogram was generated by hierarchical cluster analysis with Ward’s D clustering algorithm (Ward and Joe, 1963), Euclidean distances, and 1,000 bootstrap repeats.

Furthermore, a RandomForest (RF) model (Breiman, 2001) using R-package randomForest (Liaw and Wiener, 2002) was generated to investigate applicability of mass spectra in classification approaches. The RF analysis is based on an intensity matrix by using bins as predictors and species names as multi-level target factors. The RF analysis was carried out on Hellinger transformed data (Legendre and Gallagher, 2001) using 35 predictors (mtry) and 2,000 trees. A t-SNE plot (Van der Maaten and Hinton, 2008), based on the raw data matrix probability of each specimen was applied. Here, the R-package t-SNE (Krijthe and Van der Maaten, 2015) was used. The t-SNE plot was constructed by using a perplexity of 10 and a number of iterations of 4,000.




RESULTS


Coral Assemblages

A total of 49 specimens were sampled belonging to 17 species as identified by in situ images, colony shape, BLASTN matches and metadata of the samples. The sampled species belong to 11 families and at least 12 genera (Supplementary Material 2).



Alignments

The alignment of the mitochondrial data included 25 sequences of mtMutS and 35 sequences of COI. The length of the acquired fragments varied between 883 and 935 bp for mtMutS and 436 and 724 bp for the COI sequences. Furthermore, a total of 39 sequences for ITS2 and 40 sequences for 28S rDNA were obtained. The length of the nuclear fragments varied from 628 to 730 bp for ITS2, and 421 to 750 bp for 28S rDNA. The concatenated alignment for the two mitochondrial loci was 1,659 bp and the concatenated alignment of the nuclear loci was 1,480 bp.



Species Discrimination

The species delimitation methods GMYC and ABGD were able to differentiate 17 species, considering missing sequence data for some specimens and locus-specific variation. The results of GMYC and ABGD are presented as black and gray bars, respectively, in Figures 2, 3. The calculated maximum likelihood of the GMYC model in the mitochondrial tree was 243.2908 and significantly higher (p-value = ≤ 0.05) than the likelihood of the null model (L0 = 227.8115). The GMYC model calculated 15 clusters with a confidence interval of 15–16. This model did not distinguish between Acanthogorgia sp. Gray, 1857 and Paramuricea placomus (Linnaeus, 1758). It should be noted that the identification was based on BLASTN results and general morphological characteristics. The mtMutS sequence of Acanthogorgia specimens was compared in GenBank with other mtMutS sequences of Acanthogorgia specimens. Except for unknown nucleotides, we could not detect any differences between these sequences. The specimens of these two species were grouped in one cluster. The specimens of Desmophyllum dianthus (Esper, 1794) and Desmophyllum pertusum (Linnaeus, 1758) were also grouped in one cluster (Figure 2, black bars). The ABGD generated robust results for the mtMutS sequences (Figure 2, dark gray bars) at a prior maximal distance (P) of 0.0028 to 0.0599, which was consistent with the grouping of the GMYC model. A lower prior maximal distance (< 0.0028) generated a separate group for Acanthogorgia sp. (cor527). The ABGD of the COI sequence data showed a robust result of nine groups at a prior maximal distance of 0.0078 to 0.0359. The grouping differed concerning the cluster of the genus Gersemia Marenzeller, 1878, where all specimens of the genus were grouped in one cluster, except the missing data of cor39 (Figure 2, light gray bars). Lower prior maximal distances (< 0.0078) resulted in the separation of the D. pertusum cluster but did not result in discrimination of the species D. dianthus and D. pertusum.
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FIGURE 2. The phylogenetic tree of the Octocorallia and the Scleractinia based on the Maximum Likelihood (ML) analysis of concatenated sequence data from 41 specimens for the mitochondrial gene mtMutS and COI. Bootstrap percentages of the ML analysis are given above the branches. Bayesian posterior probabilities are located below the branches. The black and gray bars on the right show the results of the GMYC and ABGD species discrimination methods, respectively. The GMYC model was achieved with the concatenated sequence data. ABGD method was performed with single alignment data for each locus.
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FIGURE 3. The phylogenetic tree of the Octocorallia and the Scleractinia based on the Maximum Likelihood (ML) analysis of concatenated sequence data from 47 specimens for the nuclear gene ITS2 and 28S rDNA. Bootstrap percentages of the ML analysis are given above the branches. The black and gray bars on the right show the results of the GMYC and ABGD species discrimination methods, respectively. The GMYC model was achieved with the concatenated sequence data. ABGD method was performed with single alignment data for each locus.


In the nuclear gene tree, the calculated maximum likelihood of the GMYC model was 283.2054 and significantly higher (p-value = ≤ 0.05) than the likelihood of the null model (L0 = 273.4672). Here, 16 clusters were calculated with a confidence interval of 15–17. Groupings of nuclear sequences differed from mitochondrial sequences in the separation of specimens cor29 and cor527 from the rest of the cluster of Paramuricea Kölliker, 1865 (Figure 3, black bars). ABGD resulted in the differentiation of 10 groups for the ITS2 sequences (P = ≥ 0.0077). The species Acanthogorgia sp. was separated from the Paramuricea cluster. However, the unidentified specimens of the family Nephtheidae, as well as the specimens of the genus Gersemia were clustered (Figure 3, dark gray bars). At a lower prior maximal distance (< 0.0077), the specimens of Madrepora oculata Linnaeus, 1758 were split into two groups (data not shown). For the 28S rDNA sequences, ABGD showed a robust result of 12 groups by a prior maximal distance between 0.0028 and 0.0599. Here, all specimens of P. placomus were represented in one group but Nephtheidae 1 and Nephtheidae 2 were also clustered in one group (Figure 3, light gray bars). Lower prior maximal distances (< 0.0028) resulted in a separation of the Paramuricea group.



Phylogenetic Trees

Bayesian and ML analysis resulted in slightly different tree topologies for the mitochondrial gene tree (Figure 2). Specimens were assigned mostly to the same clades, but in some cases, there was a difference in relative support of nodes. Moreover, nuclear and mitochondrial gene trees were largely congruent in resulting clades but differed in the order of branching of the deeper nodes (Figures 2, 3).

Both gene trees (nuclear and mitochondrial) showed high support for the clades of Octocorallia and Hexacorallia (Figures 2, 3). Within the Hexacorallia clade, the mitochondrial tree had strong support for the discrimination of Zoantharia (cor24) and Scleractinia (Figure 2). On the other hand, the nuclear gene tree had high support for clades of Antipatharia (cor403) and Scleractinia (Figure 3). The genera Madrepora Linnaeus, 1758 and Desmophyllum Ehrenberg, 1834 were well separated and supported by high bootstrap percentages and posterior probabilities. However, neither the mitochondrial gene trees nor the nuclear gene trees were able to separate the species D. pertusum and D. dianthus.

In the mitochondrial gene tree, the ML analysis divided Octocorallia into two main clades where one clade encompassed the unidentified specimens (1–3) of the family Nephtheidae, for which only COI sequences were obtained; these were grouped in external branches in the Bayesian analysis (Supplementary Material 3). The other clade was divided into four subclades: The first one encompassed the holaxonians P. placomus and Acanthogorgia sp. and was sister to the second clade of Clavularia cf. borealis Koren & Danielssen, 1883. The specimen Acanthogorgia sp. and three individuals of P. placomus were only represented with mtMutS sequence data and were not distinguishable (Figure 2). Comparisons of the uncorrected p-distances of the mtMutS sequence data for both species showed a distance of only 0.04%. The third clade included the calcaxonian Primnoa cf. resedaeformis (Gunnerus, 1763) and the scleraxonian Paragorgia arborea (Linnaeus, 1758). Paragorgia arborea was also represented only by COI sequences. Comparisons of the COI sequence data resulted in a maximum uncorrected p-distance of at least 7.6% including several non-synonymous nucleotide substitutions. The unidentified species of the family Anthothelidae (cor260) was sister to the first three subclades. No COI sequence data were obtained for this species. The fourth subclade was formed by the genus Gersemia, which was separated into four species. Specimens of Gersemia sp. 1 showed a p-distance of 0.5% for mtMutS sequence data. The highest p-distance for mtMutS was 7.7% between Gersemia sp. 1 (cor04) and Gersemia sp. 2 (cor10). The p-distance between Gersemia sp. 3 and other representatives of the genus was slightly lower than that between cor04 and cor10.

The nuclear gene tree divided Octocorallia among three different clades (Figure 3). Like the mitochondrial gene tree, the first clade encompassed Acanthogorgia sp. and P. placomus. The genera Paramuricea, and Acanthogorgia were distinguished by a highly different nucleotide sequence that placed Acanthogorgia sister to Paramuricea. This clade was sister to the second clade which comprised the unidentified species of the family Nephtheidae, the species of Gersemia, Clavularia Blainville, 1830, and Anthothelidae. The third clade was represented by the calcaxonian P. cf. resedaeformis and the scleraxonian P. arborea. These two species were distinguished by a 16 bp insertion in the ITS2 sequence of P. arborea. The bootstrap percentages and posterior probabilities for the third clade were similar to the second clade. The first and second clades formed a sister branch to the third clade.



MALDI-TOF MS Analysis

The hierarchical cluster analysis of the 146 measurements, summarized in 47 averaged spectra, indicated seven species-specific clusters (Figure 4). However, single specimens of Paramuricea (cluster C1), Madrepora (C3) and Gersemia (C5) were also found in cluster CX along with 10 specimens belonging to species for which only a single specimen was measured. Due to the lack of replicate measurements for these species, the species-specificity of these mass spectra could not be validated.
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FIGURE 4. Hierarchical clustering of 47 individual Octocorallia and Hexacorallia samples resulting in seven well-supported clusters with discriminated species. The clusters of discriminated species are framed in color. Cluster CX shows singletons and unassignable specimens.


The random Forest model based on species with at least two specimens in the analysis supports the specificity of the mass spectra. Repeated RF analyses resulted mostly in models with stable classes showing a class error of 0. However, occasionally for the species Gersemia sp. 1 and M. oculata, single specimens were misassigned (Table 3) resulting in class errors of 0.2 and 0.3, respectively.


TABLE 3. Confusion matrix of the Random Forest analysis.
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The t-distributed stochastic neighbor plot (Figure 5) depends on this RF model. One M. oculata specimen is depicted as an outlier. This specimen was also located in the miscellaneous cluster CX (Figures 4, 5, arrow on light blue square). Another outlier occurred in the group of Gersemia sp. 1; this specimen was also located in the CX cluster (Figures 4, 5, arrow on yellow triangle).
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FIGURE 5. t-SNE plot of Hellinger transformed raw data including species for which at least two specimens were analyzed. In the graph, most species are concerted. Specimens located further away from conspecifics are also supported in hierarchical cluster analysis. Arrows indicate outliers of Madrepora oculata and Gersemia sp. 1.


In contrast to genetic methods, using proteome fingerprinting it was possible to distinguish between D. dianthus and D. pertusum (Figure 4). However, because D. dianthus was represented by only a single specimen, this difference would need to be further validated with additional data. Nevertheless, inspection of mass spectra by eye shows clear differences between the mass spectra for these two species (Figures 6A,B), which, in contrast to other ambiguously-clustering species, cannot be attributed to differences in mass spectra quality (Figures 6C,D).
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FIGURE 6. MALDI-TOF mass spectra for selected specimens. Panels (A,B) were obtained from the different Desmophyllum species emphasizing clear differences between species. Panels (C,D) are derived from Gersemia sp. 1 and panels (E,F) from M. oculata. For these species, outliers were detected (C,E), which compared to the remaining conspecifics (D,F), show higher quality signals. This probably caused problems in clustering and occasionally in RF models.





DISCUSSION


Genetic Species Delimitation

With this study, we aimed to answer the question of whether the proteomic MALDI-TOF MS analysis can serve as an alternative method for species discrimination of hexa- and octocorallian specimens. Therefore, sequences of mitochondrial (mtMutS and COI) and nuclear (ITS2 and 28S rDNA) genes were collected, uncorrected p-distances (data not shown) were compared, phylogenetic trees were generated by ML and Bayesian analyses, and species delimitations methods were performed. The molecular sequence analysis was used as a reference for the proteomic approach. Genetic and proteomic approaches led to successful species discrimination considering the available data.

The GMYC and ABGD species delimitation methods were unable to discriminate all morphospecies. The mtMutS sequence, which is reported to be more variable than the COI sequence (France and Hoover, 2002; McFadden et al., 2011), was insufficient for distinguishing Acanthogorgia sp. (cor527) from P. placomus for the species delimitation models. It is known that there are at least two different lineages within the genus Acanthogorgia, which differ by different mitochondrial sequences (McFadden et al., 2006). This complicates interspecific differentiation by mitochondrial DNA analyses and may reflect a lack of interspecific differentiation for the genera Paramuricea and Acanthogorgia. However, since we analyzed only one specimen of Acanthogorgia, we cannot confirm this assumption. The species studied here were assigned based on BLASTN results and general morphological characters. Therefore, it should be considered that both the specimen and the species identification method have an impact on the affiliation of this specimen. However, it should be noted that the interspecific divergence between Acanthogorgia sp. and P. placomus was below the interspecific divergence threshold (< 0.5%, uncorrected p-distance) commonly suggested for the marker (McFadden et al., 2011). Indeed, the low variability within the mitochondrial genome has been a difficult problem to solve in the search for a barcoding marker for Octocorallia since the problem of insufficient variation in the mtMutS gene is known from many different genera such as Primnoa Lamouroux, 1812 and Narella Gray, 1870 (Cairns and Baco, 2007; Cairns and Bayer, 2009). The ABGD results for the COI sequences showed lower resolution of species delimitation compared to the mtMutS sequences for the genus Gersemia, since the uncorrected p-distances between species (< 1.4%) were significantly lower than for the mtMutS sequences (< 7.7%). The slow rate of evolution of COI may also be the reason for the lack of species discrimination between D. pertusum and D. dianthus, which could not be discriminated by either ABGD or GMYC. The ABGD analyses were based on the individual alignments of the marker, whereas the GMYC analysis was based on the concatenated alignments. Therefore, the results of the GMYC analysis for species delimitation were considered to be more robust.

For the nuclear markers, the species delimitation methods gave slightly different results. This is due to the in general higher evolutionary rate of nuclear DNA, which makes these makers particularly useful for population genetics. This also makes the proposed delimitation more sensitive to intraspecific variation, which may lead to misinterpretation. However, in the case of the genus Gersemia and the members of the family Nephtheidae 1 and 2, species were not discriminated by the ABGD analysis of the ITS2 marker, although they were for the mitochondrial markers and 28S rDNA. Calderón et al. (2006) suggested that a lack of concerted evolution in ITS2 may be a potential problem that would disqualify this marker for phylogenetic and barcoding studies. It can be concluded that the markers mtMutS and 28S rDNA are the most suitable barcodes for genetic species discrimination, which is consistent with the conclusions of McFadden et al. (2017).

The amplification of mtMutS sequences was problematic for P. arborea and the three unidentified specimens of the family Nephtheidae, which we were unable to amplify using primers ND42599F (France and Hoover, 2002) and MUT3458R (Sánchez et al., 2003). Divergent gene order is known for the genus Paragorgia Milne Edwards, 1857 (Figueroa and Baco, 2014), and explains the failure to amplify mtMutS with these particular primers. It is supposed that all unidentified Nephtheidae belong to the genera Drifa Danielssen, 1887 and Duva Koren & Danielssen, 1883, but the available photographs are not sufficient for a concrete determination. These nephtheid species may also have mitochondrial genome rearrangements, and it has been suggested that they may lack the mtMutS gene (Muthye et al., 2022). The missing mtMutS sequences for these unidentified species of Nephtheidae may have contributed to the different tree topologies recovered from the ML and Bayesian analyses of the mitochondrial gene tree.



Proteome Fingerprinting

After the study of Holst et al. (2019), this is the second study employing MALDI-TOF MS for delimitation of cnidarians. Along with the results in that previous study, our study supports the successful use of MALDI-TOF MS for cnidarian species with strong, species-specific signals.

The clades from the molecular sequence analysis were also recovered in the hierarchical cluster analysis based on MALDI-TOF mass spectra. Here, P. placomus, P. arborea, M. oculata, C. cf. borealis, two specimens of Gersemia sp. 1, as well as P. cf. resedaeformis and D. pertusum were found in distinct clusters. Thus, a library with a sufficient number of spectra for all species, respectively, would probably also allow the supervised identification of unknown specimens using either reference library based approaches such as RF or factory delivered software such as the Bruker Biotyper as was shown in previous studies on metazoans with high success rates (Bode et al., 2017; Kaiser et al., 2018; Rossel and Martínez Arbizu, 2019; Rossel et al., 2019, 2021; Wilke et al., 2020; Paulus et al., 2021; Renz et al., 2021). Unfortunately, some species in our analysis were represented with an insufficient number of specimens, resulting in a mixed cluster of species that lacked conspecifics for comparison (Figure 4, cluster CX). However, the mixed cluster CX also contained species that were represented with multiple specimens in the other clusters. In previous studies it was observed that different developmental stages and especially signal alteration due to fixation, storage and thus quality issues may be reflected in cluster analyses by specimens being placed in clusters aside of the main-species clusters (e.g., Karger et al., 2012; Laakmann et al., 2013; Steinmann et al., 2013; Rossel and Martínez Arbizu, 2018b,2019). Changes due to quality loss may, however, remain unrecognized as long as overall spectrum quality still meets basic quality measures such as low noises and good signal intensities. However, in previous studies, even though quality issues may have affected clustering, changes were found stable across several conspecific specimens (Rossel and Martínez Arbizu, 2019). One of these unmatched specimens was cor23 (Figure 6E), belonging to M. oculata. Whereas the spectrum seems to be of high quality, it appears very different compared to the spectra of the remaining specimens (Figure 6F). So far, these differences remain unexplainable to us. Aside from mass spectra-quality differences, some authors have shown that different tissue types result in different protein mass spectra, and thus cluster by tissue type rather than species (Vega-Rúa et al., 2018). Even though we attempted to use the same tissue type for each spectrum, this may explain the observed differences.

The adverse effect of storage under suboptimal conditions has been investigated several times, and authors report significant changes in detected mass peaks, intensities and identification scores (Mathis et al., 2015; Nebbak et al., 2017; Rossel and Martínez Arbizu, 2018b; Vega-Rúa et al., 2018; Wendel et al., 2021). Even though specimens were stored correctly to the best of our knowledge, signal degeneration was observed in Gersemia sp. 1 resulting in one specimen with a signal that was different from the others. However, the outlier specimen (Figure 6C) shows a good quality signal whereas the others resulted in less pronounced mass peaks and lower numbers of peaks (Figure 6D). Thus, the outlying specimen is likely the one showing higher quality. At the same time, this implies a common degeneration of spectra for different specimens of the same species.

Interestingly, the analysis was able to find differences in the signals between the specimens of D. pertusum and the singleton of D. dianthus, cor37. Even though D. dianthus is only represented with one specimen, the results suggest MALDI-TOF MS may discriminate between these two species. Addamo et al. (2016) showed that the mitochondrial genomes of D. dianthus and D. pertusum are 99.88% similar, which makes it difficult to discriminate them. They were not able to distinguish between these two species with genetic methods. Here, MALDI-TOF MS may be a more reliable tool than the molecular methods so far, but further specimens must be tested to evaluate these suggestions. However, the analysis with the MALDI-TOF MS does not allow evolutionary inferences of the different species. To date, referring to proteome fingerprinting of metazoans, only a single study reported to have found some kind of phylogenetic signal. However, in the study on Drosophila species, it was also reported that this was only true for a fraction of the analyzed species (Feltens et al., 2010). Therefore, the cluster analysis and the t-SNE plot do not distinguish between Hexa- and Octocorallia. For a valid species delimitation by the MALDI-TOF MS more individuals of the species must be tested and compared. In addition, the protocols should be refined to see if the different tissue types of corals influence the spectra, and thus on the results of this analysis.

Nevertheless, MALDI-TOF MS offers an attractive method for species delimitation, particularly due to its cost-effectiveness. Rossel et al. (2019) compared this method with COI barcoding in terms of costs and found that MALDI-TOF MS is more than ten times cheaper than COI barcoding. While MALDI-TOF MS costs about 0.42€ to analyze a sample, analysis by COI barcoding costs about 5.65€. While absolute numbers have to be taken with caution, the general cost-effectiveness was shown by several studies (e.g., Tan et al., 2012 and Tran et al., 2015). For pure biodiversity surveys this method could be more suitable, especially in times of limited funding and resources.




CONCLUSION

In this study, 17 of the 18 morphospecies that were identified could be differentiated by genetic methods. For this, two mitochondrial gene segments (mtMutS and COI), as well as two nuclear gene segments (ITS2 and 28S rDNA) were used. The resulting gene trees are for the most part congruent. The proteomic analysis could distinguish seven species with certainty and did not contradict the genetic results. Sample sizes were problematic for some species so references were lacking, and the species-specificity of signals for unique or low abundance species could not be confirmed. In conclusion, this proteomic analysis is a promising tool for species discrimination of hexa- and octocorals, but a sufficiently large number of specimens is needed to provide good reference spectra. In addition, genetic and morphological approaches are still needed to verify species differentiation with confidence. In the future, however, once reference databases of spectra are available species differentiation may be accomplished by MALDI-TOF MS alone, and mismatched specimens would still be able to be identified by genetic methods. MALDI-TOF MS would then allow much faster and cheaper species differentiation than molecular and morphological methods.
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Echinoderms are a highly diverse group and one of the most conspicuous in the deep sea, playing ecological key roles. We present a review about the history of expeditions and studies on deep-sea echinoderms in Costa Rica, including an updated list of species. We used literature and information gathered from the databases of the California Academy of Sciences, the Benthic Invertebrate Collection of the Scripps Institution of Oceanography, the National Museum of Natural History, the Museum of Comparative Zoology and the Museo de Zoología from the Universidad de Costa Rica. A total of 124 taxa (75 confirmed species) have been collected from the Costa Rican deep sea, 112 found in the Pacific Ocean, 13 in the Caribbean Sea, and one species shared between the two basins. We report 22 new records for the Eastern Tropical Pacific, 46 for Central American waters, and 58 for Costa Rica. The most specious group was Ophiuroidea with 37 taxa, followed by Holothuroidea (34 taxa), Asteroidea (23 taxa), Echinoidea (17 taxa), and Crinoidea (11 taxa). The highest number of species (64) was found between 800 m and 1200 m depth. Only two species were found deeper than 3200 m. Further efforts on identification will be required for a better comprehension of the diversity of deep-sea echinoderms. Limited research has been done regarding the biology and ecology of deep-sea echinoderms in Costa Rica, so additional approaches will be necessary to understand their ecological functions.




Keywords: Central America, Eastern Tropical Pacific, Caribbean, last frontier, new records, Ophiroidea, Holothuroidea



Introduction

Costa Rica is located in the Central American Isthmus facing the Caribbean Sea and the Pacific Ocean, it has an oceanic island 500 km offshore (Isla del Coco), and a marine extension covering 572,877 km2, that is more than 11-fold its land area, making it the largest country on Central America (Cortés, 2008; Cortés, 2016a; Cortés, 2016b; Cortés, 2016c). Recent studies estimated that over 60% of the total area of the country is below 2,000 m depth, and over one-third below 3,000 m (Cortés and Benavides-Varela, in prep.). Eastern Tropical Pacific (ETP) deep waters (below 200 m) constitute a particularly important ecosystem in Costa Rica, since they represent about 90% of the whole territory and the last frontier in the international scientific agendas (Cortés, 2019; Rojas-Jiménez et al., 2020; Azofeifa-Solano and Cortés, 2021).

Few explorations have been done on the Costa Rican Caribbean (Alvarado et al., 2013; Cortés, 2016c; Cambronero-Solano et al., 2019). The continental shelf is relatively narrow, with a total area of 2,310 km2, and an Exclusive Economic Zone (EEZ) of 28,064 km2 (Cortés, 2016c; Cortés and Benavides-Varela, in prep.). In the nearshore area, there are mangrove forests, seagrass beds, coral reefs, rocky shores, and sandy beaches, further offshore the bottom is overall sandy, but muddy near river mouths, also some shallow calcareous mounds have been observed (Cortés, 2016c).

The Costa Rican Pacific area is much larger than the Caribbean, covering 544,813 km2, hosting a greater variety of deep-sea environments (Cortés, 2016a; Cortés, 2016b). There are mesophotic ecosystems (Cortés, 2019), methane seeps (Sahling et al., 2008; Levin et al., 2012; Levin et al., 2015), seamounts (Auscavitch, 2020), deep areas of fluid discharge (Wheat et al., 2019), extensive abyssal plains (Agassiz, 1898; Townsend, 1901) and a large deep pelagic region. The extensive Coco Submarine Volcanic Range (CSVR, also called Cocos Ridge) has been explored too (Neuhaus, 2004; Alvarado-Induni, 2021).

For Costa Rica, there have been registered ~306 echinoderm species (Alvarado et al., 2017; Cambronero-Solano et al., 2019; Chacón-Monge et al., 2021), of the 420 reported species for Central America (Alvarado and Fabregat-Malé, 2021). Most of them inhabit shallow water or intertidal environments, mainly related to coral and rocky reefs, sand, and mudflats (Solís-Marín et al., 2013). Most collecting efforts have been carried out on Coco, Caño, and Murciélago islands in the Pacific Ocean, while on the Caribbean it has been between Punta Cahuita and Punta Mona (Alvarado et al., 2017; Chacón-Monge et al., 2021). However, the real status of the deep-sea echinoderm’s fauna has not been evaluated. Deep-water biodiversity assessments have always been a challenge due to the complexity and cost in logistic operations (Costello and Chaudhary, 2017). In this paper, we undertook the task of compiling the available information in the literature and museum collections about deep-sea echinoderms collected in Costa Rica. In this way, we are aiming to have a better understanding of the deep-sea fauna contribution to the total echinoderm diversity in Costa Rican waters. Likewise, to be able to identify areas or groups that require a greater sampling effort for future collections and research.



Material and Methods

To compile the list of deep-sea echinoderms collected in Costa Rica, a literature search was carried out to corroborate records, ecological investigations, and further aspects of deep-sea Costa Rican echinoderms. In addition, the following databases of biological collections were visited: 1) California Academy of Sciences (CAS: http://researcharchive.calacademy.org/research/izg/); 2) Benthic Invertebrate Collection, Scripps Institution of Oceanography (SIO: https://scripps.ucsd.edu/benthic-invertebrate-collection); 3) National Museum of Natural History, Smithsonian Institution (NMNH: http://collections.nmnh.si.edu/); 4) Museum of Comparative Zoology, Harvard University (MCZ: https://mcz.harvard.edu/database; and 5) Museo de Zoología, Universidad de Costa Rica (MZUCR).

A list of deep-water echinoderms collected in Costa Rican waters was elaborated (Table 1), following the phylogenetic order for the five classes of Echinodermata according to the World Register of Marine Species (WoRMS, WoRMS Editorial Board, 2022), including the taxonomy, location, depth, status as new record for the country or Central America, the reported depth range (if available), and the references. A map of the Costa Rican Exclusive Economic Zones was constructed using ArcGIS Desktop 10.8, plotting the location, species richness, and abundance of specimens (Figure 1). We followed the definition for the deep sea as oceanic waters and seabed below 200 m depth (UNESCO, 2009).


Table 1 | Taxonomic list of deep-sea echinoderms from Costa Rican waters. CR: Costa Rica; CA: Central America; P: Pacific; C: Caribbean; PC: Pacific and Caribbean; n.d: no data; ETP: Eastern Tropical Pacific; CAS: California Academy of Sciences; SIO: Scripps Institution of Oceanography; NMHN: National Museum of Natural History, Smithsonian Institution; MCZ: Museum of Comparative Zoology, Harvard University; MZUCR: Museo de Zoología, Universidad de Costa Rica. + = deeper depth range; * = shallower depth range. ϵ: Eastern Tropical Pacific endemic.






Figure 1 | Sampling localities of deep-sea echinoderms recorded on museum collections (Scripps Institution of Oceanography, National Museum of Natural History of Smithsonian Institution, Museum of Comparative Zoology of Harvard University, Museo de Zoología Universidad de Costa Rica) from the Costa Rican Economic Exclusive Zone.



The biogeographic affinity of the echinoderm species was estimated based on the Ocean Biodiversity Information System (www.obis.org) and WoRMS (WoRMS Editorial Board, 2022). We used the classification of marine biogeographic realms proposed by Costello et al. (2017). We found biogeographic affinities for only 120 species. Based on this affinity, a presence/absence matrix was developed, and a Bray-Curtis similarity matrix was made. A Non-metric Multi-Dimensional Scaling was elaborated, and we overlay vectors using a Pearson correlation based on the realms indicated by the Similarity Percentages - species contributions analysis (SIMPER). These analyzes were performed in PRIMER 7.0.



Results

A total of 124 taxa of deep-sea echinoderms have been collected in Costa Rica, 75 identified to species level with certainty (Tables 1, 2), the remaining 49 representing morphospecies (i.e. morphologically similar individuals). There are 112 taxa for the Pacific Ocean and 13 for the Caribbean Sea, with only one shared species between the two basins (the holothuroid Benthodytes sanguinolenta). We found 22 new reports for the Eastern Tropical Pacific, 46 for Central America, and 58 for Costa Rica (57 on the Pacific Ocean and one in the Caribbean Sea) (Table 1). With this, we reached a total of 364 species of echinoderms for Costa Rica, 78% of the total species registered in Central America (466). 34% of the echinoderm species of Costa Rica are deep-sea species.

In the Costa Rican deep sea, the most diverse class is Ophiuroidea with 37 taxa and 22 confirmed species, all from the Pacific (Table 2), with the families Ophiacanthidae and Ophiopyrgidae as the most specious (five taxa each). The Holothuroidea is the second in richness, with 35 taxa in 19 species, the Synallactidae had most of the taxa (five), followed by Laetmogonidae and Deimatidae (four each). Asteroidea and Echinoidea have 24 and 18 taxa, respectively (14 and 15 confirmed species, respectively). For the asteroids, the families Goniasteridae and Astropectinidae were the richest (six taxa each). While Echinothutiridae and Aspidodiadematidae were the most specious families in Echinoidea (three taxa each). Finally, Crinoidea have 10 taxa and five confirmed species, where Hyocrinidae is the richest family (three genera) (Table 1, 2).


Table 2 | Number of deep-sea echinoderms taxa at different taxonomic levels from Costa Rican waters.



According to their distribution and diversity (Figure 1), the greatest collecting effort has been around the CSVR, Isla del Coco, the seamount subduction zone, and along the continental margin (9°4’26.09’’-8°36’37.88’’N and 85°14’11.77’’-84°17’050’’W) on the Pacific side, and in front of the Port of Limón (10°4’35.77’’N-82°54’9.38’’W) on the Caribbean coast. Other areas of the country have been scarcely sampled, like the extensive abyssal plains of the Pacific and most of the EEZ in the Caribbean (Figure 1).

The greatest number of taxa by depth range (Figure 2) was found between 800 and 1200 m with 64 taxa, followed by 52 and 51 taxa between 1600-2000 m and 1200-1600 m, respectively. The holothuroid Benthodytes sanguinolenta and the ophiuroid Ophiosphalma glabrum were the species with the largest bathymetric distribution range (385-3453 m and 1157-3400 m, respectively), and the only two species found deeper than 3200 m. One species of ophiuroid, Ophiacantha similis, had a shallower deep range than previously reported, while the holothuroids, Psolus aff. diomedeae, Benthodytes sanguinolenta, Oloughlinius macdonaldi, and the echinoid, Clypeaster euclastus, had deeper depth ranges than previously reported (Table 1).




Figure 2 | Bathymetric variation in deep sea echinoderm species richness by class.



Most taxa of deep-sea echinoderms collected in Costa Rica are vouchered in the collections at SIO (73 species) and the NMNH (35 species) (Figure 3). Otherwise, the MZUCR and MCZ have six taxa and three species respectively. No reports were found in the CAS database. Additionally, we found 49 records in the literature (Table 1), mostly all deposited in museum collections, except for the echinoderms reported by Cambronero-Solano et al. (2019) for the Caribbean Sea.




Figure 3 | Number of echinoderms species registered by museum collection or literature for Costa Rica deep waters. Scripps Oceanographic Institution (SIO); National Museum of Natural History, Smithsonian Institution (NMNH); Museum of Comparative Zoology, Harvard University (MCZ); Museo de Zoología, Universidad de Costa Rica (MZUCR).



About 78% of the species present in the Costa Rican deep sea have a biogeographic affinity with the Eastern Tropical Pacific realm (Table 3), 23 species are endemic to this region (Table 1). Other regions with higher biogeographic affinity are the North Pacific (40%), followed by Tropical Indo-Pacific & coastal Indian Ocean (36%), Western Tropical Atlantic (35%), offshore Western Pacific and South Australia with 33% both. By class, most of the species have an ETP affinity, there are also several species that can be found in other regions (Table 3; Figure 4).


Table 3 | Biogeographic distribution of Costa Rican deep sea echinoderms species based on the Ocean Biodiversity Information System (www.obis.org) and the World Register of Marine Species (www.marinespecies.org), and according to the marine biogeographic realms proposed by Costello et al. (2017).






Figure 4 | A Non-metric Multi-Dimensional Scaling based on a Bray-Curtis similarity matrix of the presence/absence of the biogeographic affinities of Costa Rica deep sea echinoderms. Vectors indicated the greatest contributions of the realms based on the SIMPER analysis. Number is blue refer to the marine biogeographic realms proposed by Costello et al. (2017) in Table 3.





Discussion


Historical Perspectives

The Costa Rican coastal areas have been relatively well studied, but not so the deep regions (Cortés, 2009; Cortés, 2016a; Cortés, 2016b; Cortés, 2016c). In the Caribbean, few studies have been carried out, and only two publications mentioned echinoderms collected below 200 m depth (Voss, 1971; Cambronero-Solano et al., 2019). In 1971, the R/V John Elliot Pillsbury, cruised to Central America, sampling off the Costa Rican Caribbean coast at two deep stations (Voss, 1971). Voss (1971) reported “small ophiuroids” (Ophiuroidea) and three “large sea biscuits” (Echinoidea: Spatangoida) from a “gray muddy bottom”.

In 2011, the R/V Miguel Oliver, under the Central America Fisheries and Aquaculture Organization (OSPESCA), trawled into two areas of the Costa Rican Caribbean. Trawls ranged from 385 to 1,481 m and found six new echinoderm reports for Costa Rica (Cambronero-Solano et al., 2019). Holothuroids made up 99% of the total biomass, mainly comprised of Benthodytes sanguinolenta (60%) (Cambronero-Solano et al., 2019).

The deep waters of the Costa Rican Pacific were first studied in the late 19th century, when the United States Fisheries Committee visited the area with the steamer USS Albatross, with Alexander Agassiz as Chief Scientist (Agassiz, 1898; Townsend, 1901; Agassiz, 1904). They sampled near Isla del Coco between February and March 1891 and carried dredging and trawling on abyssal plains at 12 stations (#3362-3373), ranging from 95 m to 3433 m (Azofeifa-Solano and Cortés, 2021). From the material collected during the Albatross expeditions, Ludwig (1894; 1905), Hartlaub (1895); Agassiz (1898; 1904), Lütken and Mortensen (1899), and Clark (1917) described many Central American deep-sea echinoderms (Alvarado et al., 2013). Ludwig (1894) worked on Holothuroidea and recorded 11 species from Costa Rican deep waters. Hartlaub (1895) reported one comatulid Crinoidean species. In the preliminary report on the Echini, Agassiz (1898) registered five Costa Rican deep-sea urchin species, later he added one species (Agassiz, 1904). Lütken and Mortensen (1899) worked on Ophiuroidea and reported eight species from Costa Rican deep sea. Finally, Ludwig (1905) reported 14 deep-sea species of Asteroidea for Costa Rican deep sea.In 1925, during the oceanographic expedition of the Zoological Society of New York, with the yacht Arcturus led by William Beebe, deep-sea stars were collected from one station close to Isla del Coco (Fisher, 1928).In 1973, the Scripps Institution of Oceanography realized the first expedition to the Eastern Pacific (EP) with the R/V Agassiz, in which some sample stations included deep-sea echinoderms (Luke, 1982; Cortés, 2009). In 1986, a submersible was used at Isla del Coco, the Johnson Sea-Link I of Harbor Branch Oceanographic Institute (HBOI), as part of the SeaPharm Project (a pharmaceutical prospecting expedition). Six dives were done ranging from 105 to 785 m (Cortés, 2008). The crinoid Calamocrinus diomedae was collected southeast Isla del Coco at 714 m deep and cataloged in the collections of the HBIO (Roux, 2004). Starting in 2007 a three-person submarine, DeepSee, able to reach 450 m has been used regularly at Isla del Coco. Echinoderms and other taxonomic groups have been video recorded and/or collected (Cortés, 2008; Cortés and Blum, 2008).

Since the 1990’s the methane seeps along the Pacific margin have drawn attention, mainly from a geological point of view, but also there are some images of deep-water echinoderms available (Sahling et al., 2008). The methane seeps off the Central Pacific coast of Costa Rica have been studied using the Human Operated Vehicle (HOV) Alvin in 2009-2010, led by Lisa A. Levin, and again in 2017-2018, led by Erik E. Cordes, this last one also included the exploration of several seamounts farther offshore. Echinoderms were collected between 974-1866 m depth, most of the specimens were deposited at SIO.Based on the 2009-2010 expeditions, Levin et al. (2012) described “hydrothermal seep ecosystems” hosting high densities of ophiuroids (Ophiuridae). Levin et al. (2015) demonstrated the role of authigenic carbonate rocks, providing a unique habitat and food resources for macrofaunal assemblages at seep sites on the Costa Rican margin (400-1850 m). The presence of high densities of ophiuroids is strongly related to overlying water’s hydrography. Based on those collections, Summers et al. (2014) described species of Myzostomida (Annelida) which are obligate associates, mostly of echinoderms. One of them, Pulvinomyzostomum inaki Summers & Rouse, 2014, was collected on the crinoid Antedon sp., at Jaco Scarp in 2009.In 2019 an expedition led by Erik E. Cordes visited the methane seeps and more seamounts using the ROV SuBastian onboard the R/V Falkor. Echinoderms were video recorded and collected. Selig et al. (2019), reported aggregations of Pelagothuria sp. in deep sea regions of minimum oxygen concentration, based on data from R/V Falkor that includes observations from Costa Rica.



Deep-Sea Echinoderm Fauna

According to the compiled information, the main component of the known deep sea echinoderm fauna in Costa Rica inhabits from the bathyal to the abyssal zone (200-3000 m depth). This view could be biased by the exploration approaches, the scientific historic background and the relative representativeness of the deep sea total area covered (particularly scarce in the Caribbean) and their proportional size, but depicts the biogeographic predicted pattern (Mah and Blake, 2012; Stöhr et al., 2012; Pérez-Ruzafa et al., 2013). It is important to recognize that the taxa list reported in this study was obtained from literature and zoological museum databases, in which taxa are classified at the genus level or identified with affinities towards a species. Therefore, further taxonomic efforts are required.

For Crinoids, the genus Antendon is reported in the Costa Rican deep sea, but the only species listed near the ETP is A. bifida from Chile (Solís-Marín et al., 2013). Similarly, the only Psathyrometra reported before was P. bigradata, from Panama, Galapagos and Chile (Solís-Marín et al., 2013), but now there is also P. fragilis from Costa Rica. For Calamocrinus, the only species reported is Calamocrinus diomedae, from Panama and Galapagos, while Hyocrinus foelli is also the only species reported for the genus, in Mexico (Solís-Marín et al., 2013).

In Asteroidea, at museum collections we found Thrissacanthias sp., being T. penicillatus the only species reported for Mexico and Peru (Solís-Marín et al., 2013). In other genera, the situation is more complex, as there are different possible species. Pseudarchaster has five species in the ETP: P. discus, P. pectinifer, P. pulcher, P. pusilus, and P. verrilli, scattered from Mexico to Peru. For Patiria two species have been identified, P. chilensis (Chile-Pascua) and P. miniata (Mexico-Revillagigedo), but with bathymetric distributions below 40 m and 300 m respectively, while our specimen was found at 950 m. Ceramaster (Figure 5) has three species (C. grenadensis, C. patagonicus and C. leptoceramus) while Henricia has nine, all with overlapping bathymetric ranges but with geographically isolated records (USA, Mexico, Galapagos, Peru and Chile) (Solís-Marín et al., 2013). Evoplosoma claguei is the only reported species for this genus in Mexico, while Hippasteria has two, H. phrygiana and H. falklandica, both from deep waters, but with different geographic distribution, one is present in the Mexican Pacific waters while the other is from Chile (Solís-Marín et al., 2013). Finally, the family Caymanostellidae has been registered for the first time in the ETP. The genus Belyaevostella has two recognized species, while the genus Caymanostella has five. Belyaevostella hyugaensis was described from samples collected on sunken wood from the Southern of Japan (Fujita et al., 1994), while Belyaevostella hispida have been described from deep sea Indo-Malaysian region (Aziz and Jangoux, 1984), otherwise Caymanostella spp. are widely distributed (Table 3).




Figure 5 | Costa Rican deep-sea echinoderms. (A) Antedonidae sp.; (B) Antedonidae sp.; (C) Ceramaster sp.; (D) Asteroschema sp.; (E) Ophiacantha sp. and the fish Lophiodes caulinaris (Lophiidae); (F) Synallactida sp.; (G) Psychropotidae sp.; (H) Peniagone sp.; (I) Caenopedina sp.; (J) Aspidodiadema sp. Images were taken by the HOV Alvin and ROV SuBastian onboard of the Costa Rica expeditions.



For Ophiuroidea, Ophiocreas is a new report for Central America and has at least 16 species described. Asteroschema (Figure 5) and Gorgonocephalus have two species reported for the ETP (Solís-Marín et al., 2013); A. rubrum from Pascua (below 731 m) and A. sblaeve from the USA (1235 m), Guatemala, Panama (1271 m), and Costa Rica (1119-1281 m); G. chilensis was registered from Chile (4-900 m) while G. diomedeae was found in Panama (1271 m). The worldwide distributed Ophiacantha has 25 species present in the ETP, but only O. phragma is registered for Costa Rica, at Isla del Coco (Solís-Marín et al., 2013). For Ophiochondrus, only O. stelliger is reported for Chile, between 73-439 m, while our specimen was collected between 1005-1008 m, and for Ophiambix there are about six species and is a genus widely distributed (Table 3). Ophiomitra has 11 valid species and Ophiotreta 17 (Stöhr et al., 2022), both genera are widely distributed (Table 3). Ophioscolecidae is a new family for the ETP, where the widely distributed genus Ophiolycus has three species (Stöhr et al., 2022). Ophiura has 16 species from shallow to deep sea on the ETP, two of them have been identified from Isla del Coco (Solís-Marín et al., 2013). In the family Ophiopyrgidae, both Ophiuroglypha and Stegophiura are widely distributed genera (Table 3), which have about 19 recognized species each (Stöhr et al., 2022), only one registered at Isla del Coco for Ophiuroglypha (Solís-Marín et al., 2013) while Stegophiura has been found in USA and Mexico. Ophiomusa is the unique genus for the family Ophiomusaidae, but it has about 50 valid and widely distributed species (Table 3). Finally, Ophiolepis has five species reported from the ETP nevertheless, only O. crassa, reach deeps beyond 200 m.

In holothuroids, Chiridota pisanii has been the unique species found in the deep sea for the genus in the ETP, but Psolus is represented by eight species at wide depths ranges. P. digitatus has been listed for Panama, P. diomedae is reported for Mexico, Isla del Coco, Panama, and Galapagos, while P. squamatus for Mexico and Chile (Solís-Marín et al., 2013). For the genus Achlyonice, the only species reported for the ETP is A. ecalcarea, while Peniagone has seven deep sea species at the ETP. P. vitrea has the largest extension range including Isla del Coco, P. papillata is also presented in Panama, but others are from Galapagos, Ecuador and Peru (Solís-Marín et al., 2013). The family Laetmogonidae is represented with three genera, Benthogone is widely distributed and has three accepted species (Table 3). The genus Pannychia has two species; P. taylorae was described from the Indian Ocean (O’Loughlin et al., 2013), while P. moseleyi has been found in Mexico, Panama, Galapagos and Peru. Psychronaetes hanseni is monospecific for its genus and was described from the Eastern Central Pacific Ocean (Pawson, 1983). Synallactidae is represented in two genera, Bathyplotes natans has been found in the Caribbean deep sea from Costa Rica but also in other countries in Latin America at both Pacific and Atlantic basins and also there have been another three species registered for the ETP (Solís-Marín et al., 2013). Synallactes has three species reported for Panama, Colombia, Malpelo, Galapagos, Ecuador and Peru, S. chuni has been reported from West Pacific (Table 3). Hadalothuria and Hansenothuria are monospecific genera. Hadalothuria wolffi was described from the hadal zone (>6000 m; Hansen, 1956) however, our specimen was found on the mesopelagic zone (~1000 m), whereas Hansenothuria benti was described from the Tropical Western Atlantic (Miller and Pawson, 1989). Gephyrothuriidae is a new family in the ETP represented by the genus Paroriza, which has four recognized species, only P. prouhoi has been reported from Chile. Finally, the genus Pseudostichopus registered three species at deep sea in ETP, P. mcdonaldi and P. mollis were found at Isla del Coco, but the second is more widely distributed (Solís-Marín et al., 2013).

In the case of echinoids, the echinothuriids Tromikosoma and Plesiodiadema have two species in the region each, and for both they have been previously listed from ETP at similar depths (Solís-Marín et al., 2013). Tromikosoma hispidum and P. horridum were reported for Isla del Coco and Costa Rica (Solís-Marín et al., 2013).



Regional Comparison

In Latin America, most echinoderm species were found only in one or two bathymetric intervals, Ophiuroidea was dominant from 200 to 2000 m at Pacific and West-Atlantic basins, but Asteroidea and Holothuroidea (respectively) where dominant from 2000 to 6000 m (Pérez-Ruzafa et al., 2013). For Asteroidea as also as Ophiuroidea, it has been suggested a highly conservative morphology in deep sea species and recent molecular analysis are suggesting cryptic and species complexes, thus deep sea and especially abyssal echinoderm diversity is considered underestimated (Mah and Blake, 2012; Stöhr et al., 2012).

Diversity information of deep-sea echinoderm fauna through recent research is scarce (Pawson, 1982; Stöhr and Segonzac, 2005; Mecho et al., 2014; Moles et al., 2015; Calero et al., 2017; Mironov et al., 2018; Setyastuti and Wirawati, 2018; Stöhr and O’Hara, 2021). Strong progress has been made, especially for Colombia, Chile, Brazil, Argentina and Mexico (González et al., 2002; Borrero-Pérez et al., 2003; Benavides-Serrato and Borrero-Pérez, 2010; Campos et al., 2010; Manso, 2010; Massin and Hendrickx, 2011; Borrero-Pérez et al., 2012; Hendrickx et al., 2014; Solís-Marín et al., 2014; Martínez et al., 2014; Martínez et al., 2015; Martínez, 2016; Conejeros-Vargas et al., 2017; Martinez and Penchaszadeh, 2017;Martínez et al., 2017, Rivadeneira et al., 2017; Luna-Cruz and Hendrickx, 2018; Borrero-Pérez et al., 2019; Flores et al., 2019; Pertossi et al., 2019; Martínez et al., 2019; Borrero-Pérez et al., 2020; Martinez et al., 2020; Rivadeneira et al., 2020; Luna-Cruz and Hendrickx, 2020; Catalán et al., 2020; Luna-Cruz and Hendrickx, 2021; Flores et al., 2021).The deep sea of the Colombian Caribbean has been extensively studied (González et al., 2002; Borrero-Pérez et al., 2003; Benavides-Serrato and Borrero-Pérez, 2010; Borrero-Pérez et al., 2012; Borrero-Pérez et al., 2019; Dueñas et al., 2021). For the Southern Colombian Caribbean region, 16 species of sea cucumbers are found between 596 and 2566 m (Borrero-Pérez et al., 2020), of which only four have been reported for the Costa Rican Caribbean (B. sanguinolenta, Benthothuria funebris, Deima validum validum, and Paroriza pallens). For the SeaFlower Biosphere Reserve area (Borrero-Pérez et al., 2019), a region immediately adjacent to the exclusive economic zone of Costa Rica, they found 111 deep-sea echinoderm species, that represents 10 times more species than those reported for the Costa Rican Caribbean (Cambronero-Solano et al., 2019). Dueñas et al. (2021) reported the presence at cold-seep communities in the Colombian Caribbean between 2300 and 3300 m including the sea star family, Solasteridae, and two sea cucumbers, Chiridota cf. heheva and Pseudostichopus sp. This indicates a high potential for research and discovery of new reports for our waters.

In the ETP, Stöhr and O’Hara (2021) report 17 species of ophiuoids from waters deeper than 400 m as part of the Danish Galathea II Expedition, at stations in Nicaragua and Panama. Of these 17 species, only three are reported in Costa Rican waters in our review (Astrodia plana, Ophiosphalma glabrum, and Ophiura flagellata), which indicates a high potential for an increase in the number of ophiuroids in our region. Manso (2010) reports the presence of 15 species of brittle stars in Chile, of which only three are present in our list (Gorgonocephalus chilensis, Ophiolimna bairdi and Ophiomusium lymani). According to Stöhr et al. (2012), globally, the greatest diversity of ophiuroids occurs in shallow waters between 0 and 200 m deep, with 1313 species. Between 200 and 3500 m they indicate that there are 1297 species. For the ETP, they mention that the greatest diversity occurs between 200 and 3500 m with 111 species, while for shallow waters only 92 species. For the abyssal and hadal zone they indicate 28 and one species, respectively. For the Western Atlantic, the species richness of brittle stars is quite similar between the platform (217) and the bathyal zone (229), and only 16 species for the abyssal zone.

Perhaps the country in the region that has the most complete evaluation of its deep-sea fauna is Mexico (Solís-Marín et al., 2014). This country has 348 species of echinoderms that inhabit deep waters, which corresponds to 54.4% of the total species reported for the country. At the Caribbean and Gulf of Mexico they have been listed 111 and 103 deep sea species respectively (Crinoidea 25, Asteroidea 39, Ophiuroidea 100, Holothuroidea 9, Echinoidea 41) but sharing some species, while for the Pacific coast a total of 188 species are included (Crinoidea 3, Asteroidea 63, Ophiuroidea 61, Holothuroidea 34, Echinoidea 26) (Solís-Marín et al., 2014; Conejeros-Vargas et al., 2017). For the west coast of the Baja California Peninsula, Luna-Cruz and Hendrickx (2021) indicate the presence of 18 species of sea cucumbers between 554 m and 2082 m depth. Probably many of the widespread West-Atlantic or Pacific deep sea Asteroidea and Ophiuroidea present in Mexico are also found in Costa Rica (Pawson et al., 2015; Conejeros-Vargas et al., 2017; Luna-Cruz and Hendrickx, 2021). In Costa Rica, the deep fauna corresponds to 33% of the total diversity of echinoderms, while the Mexican coast and its economic exclusive zone are much larger than those of Costa Rica, and the sampling effort has been greater due to the presence of several oceanographic vessels such as the R/V Puma or R/V Justo Sierra of the National Autonomous University of Mexico, among others.



Threats for Conservation

The deep sea is under increasing pressure from exploration and extraction activities during the last decades, fueled by modern technological advances, depletion of terrestrial and shallow-water resources, growing global population with rising demands for food, energy, and raw materials (Ramírez-Llodra et al., 2011; Norse et al., 2012; Hefferman, 2019), climate change (Levin and Le Bris, 2015; Sweetman et al., 2017), and ocean acidification (Solís-Marín et al., 2014). Deep-sea species and ecosystems are more vulnerable than its shallow-water counterparts, due to the life-history traits of most deep-sea species such as slow growth, delayed maturity, extended longevities, and slow colonization (Cheung et al., 2007). In addition, recovery of deep-sea habitats is slow, studies have found that extraction impacts (scars on the sea bottom) are still visible after 26 years (1989-2015), while some organisms found prior to the extraction have not returned (e.g., sponges, soft corals, or sea anemones) (Hefferman, 2019).

Costa Rica has prohibited oil, gas and mineral exploration and exploitation in the sea until 2050 through the government moratorium decree 36693-MINAET (MINAET, 2010). Nonetheless, the debate on whether Costa Rica should or should not exploit the deep-sea mineral resources has been increasing in media articles and social media recently. The only known fishing activity that exploited resources deeper than 200 m in Costa Rica was shrimp trawling. The target species were the kolibri shrimp (Solenocera agassizii), the northern nylon shrimp (Heterocarpus vicarius), and to a less extent the three-spined nylon shrimp (Heterocarpus affinis) (Wehrtmann and Nielsen-Muñoz, 2009). Data from scientific surveys indicated a decreasing deep-sea shrimp catch while bycatch was increasing (Wehrtmann and Nielsen-Muñoz, 2009; Wehrtmann et al., 2012). These surveys did not record any echinoderm (I. Wehrtmann per. comm.). The shrimp trawling is currently prohibited in Costa Rica (Sala Constitucional, 2013), however, there has been recent and continuous efforts to re-activate this activity. Finally, litter has also been observed in Costa Rican deep-sea waters around Isla del Coco, composed mainly of plastics and lost fishing gear (Naranjo-Elizondo and Cortés, 2018), and in much deeper areas in several locations (J. Cortés per. obs.).



Future Perspectives

The current knowledge on deep-sea echinoderms is limited and more research is needed. Publishing diversity records with taxonomic precision contributes to improve future efforts in research and management and contributes to assess future impacts on the marine ecosystems (Worm et al., 2006; Costello et al., 2013).

Deep-sea research is costly and requires highly specialized vessels, equipment, and trained scientists. These issues preclude research of deep-sea habitats in most developing and undeveloped countries. Companies will continue to be important allies in the exploration of the deep sea, including in Costa Rica (Brewin et al., 2007; Wehrtmann and Nielsen-Muñoz, 2009). Further collaborations with international institutions will be necessary to advance our knowledge on deep-sea echinoderms.

There is no doubt that the deep sea plays a unique and outstanding role on sustaining the health and functioning of the oceans (Sweetman et al., 2017). Deep-sea ecosystems provide habitat provision for commercial species (e.g., tuna, large bill fishes), nutrient cycling, heat absorption, trophic and diversity support services, and carbon sequestration, all of which are vital ecological processes to maintain diversity and humanity (Thurber et al., 2014). Van Dover (2011) suggest that having a coherent conservation, management, and mitigation framework for the deep sea is necessary before undergoing deep-sea resources exploitation. We call for further active action and advocacy for working towards science-based management conservation of the deep sea in Costa Rica, following the precautionary principles since the impacts on the deep sea could be irreversible at human timescale (Roberts, 2002; Waller et al., 2007; Hefferman, 2019).
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Hybrid conferences are in-person events that have an online component. This type of meeting format was rare before the COVID-19 pandemic, but started to become more common recently given the asynchronous global progression of the pandemic, the uneven access to vaccines and different travel regulations among countries that led to a large proportion of participants being unable to attend conferences in person. Here we report the organization of a middle-sized (581 participants: 159 onsite, 422 online) international hybrid conference that took place in France in September 2021. We highlight particular organizational challenges inherent to this relatively new type of meeting format. Furthermore, we surveyed both in-person and online participants to better understand their conference experience and to propose improvements based on the feedback received. Finally, we compare the advantages and disadvantages of three types of conferences (onsite-only, online-only and hybrid) and suggest that hybrid events should be favored in the future because they offer the most flexibility to participants. We conclude by proposing suggestions and ways forward to maximize accessibility and inclusivity of hybrid conferences. Our study brings novel insights on the challenges and opportunities created by hybrid conferences, by reporting not only the organizing committee experience but also by considering the participants’ perspective.




Keywords: international conference, inclusivity, opinion survey, pandemic, carbon footprint, meeting organization



1 Introduction

Scientific conferences are essential components of researchers’ lives, allowing them to stay up to date with the latest research trends while disseminating their work to the scientific community. These events are essential for networking and developing collaborations, especially for early-career researchers (ECRs; students and pre-tenure postgraduates) who use meetings as an opportunity to plan their next career step (Oester et al., 2017). Because of the COVID-19 pandemic and the resulting travel bans and restrictions, many in-person meetings since March 2020 were canceled, rescheduled, or changed to an online format, allowing scientists to present their research and interact with members of their respective communities virtually (Stefanoudis et al., 2021).

Online-only meetings have a number of advantages (Niner and Wassermann, 2021; Medina and Shrum, 2022; Skiles et al., 2022), for instance: (i) enhanced accessibility by allowing attendance during periods of fieldwork or teaching (Bartlett et al., 2021), (ii) reduced carbon footprint (Burtscher et al., 2020; Tao et al., 2021), and (iii) increased inclusivity due to lower participation costs (e.g., reduced registration fees; no travel and accommodation costs). These advantages have greatly improved inclusivity for researchers and students from developing countries and with limited financial means (Chou and Camerlink, 2021; Niner and Wassermann, 2021; Skiles et al., 2022; Wu et al., 2022). For these reasons, virtual conferencing had already been suggested as a new conference format specifically for the fields of conservation biology and ecology a few years before the COVID-19 pandemic (Fraser et al., 2017), with a large online international conference on photonics held just before the COVID-19 pandemic (Reshef et al., 2020). Thanks to these advantages, many online conferences showed higher registration rates compared to previous in-person meetings (e.g., Castelvecchi, 2020; Stefanoudis et al., 2021). Online conferences, however, have a number of drawbacks, including: (i) fewer interactions among participants, especially if presentations are pre-recorded (Roos et al., 2020); (ii) increased fatigue after hours on screen (i.e., a term often referred as ‘Zoom fatigue’) (Fosslien and Duffy, 2020; Bennett et al., 2021); (iii) fewer possibilities for spontaneous discussions and meetings (Roos et al., 2020); and (iv) technical issues during live talks resulting in schedule delays (Archibald et al., 2019).

Hybrid meetings, which have in-person attendance with a possibility to attend online, represent a promising solution that could address some of the shortcomings inherent of in-person or online-only meeting formats. There have been calls for adopting a hybrid format since COVID-19 travel restrictions have been lifted (Joo, 2021) also as a way of reducing scientists’ carbon footprint (Klöwer et al., 2020). Furthermore, there seems to be an interest within the scientific community for that format (Stefanoudis et al., 2021). However, due to the novelty of the hybrid format, conference organizers have to be creative to organize a successful event in which both in-person and online attendees are satisfied. So far, studies on hybrid meetings are scarce and focus on organizational and logistical aspects without accounting for the participant experience  (Fulcher et al., 2020; Weiniger and Matot, 2021). As a result, participant experience has up to now mainly been assessed for online-only conferences (e.g., Niner and Wassermann, 2021).

Here, we present information on the logistics of a recent international meeting, the 16th Deep-Sea Biology Symposium (16DSBS), a 5-day, medium-sized (581 attendees) hybrid conference that took place in Brest (France) in September 2021. We then compare the hybrid format to the in-person and online meeting formats in terms of costs and widening access. Finally, we investigate the participants’ experience using an online questionnaire to identify what worked well and less so. Based on those experiences we make some recommendations on how future organizers can improve the hybrid meeting experience.



2 Hybrid meeting logistics


2.1 Pre-meeting considerations

An important starting point for the organizing committee is defining the concept of the hybrid event, i.e., defining to what extent the online attendees participate in the conference. Can they be presenters, or do they only attend the conference? What is the expected level of interaction between and among onsite and online attendees? While informal interactions tend to form naturally among onsite attendees during coffee breaks and meals, these interactions are lacking for online attendees who usually need a screen break during these times. Hence, if the organizers wish that online participants interact among each other and with onsite participants, they have to organize special events to do so.


2.1.1 How to choose a venue for onsite attendance?

The onsite organization for in-person attendance is analogous to a traditional in-person conference, and we thus focus mainly on the organizational aspects specifically related to the hybrid aspect. A major component of these events is that presentations should be recorded and live broadcasted, so infrastructure to support this component is essential at the selected venue. The required infrastructure can be: (i) provided by the venue (built-in cameras and sound system; personnel from the venue handling the retransmission); (ii) outsourced to an external company (an extra room is needed for the filming crew); and (iii) a static temporary camera installed/using the built-in cameras of laptops (with members of the local organizing committee (LOC) handling the retransmission, for instance via zoom). A combination of these options is also possible.



2.1.2 Which platform(s) to choose for online attendance and communication?

The choice of an appropriate online platform for a hybrid conference is crucial because it should ideally (i) provide easy access to the online content of the conference (live talks; on-demand talks; posters) and (ii) aim to enhance all types of exchange and communication among onsite and online participants (e.g., live chat).

For pre-meeting communications, emails and a dedicated website are usually the best solution. However, they may not be the best way to communicate with online and onsite attendees during the conference. Rapid messaging through a dedicated mobile application for the conference, or via online platforms (e.g., Slack), is an efficient way to communicate important information rapidly. Important aspects to take into account are: (i) making sure that all participants have access to these messaging platforms and (ii) providing enough time to participants to become familiar with these platforms.



2.1.3 Which format to choose for presentations?


2.1.3.1 Talks

While presenting live is the norm for onsite presenters, it is more challenging for online presenters. For online speakers, giving a live talk has a number of advantages, such as more interactions and the possibility to answer questions live. However, it also has a number of drawbacks, such that time slots for talks will inevitably not be suitable for the time zones of all participants, and live online talks are more prone to technical issues that can result in delays. Organizers should decide which option(s) they want to give online presenters, such as (i) presenting live and answering questions live, (ii) sending a pre-recorded talk but answering questions live and (iii) sending a pre-recorded talk and not being present for questions (e.g., if time zones are incompatible). Offering all three options is the most flexible for online speakers, however this flexibility entails more expense, organization, and risks of delay.



2.1.3.2 Posters

In-person poster sessions are not different from a classical onsite-only conference. However, in-person and online posters should be available to view on the conference platform. Ideally, a chat box next to each poster should be accessible for questions and answers, and a live online poster session should be organized to allow for live interactions with online presenters.




2.1.4 What additional considerations does the hybrid format entail from an organizational perspective?

Organizing a hybrid conference entails the usual logistics required for an in-person-only and an online-only conference, but there is additional work for the LOC that is inherent to the hybrid format.


2.1.4.1 More communication, flexibility and file handling

Clear communication with participants is essential and common to all conferences but the hybrid format adds complexity due to several types of participation. For instance, any registration change (e.g., onsite to online, or vice-versa) has to be followed by updates in internal databases, mailing lists and the program. Communication efforts also increase because customized instructions have to be provided to online and onsite participants and presenters. Furthermore, a considerable amount of work has to be done ahead of the conference to receive and organize all presentation files (e.g., pre-recorded talks and posters).



2.1.4.2 More complexity to design the program

The hybrid format typically implies a larger participation, compared to in-person conferences, which can result in more requests for talks and thus competition for the available time slots. Ideally, the talk schedule should be organized according to the time zone of the online speakers. However, this consideration is not always compatible with the scientific sessions and venue hours of operation. To avoid organizing a two-tier conference with onsite participants getting much more interactions than online participants, the LOC should organize online-only events beyond talks and posters to enhance interactions among online participants and between onsite and online participants.



2.1.4.3 More support personnel

The above-mentioned tasks require increased administration pre-conference workload for the LOC. Furthermore, during the conference, additional chair and co-chair persons are needed to facilitate question-and-answer sessions from the onsite and online audience (passing on microphones; checking the chat box). To increase inclusivity, chairs can be online participants, however, an onsite co-chair would also be needed. Finally, members of the LOC are also required to moderate online-only events and respond to the requests of online attendees.





2.2 Case study

The Deep-Sea Biology Symposium is an international in-person conference organized every three years by the Deep-Sea Biology Society (DSBS) and a LOC. For reasons related to the global COVID-19 pandemic, the French Research Institute for Exploitation of the Sea (Ifremer) was asked to replace the planned LOC for the 16th Deep-Sea Biology Symposium (16DSBS) approximately a year before the event took place. The symposium was held 12-17 September 2021 in Brest, France, at the Aquarium Océanopolis. The conference consisted of two parallel sessions divided into two rooms: a room which had built-in cameras suitable for broadcasting managed by the personnel venue and a second room in which an external company was hired to organize the live broadcasting. This company also set up the streaming website on which all live and on-demand talks could be watched up to two weeks post-conference. The team of the conference venue was formed by two people in the control room and one sound engineer; while the external company consisted of a crew of five people: two people in the control room, one sound engineer and two cameramen.

In terms of scientific content, the 16DSBS contained 214 contributed talks (64% acceptance rate) and 170 posters over five days (Figure 1; File S1). The relatively low acceptance rate of contributed talks was because there were two parallel sessions, so only a limited number of talks could be presented each day without overloading the program. However, most participants were satisfied with the program schedule and did not wish to have a third parallel session in future meetings (see section 3.2.1 below). Furthermore, all participants who had their abstract declined for an oral presentation were offered to present a poster instead. To enhance their visibility, poster presenters were asked to provide a 2-min video pitch of their poster, in addition to a PDF and/or a printed version of their poster, depending on their attendance type. In addition, to maximize the participation of online attendees, we organized a total of 11 online-only events across different time zones. These were: an early career researcher/student mixer; five zoom lunches with keynote speakers of the day; a round table on decolonizing deep-sea science; a 3-hour poster session; an online Gala dinner with social activities, and the annual general meeting of the Deep-Sea Biology Society. The conference was attended by 581 participants, with approximately three quarters of them attending online (Figure 1). Finally, both onsite and online participants could present either talks or posters (the talk selection process did not take attendance type into account); live or pre-recorded for online participants.




Figure 1 | Summary of attendance and content of the hybrid conference 16DSBS. The 26 scientific sessions were presented in two parallel sessions.




2.2.1 Pre-meeting organization

A conference website with all pre-conference information was hosted on servers of Ifremer (Table 1). A dedicated email address was created including relevant mailing lists to address different participants [e.g., all attendees; onsite only-attendees; online-only attendees; all presenters (talks & posters)]. Online attendees were offered the choice to (i) present live and answer questions live, (ii) send a pre-recorded talk but answer questions live, or (iii) send a pre-recorded talk and not be present for questions (e.g., if time zones were incompatible). Online presenters were asked to send a pre-recorded version of their presentation to be used as a backup. We aimed to obtain a maximum of live talks, and we thus adjusted the talk schedule according to the time zone of online speakers. However, it was not always possible due to each talk being scheduled within its relevant scientific session of which there were 26.


Table 1 | Summary of online platforms used for 16DSBS and their purpose.





2.2.2 Online access to the conference

At the time when the 16DSBS was organized, there was no single online platform available to host all online content of a hybrid conference. Furthermore, outsourcing the development of such a platform was out of financial reach for the society-based 16DSBS. Hence, a streaming channel including (i) live talks, (ii) chat box for live questions from the online audience, and (iiii) on-demand talks was developed by the external company hired for the live filming and broadcasting (https://16dsbs.attwm.fr). For other online content (e.g., access to online posters; online-only events; etc), we relied on free platforms or platforms whose costs were covered by the hosting institution Ifremer and the Deep-Sea Biology Society. Overall, this resulted in a large number of different platforms (Table 1).



2.2.3 Budget

For the hybrid 16DSBS, the total budget was slightly lower than an estimated budget for a same-sized onsite-only conference (Figure 2). Details of the different budgets are provided in File S2. We refer to the costs provided by Stefanoudis et al. (2021) for a budget for an online-only event. The budget for an onsite-only event was estimated using the onsite costs of the 16DSBS projecting the costs associated with 200 people expected to attend onsite to 581 attendees, which was the total number of 16DSBS online and onsite attendees.




Figure 2 | Relative contribution (%) of the budget from the three types of conference: (A) hybrid, (B) online only and (C) onsite only. The budget in (A) reflects the total costs of the hybrid 16DSBS. Budget estimates are based on a conference with 581 participants: (B) if it was hosted onsite-only at the Océanopolis Aquarium and (C) if it was organized exclusively online following the budget of eDSBS, an online-meeting  (Stefanoudis et al., 2021). Organizational support hire includes costs associated to hire staff member(s) dedicated to the event organization. (D) General proportion of the funding sources for 16DSBS, including the amount of the registration costs covered by sponsors, in particular the DSBS and the International SeaBed Authority. (E) Relative proportion of attendees who were supported by travel grants offered by the DSBS together with the International SeaBed Authority. The total number of participants was 581.



Compared to this estimated budget, the 16DSBS catering and food service fees were reduced and audio-visual costs were higher. Specifically, a significant part of the 16DSBS budget was dedicated to the hire of a professional company (5 people) that (i) organized the filming of in-person talks for one session, (ii) organized the live broadcasting, (iii) ran pre-tests with online speakers, (iv) set up the streaming website for live talks and on which recorded talks were available on demand for two weeks after the conference, and (v) uploaded the recorded talks at the end of each day. This service could not have been accomplished by the LOC itself. To minimize registration fees for attendees, the LOC decided to use other platforms for the other events and presentations (Table 1); however, this cost-saving measure increased the complexity of navigating among platforms for online participants. Another relevant cost is represented by hiring dedicated staff member(s) for the organization of the conference. In our case, two people were specifically hired for one year to organize the event, however this cost was supported by Ifremer, and thus did not affect the final budget.

While the hybrid 16DSBS and the estimated onsite-only conference budgets are similar, the estimated budget of an online-only conference of a similar size is considerably reduced (Figure 2). Indeed, expenses for virtual conferences exclude most in-person conference costs except for administration and registration and website platforms. Nevertheless, as for hybrid conferences, additional costs are incurred for virtual platforms to host the conference and cloud storage costs to make presentations available for a designated time (Figure 2) (Stefanoudis et al., 2021).

For the 16DSBS, 42% of the costs were covered by the registration fees of participants. The remaining funding was acquired by the LOC through sponsoring or from contributions of the Deep-Sea Biology Society (DSBS) (Figure 2D). Financial support from sponsors and the DSBS was provided either as direct payment to the LOC (25%) or in the form of travel/registration grants to attendees (33%).

The 16DSBS registration fees for online-only attendance were lower than onsite-only, and rates for student/researcher from developed and developing countries were not differentiated (Table 2). Registration costs for online attendance and the holding of an in-person event raised a debate within the deep-sea community for a few months prior to the event. Notably, critics reported (i) the inaccessibility for some prospective attendees to afford such costs and (ii) the inability for many to participate onsite due to travel restrictions associated with the COVID-19 pandemic. While the LOC acknowledges that it may have lacked transparency during the organizational phase, it uses the present article to provide some clarity and perspective. First, it should be noted that overall budgets for online-only and hybrid conferences are very different (Figure 2), which is inevitably transferred to registration costs to some extent. Second, the 16DSBS online registration costs are within or below the range of other hybrid conferences held in 2021 and 2022 (Table 2). And third, about a quarter of attendees (mainly ECRs and researchers from developing countries) were supported by travel/registration grants (Figure 2E).


Table 2 | Non-exhaustive examples of registration fees for 2021-2022 hybrid conferences.







3 Participants’ perspective


3.1 Participation in comparison with previous meetings

Comparisons with previous deep-sea-biology-themed meetings indicate a marked increase in participation, 49% against an in-person meeting in the USA (15DSBS), 343% against an in-person meeting in Colombia (ISDSC7, which had a narrower scientific focus on deep-sea corals), and 65% against an online meeting (eDSBS, Table 3). The proportion of ECRs also increased (55% of all participants) in comparison to in-person meetings (25-36%) but decreased to the online-only meeting (65%) that prioritized ECR presentations (Stefanoudis et al., 2021) (Table 3). This enhanced ECR participation also translated into more presentations delivered by ECRs (57%) compared to 23% (15DSBS), 42% (ISDSC7), and 79% (ECR-focused eDSBS).


Table 3 | Comparison between in-person, online and hybrid deep-sea biology meetings in terms of demographic composition by sex, career stage and country of institutional affiliation.



Furthermore, the proportion of participants from low and middle-income countries represented at the hybrid 16DSBS was 11%, which was lower than the eDSBS (14%) and ISDSC7 (40%), but higher than the 15DSBS (7%). It should however be noted that in terms of total low- and middle-income participants, the 16DSBS was the second highest following the ISDSC7 in Colombia (Table 3). Overall, there is poor representation of low- and middle-income researchers in the field of deep-sea biology (Costa et al., 2020), and although the hybrid format can aid participation of those researchers, holding an in-person meeting or the in-person aspect of a hybrid meeting in a low- to middle-income nation can be much more effective in widening participation.



3.2 Questionnaire for participants

To gather impressions and feedback from participants, we organized an online survey focusing on the16DSBS content and organization. Participants were requested to rate statements using a scale of 1–5 corresponding to strongly disagree, disagree, neither agree nor disagree, agree, strongly agree, respectively. The full questionnaire and replies are available in the supplementary File S3. A total of 164 participants replied (28% of total participants), 104 online (25% of online) and 60 onsite (38% of onsite) participants. For simplicity in reporting the results, we grouped strongly disagree and disagree and grouped agree and strongly agree. We used a Fisher’s Exact Test with Monte Carlo simulation (2000 replicates) to test for differences in replies among the onsite and online groups.


3.2.1 Meeting format and technical considerations

From a technical perspective, both online and onsite participants enjoyed the live conference experience (72-92%, Q17-20), with all platforms utilized (i.e., to allow online participation, online Q&A, and accessing of live and recorded presentations) deemed as sufficient and easy-to-use (57-74%, Q21,23,30-31). However, a sizable proportion found that the number of platforms used was too high (38%, Q32) and suggestions for future usage of fewer and more all-encompassing platforms were made (See Supplementary File S3). Moreover, most agreed with the number of talks allocated per day and the overall duration of the conference (75%, Q35) and did not support a future third parallel session to accommodate more talks (66%, Q41).

The majority of participants regarded live talks as an integral part of the conference (79%, Q11) as it enhances interactions (60%, Q36). The option of pre-recorded talks to cater for those with technical issues or time zones differences was considered essential (84%, Q12). The on-demand feature was overwhelmingly well-received (92%, Q13) with most indicating they viewed content post-conference (69%, Q14). However, opinion was split on if the 2-week post-conference availability of that feature was adequate (Q15), with some suggestions to increase the duration to a month or more in the future (See Supplementary File S3).

Most agreed with the format of online posters (64%, Q42) and found the additional short-video pitch useful (66%, Q43), although it should not substitute the pdf file of the poster (70%, Q46). There were mixed feelings on the duration of the poster sessions, with more satisfaction for onsite (55%, Q44) compared to online (43%, Q45) although the difference was not statistically significant (p = 0.22). In addition, it is not clear from the questionnaire and comments received if the session should have been shorter or longer. Based on comments received, it became apparent that future hybrid meetings should aim to better link online and onsite poster sessions, perhaps by including Q&A sessions with presenters, either live (69%, Q47) or online (70%, Q48).



3.2.2 Networking

In terms of networking more than two thirds indicated that they were able to connect with other researchers (69%, Q70), although the number of questions they received compared with past in-person or online meetings was less for 48% and 54% of onsite and online participants, respectively (Q72-73). The latter finding is interesting and is probably best explained by the fact that the majority of online (54%) and onsite (69%) participants did not interact with the other group of participants (Q74-75), with only 44% of all participants engaging with both groups (Q71), thus limiting the number of potential interactions per participant.

Several online social events were organized to enhance the online conference experience, most of which were generally well-liked, including the early-career focused scientific illustration workshop (64%, Q58), the lunch-time social gatherings events with the respective keynote speaker of the day, (80%, Q59), and the online Gala activities (88%, Q67). However, comments indicated participation in these events was limited by time-zone conflicts and from onsite attendees, with only 22% of onsite attendees indicating that they participated in several online social events (Q62).



3.2.3 Overall experience and moving forward

The vast majority of participants agreed or strongly agreed that the conference was an enjoyable experience (89%, Q2), inclusive (72%, Q3) and of high scientific quality (97%, Q4). Online and onsite attendees experienced the event slightly differently, with the former finding it more difficult to concentrate (39% vs. 22%, p=0.08, Q5-6) and dedicate time (53% vs. 18%, p < 0.001, Q7-8) for this meeting compared to past in-person meetings. Time zone conflicts and work duties (teaching, lab work) were some of the reasons evoked by online participants. There were mixed feelings about the amount of registration fees (Q9), although approximately half agreed that awards from the Deep-Sea Biology Society were sufficient to cover registration and attendance fees for those in need (62% agreed vs. 10% disagreed, Q10).

Moving forward, the overwhelming majority of participants indicate that they want future Society-sponsored meetings to be hybrid (74%, Q81), with much lower preference for future in-person only or online-only events (11% and 21%, respectively, Q82-83). Finally, additional small online events, including webinars, lectures series and journal clubs, to be held between symposia were largely favored as well (79%, Q84).





4 How to organize a hybrid conference?


4.1 Summary

This paper highlights what the organization of a medium-sized hybrid international conference entailed in 2021. As organizers, we report our experience and gathered feedback from both types of delegates to highlight successes and possible ways of improvement. Below we highlight key relevant points that should be accounted for and possible solutions to improve the organization of such events in the future.



4.2 Advantages and disadvantages of in-person, virtual and hybrid meetings

We summarized the pros and cons of the three types of existing meetings in Table 4 (onsite-only, online-only, hybrid). Although virtual meetings have a number of advantages, notably in terms of increased inclusivity, lower carbon footprint and flexibility of attendance, there is strong evidence that the in-person networking component and spontaneous discussions are missing (Medina and Shrum, 2022; Skiles et al., 2022). Overall, we believe that hybrid meetings are better than onsite-only or online-only meetings because they offer more flexibility to delegates. Indeed, for those who can travel, they provide the much-needed in-person interactions offered by onsite meetings while offering the possibility to attend online for researchers with limited financial means, other commitments (e.g., work or care duties) or who do not wish to travel for environmental reasons. Indeed, hybrid meetings have overall lower carbon footprints than similar-sized onsite-only conferences. There are, however, two main downsides to hybrid meetings: (i) they are more complex to organize (see section 2.1.4), which can lead to (ii) generally more expensive meetings for online participants (see section 4.3). Nevertheless, we believe that hybrid meetings are here to stay, given the numerous advantages of this meeting format (Table 4). Keeping the best of both worlds (i.e., combining in-person and virtual attendance) for future meetings has also been proposed by others (Klöwer et al., 2020; Dua et al., 2021; Niner and Wassermann, 2021). Specifically, an interesting way of organizing hybrid meetings with the specific aim to reduce the overall carbon footprint of the meeting, would be to organize simultaneous regional hubs in different locations with virtual attendance possible from each hub (Klöwer et al., 2020). This format would allow in-person interactions while reducing or eliminating intercontinental travel, which has been shown to have the highest carbon footprint (Klöwer et al., 2020).


Table 4 | Summary of advantages and disadvantages of onsite-only, online-only and hybrid meetings for participants.





4.3 Recommendations for future hybrid meetings

	1. Define clearly the conference format and the extent of online participation

	For any future hybrid conference, the format should be well specified. Is it a ‘dissociated’ hybrid meeting (e.g., with some days online-only and other days in-person only, for instance Evolution 2022: https://www.evolutionmeetings.org) or is it a ‘combined’ hybrid meeting such as 16DSBS? For combined hybrid meetings, as mentioned in the introduction, a substantial part of the meeting’s complexity and increased costs is linked to the extent of participation of online attendees. If they can only attend the conference without presenting, the complexity decreases drastically, however it disadvantages individuals not able to travel. Furthermore, if they can present, offering them the choice to present live or ask them to send a pre-recorded talk (or present both options) adds another layer of complexity. Finally, organizers can also choose to what extent they wish to organize extra online-only events beyond talks and posters to maximize interactions among online attendees.

	We believe it is fairer that online attendees can also present their research in the way it suits them best, and that they have a number of opportunities to network. Indeed, scientific conferences are not only meant to present one’s research, but also interact with the members of their own community. However, the more options there are for online attendees, the more work there is for the organizing committee, which may translate in higher registration costs for everyone, especially online attendees. For each hybrid event, there is a fine balance to find between offering the best experience for all types of attendees and keeping registration costs low without overwhelming the organizing committee.

	2. Maximize inclusivity

	We believe that the main aim behind organizing hybrid conferences is to broaden the participation of scientists by offering them flexibility for the attendance type. Hence, providing an inclusive conference is likely a goal of each organizing committee. While registration costs of the 16DSBS were similar to or lower than those of other hybrid conferences (Table 2), we acknowledge that registration costs for students or researchers from low- and middle-income countries could have been differentiated, and thus even lower.

	Here are some propositions to maximize inclusivity of a hybrid event: (i) reach out to numerous sponsors to lower registrations fees; (ii) differentiate registration fees by attendance type (online; onsite), career stage (student; post-doc; established researcher), nation income category (low, medium and high-income country), if it is a society meeting (member; non-member), time of registration (early bird; regular; late registration), (iii) provide additional travel and registration awards; (iv) aim to have the meeting organized by developing nations; and (v) reach out to the scientific community before the event (e.g., via online surveys) to better understand individual needs and challenges.

	Finally, as participants are not necessarily aware of the additional logistical requirements needed for hybrid conferences, we suggest publishing a cost breakdown along with registration fees on the conference website. Hence, potential higher costs of hybrid events in comparison with online-only events are better justified.

	3. Simplify (online) access and communication

	We received recurrent negative feedback from online attendees: there were too many platforms to access the conference and interact with other online attendees and their use was too complicated (Table 1). We acknowledge this issue, however, at the time when we organized the 16DSBS, there was no single platform available for this kind of event. Furthermore, the set-up of a dedicated platform for the purpose of this conference by an external company would have increased costs.

	In addition, efficient communication to all participants before and during the conference was not optimal. A large number of emails were sent before the conference. During the conference, we attempted to use Slack to communicate rapidly with all participants, however, it was mainly online participants who used it, and not everyone did use it (there was some reticence from first-time users).

	We thus recommend future organizers to aim for a single platform to access live and on-demand talks, posters, ask questions to speakers, and more generally interact with other online attendees via chats or videoconferences, as well as to receive information from and communicate with the organizing committee for potential issues. Ideally, we suggest that a combination of a dedicated website for viewing and a linked mobile app for rapid communication would be the best option. Nevertheless, we realize this centralization is a difficult endeavor, and hope that in the future such platforms will exist or their set-up by external companies will be more affordable.

	4. Maximize interaction opportunities between online and onsite attendees

	Finally, while onsite and online participants had equal access to scientific talks, we noticed that for the remaining scientific activities (e.g., poster sessions; online-only events) the two types of delegates were not really interacting with each other. For instance, onsite participants appeared to prefer getting some rest or interacting with onsite colleagues rather than participating in online-only events. Furthermore, online participants did not have an easy way to interact with onsite participants if the latter were not using Slack.

	We realize that there is probably no way to fully overcome this issue, however, we believe that organizers should aim at minimizing this problem. For instance, developing a mobile app that all participants would have to download will likely make communication and networking among all attendees easier (e.g., II Joint Congress on Evolutionary Biology, Montpellier, 2018).






5 Conclusion

Despite some organizational challenges, we advocate to keep organizing hybrid conferences beyond the COVID-19 pandemic. Indeed, they allow for a wider participation by giving more flexibility to participants to choose an attendance type that suits their needs best. Furthermore, online-only conferences cannot fully replace in-person formal and informal interactions. Although hybrid events require additional work and are currently more expensive in comparison to online-only events for online participants, we think that with early planning, sufficient sponsors, and technological advances, hybrid events represent the most inclusive way to hold international conferences.

Furthermore, hybrid conferences have lower carbon footprint compared to onsite-only conferences, hence they offer an interesting opportunity to combine scientific networking with environmentally friendly decisions (Glausiusz, 2021). For instance, students and researchers could decide to attend conferences in-person whose locality is reachable by train, while attending online conferences taking place on other continents.

We would like to emphasize that having an online option for a conference should not become an excuse for institutions and funding sources not to fund students and researchers to attend the conference onsite anymore. In-person networking is an essential part of a researcher’s work to develop collaborations, especially for ECRs who can find their next career step during these events. In addition, we would encourage the in-person element of international hybrid meetings to take place in low- and middle-income nations as it enhances diverse participation or to change continents to benefit all geographies equally. As hybrid conferences become more common, their organization may become more straightforward. This article reports the organization of one of the first hybrid conferences, and we hope that our experience will be valuable to the organizers of future hybrid events.
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Benthic communities below the photic zone are largely reliant on the export of surface-water primary production and the flux of partially degraded organic matter to the seabed, i.e. pelagic−benthic coupling. Over the past decades, however, the role of chemosynthetically produced carbon in food webs has been recognized in various habitats. Cold seeps are now known to be widespread across circumpolar Arctic shelves where natural release of hydrocarbons occurs at the seabed. Here, we investigated to what extent chemosynthesis-based carbon (CBC) enters the food web in a high latitude shelf-system. Specifically, we estimated the contributions of chemosynthesis-based carbon to primarily benthic invertebrate taxa from seeps at both shallow and deeper shelves and comparative non-seep areas in the Svalbard-Barents Sea region using bulk stable isotope-analysis of carbon and nitrogen. Our results show low δ13C values (-51.3 to -32.7 ‰) in chemosymbiotic siboglinids and several species of benthic, higher-trophic level, invertebrates (mainly polychaetes and echinoderms; -35.0 to -26.1‰) collected at cold seeps, consistent with assimilation of chemosynthesis-based carbon into the Arctic benthic food web. Using a two-component mixing equation, we demonstrate that certain species could derive more than 50% of their carbon from chemosynthesis-based carbon. These findings show that autochthonous chemosynthetic energy sources can contribute to supporting distinct groups of ‘background’ benthic taxa at these Arctic seep-habitats beyond microbial associations and chemosymbiotic species. Furthermore, we found a higher degree of chemosynthesis-based carbon in benthos at the deeper Barents Sea shelf seeps (>330 m) compared to seeps at the Western Svalbard shelf (<150 m water-depth), and we suggest this result reflects the differences in depth range, surface production and pelagic-benthic coupling. We detected large intra-species variations in carbon signatures within and across geographical locations and, combined with isotopic niche-analysis, our results show that certain taxa that inhabits seeps, have wider trophic niches in comparison to taxa inhabiting non-seeps. The increasing number of discovered natural seeps in the Arctic suggests that chemosynthetic production from seeps could play a more critical role in Arctic trophic structure than previously thought. Seep-derived carbon should, hence, be accounted for as an additional carbon source and included in food-web and energy-flow models in future work.
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Introduction

Large-scale spatial and seasonal variations in marine primary production combined with water-depth gradients and vertical transport of particulate organic matter largely regulate the composition and function of benthic communities (Ambrose and Renaud, 1995; Wassmann et al., 2006). Heterotrophic benthic communities are dependent on an export of surface-water photosynthetic production to the seafloor at depths below the euphotic zone and beyond the coasts (i.e. pelagic-benthic coupling) (Graf, 1989; Grebmeier and Barry, 1991; Wiedmann et al., 2020). Depending on latitude, surface primary production is strongly linked to seasonal environmental cycles and, in the high-Arctic, primary production occurs during an intense growth period and short time-interval. In addition to the surface-water phytoplankton production, sea-ice algae are an important photosynthetic carbon source in Arctic ice-covered waters, especially in the early growth season (Syvertsen, 1991; Hegseth and Quillfeldt, 2022). Ice-algae can contribute to large algae-falls to benthic systems (Boetius et al., 2013). The view of vertical transport of carbon sources to seafloor communities, however, is based on carbon originating solely from photosynthesis and produced in ocean surface-waters. Conversely, at cold seeps, where hydrocarbons such as methane emanate from the seafloor, chemosynthesis can serve as an alternative energy source to photosynthesis (Childress et al., 1986; Levin and Michener, 2002; Boetius and Suess, 2004). The coupled anaerobic oxidation of methane (AOM) and sulphate reduction in the sediment by microbial consortia allow organisms to utilize hydrocarbon sources directly via chemosynthesis and symbiotic associations with methanotrophs or thiotrophs, or indirectly via trophic predator-prey interactions (Boetius and Suess, 2004; Decker and Olu, 2012; Higgs et al., 2016). These symbiotic relationships and trophic interactions can result in unique habitats consisting of specialized chemosymbiotic faunal communities and associated macrofauna (Childress et al., 1986; Levin et al., 2016).

Carbon acquires specific isotopic values depending on the carbon fixation pathways and it produces a distinct imprint of the surrounding environment. Combining the analyses of stable isotope ratios of carbon (δ13C) and nitrogen (δ15N) to assess the nature of carbon sources and the trophic structure, it is possible to document ecosystem characteristics and predator-prey interactions, and generate insight on resource utilization (Childress et al., 1986; Zanden and Rasmussen, 2001; Post, 2002). Carbon assimilated through chemosynthesis can get, via Rubisco I catalyst in the Calvin Benson Bassam Cycle, distinct 13C-depleted values, typically δ13C < -30‰ (Robinson and Cavanaugh, 1995; Hügler and Sievert, 2011) compared to photosynthesized organic carbon (δ13C typically ~ -25‰ to -20‰) and used as a tracer in marine food webs (Childress et al., 1986; Levin and Michener, 2002). The energetic pathway of chemosynthesis to marine organisms has been documented from cold seeps globally (Levin and Michener, 2002; Niemann et al., 2013; Zapata-Hernández et al., 2014). In deep-sea seeps, carbon produced via chemosynthesis is seen to be highly integrated in marine benthos, contributing to food resources and specialization of organisms (Levin et al., 2016; Toone and Washburn, 2020; Feng et al., 2021). The integration of chemosynthetic carbon in shallow cold-seep habitats, however, is not as apparent as for deep-sea systems and it is assumed that photosynthetic resources and vertical transport of organic matter play a more important role in shallow chemosynthetic-based systems (Tarasov et al., 2005; Stevens et al., 2015).

Cold seeps have been discovered in all world oceans, including the polar regions (Domack et al., 2005; Decker and Olu, 2012). In the Arctic, a common feature at seeps is the high degree of so called ‘background fauna’ and the absence of large chemosymbiotic species and specialized taxa beyond small siboglinids (Åström et al., 2016; Sen et al., 2019; Vedenin et al., 2020). Even though there are several descriptions of habitat characteristics and species composition, the knowledge of trophic structure and chemosynthesis-based carbon at Arctic seeps is inadequate, as are its pathways to ambient fauna. This gap in knowledge stands in contrast to other carbon sources that nowadays are recognized to contribute to benthic communities and marine Arctic food webs (Wiedmann et al., 2020). Several studies have focused on the input of photosynthetic sources including phytoplankton and ice algae (McMahon et al., 2006; Søreide et al., 2006) and in recent times, there has been an increased attention to examine the potential contribution of other carbon sources such as food falls (Dunlop et al., 2018), and terrestrial and riverine organic matter (Bell et al., 2016; McGovern et al., 2020).

The Barents Sea region is considered a hotspot of marine productivity (Wassmann et al., 2006), and supports one of the world’s most important commercial fisheries (Kjesbu et al., 2014). This region is also exposed to large-scale environmental changes because of rising temperatures (Fossheim et al., 2015) and is predicted to undergo extensive and concomitant changes in ocean circulation and reductions in sea ice (Onarheim and Årthun, 2017). These physical and oceanographical changes are expected to drive large-scale shifts in carbon cycling, trophic interactions and biological productivity (Wassmann et al., 2020; Ingvaldsen et al., 2021). To date, food web interactions at Arctic cold seeps have mainly been studied at the Håkon Mosby mud volcano (located at 1200 m water-depth at the Norwegian continental margin) (Gebruk et al., 2003; Decker and Olu, 2012; Georgieva et al., 2015). Here, chemosymbiotic fauna (two species of siboglinids Sclerolinum contortum and Oligobrachia cf. haakonmosbiensis) and microbial mats form a base for further trophic interactions with benthic organisms. As examples, depleted 13C values (-49 to -45‰) were recorded in gastropods, sea spiders, and a few polychaetes associated with microbial mats (Decker and Olu, 2012). In adjacent sediment, zoarcid fishes also showed 13C depleted values (-52 to -49‰) (Gebruk et al., 2003; Decker and Olu, 2012) and Gebruk et al. (2003) suggested that the zoarcids possibly had preyed on siboglinid polychaetes to acquire such low δ13C values. The high occurrence of natural methane seep sites at the circumpolar Arctic shelves and margins (Stranne et al., 2016; Shakhova et al., 2019) constitutes a potential carbon source for organisms inhabiting or passing through such habitats. However, to what extent such carbon source is exploited beyond the microbial communities is poorly investigated yet may provide critical information in food web and energy flow models that contribute to resource management.

Our aim with this study was, therefore, to quantify the potential use of chemosynthesis-based carbon from cold seeps to the general macro-benthic faunal community in a productive Arctic shelf in the south-west Barents Sea. We used stable isotope analyses of nitrogen and carbon of organism and known food-web baselines in the investigated systems to test the hypothesis that chemosynthesis-based carbon is used as a carbon source for a variety of non-chemosymbiotic taxa of the faunal community at seeps. Furthermore, we tested if the incorporation of chemosynthesis-based carbon differed between organisms sampled at shallow seeps (<150 m deep) and deeper seeps (>330–400m), including a recently discovered seep-site north of Svalbard. At the shallow seeps, we hypothesize that the influence of chemosynthesis-based carbon to the seep-community is diminished because of high photosynthetic primary-production and strong benthic-pelagic coupling.



Material and methods


Study area

Marine environments in the high-Arctic are characterized by intense seasonality of light, sea-ice cover, temperature, and productivity. At the continental margin of Svalbard and in the Barents Sea, the interaction and mixing of cold Arctic and warm Atlantic water-masses creates a productive shelf ecosystem with strong coupling of pelagic and benthic processes (Loeng, 1991; Wassmann et al., 2006). The climate in Svalbard and northwestern Barents Sea is relatively mild compared to other regions in the high-Arctic. This area is strongly affected by the West Spitsbergen Current and the transport of warm and saline Atlantic Water northwards into the Arctic Ocean (Figure 1). The western Svalbard margin consists of a shallow (<200 m) shelf off the island of Prins Karls Forland. The Barents Sea, a marginal sea to the Arctic Ocean is a shelf-sea with an average water-depth of approximately 230 m and the bathymetry is characterized by shallow banks and deeper troughs. The Barents Sea shelf is influenced by both warm and saline Atlantic water from southwest and cold Arctic water-masses from northeast, flowing in from the Arctic Ocean (Figure 1). The oceanic boundary of the polar front is formed where these two water-masses meet (Loeng, 1991). Along the western Svalbard margin and in the Barents Sea troughs, several natural hydrocarbon seeps occur near the predicted upper depth limit of the gas hydrate stability-zone, and where sub-seabed gas reservoirs release methane (Sahling et al., 2014; Mau et al., 2017). The targeted cold seep-locations in this study have all been covered by the Barents Sea Ice Sheet during the last glacial maximum. Present-day hydrocarbon emissions at the Svalbard shelf and margin is likely a result from dissolution of gas hydrate reservoirs in the sub-seabed caused by post-glacial isostatic rebound and sub-seabed migration of gas through faults and fracture zones (Portnov et al., 2016; Serov et al., 2017). At the western shelf and slope of Svalbard, extensive gas emission and elevated concentrations of methane in the water-column are reported in water-depths ranging from ~ 80–400 m (e.g. Sahling et al., 2014; Pohlman et al., 2017). In this study, we refer to this area as the Western Svalbard and Prins Karls Forland seeps (Figure 1, Table 1). In the western Barents Sea, south of Svalbard, two locations have been identified in the outer part of Storfjordrenna with sub-surface gas deposits and hydrocarbon seepage (Figure 1) referred to in this study as Storfjordrenna seeps and Gas Hydrate Mounds. Further east, an area of gas-seeping crater-mound complexes exist in the central Barents Sea at the rim of Bjørnøyrenna (Bear Island Trough) (Solheim and Elverhøi, 1993) (Figure 1, Table 1). See summarized descriptions of these study sites in Åström et al. (2020).




Figure 1 | Svalbard-Barents Sea study area with sampling locations. Arrows show overriding surface currents; Atlantic water mass (solid/red) and Arctic water mass (dashed/blue) (modified from (Loeng, 1991). Sampling locations are marked as black circles, and stations at cold seeps are indicated by a star. For more information about sampling locations, see Table 1. Map was produced using package ggOceanMaps in R (Vihtakari, 2021).




Table 1 | Areas where samples and organisms for stable isotope analyses in this study have been collected.



A previously undescribed seep area was found in the northern Svalbard area, north of the Hinlopen Strait (Figure 1). Here, relatively warm, saline water of Atlantic origin is transported southwards through the strait and cold Arctic water flows northwards (Figure 1) (Loeng, 1991). At the outer part of Hinlopen Strait, geophysical investigations and sediment analyses indicate thermogenic sources of methane in the seabed (Blumenberg et al., 2016), where these authors suggest that methane and possibly heavier hydrocarbons stems from deeper source rocks and ice-rafted organic matter from nearby locations. Furthermore, geophysical investigations by Geissler et al. (2016) recorded clusters of acoustic flares in an area south of the site described in Blumenberg et al. (2016). During a research cruise to the outer Hinlopen Strait in July 2018, hydro-acoustic flares from the seabed were detected with the ship echo-sounder from the same area as investigated by Geissler et al. (2016) in water-depths of ~330–350 m. A flare was recorded at the crest of a small ridge on the eastern flank of Hinlopen Trough (Rasmussen et al., 2018b) and gravity coring revealed sediment consisting of glaciomarine deposits on till. The coring site was revisited during a cruise with R/V Helmer Hanssen (UiT – The Arctic University of Norway, Tromsø) in September 2018 and hydro-acoustic flares were again detected with the ship echo-sounder. Onsite, box core-samples were retrieved from the area with flares and used for faunal and sediment analyses in this study (Rasmussen et al., 2018a) (Figure 2).




Figure 2 | Echo-sonar image of seabed and acoustic flares from Hinlopen seep (HLF), north of Svalbard, recorded with a Simrad EK 60 single-beam echo sounder. Note that the bubble flares rise more than 150 m vertically from the seabed into the water-column. Elongated shapes indicate fish (and possible other larger organisms in the water column). Vertical scale to the left represents water depth (m).





Sampling

Samples from the five above mentioned methane seep locations were sampled with R/V Helmer Hansen and additional non-seepage stations P1 to P5 were sampled with R/V Kronprins Haakon (The Norwegian Polar Institute, Norway). Samples were collected during Arctic summer 2014–2018, i.e. late May-June for W. Svalbard seeps, late June-July for SW. Barents Sea seeps and mid-late August to 2nd of September for N. Barents Sea seeps (Figure 1). Some temporal variation in seepage (Ferré et al., 2020) and uptake of chemosynthesis-based carbon between sampling events cannot be excluded, however, all sampling took place in the post-spring bloom period. Furthermore, long isotopic turnover (Kaufman et al., 2008; Weems et al., 2012) and high longevity of Arctic invertebrates (Bluhm et al., 1998; Ravelo et al., 2017) will dampen temporal variations. Our results were combined for all samples.

Seabed bathymetry mapping was conducted with ship-mounted multi-beam and 2D seismic surveys. Locations of active hydrocarbon seepage were selected based on acoustic signals from flares detected on a keel mounted single beam echo sounder (Simrad EK 60 frequencies 18 KHz and 38 KHz) and from previous surveys at the different sites (Åström et al., 2016; Serov et al., 2017). Benthic sampling in 2014 was conducted where acoustic reflections from flares where observed [see detailed description in Åström et al. (2016)]. During 2015, samples were collected where characteristic seep features such as bubble streams, microbial mats and methane-derived authigenic carbonates (hereafter referred to as carbonate outcrops) were identified through seafloor imagery. Images were obtained with a towed camera, mounted on a camera guided multi corer (cores diameter 10 cm) (see details in Åström et al. (2018). In 2016, benthic sampling and seafloor imaging were carried out using the remotely operated vehicle 30K, operated by the Norwegian University for Science and Technology. Video recording and a pair of stereo cameras (image resolution 1360 x 1024 pixels) allowed to pinpoint areas of active gas bubbling, detailed studies of the seafloor structures including carbonate outcrops and microbial mats, and precise sampling at these features, see details in Åström et al. (2019). In 2018, a box corer (50x50x50 cm) was used to sample previously known seeps in the Barents Sea as well as the newly discovered seep site at outer Hinlopen Trough on the northern shelf of Svalbard. Along with sampling at active seep-sites, we also conducted sampling at paired non-seep controls in 2014–2018. In 2018, sampling with benthic trawls and box corer (50x50x50) was also carried out onboard R/V Kronprins Haakon along the South-North transect of the Norwegian project “Nansen Legacy” at latitude ~31–34°E from the central Barents Sea, moving northwards into the marginal ice-zone (Figure 1).

Vertical CTD (Conductivity, Temperature, Depth; SBE 9 plus sensor) profiles of seawater hydrography were taken at all stations prior to sampling and water was taken from attached Niskin bottles for analysis of pelagic particulate organic matter (POM). Moreover, sediment samples were obtained to analyze sediment characteristics such as porosity, grain size, total organic carbon, composition of isotopes (13C and 15N) and benthic pigments (Chlorophyll a and phaeopigments). At each location, qualitative faunal samples were collected from grabs, cores, manual remotely operated vehicle-Sampling or dredges for bulk stable isotope (δ13C and δ15N) analyses of tissue to assess food web and trophic level interactions (Hobson and Welch, 1992; Post, 2002; Søreide et al., 2006). After sieving, to separate sediment from fauna, animals for isotopic analysis were sorted and identified to lowest possible taxonomic level immediately after collection, and we hereafter follow the names according to world register of marine Species (WoRMS Editorial Board, 2022). For some taxa (primarily for mud-dwelling echinoderms), we added a 1–2 day period of depuration in a dark cold-room onboard the vessel. Organisms were stored frozen (-20 ˚C) prior to laboratory analysis.


Stable isotope analyses

For stable isotopic analyses, smaller organisms were processed whole whereas soft tissues from larger individuals were separated from other body structures, such as shells and guts. Tissues were freeze-dried for 24 hours, and dried tissue was homogenized with mortar and pestle and ~1.2 mg tissue sample-1 weighed into tin capsules (containing between 0.3 and 0.7 mg carbon and 0.1 to 0.2 mg nitrogen). Calcareous organisms, where no soft tissue could be dissected, were pre-treated with 1N HCl and dried at 60°C ahead of carbon isotopic analysis to avoid contamination by eventual diagenetic carbon in the δ13C signature. For the same reason, sediment samples were acidified with HCl and dried before the carbon analysis. 5 mg sediment sample-1 was weighed into tin capsules for C-analyzes and ~20 mg for N samples. POM isotopic signature measurements were derived from seawater filtered onto pre-combusted membrane filters (0.22 µm pore size, 4.7 cm diameter, Merck Millipore). In total, we use ~250 analyzed samples for this study. In addition, to expand the data set, we also include previous data collected from above-mentioned cold seeps reported in Åström et al. (2019).

For stable isotope analysis of bulk organic samples (sediment, tissue, and POM), we used a Thermo Fisher Scientific EA IsoLink IRMS System at the University of Oslo, Norway, which consists of a Thermo Fisher Scientific Flash Elemental Analyzer and a Thermo Fisher Scientific DeltaV Isotope Ratio Mass Spectrometer. Quality control for the analyses with external standards was better than ±0.16‰ for δ15N and better than 0.5‰ for δ13C. Isotopic compositions are reported in the conventional δ-notation, as δ15N and δ13C in ‰ relative to air and Vienna Pee Dee Belemnite, respectively.



Sediment analysis

Sediment samples were collected for benthic chlorophyll a (Chl a) and phaeopigments, as indicators of photosynthetically based organic material deposited on the seafloor. Sediment chlorophyll a indicates relatively recently produced material, whereas phaeopigments represent a degradation product of chlorophyll a. Surface sediment pigment concentrations (upper 0–2 cm) from grab samples and push cores were extracted with acetone for 12–24 h in the dark, centrifuged, decanted and measured for fluorescence in a Turner Design Model 10 AU fluorometer before and after acidification with 1N hydrogen chloride (HCl) in accordance with Holm-Hansen et al. (1965) The measured concentrations were corrected for sediment porosity. We use the term chloroplastic pigment equivalents for the combined concentration of Chl a and phaeopigments in this study (Pfannkuche and Thiel, 1987).

Porosity of sediment samples was determined by using a wet–dry method where pre-weighed vials of known volume were filled with sediment, re-weighed, and later dried at 60° C until all water evaporated. The density of the sediment was calculated by using the basis from the wet weight of sediment and water combined following Zaborska et al. (2008). Sediment grain size (fraction of pelite <0.63 µm) and total organic carbon were determined by subsampling surface sediments (0–2 cm). Grain size was analyzed in a Beckman Coulter Particle Size analyzer LS 13320. Samples were pre-treated with 1N HCl and H2O2 to remove CaCO3 and organic material. Total organic carbon was analyzed by first determining the total carbon content in a Leco CS744 instrument that uses infrared absorption to measure generated CO2 under combustion. Samples were then treated with HCl to remove inorganic carbon. The analyzed difference between treatments is used to calculate the content of Total Organic Carbon in the sediment.




Data analysis

Photosynthetic particulate organic matter was used as the isotopic baseline (nitrogen) for estimating trophic level. To illustrate overall trophic structure the trophic level fractionation value was set to 3.4‰ for N and 0.6‰ for C following Zanden and Rasmussen (2001); Post (2002) and Søreide et al. (2006) according to the formula:

	

Where δ15Ncons. represents the nitrogen value for a given taxon and δ15NPOM represents the mean particulate organic matter (POM) baseline nitrogen value in this study (δ15N=5.1‰).

To test the hypothesis that chemosynthesis-based carbon contributes to various fauna at seep sites, we used benthic organisms that exhibited lower δ13C values than the baseline of POM (δ13C = -24.5‰, Table S1) in a two-component mixing equation. This analysis provided an estimate of the contributed fraction of the two carbon sources, photosynthetic particulate organic matter, POM and chemosynthesis-based carbon, based on the δ13C values from sampled organisms using the formula:

	

Ccons.is the δ13C value of a specific organism, CPOM represents the mean baseline value of photosynthetic carbon sources and Cchemo is the baseline value from chemosynthetic carbon sources. To estimate the contribution of chemosynthesis-based carbon, we tested the two-component mixing equation with two different Cchemo key end-members, 1) methane (CH4) and 2) sulfur oxidizing bacteria (SOB). Cchemo for methanotrophs is based on a mean of published values of isotopic analyses of methane gas composition from the Svalbard-Barents Sea region (δ13C=-44.0‰, see Table S1) whereas Cchemo for thiotrophs (CSOB =-35.0‰) is based on an average of published SOB values in Decker and Olu (2012) and Gebruk et al. (2003) and integrated reduced sediment and bacterial mat samples from Åström et al. (2019). We also apply the two-component mixing equation (2) using sedimentary organic matter (SOM) as baseline (mean value of δ13C = -21.8‰) to account for the modification of pelagic POM during transit to the seafloor. Sedimentary organic matter includes refractory particulate organic matter at different levels of degradation and diagenesis (Schubert and Calvert, 2001), allowing a more refined estimate of the extent to which different organisms have incorporated carbon from chemosynthetic sources (e.g. Zapata-Hernández et al., 2014). A pairwise comparison of δ13C values of the two photosynthetic carbon sources (POM and SOM) satisfied the conditions of normality and equal variance and differences were tested using a Student’s t-test.

To further test the hypothesis that chemosynthesis-based carbon contributes to the overall background benthic community we used ‘SIBER’ (Stable Isotope Bayesian Ellipses in R version 4.0.5) (Jackson et al., 2011) and selected Layman metrics (Layman et al., 2007) to quantify isotopic niche characteristics of habitats for ‘seeps areas’ and ‘non-seeps’ in the Barents Sea. Isotopic niche space was compared between two habitat groups and five taxonomic groups; ‘Polychaeta’, ‘Echinodermata’, ‘Mollusca’, ‘other benthos’ (including among others demersal crustaceans and fishes, priapulids, nemerteans and cnidarians) and ‘pelagic community’ (including pelagic taxa e.g. krill and pelagic amphipods), see details for categorical classification in supplementary material (Table S2). We excluded chemosymbiotic siboglinids from the ‘Polychaeta’ group as they derive their nutrition via microbial endosymbionts (Sen et al., 2018b) and the purpose in this analysis was hence to compare non-chemosymbiotic fauna from the two community-groups. We calculated the nitrogen range (NR) in order to look at the length of the food web (accordingly NR δ15Nmax−δ15Nmin), and carbon range (CR) to assess basal niche diversification, where large a large CR indicates multiple basal resources (accordingly CR δ13Cmax−δ13Cmin). We computed isotopic niche space as total area of the convex hull and standard ellipse area for the bivariate δ13C:δ15N data. Furthermore, we determined the standard ellipse area overlap between the means for isotopic niche area for seep and non-seep sites and between the taxonomical categories from the respective community. Total area is used as a proxy for the total isotopic niche of all consumers of a specific community while the convex hull is highly influenced by extreme values. We retain however the total area here as it provides an overview of the total isotopic niche space and includes all sampled organisms in the study. Standard ellipse area, in contrast, is a proxy for a core isotopic area, and is hence smaller than Total Area and less sensitive to outliers and extreme data points (Layman et al., 2007; Jackson et al., 2011). A large total area or standard ellipse area value indicate a larger isotopic niche.

The environmental data were analyzed and used to further test the hypothesis that the shallow, productive, seeps are less influenced by chemosynthesis-based carbon in comparison to the deeper seeps at the shelves. We performed a pairwise comparison (t-test) of sediment Chl a to the total chloroplastic pigment equivalents ratios between seep and control station to test for differences in food quality (i.e. fresh and recently produced to older and partially degraded). To demonstrate the conditions of environmental variables at the different stations we used R and the package “vegan” v.2.5-7 (Oksanen et al., 2019) to run a principal component analyses. The selected environmental variables were bottom-water temperature, salinity, and sediment characteristics (including grain size, total organic carbon content, porosity of sediments) and total concentration of benthic chlorophyll pigments. Data were normalized prior to analysis.




Results


Trophic structure at seep versus non-seep sites

Carbon isotope (δ13C) values exhibited a wide range (-51.3 to -15.0‰, n = 381) among studied taxa (Table S2). The most individual 13C-depleted samples were recorded in the chemosymbiotic siboglinid worms ranging between -51.3 and -32.7‰ (n samples = 12). Among non-chemosymbiotic taxa, the most 13C-depleted individual samples were recorded in large polychaetes collected at the seeps, Scoletoma fragilis, δ13C = -35.0‰ and Nephtys sp. δ13C = -31.4‰. The highest δ13C values were recorded from two echinoderms: the sea star Pontaster sp. (-15.0‰) and the brittle star Ophiopholis aculeata (-15.5‰; Table S2). The majority of faunal samples in this study displayed δ13C values in the range of -22‰ to -16‰ (Table S2). The baseline carbon source of photosynthetic particulate organic matter (POM) from the water-column ranged between δ13C = -27.3‰ and -23.3‰ and in sediment organic matter (SOM), for samples without signs of active seepage at the seabed, δ13C varied between -23.8‰ and -20.5‰. There was a significant difference between POM and SOM values, (t (18) = 4.3, p < 0.001; meanSOM = -21.8 ± 0.35 SE vs. meanPOM = -24.5 ± 0.56 SE). Two sediment samples collected at microbial mats and H2S patches at seeps were depleted in 13C in comparison to other sediment samples, δ13C = -25.3‰ and -34.5‰ respectively (Table S1).

Nitrogen isotope (δ15N) values for the photosynthetic baselines where meanPOM = 5.1‰ ± 0.38 SE and meanSOM = 4.8‰ ± 0.13 SE (Table S1). First order consumers (Trophic Level = 2) included pelagic invertebrates such as euphausiids (krill) and hyperbenthic amphipods (Onisimus sp.) as well as filter-feeding bivalves e.g. Serripes groenlandicus, Macoma calcarea, and Ciliatocardium ciliatum (Table S2). In addition, a few individuals of different echinoderms including the sea cucumber Molpadia borealis and the sea urchin Strongylocentrotus sp. also exhibited low δ15N values, indicative of grazers (Table S2). The nitrogen isotope analysis revealed that most taxa were 2nd or 3rd order benthic consumers at Trophic Level ~3–4, containing typical deposit feeders, opportunists, and predators. We noted that the benthic fish species Atlantic poacher (Leptagonus decagonus) and American plaice (Hippoglossoides platessoides) were represented as top consumers in this study with individual samples of δ15N = 15.1‰ and Trophic Level = 4 (Table S2). Food-web length as indicated by the range of nitrogen isotopic values was hardly any different between seep- and non-seep stations; nitrogen isotopic range = 9.88‰ and 9.62‰ respectively. In contrast, the carbon isotope range was almost double at seep stations compared to non-seep stations; carbon isotope range = 19.93‰ and 9.85‰ respectively. Comparing taxonomic/functional categories from non-seeps/controls to seep-stations, the total area and standard ellipse area were larger at seeps for three out of the five categories, where the exceptions are ‘Mollusca’ and ‘other benthos’ (Table 2). In all taxa combined, the calculated standard ellipse area-niche overlap between the seep-community and non-seep community was 65.2% (Figure 3). The least overlap was seen between ‘Polychaeta’, 38.0% and the most for ‘Mollusca’, 51.6%.


Table 2 | Total area, TA (‰2) and calculated standard ellipse area, SEA (‰2) for respective categorical group from the two communities “non-seep” and “seep”.






Figure 3 | Isotopic data of consumers plotted in bivariate C:N δ-space. Ellipses show standard ellipse area (SEA) of bivariate means for non-seep (dashed line) and seeps (solid). Open triangles represent samples collected from non-seeps, solid symbols indicate samples collected at seeps. (A) All samples. Calculated niche overlap of SEA is 65% between seeps vs. non-seeps. (B–F) SEA of bivariate means for taxonomic/functional groups. Calculated overlap in SEA between groups (B–F) is found in Table 2. Note the different x and y-scales.





Intra-species variation in isotopic composition

A few benthic taxa display large intra-species variability in their carbon values (Figure 4). The largest spread in species-specific carbon isotope composition was demonstrated within the polychaeta species of Scoletoma fragilis where individuals collected at the Gas Hydrate Mound seep station in Storfjordrenna differed by 16‰ from δ13C = -35.0‰ to -18.9‰, (n = 4), revealing a large variability within the same site. The variability among all collected S. fragilis in the study ranged from δ13C = -35.0‰ to -18.6‰, n = 10). Furthermore, in Nephtys sp. there was also a large intra site variation in δ13C at the Bjørnøyrenna seeps, varying by more than 14‰ (-31.4‰ to -17.1‰, n = 9). For all sampled and analyzed Nepthys sp. regardless station, the range of δ13C was -31.4‰ to -16.5‰ (n = 31) Among non-Polychaeta taxa, the mud-dwelling sea star Ctenodiscus crispatus displayed the largest intra-species variability in individual samples where the δ13C ranged between -26.8‰ and -16.6‰, (n = 21) (Figure 4). In contrast to the carbon values, the nitrogen values varied little and there was no consistent difference between seeps and non-seeps. The exception for an extraordinarily high variation in δ15N was seen in the sea cucumber Molpadia borealis, where δ15N values ranged from 5.8‰ to 14.6‰, (n = 9). Both the low and high extremes were collected at non-seep sites.




Figure 4 | Boxplots of δ13C variation in selected benthic invertebrates and community baseline sources. (A) Intra-specific comparisons of benthic taxa and measured δ13C values in this study. (B) δ13C ranges of baseline energy-sources at the investigated area, abbreviations; CH4-methane, SOB-Sulfur oxidation bacteria, SOM-sediment organic matter, POM-particulate organic matter (water-column). The bold line represents the median value, the edges of the box represent the 25th and 75th percentile of data and the solid line display the highest and lowest values excluding outliers (black dots outside box). Reference data from Svalbard for O. acuminata is based on Renaud et al. (2011) and for P. groenlandica on (Sokołowski et al., 2014; Renaud et al., 2015). B. glacialis, Bathyarca glacialis; O. aculeata, Ophiopholis aculeata; M. borealis, Molpadia borealis; C. crispatus, Ctenodiscus crispatus; O. acuminata, Ophelina acuminata; P.groenlandica, Phyllodoce groenlandica; S. fragilis, Scoletoma fragilis.





Chemosynthesis-based carbon end-member contributions

The results from the two-component mixing equation using CPOM and Cchemo as end-members indicate that a suite of non-chemosymbiotic taxa, the majority of them polychaetes, incorporated carbon from chemosynthesis-based carbon (up to 54% –100%) (Table S3; Figure 5).




Figure 5 | δ15N values plotted against the estimated relative contribution of chemosynthesis-based carbon (CBC) incorporated in background benthic taxa (excl. siboglinids), using the two-component mixing equation applied from Søreide et al. (2006). Solid diamonds show the estimates for consumers based on particulate organic matter (POM) vs. CH4 end-members as baselines and black crosses show the outcome using sedimentary organic matter (SOM) vs. sulfur oxidizing bacteria (SOB) as baselines. (A) benthic taxa collected from deeper seeps (Barents Sea, depth range 330–385 m) and (B) taxa from shallow seeps (Western Svalbard Prins Karls Forland, 85–157 m depth). Each symbol represents one sample.



Using sedimentary organic carbon as a primary carbon source, instead of CPOM to the end-member equation (i.e. CSOM) to CH4  resulted in a similar range of contributions of chemosynthesis-based carbon for benthic invertebrates (up to 59%–100%). Applying the latter scenario of the mixing model using SOM and SOB as end-members showed in the mixing model that a partial input of the diet for several benthic organisms could be composed of chemosynthesis-based carbon-derived sources, also beyond polychaetes; Echinodermata (up to 39%), Mollusca (up to 16%), Priapulida (15%) and Pycnogonida (<5%) (Table S3).

Estimates of chemosynthesis-based carbon in individuals varied between depth groups. Individuals collected at deeper (Barents Sea) seeps displayed a larger modeled input of chemosynthesis-based carbon (up to 50–100%) in comparison to taxa and individuals collected at the shallower seeps (Prins Karls Forland shelf-seeps in Western Svalbard). In fact, hardly any depleted 13C values and thus, no chemosynthesis-based carbon contributions, were detectable in organisms at the latter site (Figure 5B).



Environmental conditions

In the principal component analysis over environmental variables, stations were overall ordinated regionally, demonstrating the influence on stations of selected environmental variables (Figure 6). Western Svalbard shelf stations were separated from Barents Sea stations along the first principal component analysis-axis, explaining 51.3% of the variability in the data where the characteristics of water-mass (temperature and salinity) and sediments (grain size, total organic carbon and porosity) caused the observed difference. The two northernmost stations, Hinlopen seep site (HLF, north of Hinlopen strait) and P4 (south of Kvitøya; Figure 1) were ordinated at opposite edges along the second principal component analysis-axis (explaining 21.7% of the variability in the data) and the observed separation was explained by differences in water temperature and content of chloroplastic pigment equivalents (Figure 6). P4 displayed the coldest water-mass at the bottom, (T = -0.2°C) and S = 34.8 psu, characteristic of Arctic water (Svendsen et al., 2002) (Table 1), and was the only station with negative bottom-water temperature. In contrast, Hinlopen Flare site was the second warmest station (T = 3.5°C) and influenced by warm and saline (35 psu), Atlantic water. For chloroplastic pigment equivalents in the sediment, the concentration was highly variable among stations and there was no significant difference in total pigment concentration between seep and non-seep stations. The stations Hinlopen Flare site and P1, ordinated in the upper range of the y-axis (Figure 6) displayed the highest concentrations of chloroplastic pigment equivalents in the sediment. We detected a significant difference in the ratio of sediment chlorophyll a (Chl a) to sediment chloroplastic pigment equivalents concentration, where seeps had a lower ratio of Chl a compared to non-seep control stations; t (56) = 2.129 p < 0.05 meancontrol = 0.222 ± 0.008 SE vs. mean seep = 0.197 ± 0.007 SE. For total organic carbon content, we noted a trend towards slightly higher Total Organic Carbon concentration in sediments at seep-stations, however, the difference was too small to exclude the natural variability (t-test, p > 0.05).




Figure 6 | Principal component analysis based on standardized environmental variables; Bottom water temperature (Temp), salinity and sediment characteristics (including grain size, total organic carbon (TOC), porosity (por.) of sediments) and total concentration of benthic chlorophyll pigments from sampled station in this study. (No sediment and pigment data were obtained from P2, P3 and P5, see details in Table 1 for station information). There is a clear regional separation between Western Svalbard Prins Karls Forland stations (PKF and PKF C), compared to stations in the Barents Sea region (all others) as these stations are diverged along the first principal component analysis axis (PCA I), primarily related to the variable’s salinity and sediment characteristics, explaining more than 50% of the observed difference. North of Svalbard, the station Hinlopen seep site (HLF) and station P4 at the northern Barents Sea shelf are separated along PCAII, mainly driven by the contrasting bottom water temperatures and sediment pigment concentration. For site abbreviations see Table 1.






Discussion

Cold seeps and chemosynthesis as potential energy sources for Arctic benthos have in the past been rather uncertain or entirely overlooked. This is in contrast to other identified carbon sources which are included in the Arctic benthic food-web such as terrestrial sources as well as phytoplankton, macro,- and ice algae production (e.g. Søreide et al., 2006; Sokołowski et al., 2014; Renaud et al., 2015). We demonstrate, in this study, that a variety of “background” benthic taxa at the investigated cold seeps can benefit from carbon sources originating from chemosynthesis-based carbon (CBC). We detect a larger isotopic niche-width for seep-communities than non-seep communities and report intra-species variability in isotopic carbon signals, reflecting the availability of multiple carbon sources to the community and flexible feeding-patterns among benthic taxa. Furthermore, we note contrasting patterns in the use and incorporation of chemosynthesis-based carbon between shallow seeps at the Western Svalbard margin and deeper ones at the Barents Sea shelf. Despite intense methane seepage from the bottom at the shallow sites, we did not recognize much use of chemosynthesis-based carbon in ambient background taxa. We suggest this may be a result of an intensified photosynthetic production, caused by local seep-mediated upwelling and high pelagic-benthic coupling at the shallow seep sites.


Community comparisons of trophic structure at seep and non-seep sites

We confirm our hypothesis that chemosynthesis-based energy sources are incorporated in a suite of benthic organisms. We detected highly depleted 13C values in primarily benthic predatory polychaetes. With recorded values of -35.0‰ in δ13C and trophic levels of 2–3 for invertebrates collected at the seeps, it is unlikely that these individuals would have incorporated these low values through other sources. We expected negligible input from terrestrial sources (from land-riverine discharge) and no significant input of macroalgae, that could cause such low δ13C values (Renaud et al., 2015; Bell et al., 2016; McGovern et al., 2020) considering the depth and distant location to land of our sampling locations. The overall isotopic niche space in a specific habitat represents the heterogeneity of carbon use. While the length of the food-webs did not differ between seeps and non-seep samples in this study, the main difference between the communities is seen in the range of δ13C values. A higher δ13C range indicates availability of diverse basal resources and/or a potential diversity in the isotope values of these basal sources (Layman et al., 2007). The observed larger carbon isotope range for the seep community in this study is hence reasonable considering the additional available carbon sources via chemosynthesis and hydrocarbon seepage. Among taxonomic/functional groups, we saw a considerably larger isotopic niche space (expressed as total area and standard ellipse area) for ‘Polychaeta’ and ‘Echinodermata’ at seeps in contrast to non-seeps, consistent with these groups having individuals with the largest estimated proportions of chemosynthesis-based carbon (Table S3). The relative high proportion of isotopic niche overlap between the two communities (seeps and non-seeps) as a whole, and among the categorical taxonomic groups, suggests that they share a high proportion of basal food resources (McTigue and Dunton, 2017). This is also a realistic as well as an expected result as the seep and non-seep communities were composed of the same species overall and given the fact that the investigated seeps lack higher trophic level chemosymbiotic faunas beyond siboglinids (which were excluded in the niche space analysis). Moreover, we found in general a relatively high utilization of particulate organic matter and sediment organic matter carbon sources among the analyzed organisms. The least overlap between the two communities was observed in ‘Polychaeta’, highlighting the large variance in δ13C signals within this group, indicative of multiple available carbon sources (Figure 3).

The large intra-species variability in carbon signals in a few taxa likely reflects the flexibility in utilization of food resources within the investigated species. For example, the species-specific difference of ~ -15‰ in δ13C in each of the two species of polychaetes, Scoletoma fragilis, and Nephtys sp., suggests that these species feed from a variety of carbon pools at the sea floor. Furthermore, it indicates that the 13C-depleted individuals consume prey or organic matter with a chemosynthetic origin. Our finding is consistent with the general observation at cold seeps and other reduced habitats that utilization and incorporation of chemosynthetic carbon occurs also in non-chemosymbiotic taxa showing that non-specialists can benefit from such additional carbon sources (Levin and Michener, 2002; Bernardino et al., 2012; Zapata-Hernández et al., 2014). A few studies have now documented this phenomenon in Arctic waters (Gebruk et al., 2003; Decker and Olu, 2012; Sweetman et al., 2013) where the most common macro-benthic taxonomic groups that incorporate chemosynthesis-based carbon are polychaetes, mollusks and echinoderms. In this study, we establish that a larger number of taxa than previously known appears to incorporate carbon sources derived via chemosynthesis at Arctic seeps, including large predatory polychaetes such as lumbrinerids, nephtyids and phyllodocids, which can derive significant proportions of chemosynthesis-based carbon at seeps.



Photosynthetic production at seeps

Characteristic for Arctic shelves with inflow of Atlantic Water is high primary production and strong pelagic-benthic coupling, hence the fraction of surface production reaching the benthic community is high for the investigated areas (Grebmeier and Barry, 1991; Wassmann et al., 2020). We noted in this study that the larger portion of the benthic community utilized photosynthetically produced carbon sources despite a high potential for cold seeps to fuel marine systems. Previously, it has been argued that the amount of surface photosynthetic primary production and fraction of vertical particulate flux to the seabed can restrict the development of chemosynthesis-dependent communities, including the settlement of chemosymbiotic species (Sahling et al., 2003; Vedenin et al., 2020). Hence, the results in this study are neither unexpected nor surprising given that utilizing chemosynthetic sources directly may imply costly physiological adaptations. In order to avoid sulfide intoxication some animals have evolved special binding proteins to tolerate high sulfide concentrations in reduced habitats (Vismann, 1991; Terwilliger, 1998). Yet, if there is sufficient supply from photosynthetic resources, there is no essential need to develop such adaptations. Specifically, for the shallow Western Svalbard Prins Karls Forland seeps, no taxa stand out in carbon depletion that would be indicative of chemosynthesis-based carbon. Moreover, there are at present no records of siboglinid polychaetes from these seeps at depths shallower than 250 m (Sahling et al., 2014; Åström et al., 2016) despite intense and long-term methane seepage this area (Sahling et al., 2014; Portnov et al., 2016). We speculate that the reason why we do not find siboglinids (and other chemosymbiotic taxa) or detect any significant use of carbon sources derived via chemosynthesis in macrobenthos at these shallow Western Svalbard Prins Karls Forland seeps is the high primary production and the strong pelagic-benthic coupling: At the Western Svalbard Prins Karls Forland seeps, Åström et al. (2016) recorded the highest concentration of chloroplastic pigment equivalents in the sediment as well as the highest macrofaunal biomass (321 g wet weight m-2) in a comparative study of macrobenthic seep-communities between Western Svalbard and the Barents Sea. In our present study, we also infer strong pelagic-benthic coupling from the relatively high concentration of chloroplastic pigment equivalents at a few stations. The significant lower ratio of sediment chlorophyll a to the total concentration of chloroplast pigments in the sediments at the seeps, in contrast to non-seep stations seen in this study, may imply that the available and the recently produced fresh organic material is more swiftly consumed by organisms at the seeps, reflected also in the high abundance and biomass there (Åström et al., 2016). Such links are consistent with earlier findings relating high vertical export of photosynthetic and biogenic material produced in surface-waters with high macrobenthic biomass (Ambrose and Renaud, 1995; Wei et al., 2011). Moreover, investigations by Pohlman et al. (2017) of the water-column and exchange of methane and carbon dioxide (CO2) across the sea−air interface at seeps at the Western Svalbard margin revealed that CO2-uptake in surface-waters was enhanced where elevated methane concentrations were recorded, in contrast to the surrounding waters. These authors suggested that physical mechanisms (e.g., upwelling) bring methane and possibly nutrient-enriched waters to the surface at seeps, which supports enhanced primary production and CO2 drawdown in the surface-water (Pohlman et al., 2017). Furthermore, in the same area Sert et al. (2020) reported significant correlations between more bio-labile dissolved organic carbon and greater chemical diversity of dissolved organic carbon at seeps in comparison to non-seeps. Based on these findings, Sert et al. (2020) suggested that microbial processes at the seeps significantly influenced the composition of dissolved organic matter in the water column. The abovementioned examples support the arguments that in areas of high primary production, the photosynthetic effect overrides a potential chemosynthetic signal despite intense methane seepage.

On the contrary, in shallow water but in less primary-productive and oligotrophic systems, seepage seems to stimulate uptake of chemosynthetic carbon by macrobenthic communities at the seabed. This is observed from the Laptev Sea where shallow methane seeps (~ 60–70 m deep) support dense populations of chemosymbiotic species (Oligobrachia sp.) (Vedenin et al., 2020) and growth of microbial mats at the sea bed. In comparison to the productive inflow shelves at Western Svalbard (Wassmann et al., 2006), the Laptev Sea, as an interior shelf, is characterized by a narrow window of summer phytoplankton primary-production, while during the rest of the year it is ice-covered and the photosynthetic production remains extremely low (Sorokin and Sorokin, 1996; Vedenin et al., 2020). Also, at the Western Svalbard Prins Karls Forland seeps, microbial mats are observed at the bottom at 80 m water depth, yet, no larger chemosymbiotic macrofauna has been recorded (Sahling et al., 2014; Åström et al., 2016). The only background macrobenthic taxon that potentially may benefit directly from carbon sources derived via chemosynthesis in this area was the sea urchin (Strongylocentrotus sp.). Individuals of Strongylocentrotus sp. were observed sitting (potentially grazing) at microbial mats at the Western Svalbard Prins Karls Forland-seeps (Figure 7) although isotopic signatures did not indicate uptake of chemosynthesis-based carbon in collected specimens.




Figure 7 | Seep site at the shallow western Svalbard margin (water depth = 85 m). Whitish/bluish microbial mats are visible at the seabed surface. It was noted that sea urchins (Strongylocentrotus sp., pointed out with arrows) concomitantly occurred within, or in association to, the microbial mats.





Footprint of carbon sources derived via chemosynthesis and assimilation to benthos

In this study, we have shown that chemosynthesis-based carbon reaches macro-benthic communities beyond microbial assemblages and chemosymbiotic siboglinid worms. The use of carbon sources derived via chemosynthesis occurs not only at isolated deep-sea seeps with limited input of photosynthetic organic matter (e.g. Seabrook et al., 2019; Toone and Washburn, 2020; Ashford et al., 2021), but also takes place at highly productive Arctic shelves. We acknowledge, though, that the use of bulk stable isotopes is more insightful when combined with compound-specific isotope analysis (Niemann et al., 2013; Seabrook et al., 2019). For example, Seabrook et al. (2019) studied tanner crabs (Chionoecetes tanneri) inhabiting seeps along the North American west coast and used both bulk stable isotopes and compound specific isotope analyses to investigate the diet of crabs and found differing results. Their result from bulk stable isotopes analysis seemingly suggested that the crabs primarily relied on photosynthetically derived food resources since δ13C values in their tissue ranged between -20.5 and -17.4‰ (Seabrook et al., 2019). In contrast, the compound specific isotope analysis of bacterial fatty acids indicated chemosynthetic processes and methane-derived carbon. Furthermore, Seabrook et al. (2019) also noted high abundance of seep-associated microbes in guts of some tanner crabs indicating a direct consumption of seep associated bacteria and archaea. It is also likely that the level of mobility of higher trophic level taxa may influence the detection of potential chemosynthesis-based carbon in animal tissue. Highly mobile taxa could explore a larger variety of carbon sources available at seeps disguising a potential chemosynthetic carbon isotope composition. For example, in a study from seeps in the Gulf of Mexico, MacAvoy et al. (2003) noted that for a less mobile sea star, the carbon isotopic signature in both bulk stable isotopes and compound specific analysis revealed input of chemosynthetic carbon, while in mobile hagfish and spider crabs, chemosynthetic carbon was only obvious via compound specific analysis. Based on these findings, we hence consider our chemosynthesis-based carbon-estimates conservative, and it is possible that we undervalue the input of chemosynthesis-based carbon sources to benthos. There have been observations of larger aggregations of highly mobile and vagrant taxa such as shrimps and sea-spiders in microbial mats and tufts of chemosymbiotic Oligobrachia worms at Arctic seeps (Sen et al., 2018a; Sen et al., 2019; Åström et al., 2019), nonetheless, whether they use the mats and tufts for feeding, hiding or as substrate still remains unanswered.

Presently, natural seepage of methane is recognized from widespread areas across the circum-Arctic (Stranne et al., 2016; Åström et al., 2020; Cramm et al., 2021) and it is predicted that the Arctic shelves and margins holds vast amounts of gas and gas hydrates that (can) emerge from the seabed as a consequence of decreasing hydrostatic pressure from glacial periods (Solheim and Elverhøi, 1993; Wallmann et al., 2018; Shakhova et al., 2019). With such large potential of ongoing and future release of seep-hydrocarbons in the Arctic, we suggest that this carbon source likely is and will be exploited by certain background taxa. The extent thus, to which chemosynthesis-based carbon is utilized, surely varies locally depending on connectivity and intensity of pelagic-benthic coupling (Sahling et al., 2003; Vedenin et al., 2020; this study) (Figure 8). Arctic seep habitats may act as attractive zones for a broad range of background organisms as they receive input from both photosynthetic and chemosynthetic resources and a seep-stimulated upwelling would further increase the water-column productivity and generate an enhanced transport of food resources to the seabed (Pohlman et al., 2017; Ofstad et al., 2020; Sert et al., 2020). The broad range of carbon isotopic values within species seen in our study is indeed consistent with Ashford et al. (2021) who discuss a possible ‘chemotone’, the zone between an active seepage area and a background habitat where specific faunal assemblages are shaped by a mixture in food availability. Furthermore, Ashford et al. (2021) estimate that in certain areas, such a ‘chemotone’ may extend 200 m or even further away from an active seepage-area). Similarly, Levin et al. (2016) introduced the term ‘sphere of influence’ where seeps and other chemosymbiotic habitats provide a spillover effect of multiple ecosystem functions, such as nutrition and connectivity to benthic and planktonic heterotrophic background taxa inhabiting the vicinity of seep-areas.




Figure 8 | Schematic illustration of anaerobic oxidation of methane (AOM) and sulfate reduction processes in the sediment (illustrated as green and red consortia) that can make chemosynthetic carbon sources available for chemosymbiotic fauna and other organisms via trophic interactions or symbiotic relationships (illustrated via the outcrop). Microbial mats can form directly on the seabed or on other surfaces (left) which allow microbial grazers to directly feed upon mats. Siboglinid worms (Oligobrachia sp.) from the Barents Sea can harbor thiotrophic endosymbionts (Sen et al., 2018b) that support the worms’ energetic needs (middle). Through the uptake of H2S, CO2 and O2, the symbionts provide organic carbon and sulfate to their host. A seep-mediated upwelling (brown arrow) may support locally enhanced surface primary-production (green dots) that subsequently settles out (green arrow), as a whole forming a tight pelagic-benthic coupling at shallow seeps. Illustration modified after Hilário et al. (2011).






Closing remarks

In view of a warming Arctic, large environmental changes are expected as well as shifts in marine carbon cycling dynamics as a result of changes in the interplay between primary surface production and ice algae (Bluhm et al., 2020; Wassmann et al., 2020). Species recognized from southern and lower latitudes appear in the Arctic region, which may cause a “borealization” of Arctic communities (Fossheim et al., 2015; Ingvaldsen et al., 2021; Snoeijs-Leijonmalm et al., 2022). One condition that determines if such new-coming species have the potential to establish viable populations in the Arctic will be the acquisition of available food resources. Reduction in sea-ice conditions and increased run-off from land, leading to potentially new patterns in upwelling and nutrient cycling will likely shift the baselines of carbon sources (McGovern et al., 2020; Wassmann et al., 2020). During such conditions, seep habitats may attract certain types of organisms as they can offer a wide niche heterogeneity and support communities with alternative carbon sources.

In this study, we have demonstrated that chemosynthesis-based carbon originating from cold seeps is used as an additional energy source in non-chemosynthetic benthic taxa, while the majority of the investigated taxa relied on sources with photosynthetic origin. This result is not surprising given that the study region is (seasonally) highly productive and characterized by relatively tight pelagic-benthic coupling. Furthermore, our results highlight the difference in use of chemosynthesis-based carbon between shallow and deeper seeps at these productive shelves, where we suggest that chemosynthesis-based carbon plays an increasingly larger role with increasing depth. We also point out that far more taxa (besides the chemosymbiotic siboglinids) can exploit these hydrocarbon-rich habitats, where some derive significant portions of their energy demand from chemosynthesis-based carbon. As the number of discovered and investigated cold seeps in the Arctic increases (Shakhova et al., 2019; Cramm et al., 2021), it is likely that the utilization of chemosynthesis-based carbon in ‘background’ taxa is much more prevalent than previously known (e.g. Morganti et al., 2022).
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Deep-sea mussels Bathymodiolus azoricus, from Azorean hydrothermal vents, house two types of symbionts in their fleshy gills: methane-oxidizing (MOX) and sulfide-oxidizing (SOX) Gamma-proteobacteria. As soon as the mussels are collected, their symbionts are deprived from their environmental nutrient flux, and cannot rely on their usual metabolism. Recent studies have shown that the gill cells undergo high rates of apoptosis, as well as regionalized cell proliferation. This study follows the fate of the symbionts and of the hosting bacteriocytes at the ultrastructural level, during an extended starvation period. Just upon collection, we evidenced an apico-basal journey of the symbionts in the bacteriocytes, starting with (1) apical single symbiont endocytosis, (2) symbiont division, (3) symbiont storage, (4) and symbiont digestion within lysosomes, above the basal lamina. After 4-9 days starvation, endocytosis occurred with (5) empty blebbing, (6) the lysosomes increased in size, and the bacteriocytes lost their apical membrane, resulting in (7) a baso-apical return of the symbiont-containing lysosomes outside the gills, while the nucleus showed condensed chromatin, characteristic of apoptosis/necroptosis (8). Between the bacteriocytes, narrow intercalary cells appear to divide (9). Our hypothesis is that intercalary cells are stem cells that replace lost bacteriocytes. After 61 days there was no symbiont left, and the epidermis resembled those of the non-symbiotic filter-feeding mussel Mytilus edulis.
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Introduction

Deep-sea mussels Bathymodiolus spp., living at cold seeps or at hydrothermal vents, are unique in the way they associate with chemosynthetic bacterial symbionts that ensure most of their nutrition, (for review see Duperron et al., 2006; Duperron, 2010; Laming et al., 2018). Despite belonging to the family Mytilidae, and phylogenetically deriving from shallow ancestors that probably resembled coastal mussels like Mytilus edulis (Distel et al., 2000; Little and Vrijenhoek, 2003; Lorion et al., 2013), Bathymodiolus' gills have evolved to shelter dense populations of bacteria within specialized epithelial cells: the bacteriocytes. The number of endosymbiotic bacteria found within the gills of B. puteoserpentis is estimated to be about 2.5x1012 per individual (Duperron et al., 2016), which represents as many bacteria as those found in one cubic meter (i.e. 1 000 L) of seawater. Thus, the deep-sea mussels are able to concentrate their symbionts within their gills, and this explains why their gills are so thick and fleshy. The symbionts are either sulfide-oxidizing (SOX) or methane-oxidizing (MOX) Gamma-proteobacteria, and some Bathymodiolus species house both (Childress et al., 1986; Brooks et al., 1987; Fisher et al., 1987; Cavanaugh et al., 1992). Additional symbiont types have been identified, but usually in low abundances (Zielinski et al., 2009; Raggi et al., 2013; Assié et al., 2016). Bathymodiolus acquire their symbionts just after their larval metamorphosis, at the plantigrade settlement stage, and this triggers the differentiation of their gill epithelium into a symbiont containing organ (Laming et al., 2018; Franke et al., 2020). Symbionts can either be acquired from the surrounding environment (i.e. horizontal transfer) and/or be escaped symbionts from nearby Bathymodiolus (i.e. lateral transfer), (Won et al., 2003; Wentrup et al., 2013; Franke et al., 2020). During mussel growth, the gills continuously grow in length at their posterior end. The newly-formed posterior gill lamellae initially appear devoid of symbionts, which can be acquired throughout the whole life of the mussel host (Wentrup et al., 2014). The acquisition seems to involve a recognition process of the bacterial symbionts by several Peptidoglycan Recognition Proteins (PGRPs) that are expressed by the gill tissue (Détrée et al., 2017). After binding to the epithelium at the level of the bacteriocytes microvilli (Le Pennec et al., 1988), the bacterial symbionts are likely internalized as both Toll like receptor (TLR13) and two adhesion gene families: syndecan and protocadherin, reported to mediate endocytosis, are expanded in the genomic repertoire of B. platifrons (Sun et al., 2017). Endocytosis/phagocytosis might occur through open pit-like structures in the cell membrane of the gill surface (Won et al., 2003; Kádár et al., 2006). A recent study proved phagocytic activity of the epidermal cells engulfing indiscriminately exogeneous bacteria, and suggest an inside regulation to discriminate and keep the true symbionts, located intracellularly within vacuoles (Tame et al., 2022). It appears that all the membranous chambers housing symbionts within a single bacteriocyte of B. septemdierum, are interconnected together and also connected with the external environment (Ikuta et al., 2021). This later study questions whether the symbiosis is really intra- or extra-cellular, in particular because extracellular symbioses are reported in various genera within the Bathymodiolinae (Duperron et al., 2008; Fujiwara et al., 2010; Halary et al., 2011).

The fate of the symbionts within their host is still a matter of debate, and two different pathways have been discussed: Bathymodiolus could get organic carbon compounds either by "farming", (Fisher and Childress, 1992; Fiala-Medioni et al., 1994; Streams et al., 1997), or by "milking" their symbionts (Kádár et al., 2008). "Farming" corresponds to the digestion of bacterial symbionts, while "milking" means that the symbionts could be leaking low-weight metabolites (sugar or amino acids) to the host, but avoiding being themselves digested by the host, as formerly documented in corals (Muscatine et al., 1981). Symbionts are known to be lost if their necessary substrate (sulfide or methane) is not available anymore. This has been documented in several experiments, where vent or seep mussels have been maintained in laboratory aquaria for one to 6 months (Kádár et al., 2005; Bettencourt et al., 2008). However, since sulfide or methane are vital to sustain the symbionts, what we observe in the gills once the mussels are collected and kept in surface sea-water on board, is already the initiation of a starvation process for their symbionts, and their hosts' gill cells response to this process. In the gills of B. azoricus, we have recently shown high rates of apoptosis, especially in the abfrontal regions of gill filaments where symbionts are less abundant, as well as regionalized cell proliferation occurring sporadically along the gill filaments and in the same zones where apoptosis was localized (Piquet et al., 2019; Piquet et al., 2020). Since pressurized/unpressurized ways of collection did not alter the percentage of apoptosis, this high rate of apoptosis cannot be a depressurization artefact upon collection, but must be a special feature in Bathymodiolus mussels, to which regionalized cell proliferation might be a compensation. Thus, what occurs at the ultrastructural level when starvation is initiated and extended, and which has not previously been thoroughly documented, needed further exploration.

The present work aims to document the stages of symbiont loss at the ultrastructural level, and how the gill epidermis deals with a forced non-symbiotic state. We monitored the ultrastructure of vent mussel gills and associated bacterial symbionts over a 61 days starvation experiment conducted on B. azoricus collected from a shallow hydrothermal vent site (Menez Gwen) and a deeper vent site (Lucky Strike). We used the coastal blue mussel Mytilus edulis as cytological comparative reference for a non-symbiotic mussel gill epithelium. Besides the pathways of symbiont loss, our aim is also to document the fate of the symbiont-free host cells and associated modifications in their ultrastructure. We hypothesize that symbiont loss is due to (1) enhanced symbiont digestion, followed by bacteriocyte dedifferentiation, i.e. differentiation into a non-symbiotic cell type or (2) bacteriocyte destruction (resulting in symbiont loss) and bacteriocyte replacement by a new cell that does not contain symbionts, possibly restoring a pre-infection type of epidermis. The latter hypothesis supports the idea that a non-fed symbiont could ultimately become heterotroph, and possibly have a negative impact on the host cells, i.e. become a "parasite". Thus, the host might get rid of its starving symbionts, either by digestion (lysosomes) or by destruction of the symbiont-containing host cell (which could explain the high level of apoptosis).



Material and methods


Specimen collections

Specimens of Bathymodiolus azoricus were collected during the MOMARSAT/BioBaz 2017 cruise (Sarradin and Cannat, 2017; Lallier, 2017). Specimens were sampled at the Menez Gwen shallow hydrothermal vent site (MG2 marker; 37°50.669 N; 31°31.156 W, - 830m depth) and at the deeper site Lucky strike, close to the marker “Tour Eiffel” (37°17.341 N; 32°16.542 W; - 1693 m depth). Mussels were sampled by the ROV Victor 6000, and brought to the surface in hermetic boxes. TEM imagery analysis is based on 7 specimens from Menez Gwen and 3 from Lucky Strike (see below). Mytilus edulis were collected in Bloscon harbor at Roscoff (48°42.975 N, 3°57.835 W, mean shell length: 47.3 ± 2.0 mm), for comparison with a non-symbiotic gill epidermis.



Maintenance of the mussels at the laboratory

Recovered Bathymodiolus azoricus specimens were transferred to surface seawater aquaria on board at a temperature of 8°C, which corresponds to the in situ seawater temperature at Menez Gwen where the mussels where collected (Colaço et al., 1998). The mussel gills (from Lucky Strike and Menez Gwen) at t=0 were dissected at 8°C within 10 minutes after recovery and fixed on board. Four days after collection (t=4 days), mussels from Menez Gwen transferred to Lab Horta (Azores) were fixed at 8°C. The remaining collected mussels from Menez Gwen were transferred by airplane to the aquaria of Océanopolis in Brest (France). The mussels were kept unfed at 8° ± 2°C and at atmospheric pressure in local natural seawater filtered at 0.22 µm and then 0.1µm for a duration of 7, 9, 16, and 61 days. For all mussels the mean shell length was: 42.9 ± 3,9 mm. Mytilus edulis, within the same size range as Bathymodiolus, were maintained in Roscoff Aquarium Service (RAS, 8°C, filtered natural seawater) 36h without food until processing.



Fluorescence in situ hybridization

Gill fragments were fixed in 4% formaldehyde in sterile-filtered seawater (SFS) for 2 hours. They were then rinsed in natural filtered seawater, and dehydrated in increasing series of ethanol (50, 70 and 80%, 15 min each). In the laboratory, gills were embedded in polyethylene glycol (PEG) di-stearate: 1-hexadecanol (9:1), cut into 8 µm-thick sections using a microtome (Thermo, Germany), recovered on SuperFrost Plus slides (VWR International, USA), and stored at -20°C. Fluorescence in situ hybridization (FISH) experiments were performed to confirm the localization of symbionts using the probes described previously (Szafranski et al., 2015). Shortly, resin was removed using ethanol prior to hybridization. Hybridization procedure was performed as described previously (Piquet, 2018, Piquet et al., 2019) using FITC; Cy-3 and Cy-5 labeled probes ImedM-138 (5’-ACCAGGTTGTCCCCCACTAA-3’) (Duperron et al., 2008), specific for methanotrophic symbionts, and probe BangT-642 (5’- CCTATACTCTAGCTTGCCAG-3’) specific for sulfide-oxidizing symbionts, (Duperron et al., 2005); for 3 hours at 46°C in a 30% formamide-containing buffer. Hybridized gill sections were visualized under a SP5 confocal microscope (Leica, Germany).



Transmission electron microscopy

Gill filaments were fixed overnight at 4°C in a 0.2 M cacodylate buffer solution (pH 7.2) containing 4% glutaraldehyde and 0.95% NaCl. The gills were then rinsed in a 0.2 M cacodylate buffer solution pH 7.2 containing 2.25% NaCl. Samples were then stored at 4°C until further processing.

Back to the laboratory, samples were rinsed with cacodylate buffer and post-fixed with 1% osmium in cacodylate buffer for 1 hour. After two rinses with cacodylate buffer, the samples were dehydrated in increasing ethanol series (50%-70%-95%, and 100% ethanol; 3 x 20 minutes each). The impregnation was made in successive mixtures of 100% ethanol and Spürr resin (1/3, 1/2 and 3/1, during one hour each, and overnight for the last). Then, three pure Spürr resin baths of 3 hours for the first two, followed by a night for the last bath, were carried out. Finally, polymerization took place in an oven at 60°C for two days.

Blocks were cut with an ultra-microtome (LEICA Ultracut UCT Microtome), and 60 nm-thick sections were contrasted with 2.5% uranyl acetate and 0.2% lead citrate, and observed under a JEOL 1400 TEM. Structures and organelles were measured directly on the TEM using a dedicated measurement tool.




Results


Symbiont loss visualized with FISH

Symbiont loss was visible to the naked eye in the starved Bathymodiolus, because after 61 days, the gills had changed color, from brown to creamy white, and shape, from thick to thin lamellae (Figures 1A, B). Although the gills had lost in thickness, no mortality was observed during the 61 days maintenance period in Roscoff's Aquarium Service. Moreover, all mussels were quite actively moving within the tank (see video V1 in Supplementary Material).




Figure 1 | Open mussels of B azoricus with their pairs of thick brown gills just upon collection (A), which become translucent and thin after 61 days of starvation (B). Ant, anterior part of the mussel shell; post, posterior part of the mussel shell; The shells measured about 4 cm in length. (A) is modified from Piquet et al., 2019 in Plos One with permission.



Preliminary overview of symbiont densities was obtained using FISH, based on specimens from days 0, 1, 2, 4, 5, 6, 7, 8, 9, 16, and 61, observed on several gill filaments per time point. In total, 17 individuals were observed from which 11 from Menez Gwen and 6 from Lucky Strike, with 3 sections per individual, i.e. 42 sections in total. It confirmed that symbiont densities overall decreased with time in the lateral and abfrontal zones, while the frontal zone always remained devoid of symbionts. Control specimens analyzed immediately upon recovery displayed bacteriocytes packed with SOX and MOX symbionts (Figure 2A). Their abundance seemed to vary from one bacteriocyte to another and along the gill lamellae, with lower bacterial densities in bacteriocytes located in the abfrontal zone of the filament, i.e. opposite to the frontal inhalant seawater current (Figure 2A). After 8 days devoid of substrates to the symbionts, both symbiont types were still visible, yet in lower abundance and mainly restricted to the surface of the gill cells, i.e. to the most apical pole of the bacteriocytes (Figure 2B). After 16 days starvation, a few symbionts were still sporadically observed in a few bacteriocytes (Figure 2C), but after 61 days, no symbiont was visible anymore in any of the bacteriocytes examined (Figure 2D).




Figure 2 | Fluorescence in situ hybridization performed on gill lamellae cross-sections showing decreasing symbiont densities during starvation. Host nuclei stained by DAPI in blue, Methane-Oxidizing symbiont (MOX) in green, and Sulfide-Oxidizing symbiont (SOX) in red. (A) Immediately after collection (t=0), MOX and SOX fill almost the entire cytoplasm of all bacteriocytes; (B) after 8 days of starvation MOX and SOX are restricted to the cytoplasmic apex of the bacteriocytes; (C) after 16 days, MOX and SOX are only present sporadically in the apex of some bacteriocytes; (D) after 61 days of starvation MOX and SOX have almost totally disappeared from the gill epidermis. Abbreviations: BZ bacteriocyte zone, FCZ frontal ciliated zone, IFCJ inter-filamentary ciliated junctions. The abfrontal zones correspond to the inner side of the gill lamellae, opposite to the frontal ciliated zones, the latter corresponding to the external sides of the gill lamellae facing the inhalant sea-water current (see Figure 1A in Piquet et al., 2020, for a three-dimensional scheme). All Scale bars represents 100 µm.





Ultrastructural modifications of the bacteriocytes during starvation

Upon mussel recovery, TEM views of the gill epidermis of B. azoricus from the shallow vent site Menez Gwen (Figure 3A), and from the deeper Lucky Strike site (Figure 3B) confirmed that symbionts were almost filling the entire cytoplasm of the bacteriocytes. The fronto-lateral bacteriocytes, measured from their apex to their basal limit with the basal lamina, were about 35 µm (34.85 ± 5.76 µm, n=8 bacteriocytes), which is within the same range as the frontal ciliated cells (31.41 ± 2.13 µm, n=6) (n being the number of measurements taken on bacteriocytes from several pictures). When the bacteriocytes were full of symbionts, their apical cytoplasmic membrane generally appeared quite smooth (Figure 3A) or with only very few apical microvilli visible (Figure 3B). Moreover, the bacteriocytes were apically segregated from the neighbor cells, by tight junctions (Figure 3B). At the very apex of the bacteriocytes, the symbiotic bacteria often occur as single (boxed n°1 on Figures 3A, B and 4A, B), but occurred clustered in vacuoles further down the bacteriocytes. In the seven individuals we examined from Menez Gwen, SOX and MOX symbionts were located in distinct vacuoles (Figures 3A, 4A, C, E, G), whereas in the three specimens we observed from Lucky Strike, MOX and SOX symbionts were often co-occurring together within the same vacuole (Figures 3B, 4 F, H). A few SOX appeared very long with a narrowing in their middle region giving them the typical 8-numbered shape of a bacterium undergoing division inside the vacuole (boxed n°2 on Figures 3A, B and 4D). Rare MOX also appeared to be dividing (Figure 4C). Dividing stages were generally seen below the apical cell membrane, or at least in the apical third of the bacteriocyte (boxed n° 2 on Figures 3A, B), as if it occurred soon after the symbiotic bacteria were phagocyted. At both sites, the symbionts appeared in increasingly large clusters, the more basally they were located in the bacteriocyte (boxed n° 3 on Figures 3A, B). Above the basal lamina, Figure 3A shows large lysosomal vesicles (boxed n° 4 on Figures 3A, B), containing membrane whorls of onion-peel structures around elements resembling degraded symbionts (Figure 4G). At Lucky Strike, more or less degraded MOX and SOX occurred together within lysosomal vesicles, indicating they were also digested together (Figure 4H). Finally, the nucleus of each bacteriocyte was generally located basally, surrounded by a few rows of rough endoplasmic reticulum (Figures 3A, B), just above the basal lamina.




Figure 3 | Gill epidermis immediately upon recovery, showing the bacteriocytes of B azoricus from Menez Gwen (A) and from Lucky Strike (B). The boxed numbers on the microphotograph refer to the successive events, localized from the cellular apex (to the left on the pictures) to the basal lamina (to the right on the pictures), and detailed as follows: 1- Apical endocytosis of single symbionts (SOX or MOX) from the inhalant seawater flow. 2- Symbiont division. 3- Symbiont storage in vacuoles. 4- Symbiont digestion in the basal region of the bacteriocyte. Note that in B. azoricus from Menez Gwen (A) MOX and SOX appear segregated in separate vacuoles, while they share the same vacuoles in the mussels from Lucky Strike (B). Abbreviations: BL basal lamina, H hemolymph, MOX methane-oxidizing symbiont, N nucleus, RER rough endoplasmic reticulum, SOX sulfide-oxidizing symbiont, TJ tight junction. Scale bars represent 5 µm in (A) and 2 µm in (B).






Figure 4 | Close-up details of bacteriocytes in B azoricus from Menez Gwen (left column) and from Lucky Strike (right column), immediately upon recovery, illustrating the four processes (numbered according to the successive processes shown as boxed numbers on Figure 3. (1) (A, B),apical endocytosis, (2) (C, D), symbiont division, (3) (E, F), symbiont storage, (4) (G, H), symbiont digestion. In A and B, the apical microvilli and the endocytic vacuoles phagocyte a single bacterium, here a SOX symbiont. A direct connection between the vacuole and the external seawater is visible in (B), and pointed by an arrow. (C) Division of a MOX symbiont displaying the two daughter bacteria. (D) Division of a SOX symbiont with the two daughter nucleoids appearing clearly segregated, while they were still not separated by a bacterial wall. (E, F) Vacuoles contain either SOX or MOX in (B) azoricus from Menez Gwen (E), but both types of symbionts share the same vacuole at Lucky Strike (F). (G, H) the most basal vacuoles contain onion-peel membranes (G) and/or degraded SOX/MOX symbionts (H) indicating they are putative lysosomes digesting symbionts. Scale bars represent 0.5 µm in (B, D, F, G); 1 µm in (C–E) and 2 µm in (H).



We randomly sampled some of the mussels from the maintenance tank and fixed their gills at specific time points. During the early time of starvation, at days d4, d7 and d9, the ultrastructure of the bacteriocytes displayed strong similarities, therefore we chose to illustrate similar cell processes from either of these early starvation times in Figures 5, 6. The most noteworthy observations were the occurrence of numerous microvilli at the apical plasma membrane of the bacteriocytes (Figures 5A–E). An empty blebbing gave a spongy aspect to their apical part (Figures 5A–C). Lysosomes are initially basally-located, and when increasing in size, they tend to occupy almost the entire bacteriocyte (Figures 5C, D). A new event is shown at d9, (even if it also was observed earlier): between two intact intercalary cells, some single bacteriocytes appeared totally devoid of apical cell membrane and were missing most of their cytoplasmic content (Figure 5E). At their base, the nucleus showed the dark chromatin condensed at its periphery (Figures 5E-G) and sometimes also buddings of the nuclear envelope (Figure 5F).




Figure 5 | Early starvation effects on gill epidermis in B azoricus, at Menez Gwen, days d7 (A, C, D) and d9 (B, E, F, G). On the figures (A–D), many microvilli are present at the apical surface of the bacteriocyte. Note that they often bend towards each other, two by two, as pointed by the arrows in (B). (A–C) the upper layer of the epidermis shows apical blebbing pointed by arrows in (A, C) i.e. phagocytic vacuoles that appeared empty, above a deeper layer of vacuoles containing a few symbionts. (C, D) the lysosomes containing onion-peel structures increase in size towards the basal part of the bacteriocytes. The symbiont shapes appear more or less recognizable on C (d7), but are much looser on D (d7); (E) this single bacteriocyte is missing its apical cell membrane and most of its cytoplasm, but still having some large lysosomes and its basal nucleus with condensed chromatin. This bacteriocyte is framed by two intact intercalary cells. The apical short arrows point to the tight junctions between each intercalary cell and their next neighbor cell and underline their narrowness. The intercalary cell to the right has an 8-shaped nucleus (long arrow) indicating it was possibly in the process of division. (F) Detail of another empty bacteriocyte with its nucleus showing condensed chromatin and budding at is periphery. (G) Close view of the basal nucleus with peripheric condensed chromatin shown in (E). BC, bacteriocyte; BL, basal lamina; IC, intercalary cell; L, lysosome; MOX, methane-oxidizing symbiont; N, nucleus; SOX, sulfide-oxidizing symbiont. Scale bars represent 2µm in (A, B, F, G) and 5 µm in (C, D, E).






Figure 6 | Signs of cell division during early starvation (d4, d7, d9). On all pictures, the limits between each cell are highlighted by dashed-lined arrows pointing to their apical tight-junctions. (A) a bacteriocyte at d7 that still contains symbionts and has no apical blebbing, shows an 8-shaped nucleus with two nucleolar masses, indicating the process of nuclear division was ongoing in this bacteriocyte. The neighboring intercalary cell and its nucleus occur in the same axis as this bacteriocyte, i.e. perpendicularly to the basal lamina. (B–D) focus on the narrow intercalary cells flanking the bacteriocytes that are apically blebbing and more or less out-pocking above the apical surface of the gill filament. (B, D) the two narrow intercalary cells show their nuclei, very close to one another, suggesting they have recently divided. In addition, the more the bacteriocyte is out-pocking, the more the position of the nucleus in each intercalary cell bends obliquely towards the basal lamina, below the bacteriocyte. (B, D) (d7), (C) (d4). BC, bacteriocyte; BL, basal lamina; N, nucleus; n, nucleolus; IC, intercalary cell. Scale bars all represent 5 µm.



During the first week of starvation, we also noticed several signs of cell divisions (Figure 6). For instance, a bacteriocyte that did not show apical blebbing, but still contained symbionts, showed a dividing nucleus appearing elongated and slightly 8-shaped with two nucleoli (Figure 6A). Beside this bacteriocyte, a narrow intercalary cell, characterized by not containing symbionts, but mitochondria, had a regular vertically oriented nucleus within the gill filament. On the contrary, the more the bacteriocytes had empty blebbing out-pocking above the apical surface of the gill lamellae, the more the flanking intercalary cells showed to occur pairwise with their nuclei tightly close to one another, resembling a mother cell that recently had undergone division into two daughter cells. Moreover, these nuclei within the gill filament, showed a marked oblique orientation, below the out-pocking bacteriocyte (Figures 6B–D). After 7 days starvation, the remaining intact bacteriocytes had lost about two thirds of their apico-basal height, measuring 11.87 ± 1.69 µm (n=6).

After 61 days starvation (Figures 7A, B), the gill epidermis became very thin: the fronto-lateral cells measured only about one quarter of their initial height (8.01 ± 0.80 µm, n= 3), (Figure 7A), but this is still twice the height of the cells measured in the abfrontal zone (4.37 ± 1.51 µm, n=14) (Figure 7B). The abfrontal zone compensated its thinness with a very thick basal lamina (5.45 ± 2.31 µm, n= 5) (Figure 7B), which represented more than twice its thickness in the frontal area (2.54 ± 0.45 µm, n=7). The epidermal cells were almost cubic and devoid of symbionts, they had a reduced cytoplasm-to-nucleus area (Figure 7A). The cells looked very much alike the gill epidermis of the coastal M. edulis (Figures 7C, D). The gill epidermis of Mytilus varies from 3.5 µm in its linear lateral part and increases up to about 17 µm at the level of the frontal and latero-frontal ciliated areas (mean: 9.28 ± 4.37 µm, n=11). Where the epidermis is thinner in M. edulis, the basal lamina is also quite robust (mean: 5.07 ± 0.91 µm, n=3). Thus, the epidermis of Bathymodiolus devoid of symbiont has a thickness in the range of its non-symbiotic filter-feeding relative.




Figure 7 | Late starvation (d61) in gill epidermis after final symbiont loss, compared with gill epidermis of the non-symbiotic coastal mussel Mytilus edulis. (A)- At d61 the gill epidermis is totally devoid of symbiont. The cells have a cubic shape and a reduced height with generally a high volume-ratio of nucleus to cytoplasm. Apically the microvilli are very developed. (B) Abfrontal loop showing the shrinked epidermis (≈ 2-4 µm cell height at d61, being thinner than the basal lamina (≈ 7 µm). (C) Mytilus edulis filter-feeding epidermis. (D) detail of a filter-feeding cell of Mytilus edulis, shoving the importance of its nucleus compared to the cytoplasmic area. BL, basal lamina; N, nucleus; H, Hemolymph. Scale bars represent 5 µm in (B, C), 2.5µm in (A) and 1 µm in (D).






Discussion

As soon as Bathymodiolus mussels are collected from their deep-sea habitat, their symbionts lack the necessary sulfides/methane requested for their maintenance. Our two months long starvation experiment on B. azoricus shows that symbiont loss is progressive, since some cells still harbor symbionts after 16 days, but after 61 days no symbiont was detectable in the gill cells. Kádár et al. (2005) also documented a gradual disappearance of bacteria from B .azoricus, and quoted that no symbiont was detectable at day 30, although they supposed that some residual symbionts might have survived, as this population increased when exposed in a sulfide flux close to other symbiont-bearing mussels allowing a lateral symbiont transfer. Later works suggest a possible alternative (yet not exclusive of the former), in which epithelial cells can reacquire symbionts from the environment or neighboring gill filaments (Wentrup et al., 2014). Bettencourt et al. (2008) showed that after 3 months in sulfide-free conditions, mucus-like granules in mucocytes in B. azoricus were greatly reduced, but that after 6 months, their hemocytes were still capable of phagocytosis. All these experiments underline how resilient the deep-sea Bathymodiolus from Menez Gwen are, and this makes the investigation of the ultrastructural supports for this resilience the more interesting.


The apico-basal journey of the symbionts into the bacteriocytes

Just upon collection, the apical membrane of the bacteriocytes appears rather smooth and their apical third is full of symbionts. In B. azoricus from Menez Gwen, SOX and MOX are located in distinct vacuoles, as also observed by Kádár et al. (2005). However, the two symbiont types co-occur within the same vacuoles in B. azoricus from Lucky Strike. Bacteriocytes in Bathymodiolus from both sites, show apical tight junctions. Tight junctions prevent lateral diffusion of membrane proteins and thereby help to maintain an apico-basal polarity in the cells. In mammals and Drosophila fruit fly, tight junction proteins are even involved in cell proliferation and differentiation (Shin et al., 2006). Very often just below the apical surface, or in the upper third of the bacteriocyte we saw SOX and MOX symbionts dividing, also at d7-d9, indicating that, even deprived of nutrients, the symbionts were still alive and active, possibly relying on alternative metabolisms such as heterotrophy. More basally in specimens from Menez Gwen, SOX are grouped in particularly large clusters and MOX seem to occur by 2,3 or a few more, in grey vacuoles, indicating that they also are digested, so we suppose these vacuoles with onion-peel-like structures constitute secondary lysosomes. Secondary lysosomes usually contain membranes or particles that are in the process of digestion, they result from the fusion of one or several small spherical enzyme-containing primary lysosomes with a damaged organelle or a vacuole, (Alberts et al., 2002). Then, these large lysosomes apparently also fuse together, and at d7-d9 of starvation, lysosomes often almost fill the entire bacteriocyte. This process seems to indicate intracellular digestion, corresponding to the “farming” of symbionts, which stands in line with previous observations by several authors (Fisher and Childress, 1992; Fiala-Medioni et al., 1994; Streams et al., 1997). If digestion is complete, small molecules (sugar, amino-acids…) may leak out from the big lysosomes in close contact with the basal lamina, and be transferred to the hemolymph across the basal lamina. The basal lamina, generally made of collagen, laminin and various other proteins, is secreted by the epidermal cells, and forms a network that is not only acting as a supporting barrier, but also as a filter for molecular transfer, with a permeability that might have a certain selectivity (Arends and Lieleg, 2016). Thus, it is possible that the "milking " process could follow the previous digestion by lysosomes i.e. the "farming" process, and not be exclusive of one another. The entire intracellular pathway corresponds to the proposed hypothetical model (Figure 8A) of a downward going cytoplasmic polarity from the apex to the basal lamina and then into the blood that flows below the basal lamina. We suppose this is the natural symbiont and metabolite pathway in Bathymodiolus azoricus in situ, where there is a possible continuous supply of symbionts from their environment. During an extended sulfide and methane depletion, we observed extremely large accumulations of symbionts and very large lysosomes. If all these symbionts succeeded to follow the apico-basal pathway until complete digestion, the big lysosome would get empty and likely resorb and disappear. Then at the end of digestion of the last symbiont, the bacteriocyte would be devoid of symbionts.




Figure 8 | The interpreted model of the forth and back trafficking of the symbionts and their host cells during symbiont starvation. - Part I - Hypothetical apico-basal pathway when symbionts are present in the bacteriocytes, with the successive steps 1) endocytosis of the symbionts, 2) symbionts multiplication, 3) symbiont storage in vacuoles, 4) symbionts digestion in lysosomes, which leads to either digestion (i.e. farming) and/or leakage of small molecules that crosses the basal lamina and reaches the hemolymph (i.e. milking). MOX (green arrows) and SOX (red arrows) symbionts are stored in separate vesicles in B azoricus from Menez Gwen, (left green and red arrows), but together in mixed vacuoles in B puteoserpentis from Lucky Strike (right green and red arrows). The nucleus of the bacteriocyte is basal surrounded by rough endoplasmic reticulum. Intercalary cells are colored in yellow, and hemocytes in pale brown. Part II - The hypothetical response to host starvation leading to 5) empty blebbing, 6) accumulation of starving and destroyed symbionts, 7) Host cell apoptosis/necroptosis and expulsion (8). Part III Finally, intercalary cell division (9) and cellular movements (thick yellow curved arrow) below the missing bacteriocyte suggest intercalary cells might be the stem cells that enable gill epithelial renewal. The real sources of these schemes correspond to frequently observed and photographed cell features, The real sources of these schemes correspond to frequently observed and photographed cell features: step 1 see Figures 4A, B; step 2 see Figure 4C, D; step 3 see Figures 4E, F; step 4 see Figures 4G, H; step 5 see Figures 5A, B, step 6 see Figures 5C, D; step 7 & 8 see Figures Figure 5E–G; step 9, see Figures 6A, B.





The baso-apical return triggered by apoptosis/necroptosis

When digestion is intensive, at d7-d9, it is noteworthy that the microvilli increase both in size and number. They sometimes appear curving toward each other, as if they were to encircle and finally phagocyte a symbiotic bacterium. They correspond to the pit-like structures previously described by Dubilier et al. (1998); Won et al. (2003); Kádár et al. (2006). In the mussels kept in filtered sea-water, the apex of the bacteriocytes gets a spongy appearance with empty vacuoles, as also quoted by Kádár et al. (2005), who supposed that the symbionts could be expelled from the apex. Since Ikuta et al. (2021) recently showed that the apical symbiont-containing vesicles build a network that remains connected to the outside, exocytosis of the symbionts could occur the more easily. However, the apical spongy appearance could also be a sign that endocytosis continues, but that there are no new bacteria to phagocyte, so the newly created vacuoles remain empty. Endocytosis in Bathymodiolus has indeed been shown possible during the entire life of the deep-sea mussel (Wentrup et al., 2013) and is first seen at the very initiation of the symbiosis in the larval stage, just after metamorphosis (Laming et al., 2018; Franke et al., 2020).

It is interesting to mention that the epidermal apico-basal cell height does progressively shrink, indicating that the symbionts must be lost at some point. Also, we repeatedly observed missing bacteriocytes in various locations above the basal lamina, but framed by intact intercalary cells. At the base of the missing cells or in the remaining cellular material, we observed nuclear features with very dark condensed chromatin, even in the freshly collected Bathymodiolus. We think they correspond to apoptotic nuclei, in accordance with high rates of apoptotic cells recently documented in B. azoricus, whatever they were collected with a pressure-maintaining device, or unpressurized (Piquet et al., 2019). As described by Kerr et al. (1972), early apoptosis starts with DNA fragmentation (revealed by the TUNEL assays used in Piquet et al., 2019), followed by chromatin condensation (pycnosis) and nuclear fragmentation (caryorrhexis). Then the plasma membrane starts blebbing, although remaining intact, the cytoplasm shrinks, and finally apoptotic bodies of cytoplasm containing intact organelles and fragments of nuclei are extruded to be phagocyted by other cells. On the contrary, necrosis (the uncontrolled cell death) shows swelling and disruption of both nuclear envelope and plasma membrane, with release of all altered organelles. In Bathymodiolus we saw round structures within a continuous envelope generally surrounded by swollen rough endoplasmic reticulum (i.e. at a circum-nuclear position) and having more or less peripheric spots of electron dense material, that looks like pre-apoptotic or apoptotic condensed chromatin (Kerr et al., 1972; Chipuk and Green, 2005; Elmore, 2007). We also saw quite a few plasma membranes blebbing out (although not always remaining intact, but this is often difficult to assess on sections) and we measured a continuous shrinkage of the cells during starvation. We also recorded isolated cytoplasmic bodies containing nuclear fragments expelled out of the gill epidermis, which looked as apoptotic bodies. However, since we also observed modified swollen reticulum and expulsion of isolated vacuoles, it is not possible to rule out it could be necroptosis, another form of regulated cell death involving Receptor-Interacting Protein Kinases and TNF (Tumor Necrosis Factors) (Grootjans et al., 2017). Indeed, this regulated cell death displays some morphological features of both apoptosis and necrosis. Necroptosis shares with apoptosis the chromatin condensation and fragmentation, but the extensive cytoplasmic degeneration and plasma membrane rupture are two characteristics it has in common with necrosis (Günther et al., 2013). In necroptosis the nuclear envelope always remains intact, contrary to necrosis were the nuclei explode (de Torres et al., 1997). As necroptosis is a programmed inflammatory cell death, the rapid release of the cellular content in the environment is acting as a danger or damage-associated molecular patterns attracting immune cells (Grootjans et al., 2017). Interestingly, in Bathymodiolus we saw more hemocytes (i.e. immunity cells) filling the hemolymph space after 9 days starvation. With the present data we cannot ascertain, whether we observed apoptosis or necroptosis or both.

Anyway apoptosis/necroptosis could trigger the upward expulsion of the very big lysosomes. The digested material would be flowing out with the gill water flow, up to the mouth and be digested in the stomach. Kádár et al. (2006) found bacteria in the digestive gland, but of course they could also come from the environment, and moreover, undigested symbionts could also just be expelled in the environment.



Epidermis renewal: Back to a regular filter-feeding type of epidermis

In B. azoricus we also evidenced cell division in the bacteriocyte zone, where we found apoptosis, indicating a high cellular turnover of the mussel gill epidermis, higher than in non-symbiotic Mytilus (Piquet et al., 2020; Piquet et al., 2019). Cellular turnover in mammals skin epidermis is also triggered by apoptosis, and the epidermal cells are regularly replaced by new cells found more basally (Alberts et al., 2002). In the present experiment, we saw that when the bacteriocytes showed apical empty blebbing and were out-pocking above the mean apical level of the epidermis, there were often oblique basal nuclei nearby that in fact belong to the neighboring intercalary cells. Even narrow, these intercalary cells occur to possibly have divided in two daughter cells, since their nuclei remain so tightly together on each side of the plasma membrane of the intercalary cells to which they belong. Their oblique nucleus and crescent-shape basal cytoplasm suggests a shifting cytoplasmic movement towards the basal lamina and the space where the old bacteriocyte is (or will be) missing. This suggests that intercalary cells could be true stem cells, being able to divide into two daughter cells, one of which remains an intercalary stem-cell, while the other could differentiate into the missing cell-type, thereby filling out the empty space left on the basal lamina and renewing the gill epidermis. We summarized all these cellular steps in our model shown in Figures 8A, B.

After 61 days (i.e. two months starvation) no symbiont occurs in any gill sample. The gill epidermis looks strikingly similar to that of the coastal filter-feeding mussel M. edulis having basal nuclei in square shaped cells. This process also involves a general shrinkage of the apico-basal axis of epithelial cells, suggesting that the decrease in volume of cells is associated with the progressive loss of symbionts. During the starvation experiment, apical microvilli develop that were absent in symbiont-loaded cells. Altogether these observations suggest that a given bacteriocyte actually loses its bacteria upon starvation, and the host cells might be destroyed by apoptosis/necroptosis. Finally, the epidermis might be renewed by the intercalary stem cell divisions. The epidermal cells could have the plasticity to filter-feed, thus ensuring mussel’s heterotrophic nutrition at least temporarily, in a way similar to that suggested during the pelagic larval phase (Laming et al., 2018). To which extent this epithelium is efficient for filter-feeding is not fully understood (Page et al., 1991; Page et al., 1990; Riou et al., 2010), but this could allow mussels to survive during extended episodes of vent fluid extinction.

Whether and how fast these new undifferentiated, symbiont-free, epidermal cells are able to reacquire symbionts from their surroundings, remains to be investigated. Such as it has been done in Codakia orbiculata and Lucina pensylvanica, two other symbiotic bivalves (Elisabeth et al., 2014), that rebuild a fully functional symbiont-loaded gill. It would be interesting to test whether released symbionts can occur in the seawater around starving Bathymodiolus, and to incubate symbiont-depleted mussels in symbiont-containing water or in the presence of symbiont-bearing hosts. Another important step would be to ascertain the origin of undifferentiated epithelial cells and of bacteriocytes. For this, EdU labeling should be used to mark cells that have undergone division, and correlative microscopy could be used to test, whether intercalary cells do divide and produce epithelial daughter cells, which would confirm their role as stem cells in the deep-sea mussel gill epidermis. For sure, some cell plasticity in the gills, their main feeding organ, must account for the extraordinary long resistance of the deep-sea mussel in non-vent seawater.
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Connectivity is essential to consider in area-based marine conservation measures because it greatly impacts vital ecological processes (e.g., recycling nutrients, regulating temperature, sequestering carbon, and supporting the life cycle of species). However, it is generally not well studied or integrated into conservation measures, particularly in the Southeast Pacific. This region is home to the Salas y Gómez and Nazca ridges, two adjacent seamount chains that stretch between the Peruvian coast and Rapa Nui (i.e., Easter Island). The area has been recognized for its exceptional natural and cultural significance as well as one of the most important global areas to protect. However, over 73% of the ridges are in areas beyond national jurisdiction, where they are unprotected and under threat. This study provides a synthesis of what we know about connectivity in the Salas y Gómez and Nazca ridges and provides practical recommendations for integrating this knowledge into conservation and management measures for the region. While data on connectivity is still limited, it should not constrain the development of conservation measures, which should be co-designed and co-developed, leveraging the expertise of international working groups throughout the region. Due to their high rates of endemism, as well as importance as migratory corridors, enacting large-scale conservation measures would address important conservation considerations for both connectivity and endemism. Enacting such large-scale conservation measures would not only elevate the Salas y Gómez and Nazca ridges as an exemplary case study, providing lessons for other marine regions seeking to implement similar measures, but could also help raise awareness on the severity of externally originating threats like climate change and plastic pollution to global audiences.
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1 Introduction

Connectivity refers to the linkages of organisms, propagules, nutrients, or pollutants between one area to another, and has fundamental implications for ocean health (Balbar and Metaxas, 2019; Metaxas et al., 2020). Connectivity includes structural connections which are based on distances and conditions between similar habitats or species (Dunn et al., 2019) as well as functional connections which are the movement of individuals, species, energy, or materials across ocean spaces, connecting ecosystems (Popova et al., 2019; Metaxas et al., 2020). Beyond ecological connections, ocean spaces are connected through pressures stemming from human activities (e.g., fishing, pollution, climate change) as well as human and cultural connections.

Connectivity involves the exchange across all ocean layers (Popova et al., 2019; Metaxas et al., 2020). Thus, management needs to consider the ocean as a three-dimensional space that changes over time, and the linkages between ocean, land, and atmosphere (Ortuño Crespo et al., 2020). Some marine species migrate across entire ocean basins or connect basins (Dunn et al., 2019). Other species connect the ocean through vertical migrations which ties together the seabed and water column and is also crucial in Marine Protected Area (MPA) design (Ban et al., 2014; O’Leary and Roberts, 2018). Similarly, understanding how climate change impacts the ocean differently across depths is critical to developing conservation measures that are coherent and resilient (Brito-Morales et al., 2022).

Connectivity is essential to consider in area-based conservation measures because it greatly impacts vital ecological processes (e.g., recycling nutrients, regulating temperature, sequestering carbon, and supporting the life cycle of species) (Carr et al., 2017; Balbar and Metaxas, 2019; Dunn et al., 2019; Metaxas et al., 2020). For instance, if a species protected through a targeted area-based conservation measure receives food from a source which is under threat outside the protected area, the effectiveness of the conservation measure will be undermined (Metaxas et al., 2020).

The detrimental effects of habitat degradation and fragmentation can be mitigated if connectivity is properly integrated into conservation and management measures (Carr et al., 2017). Furthermore, measures designed to protect and maintain connectivity not only benefit the species that live there, but can also increase ecosystem resilience and benefits to humans (O’Leary and Roberts, 2018; Dunn et al., 2019; Metaxas et al., 2020). MPAs are commonly viewed as an effective area-based conservation measure to protect and restore marine biodiversity (Dunn et al., 2019; Ortuño Crespo et al., 2020; Lausche et al., 2021). Connectivity, which supports species to thrive and ecosystems to be maintained, is essential to designing effective and resilient networks of MPAs (Dunn et al., 2019; Lausche et al., 2021).

Connectivity is not well studied in the Southeast Pacific or elsewhere, particularly in relation to MPAs (Guarderas et al., 2008). Marine conservation efforts in this region are generally focused on either coastal areas in the continental margins, or waters surrounding offshore islands under the jurisdiction of South American countries (Figure 1). However, there is little information about connectivity between these coastal areas and offshore islands, thus hindering conservation efforts, particularly in areas beyond national jurisdiction (ABNJ).




Figure 1 | Map showing the location of MPAs around the Salas y Gómez and Nazca ridges. Over 73% of Salas y Gómez and Nazca ridges lie in ABNJ where they are unprotected.



ABNJ have recently gained attention as States are negotiating a legally binding agreement to conserve and sustainably use marine biodiversity beyond national jurisdiction (often referred to as the BBNJ Agreement). The negotiations are still ongoing, with the fifth negotiation in August 2022 failing to reach an agreement. Several recent studies identified priority ocean areas for conservation (Lucifora et al., 2011; Selig et al., 2014; Jones et al., 2020; Maxwell et al., 2020; Visalli et al., 2020; Wagner et al., 2020; Beal et al., 2021; Davies et al., 2021; Sala et al., 2021) based on varying and diverse criteria, including in ABNJ. Some of these priority areas in ABNJ have gained attention from governments seeking to advance conservation outside their national jurisdictions, resulting in the designation of new MPAs (Davies et al., 2021).

Located mostly in ABNJ off South America, the Salas y Gómez and Nazca ridges have been recognized as one of the most important areas to protect globally (reviewed in Wagner et al., 2021a; Wagner et al., 2021b). There has been progress in protecting portions of the ridges that lie within national jurisdictions of Chile (Friedlander and Gaymer, 2021; Wagner et al., 2021b) and, to a lesser degree, Peru (MINAM, 2021). However, over 73% of the ridges are located in ABNJ, where they are under threat from overfishing, plastic pollution, and climate change, with potential seabed mining looming in the future (Toro et al., 2020; García et al., 2020; Wagner et al., 2021b). Both cobalt-rich crusts and polymetallic nodules are found in this region see Miller et al. (2018) and references therein. Despite the recognition that these ridges have a high natural and cultural significance, they currently do not have any protections in ABNJ, which represents the largest and most threatened portion of the ridges (Figure 1).

One obstacle hindering conservation of the Salas y Gómez and Nazca ridges is a lack of understanding of how its ecosystems are connected to those of adjacent States. While many scientific assessments have noted the importance of this region for the connectivity of highly mobile species (Shillinger et al., 2008; Gálvez-Larach, 2009; Block et al., 2011; Hucke-Gaete et al., 2014; CBD, 2017; Pazmiño et al., 2018; Álvarez-Varas et al., 2021a; Álvarez-Varas et al., 2021b), there have been no reviews on connectivity across this region. The purpose of this study is to review relevant information about the connectivity of the Salas y Gómez and Nazca ridges and provide recommendations for integrating this knowledge into conservation and management measures in the region.



2 The Salas y Gómez and Nazca ridges

The Salas y Gómez and Nazca ridges are two adjacent seamount chains that stretch across over 2,900 km between the subduction zone off the Peruvian coast and Rapa Nui (also known as Easter Island). The ridges consist of over 110 seamounts, many of which peak close to the surface and host photosynthetic communities (Easton et al., 2017; Wagner et al., 2021a). The ridges host ecosystems with some of the highest rates of marine endemism in the world and are a haven to over 80 threatened or endangered species (reviewed in Wagner et al., 2021b). In addition to providing critical habitat for many benthic organisms, the ridges serve as essential migration corridors for many highly mobile species (Shillinger et al., 2008; Gálvez-Larach, 2009; Block et al., 2011; Hucke-Gaete et al., 2014; CBD, 2017; Serratosa et al., 2020; Álvarez-Varas et al., 2021a). The main human activity taking place in this region is fishing (Wagner et al., 2021b), which is managed by the Inter-American Tropical Tuna Commission (IATTC) for highly-mobile species and by the South Pacific Regional Fisheries Management Organisation (SPRFMO) for non-highly migratory fish species (see Section 3.2.1 below).

The natural and cultural significance of this region, as well as its vulnerability to overexploitation, has inspired many to raise awareness about its importance, uniqueness, and fragility (reviewed in Wagner et al., 2021b; Delgado et al., 2022). In 2011, both the Global Ocean Biodiversity Initiative and the Global Census of Marine Life on Seamounts recognized the global importance of this region (Clark et al., 2011). In 2014, the Convention on Biological Diversity (CBD) identified the Salas y Gómez and Nazca ridges as an Ecologically or Biologically Significant Area (EBSA), a status given to areas deemed worthy of protection or increased management. The Salas y Gómez and Nazca ridges were also recognized as a Hope Spot by Mission Blue, and all places where the ridges rise above sea level (Rapa Nui, Salas y Gómez Island and Desventuradas Islands) are considered Important Bird Areas (IBAs) by Birdlife International, as well as Key Biodiversity Areas (KBAs) by the 13 member organizations of the KBA partnership. Salas y Gómez Island and the entire area surrounding the ridges is known for its rich history of human seafaring and cultural significance (Delgado et al., 2022).

These distinctions, along with the many scientific assessments that underpinned them, have laid the foundation for the call to protect the Salas y Gómez and Nazca ridges. Within Chilean waters of the ridges, there are three established MPAs (the Nazca-Desventuradas Marine Park, the Motu Motiro Hiva Marine Park, and the Rapa Nui Multiple-Use Coastal Marine Protected Area), whereas Peruvian waters include one MPA that protects the seafloor portion of the ridges (Nazca Ridge National Reserve; Figure 1). While these recent efforts by Chile and Peru provide important advances to safeguarding the unique biodiversity and cultural resources of the region, the majority of the ridges are located in ABNJ. In October 2020, a group of 24 experts from various academic and non-governmental organizations presented a proposal for a fishing closure in the area of SPRFMO (Wagner et al., 2020). In April 2021, the Chilean Government announced that it would start efforts to create a fully protected MPA in this region at the Virtual Leaders Climate Summit (MINREL, 2021) , which was followed by multiple presentations to SPRFMO by Chile highlighting the significance of the ridges (Ministry of Foreign Affairs of Chile 2021; Gaymar et al. 2022).



3 Connectivity in the Salas y Gómez and Nazca ridges region


3.1 Natural connectivity


3.1.1 Biodiversity and oceanography

The biodiversity of the Salas y Gómez and Nazca ridges contains the highest level of marine endemism found anywhere on Earth (reviewed in Wagner et al., 2021b). This unique biodiversity is a result of circulation patterns, such as the South Pacific Gyre, which isolate the region (Von Dassow and Collado-Fabbri, 2014). The Atacama Trench, which plunges over 8,000 m deep off the Chilean and Peruvian Coast, acts as a barrier to the movement of many species between South America and the ridges. Similarly, the strong Humboldt Current, which travels north along the South American coast, acts as an additional barrier for species recruitment from the South American coast (Friedlander et al., 2016), and are further affected by the El Niño Southern Oscillation and the Pacific Decadal Oscillation (Yañez et al., 2017).

The eastern portion of the ridges intersects a region that has some of the most oxygen-poor waters in the world (Fuenzalida et al., 2009; Ulloa and Pantoja, 2009), which has been speculated to serve as yet another dispersal barrier for deep-sea fauna (Wagner et al., 2021a). Collectively, these features have reduced connectivity between the South American Continent and the Salas y Gómez and Nazca ridges. In fact, the biodiversity of the ridges is more like that found in distant places in the Western Indo-Pacific than to that of the South American Continent or nearby islands (reviewed in Wagner et al., 2021b). The marine flora of Rapa Nui is more similar to that found over 15,000 km away in Vietnam than to that found on the Juan Fernandez Archipelago, located just under 3,000 km away (Santelices and Meneses, 2000).



3.1.2 Genetic and larval connectivity

Oceanic circulation has profound effects on larval dispersal and biological connectivity for many species inhabiting the Salas y Gómez and Nazca ridges. Although there is a predominant eastern flow in the currents in the region, occasionally westward currents prevail. Notwithstanding the prevailing currents in the area, the species composition of the Salas y Gómez and Nazca ridges are mainly composed of species related to those from the Western Indo-Pacific, but also include some from the Eastern Tropical Pacific (Andrade et al., 2014). Reef-building corals in shallow water are a good example of this mixed influence, as the ridges contain some coral species that are related to those found in Colombia, Ecuador, and Panama (Glynn et al., 2007; Easton et al., 2019). It is important to highlight that the Salas y Gómez and Nazca ridges are the only place in the Southeast Pacific, and one of the few places in ABNJ globally, where seamounts peak in waters shallow enough (<200m) to host photosynthetic reef-building corals (CBD, 2017; Easton et al., 2017; Wagner et al., 2020; Wagner et al., 2021a; Wagner et al., 2021b; Zapata-Hernández et al., 2021). These reef-building corals in turn are important ecosystem engineers that create habitat for a wide variety of associated species (Wagner et al., 2020; Georgian et al., 2021).

Recent studies have examined the connectivity of two reef-associated species, the Easter Island spiny lobster Panulirus pascuensis Reed, 1954 and the Easter island rudderfish Kyphosus sandwicensis (Sauvage, 1880), on the western end of the Salas y Gómez Ridge using variability of microsatellite loci (Meerhoff et al., 2018; Valencia et al., 2021). These studies found weak connectivity amongst marine fauna populations located on Rapa Nui and Salas y Gómez Island (415 km away), findings that are consistent with other studies that indicate weak connectivity within the ridges for many reef taxa (Comité Oceanográfico Nacional de Chile, 2017; Friedlander et al., 2021). In contrast, high genetic connectivity between the Desventuradas Islands and the Juan Fernandez Archipelago was described for the Juan Fernandez rock lobster Jasus frontalis (Milne Edwards, 1837) using mtDNA COI variability (Porobić et al., 2013) and the diadematid sea urchin Centrostephanus sylviae Fell 1975 using Single Nucleotide Polymorphism (SNPs) (Veliz et al., 2021). Like several other endemic species from this region, both the lobster and the sea urchin species are currently only known from the Desventuradas and Juan Fernandez Islands, indicating that eastern portion of the ridges has stronger connectivity to the Juan Fernandez Archipelago than to the western side of the ridges. A recent study projected increases in connectivity between Juan Fernandez and the Desventuradas Islands, and along the Sala y Gomez Ridge as a result of a warmer climate in the near future (Dewitte et al., 2021).



3.1.3 Animal connectivity

While there are important dispersal barriers preventing certain species reaching the ridges, these are overcome by some highly mobile species. In fact, the ridges themselves have been described as movement corridors for some migratory species, including the endangered blue whale (Balaenoptera musculus), the critically endangered leatherback turtle (Dermochelys coriacea), the critically endangered waved albatross (Phoebastria irrorata), as well as many other seabirds (Shillinger et al., 2008; Block et al., 2011; CBD, 2017; Easton et al., 2018; Boteler et al., 2019; Serratosa et al., 2020).

Blue whales are known for their large migrations from cold-water feeding grounds to warm water calving grounds. One subpopulation, which some contend is a discreet subspecies, regularly pass through the Salas y Gómez and Nazca ridges during their migration from the southern tip of Chile to the Galapagos Islands (Hucke-Gaete et al., 2014; Torres-Florez et al., 2014; Buchan et al., 2017). Blue whales have been shown to feed and rest on seamounts in the North Atlantic (Lesage et al., 2018), and it is likely that this is also the case for the Salas y Gómez and Nazca ridges (CBD, 2017). Humpback whales have a similar migration pattern, traveling from Antarctic feeding grounds to warmer waters near the Galapagos to breed, transiting through the Salas y Gómez and Nazca ridges annually (Acevedo et al., 2013). Several other species of marine mammals have been observed migrating through the Salas y Gómez and Nazca ridges, including the Cuvier’s beaked whale Ziphius cavirostris, sperm whale Physeter macrocephalus, Blainville’s beaked whale Mesoplodon densirostris, minke whale Balaenoptera bonaerensis or B. acutorostrata, false killer whale Pseudorca crassidens, pilot whale Globicephala sp., bottlenose dolphin Tursiops truncatus, common dolphin Delphinus sp., leopard seal Hydrurga leptonyx, and southern elephant seal Mirounga leonina (Hucke-Gaete et al., 2014), many of which are top-predators. Leatherback turtle and and the green turtle Chelonia mydas migrate through this region in order to lay eggs on neighbouring beaches and may also forage on seamounts (Shillinger et al., 2008; Boyle et al., 2009; Block et al., 2011; Álvarez-Varas et al., 2021b). Several species of Terns, Petrels and Boobies nest on the islands of Rapa Nui, Salas y Gómez, and the Desventuradas, and are known to feed in waters of the Salas y Gómez and Nazca ridges (Portflitt-Toro et al., 2020). This includes the emblematic Sooty Tern (Onychoprion fuscatus), a sacred bird in Rapa Nui culture.

Twelve species of seabirds are known to breed on Rapa Nui while eleven species have been observed breeding on Salas y Gómez Island. The Kermadec petrel, Christmas shearwater (Puffinus nativitatis), red-tailed Tropicbird (Phaethon rubricauda), great frigatebird (Fregata minor), masked booby (Sula dactylatra), brown noddy (Anous stolidus), grey noddy (Anous albivitta), common white tern (Gygis alba), and sooty tern all breed on both Rapa Nui and Salas y Gómez Island (Flores et al., 2014). Sala y Gómez Island is considered an Important Bird and Biodiversity Area (IBA) due to the presence of breeding populations of the masked booby and grey noddy. The ridges also intersect five proposed IBAs, which are being considered because they include nodes of migratory routes including incubation areas for Waved Albatross, as well as non-breeding areas for Chatham Albatross (Thalassarche eremita) and Salvin’s Albatross (Thalassarche salvini), and Cook’s petrel (Pterodroma cookii), Chatham petrel (Pterodroma axillaris) and white-chinned petrel (Procellaria aequinoctialis).

The Chatham Albatross travels thousands of kilometers each year to get from their breeding grounds on the Pyramid, a small outcropping in New Zealand’s Chatham Islands, to South America traveling above the ridges (Nicholls and Robertson, 2007). The Chatham Petrel is also known to migrate from New Zealand across the Salas y Gómez and Nazca ridges each year to feed in its non-breeding season (Rayner et al., 2012). Several top predators occur on both sides of the southern Pacific, including the Salas y Gómez and Nazca ridges. This includes the Galapagos shark (Carcharhinus galapagensis) (Morales et al., 2019; Pazmiño et al., 2018), the yellowtail amberjack (Seriola lalandi) (Premachandra et al., 2017; Morales et al., 2019) and the yellowfin tuna (Thunnus albacares) (Pecoraro et al., 2018), all of which likely use the ridges as migration corridors. Swordfish (Xiphias gladius) move from over the ridges north across the Galapagos Rise, representing another connection between the ridges and the area around the Galapagos Islands (Abascal et al., 2010; Evans et al., 2014).




3.2 Human connectivity


3.2.1 Human and cultural connectivity

Despite being uninhabited, the waters of the Salas y Gómez and Nazca ridges have an exceptionally rich history of human seafaring and cultural significance (reviewed in Delgado et al., 2022). This ranges from indigenous Polynesian cultures who first ventured to this region close to a thousand years ago, to the period of European colonial exploration, as well as the rise of the modern global economy. Voyaging, the transportation of commodities, and fishing have occurred throughout the human history of this region. As a result, there are many yet-to-be discovered shipwrecks, as well as numerous accounts in the written and oral history that highlight the profound connections of many cultures to this region (Delgado et al., 2022). In relation to the human colonization of Rapa Nui Island, recent evidence suggests prehistoric contact of Polynesian individuals with Native American individuals (approx. AD 1200) contemporaneous with the settlement of remote Oceania. This suggests that a single contact event occurred in eastern Polynesia, before the settlement of Rapa Nui, between Polynesian individuals and a Native American group related to the indigenous inhabitants of present-day Colombia (Ioannidis et al., 2020). In modern times, vessels could be sources of biological connectivity along the Salas y Gómez and Nazca ridges, by transporting invasive species in ballast water or as hull fouling (Carlton, 1985; Cariton and Geller, 1993; Bax et al., 2003; Bailey, 2015). Indeed, many cultures, particularly Rapa Nui culture, have profound connections to these remote waters. It is important that this knowledge is perpetuated via research, education, and outreach activities, so that people continue to appreciate both the natural and cultural significance of the region. Figure 2.




Figure 2 | Diagram showing how the natural and cultural significance of the Salas y Gómez and Nazca ridges are influenced by connectivity via movement of organisms, nutrients, and pollutants.





3.2.2 Connectivity in governance arrangements

The concept of connectivity is found in many multilateral agreements (Dunn et al., 2019), and particularly revolves around (1) international cooperation for highly migratory species (e.g., CMS, 1979; UNCLOS, 1982), (2) management of straddling and highly migratory fish stocks (UNFSA, art. 5 and in the conventions of regional fisheries management organizations (RFMOs)), (3) conservation of albatrosses and petrels (ACAP, 2001), (4) conservation of cetaceans through whale sanctuaries; (5) application of precautionary and ecosystem approaches (e.g., CITES,  1973; CMS, 1979; CBD, 1992; UNFSA, 1995; and in RFMO and regional seas organization (RSO) Conventions); (6) minimisation of pollution and preventing transboundary environmental damage (e.g., London Convention, 1972; London Convention Protocols, 1978; MARPOL Convention, 1978; UNCLOS, 1982; CBD, 1992; UNFSA, 1995, and in RFMO and RSO Conventions); and (7) establishment of protected areas and ecological networks (e.g., CBD, 1992; and under the International Seabed Authority (ISA), and in RSO Conventions). In 2021, the importance of connectivity was formally recognised by the United Nations General Assembly, stressing the need to maintain ecosystem connectivity through the development of transboundary cooperation, the application of EIAs, the application of ecosystem-based approaches, and the establishment of transboundary protected areas and ecological corridors (UNGA, 2021). Within the Salas y Gómez and Nazca ridges, both SPRFMO and IATTC have legal provisions that include the concept of connectivity, particularly with regards to the adoption of measures for target fish stocks and associated species, pollution minimisation, and the application of the precautionary approach (e.g., IATTC art. VII; SPRFMO art. 3) (IATTC, 1949; SPRFMO, 2009). SPRFMO also has a specific provision on the application of the ecosystem approach (SPRFMO, art. 3.2) (SPRFMO, 2015). The South Pacific Permanent Commission (CPPS), through the 1981 Lima Convention, also has legal provisions for pollution minimisation in ABNJ (Lima Convention, 1981).




3.3 External threats to connectivity


3.3.1 Plastic pollutants and marine debris

The Salas y Gómez and Nazca ridges are located near the South Pacific Gyre, a circulation feature known for its high concentrations of plastic pollution and other marine debris (Eriksen et al., 2014; Boteler et al., 2019; Luna-Jorquera et al., 2019; van Gennip et al., 2019). These pollutants originate mostly from the South American coast (Thiel et al., 2018; van Gennip et al., 2019) and are then concentrated in the circulating waters of the gyre. High levels of plastic pollution impact many species of marine mammals, sharks, turtles, seabirds, and fishes, through entanglement or ingestion (Thiel et al., 2018). Moreover, floating anthropogenic debris is known to be an agent for transporting non-indigenous species (Rech et al., 2016; Rech et al., 2018; Rech et al., 2021), thus increasing the risk of biological invasions throughout the region.



3.3.2 Fishing

Currently, fishing is the dominant human activity that occurs in the waters of the Salas y Gómez and Nazca ridges (Wagner et al., 2021b). The main species caught in the Southeast Pacific region remain: Anchoveta (Engraulis ringens), Jumbo flying squid (Dosidicus gigas), Araucanian herring (Clupea bentincki), Chilean jack mackerel (Trachurus murphyi), Chilean kelp (Durvillaea antarctica, Scomber japonicus), Skipjack tuna (Katsuwonus pelamis), and Chub mackerel (Scomber japonicus) (FAO, 2020). Fishing effort is still considered moderate, and is attributable mostly to vessels flagged by China, Spain, Japan, Taiwan, and the Republic of Korea, which collectively account for over 96% of the fishing effort (reviewed in Wagner et al., 2021b). It is important to highlight that fishing by bordering countries to the Salas y Goméz and Nazca ridges fish mainly takes place within their national jurisdiction. Fishing effort in ABNJ is mainly undertaken by distant water fishing nations. However, nearby countries are most likely to be negatively impacted by the depletion of ABNJ fisheries species that could otherwise be available in adjacent national waters. The SPRFMO Convention includes specific provisions to protect Vulnerable Marine Ecosystems (VMEs) and has defined ten benthic invertebrate taxa that are regarded as indicators of VMEs for the South Pacific (SPRFMO, 2020).



3.3.3 Deep-sea mining

Though there is currently no deep seabed mining taking place in ABNJ, several countries and international consortia hold contracts with the International Seabed Authority (ISA) to explore areas within the Pacific, Indian, and Atlantic oceans. It is expected that deep seabed mining will have severe and long-lasting impacts on the marine environment, which has prompted several countries and organisations to call for a moratorium on deep seabed mining (Christiansen et al., 2022) While there have been no ISA contracts issued to explore for deep-sea minerals in the Salas y Gomez and Nazca ridges, the occurrence of seabed minerals in this region may attract interest in the future.



3.3.4 Climate change

Climate change is another external-originating threat and is one of the most important ocean threats globally (IPCC, 2019; Hoegh-Guldberg, 2019). While climate change is impacting ocean ecosystems everywhere, some areas are considered particularly susceptible, including the Salas y Gómez and Nazca ridges. This is because the region contains some of the most nutrient-poor waters in the world, with communities that are adapted to these conditions (Von Dassow and Collado-Fabbri, 2014). As climate changes, with temperature, salinity, and oxygen shifts, some of these communities may no longer be able to tolerate local conditions, resulting in potential range shifts, habitat loss, decreased biodiversity, and decreased resilience (Cheung and Levin, 2018; Dewitte et al., 2021; Wagner et al., 2021b). These consequences will be compounded by the El Niño Southern Oscillation and the Pacific Decadal Oscillation, which already have widespread impacts throughout the region (Yañez et al., 2017). The Southeast Pacific Subtropical Anticyclone, which is the dominant forcing mechanism of currents in the region, has already experienced a poleward shift due to climate change, a shift that is projected to continue (Yañez et al., 2017). It is important to highlight that future warming climates will increase south-easterly trade winds in the Southeastern Pacific (Dewitte et al., 2021). As a result, connectivity between the Juan Fernandez and Desventuradas Islands, and along the Sala y Gomez Ridge, is projected to increase (Dewitte et al., 2021).





4 Integrating connectivity into management and conservation

Although the importance of maintaining connectivity is well recognised globally, quantitative methods for identifying areas of high connectivity are rarely utilized in the design of area-based conservation efforts (Magris et al., 2014). There are a handful of MPAs which included connectivity as a criteria in their design, most of which are located in Australia or the United States (Balbar and Metaxas, 2019). The complexity of connectivity (i.e., ocean dynamics and processes), however, means that there is no one-size-fits-all solution, but rather a suite of scientific tools, management approaches, and governance arrangements that will need to be applied. Identifying specific conservation and management objectives upfront, will be critical to determining how to best integrate connectivity. In this regard, IUCN has produced guidelines on marine connectivity (Lausche et al., 2021), which support the design of MPAs and MPAs networks using the best available science in the face of climate change.


4.1 Tools for understanding connectivity


4.1.1 Baseline studies

Baseline biodiversity and ocean circulation studies will remain fundamental to understanding connectivity and will need to be complemented with new tools to generate information needed by decision makers (Borja et al., 2016; Gjerde et al., 2021). There are only a few studies that have surveyed biodiversity across the large range of the Salas y Gómez and Nazca ridges (Comité Oceanográfico Nacional de Chile, 2017; Friedlander et al., 2021). These studies found unique species compositions with few species shared between opposite ends of the ridges, highlighting the need to enact large-scale conservation measures to conserve representative biodiversity. This is particularly important due to the exceptionally high proportion of endemic species and fragility of this region. Loss of habitat in the Salas y Gómez and Nazca ridges could therefore lead to species extinctions.



4.1.2 DNA-based analyses

DNA-based analyses are a promising approach for connectivity research. Genomic analyses are useful to detect species or population geographical delimitation (e.g., Veliz et al., 2021), effective population size (Pazmiño et al., 2017) and also symmetry/asymmetry in connectivity among populations in a metapopulation context (Liggins et al., 2020). Another approach is the analysis of environmental DNA (eDNA), which organisms release into the environment and thereby allow their detection without sampling the organisms themselves (Levin et al., 2019). This approach still requires baseline knowledge of species identity and longevity of the DNA signal in the environment (Levin et al., 2019), but can cost-effectively complement in situ sampling (Gjerde et al., 2021).



4.1.3 Acoustic monitoring

Acoustic monitoring is another approach that is useful to survey large spatial scales, and can provide information about seafloor topography, currents, temperature, abundance, and type of marine life (Howe et al., 2019). Combining acoustic monitoring with DNA techniques offers significant promise for enhancing ocean observations and addressing questions about long-range connectivity (Howe et al., 2019). These approaches can also be complemented by satellite data to monitor phytoplankton and harmful algal blooms, including their spatial and temporal dynamics (Borja et al., 2016).



4.1.4 Underwater vehicles

Advanced technologies like human occupied vehicles (HOVs), remotely operated vehicles (ROVs), autonomous underwater vehicles (AUVs), and towed camera systems have been used to survey deep-water areas (Dominguez-Carrió et al., 2021). Unfortunately, these approaches typically require expensive instruments, specialized technicians, and costly ship time, thereby being restrictive (Dominguez-Carrió et al., 2021). Cost-effective drop cameras developed by the National Geographic Society (Turchik et al., 2015) were used to conduct the first surveys on both ends of the Salas y Gómez and Nazca ridges (Figure 3; Friedlander et al., 2021). Future surveys using such cost-effective methods have the potential to improve baseline knowledge of the deep-water fauna and connectivity of the region. However, these tools still face challenges of identifying species from visual imagery of alone. Additionally, biodiversity estimates based on imagery often under-represent biodiversity, requiring baseline data (e.g., through species collection).




Figure 3 | Examples of deep-water fauna documented using cost-effective drop cameras during the first ever study that surveyed both ends of the Salas y Gómez and Nazca ridges. From top left to bottom right: (A) Lithodidae, (B) Chaceon chilensis, (C) various deep-sea corals and sponges, (D) Polymixia salagomeziensis, (E) Pentaceros decacanthus, (F) Squalus sp., (G) Gymnothorax bathyphilus, (H) Coryphaenoides sp., (I) Hydrolagus sp., (J) Etmopterus sp., and (K) Spectrunculus sp. (Friedlander et al., 2021; images courtesy of National Geographic Pristine Seas and National Geographic Exploration Technology Lab).





4.1.5 Machine learning methods

Progress has also been made with machine learning methods for analysing large datasets. This has implications for the Salas y Gómez and Nazca ridges, since many historical datasets (see Wagner et al., 2021b; Delgado et al., 2022) have not yet been examined in exhaustive detail and could therefore be mined to glean new insights. One important caveat is that many available datasets do not have the fine-scale resolution, or do not capture the complexity of habitats needed to apply such methods (Saleh et al., 2020). Another challenge is that much of the analysis with machine learning methods still rely on costly human labour (e.g., to prepare the photos for analysis) which does support the models to learn how to detect species in natural settings (Saleh et al., 2020).



4.1.6 Animal borne devises

Other technologies, such as animal-borne devices, can be used to study species movement and behaviour. These are rapidly advancing and providing increasingly accurate information (Davies et al., 2021). Tracking data of birds, mammals, fishes, and turtles is increasingly becoming available, and is highly relevant to understanding how to integrate connectivity into conservation and management measures (Dunn et al., 2019; Hays et al., 2019; Davies et al., 2021). Connectivity data is currently available for a few species that migrate to the Salas y Gómez and Nazca ridges (Shillinger et al., 2008; Block et al., 2011). Future studies, including those that tag animals on the ridges, will be essential to improve our understanding of their movement and connectivity within the region. Such approaches have successfully been used to study movement patterns of Galapagos shark (Carcharhinus galapagensis) and yellowtail amberjack (Seriola lalandi) in the waters around Salas y Gómez Island (Morales et al., 2021). New knowledge platforms such as the Migratory Connectivity in the Ocean (MiCO) system will help make connectivity information available to researchers, decision makers, and the public (Dunn et al., 2019).



4.1.7 Modelling

Collected data can be combined with modelling to predict spatial distribution patterns across broader scales, including in areas that have not yet been surveyed (Borja et al., 2016; Oppel et al., 2018; Georgian et al., 2021; Gjerde et al., 2021). Modelling is increasingly being used to predict the distribution, composition, and structure of marine ecosystems, including climate-driven changes (Gjerde et al., 2021). A recent study modelled the distribution of corals and sponges across the Salas y Gómez and Nazca ridges and found that these taxa are widespread across the ridges and found that these taxa are widespread across the ridges (Figure 4; Georgian et al., 2021). Corals and sponges provide important habitats for many associated species and are also highly susceptible to impacts; protecting these vulnerable marine ecosystems (VMEs) is therefore an important component of the framework for managing high seas bottom fisheries under the United Nations General Assembly Sustainable Fisheries Resolution (Jones and Lockhart, 2011; Georgian et al., 2021). Promising approaches include combining long-term monitoring studies with population connectivity models. Such approaches can assess potential area-based management tools (ABMTs), including MPAs, in terms of their relative contributions and their dependence on regional ecosystem characteristics (Carr et al., 2019).




Figure 4 | Map showing results of a recent modelling study (Georgian et al., 2021) that noted that every seamount of the Salas y Gómez and Nazca ridges contains highly suitable habitat for habitat-forming corals and sponges. Warmer colours indicate more suitable habitat. (Credit: John Nelson).





4.1.8 Metrics for connectivity criteria

Research results can be used to understand connectivity patterns and create criteria for the region to support management decisions and in particular the design of MPAs. There is no agreed upon approach amongst scientists by which to establish connectivity patterns for the design of MPAs, while some classifications have been suggested: modelling, tagging, genetics, and simple observation (Balbar and Metaxas, 2019 citing Bryan-Brown et al., 2017). Balbar and Metaxas, 2019 provide a comprehensive review of the different methods and approaches available to decision makers to integrate connectivity criteria into the design of MPAs and provide a number of recommendations: “determine whether to prioritise connectivity as an ecological criterion; identify the role of an MPA in supporting connectivity; identify appropriate spatial and temporal scales; and improve regional knowledge of patterns of connectivity.” The synthesis provided in this paper could be a first step in creating a connectivity index for the region, as no such index exists, focusing on aspects of ecological and cultural connectivity and considering pressures such as fishing and climate change.



4.1.9 Interdisciplinary and international collaboration

Biodiversity and oceanographic data alone are not enough to understand ecosystem vulnerability and needs to be combined with spatial data on threats and human activities to inform decision making (Hays et al., 2019). Due to the complexity of connectivity and the variety of scientific methods to study it, interdisciplinary and international collaborations will be critical to improve our understanding of connectivity. As tools for collecting and analysing scientific information continue to advance, it will be essential that scientists find effective ways to translate research findings into conservation benefits. This requires a successful science-policy interface to communicate research findings to policy makers, as well as the public at large.




4.2 Management approaches to include connectivity in decision making

Conservation efforts need to include surface to seabed protection (O’Leary and Roberts, 2018), and explicitly integrate climate adaptation objectives (Tittensor et al., 2019). Particular challenges to incorporating connectivity in ABNJ conservation include the scarcity of spatial and temporal data (Dunn et al., 2019; Visalli et al., 2020), as well as challenges related to monitoring, control, and enforcement in remote regions (Wilhelm et al., 2014; Ortuño Crespo et al., 2020).

Data obtained using multiple scientific methods and from various sources can create a more complete understanding, thereby supporting the better integration of connectivity into management decisions. For instance, genetic, acoustic and telemetry data have been used to describe connectivity for blue whales (Torres-Florez et al., 2014; Buchan et al., 2015; Torres-Florez et al. 2015), but additional work is needed to aggregate this information into integrated models (e.g., through MiCO). Holistic studies through strategic environmental assessments (SEA) or regional environmental assessments (REA) can create a comprehensive basis for understanding marine ecosystems (Gjerde et al., 2021), as well as assess conditions important for conservation, such as species distributions, temporal variability, trophic relationships, ecosystem function, oceanographic connectivity, and resilience. First steps towards conducting such assessments focused on the status of marine biodiversity and human activities in the region have been completed (Boteler et al., 2019) and could be used to expand upon.

While environmental assessments typically focus on a defined area, connectivity is not an area-based characteristic, making it more difficult to integrate it into management and policy decisions (Balbar and Metaxas, 2019). It is therefore necessary to include data that ranges beyond the geographical and temporal scope of an environmental assessment to guide decision making. Such decisions will need to be made on a case-by-case basis depending on the known and potential dispersal of focal species and impacts. This is further complicated because connectivity patterns may vary over time, requiring regular environmental assessments to assess temporal changes (Balbar and Metaxas, 2019). Environmental assessments can also identify knowledge gaps and guide future research initiatives. As noted previously, connectivity data for some species of whales, turtles, and seabirds indicate that these highly mobile species regularly use the Salas y Gómez and Nazca ridges for foraging and resting. Consequently, areas that are likely to include these focal species should be prioritized for increased protection.

Holistic environmental assessments can help underpin management decisions about the role and function of connectivity. It is important to include migratory connectivity with MPA site selection criteria and network design criteria (Dunn et al., 2019). Identifying connectivity corridors can build coherence between fragmented ecosystems, or buffer zones from potentially damaging external influences (Bennett and Mulongoy, 2006). Connectivity metrics (to quantify connectivity of biodiversity of an area such as habitats or species) can help specify desired conservation objectives and actions, as well as prioritize areas for inclusion in MPA networks (Keeley et al., 2021). Spatial tools, such as marine spatial planning, can also help to evaluate the role of connectivity (Balbar and Metaxas, 2019). The use of marine spatial planning in ABNJ remains limited, while exploratory studies for the application of area-based planning tools such as marine spatial planning have been explored for the Southeast Pacific (UNEP-WCMC, 2019). Such spatial tools must be combined with information on human activities and stressors, including impacts of climate change, to identify threats to connectivity and allow a multi-sector approach. Screening of potential activities through environmental impact assessments (EIAs) can quantify impacts where activities are taking place, but also more widely to where impacts might occur in the future (Tessnow-von Wysocki, 2021). Existing EIAs within the broader South Pacific stem from sectoral organizations such as SPRFMO and IATTC. Other organizations which could require EIAs in the region include the International Seabed Authority (mining) and the International Maritime Organization (shipping); however, activities regulated by these organizations are currently very limited in the region (Wagner et al., 2021b). EIAs can also provide an understanding about whether activities taking place within national jurisdiction are leading to impacts in ABNJ, and vice versa (Livingstone and Jose, 2021). This is particularly relevant to cross-jurisdictional impacts of potential human activities. In regard to human impacts, it is important to highlight that fishing and other extractive activities are still at relatively low levels in the Salas y Gómez and Nazca ridges, so there is a time-sensitive opportunity to proactively conserve the unique natural and cultural resources of the region, while having minimal impacts on industries.

Holistic assessments that include connectivity will be critical to inform management decisions. Priorities for managing connectivity, including ecological, economic, and social considerations, will need to be documented in management plans, including respective roles and time plans for achieving conservation objectives (Balbar and Metaxas, 2019). Only when a management plan lays out the scientific assessment and associated management activities in a transparent manner, can stakeholders evaluate management effectiveness over time. Management planning is a key challenge for remote MPAs (Gaymer et al., 2014; Wilhelm et al., 2014), but recent years have seen a major advance in the generation of management plans. All the MPAs created in Chilean waters of the Salas y Gomez and Nazca ridges (see Figure 1) now have completed management plans, although these still have not been officialised by the Government (Gaymer et al., 2018; Gaymer et al., 2021a; Gaymer et al., 2021b; Gaymer et al., 2021c). These management plans highlight the importance of connectivity in maintaining the life cycles in key habitats and ecosystem services.

Transboundary and cross-sectoral cooperation are key to ensuring that connectivity is fully considered within ocean governance. Spatial planning tools and holistic environmental assessments are key to ensure that connectivity is optimized for biodiversity conservation. The inclusion of ‘ecological connectivity [and/or coherence]’ as one of the criteria for the identification of future ABMTs under the proposed BBNJ Agreement will help ensure that connectivity is considered by relevant stakeholders when establishing ABMTs, including species corridors, MPA networks, linkage zones, permeability areas, and climate corridors.




5 Discussion

Integrating connectivity into conservation for the Salas y Gómez and Nazca ridges will be critically important to conserve the natural and cultural resources of this unique region. ABNJ have gained attention in recent years through the negotiations for the BBNJ Agreement and are increasingly understood as critical to achieve global sustainability goals. Closely connected to coastal States in South America, the Salas y Gómez and Nazca ridges are important for global marine biodiversity and provide numerous benefits to humanity, including climate regulation, food security, cultural values, and other ecosystem services.

This review is a first step in conducting a baseline study on connectivity of the region. While this study summarizes information from various publicly available sources, a more in-depth holistic regional environmental assessment should be developed to coalesce additional information that may be available and is not yet in the public domain. Conducting such a study will be logistically complex, as regional characteristics will need to be considered across numerous jurisdictions, disciplines (e.g., ecological, physical, chemical, economic, and social), as well as take into account changes over time and beyond the immediate geographic focal area. Such a regional environmental assessment will require a collaborative effort, bringing together individuals from different countries, expertise, and experience. This exercise should build upon relevant working groups in the region (e.g., within CPPS, SPRFMO, IATTC, International Union for Conservation of Nature, World Commission on Protected Areas, Deep Ocean Stewardship Initiative, UN Decade for Ocean Science, ESMOI, and others), and coalesce information from existing data platforms.

A regional environmental assessment will be critical to identifying information gaps in relation to connectivity and help identify the tools and approaches needed to fill these gaps. Such assessments will represent important first steps at integrating connectivity in the design and implementation of conservation approaches for the region. Available data should provide a starting point to include connectivity in conservation measures. Data collection should be a continuous objective, which requires ongoing contributions to work towards a fuller understanding of connectivity. Through such an iterative process, key characteristics of connectivity will begin to emerge, and ultimately, with communication across stakeholder groups, connectivity priorities will be established and integrated into management measures. It will therefore be necessary to develop a suite of indicators by which to understand and assess connectivity within the region and beyond, thereby underpinning decision making and monitoring of management results. It is important to note that connectivity is an important criterion for conservation efforts, such as a network of MPAs, across large spatial scales but should also be complemented with other considerations like endemism. Due to the high rate of endemism (Comité Oceanográfico Nacional de Chile, 2017; Friedlander et al., 2021; Tapia-Guerra et al., 2021) as well as, the importance of the ridges as migratory corridors for highly mobile species, creating a large-scale MPA in this region would address several conservation considerations. In addition to having advantages in terms of connectivity and ecological integrity, large-scale MPAs also have lower establishment costs per unit area (Toonen et al., 2013; Wilhelm et al., 2014).

Regional conservation objectives for the Salas y Gómez and Nazca ridges should be established based on identified priorities, and these should explicitly deal with connectivity. Objectives should focus on conserving areas that are key to maintaining connectivity and restoring degraded areas that may be impeding connectivity. Management approaches such as dynamic closures, migratory corridors, and buffer zones could be considered along with existing or new ABMTs to achieve such objectives. Regional action plans for connectivity should be considered to establish a management process such as roles of key stakeholders, a timeline for implementation, as well as monitoring and enforcement mechanisms. These efforts will also need to be reviewed over time and updated based on new information.

Some limited legal provisions exist for connectivity, but more could be done to bring together stakeholders within the region to jointly address the management of connectivity. Another opportunity is to establish regional or global targets for connectivity, potentially through the Convention on Biological Diversity’s post-2020 Global Biodiversity Framework. However, as connectivity is not strictly an area-based target as other ecological criteria such as representation, it is difficult to develop quantitative, spatial objectives.

Connectivity is widely recognised as a critical ecological feature but remains under-addressed in management strategies. Nevertheless, there are a range of opportunities from new scientific approaches, to developing management efforts, or addressing governance issues, which could build upon existing efforts to advance marine management within the region. Such efforts will require political will and support from many different actors and will therefore take time to develop. However, continued efforts to integrate connectivity into conservation efforts for the Salas y Gómez and Nazca ridges will not only improve the health of its ecosystems, but also elevate the region as an exemplary model for cross-sectoral collaboration and cooperation.



6 Recommendations and conclusion

Integrating connectivity into conservation efforts in the Salas y Gómez and Nazca ridges will provide benefits for biodiversity, climate regulation, food security, cultural services, as well as advance global sustainability goals. Based on available information from previous studies, conservation approaches, and governance arrangements, the following recommendations emerge:

	The Salas y Gómez and Nazca ridges are of exceptional natural and cultural significance and should therefore be protected using the best-available conservation measures. Human activities that cause harm to the health of the Salas y Gómez and Nazca ridges should be restricted. A zone expanding beyond the immediate area of the ridges should be established to create a buffer between the Salas y Gómez and Nazca ridges and human activities within the region.

	Despite being remote, uninhabited, and not yet targeted by extractive activities in a major way, the Salas y Gómez and Nazca ridges are being impacted by externally originating threats like plastic pollution and climate change. These threats need to be reduced in collaboration with many stakeholders, including through regional and global policy fora. In particular, States within the region could create a coalition of countries to call upon global action to address this global threat.

	The otherwise pristine ecosystems of the Salas y Gómez and Nazca ridges can provide important examples to showcase the severity of these externally originating threats to global audiences.

	Due to their high rates of endemism, as well as their importance as migratory corridors, enacting large-scale conservation measures in the Salas y Gómez and Nazca ridges, such as the establishment of a large-scale marine protected area and the identification of this region as a vulnerable marine ecosystem (VME), would address important conservation considerations for both connectivity and representation.

	Data on connectivity is still limited but should not constrain the development of conservation measures. A precautionary approach should be implemented wherever understanding is considered insufficient to ensure that human activities do not cause significant or irreversible harm to biodiversity. This is particularly relevant to industrial activities like fishing and mining that have not been fully developed around the ridges, and could therefore be restricted proactively, without impacting industries.

	Data for some species of whales, turtles, and seabirds indicate that these highly mobile species regularly use the Salas y Gómez and Nazca ridges for foraging and resting. Consequently, areas that are likely to include these focal species should be prioritized for increased protection. It is therefore necessary to include data that ranges beyond the geographical and temporal scope of the region into environmental assessments to guide decision making.

	While remote, the Salas y Gómez and Nazca ridges are connected to adjacent coastal States in many ways. Actors from these States should be brought together to co-design and co-deliver conservation measures that integrate connectivity.

	A holistic assessment of the region should be conducted and build upon relevant working groups in the region (e.g., within CPPS, SPRFMO, IATTC, International Union for Conservation of Nature, World Commission on Protected Areas, Deep Ocean Stewardship Initiative, UN Decade for Ocean Science, ESMOI, and others), and coalesce information from existing data platforms.

	International and interdisciplinary collaboration will be needed to not only conserve the Salas  y Gómez and Nazca ridges, but also help fill knowledge gaps relating to connectivity. Observational data should be combined with modelling to predict spatial distribution patterns across broader scales, including in areas that have not yet been surveyed. Emerging technologies like genomic sequencing, eDNA, acoustic methods, and deep-sea camera systems will need to be integrated with baseline biodiversity and ocean circulation studies to improve our understanding of connectivity. Research should be strategically paired with education and outreach activities, so that people continue to appreciate both the natural and cultural significance of the region.

	Research should contribute to development of comprehensive indicators for understanding and assessing natural and cultural connectivity within the region and beyond. Indicators can be paired with information and knowledge about pressures such as climate change and human activities. A suite of indicators will underpin decision making such as for the identification and design of management measures i.e., MPAs and MPA networks and support the assessment of management decisions.

	States, organizations, civil society, and scientists should coordinate efforts to share knowledge on the region including questions of connectivity. A holistic assessment co-developed by various stakeholders will help create the basis for establishing regional management and conservation targets, including connectivity considerations.

	The Salas y Gómez and Nazca ridges could act as an exemplary case study for integrating connectivity into conservation. Lessons learned could be documented and shared broadly to support initiatives in other locations around the globe.
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Deep-sea chemosynthesis-based ecosystems support unique biological communities, but human impacts are an increasing threat. Understanding the life-history traits of species from deep-sea chemosynthesis-based ecosystems can help to develop adequate management strategies, as these can have impacts on ecological responses to changes in the environment. Here we examined the occurrence of sexual dimorphism in the yeti crab Kiwa puravida, an endemic species from the Costa Rican Pacific margin that aggregates at active methane seeps and depends on chemosynthetic bacteria for nutrition. The two morphological features examined included the claws, suspected to be under sexual selection and used for defense, and the carpus of the second pereopod not suspected to be under sexual selection. A total of 258 specimens, 161 males, 81 females, 16 juveniles, were collected from Mound 12 at 1,000-1,040 m depth in 2017 and 2018 and analyzed. We found that males have larger and wider claws than females, while there were no differences in carpus length. These results suggest that claw weaponry is under sexual selection in K. puravida, which is probably related to the mating system of this deep-sea species. This is the first attempt to study the reproductive biology of K. puravida, and additional observations will be necessary to shed more light on this matter.
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Introduction

Deep-sea chemosynthesis-based ecosystems support large biomass, and unique and high diversity, mainly through symbiotic relationships of invertebrates with chemosynthetic microorganisms in an otherwise food-limited environment (Rogers et al., 2012; Marsh et al., 2015; Goffredi et al., 2020; Sogin et al., 2020). Since first discovered (Corliss et al., 1979), hydrothermal vents and methane seeps have prompted researchers to study the diversity, ecology, physiology, biogeography, and evolutionary processes of these novel environments (Martin et al., 2008; Moalic et al., 2012; Rogers et al., 2012; Roterman et al., 2018). Methane seeps, in particular, provide an array of ecosystem services such as climate regulation and carbon sequestration (Boetius and Wenzhöfer, 2013; Marlow et al., 2014), supporting habitats for commercially important species (Grupe et al., 2015; Seabrook et al., 2019; Turner et al., 2020), and cultural services (Levin et al., 2016). Considering the relevance of such deep-sea communities, it is important we understand the ecological interactions and life-history traits of deep-sea species (Mengerink et al., 2014; Pereira et al., 2021).

The diversity of species in all corners of our planet is driven by evolutionary forces, and among these, sexual selection plays a key role for many of the most striking shapes and adaptations found in nature (Darwin, 1871; West-Eberhard, 1983; Eberhard et al., 2018). Shuker and Kvarnemo (2021) define sexual selection as “any selection that arises from fitness differences associated with nonrandom success in the competition for access to gametes for fertilization”. Sexual selection mechanisms include competition (i.e., male-male competition) and mate choice (i.e., female choice) (Searcy and Andersson, 1986; Andersson and Simmons, 2006; Jones and Ratterman, 2009). Different intensities of sexual selection between males and females in a particular morphological characteristic can lead to morphological differences between the sexes in body parts other than sexual organs, that is sexual dimorphism (West-Eberhard, 1979; Jones and Ratterman, 2009). In species where males fight against other males to access females, sexual dimorphism is commonly found on the weaponry (McCullough et al., 2016; Rico-Guevara and Hurme, 2019). In many crustaceans, however, weaponry can occur in both males and females, and in some groups the claws represent the only mechanism of aggression and defense (Mariappan et al., 2000).

The yeti crabs (Chirostyloidea: Kiwaidae) are a group of episymbiont-bearing anomuran squat lobsters represented by the genus Kiwa (Schnabel and Ahyong, 2011), with four described species (Kiwa araonae SH Lee et al, 2016, Kiwa hirsuta Macpherson et al., 2005, Kiwa puravida Thurber et al, 2011, and Kiwa tyleri Thatje, Marsh, Roterman, Mavrogortdato and Linse, 2015), and two new, undescribed species (Roterman et al., 2018). All six species have been found exclusively in deep-sea chemosynthesis-based ecosystems, either methane seeps or hydrothermal vents (Roterman et al., 2013; Roterman et al., 2018). A recent phylogeny of the group suggests a split between the clades “bristly” and “plumose”, places the origin of the group in the Eastern Pacific, and proposes a vent origin for Kiwaidae, rather than a seep-to-vent progression as previously suggested (Roterman et al., 2013; Roterman et al., 2018). The kiwaid nutrition is dependent primarily on the chemosynthetic filamentous bacteria that grow among their setae (Goffredi, 2010; Thurber et al., 2011; Thatje et al., 2015a; Zwirglmaier et al., 2015). The only yeti crab known to inhabit methane seeps is K. puravida, an endemic species that occurs at a few methane seep sites on the Costa Rican Pacific margin. Kiwa puravida displays a “dancing” behavior suggested to increase the productivity of its bacterial epibionts (Thurber et al., 2011). The importance of water flow for increasing chemosynthetic production from the bacterial epibionts was affirmed in the vent galatheid crab Shinkaia crosnieri (Watsuji et al., 2017). Differences in bacterial composition among body parts and ontogenetic changes in bacterial communities have been observed in K. puravida (Goffredi et al., 2014). Despite the various studies carried out on yeti crabs, our knowledge of their life-history traits remains poorly understood, limiting our understanding of the biology and vulnerability of this deep-sea group. Our study aimed to examine the occurrence of sexual dimorphism in the claws of K. puravida to further advance our understanding of this species and yeti crab biology. Here we test the hypothesis that the claws of K. puravida are sexually dimorphic, where males have larger claws than females, and discuss the possible implications for the mating system of this deep-sea crustacean.



Material and methods


Sampling

Specimens of the Costa Rican yeti crab Kiwa puravida were collected at Mound 12, in the Costa Rican Pacific margin (8°55.80 N, 84°18.70 W) at depths of 1000–1040 m (Figure 1). Mound 12 is a carbonate mound composed primarily of authigenic carbonates (Klaucke et al., 2008), with ~1-1.6 km in diameter and seepage activity mainly located to the southwest of its summit (Mau et al., 2006). Evidence of variation in seepage activity levels is supported by the presence of slope sediments intercalated with mudflows (Niemann et al., 2013), and measurements revealed annual variation of methane release (Mau et al., 2007). The first studies on the biology of this area reported dominance of tubeworms (Siboglinidae), clam aggregations (Vesicomyidae), mussel beds (Bathymodiolinae), and bacterial mats (Sahling et al., 2008). Levin et al. (2015) found that Mound 12 has some of the highest density (~200 to more than 600 individuals per 200 cm2, the average size of a rock) and diversity (~26 species per rock) of deep-sea fauna on rocks from tubeworm bushes and mussel beds under active seepage among several sites in the Costa Rican Pacific margin. The faunal ensemble composition at Mound 12 shows interannual variability due to natural changes in seepage activity (Pereira et al., 2021).




Figure 1 | Sampling location (A) and detail of the yeti crabs Kiwa puravida (B) at Mound 12, a methane seep at ~1,000 m deep on the Costa Rican Pacific margin.



Kiwa puravida specimens at Mound 12 were sampled using the HOV Alvin deployed from RV Atlantis, during the expeditions AT 37-13 (Alvin dives: AD4906 and AD4907) and AT 42-03 (Alvin dives: AD4974, AD4975, AD4984, and AD4987), in May-June 2017 and October 2018, respectively. Carbonate rocks, tubeworm bushes, and mussel pots within mussel beds hosting yeti crabs were collected for megafaunal and macrofaunal studies under the collaborative research project “Quantifying the biological, chemical, and physical linkages between chemosynthetic communities and the surrounding deep sea” (ROC Hits, https://www.bco-dmo.org/project/648472). Carbonate rocks were placed into individual compartments, and tubeworm bushes and mussel pots were collected with a specially designed hydraulic net, the Bushmaster (Cordes et al., 2005), that entrapped the tubes. Immediately upon retrieval, samples were kept in the cold room (4°C) as they were processed. Animals, including yeti crabs, were removed from the rocks and bushes, and preserved in 95% ethanol to be sorted, identified, and measured in the laboratories at Scripps Institution of Oceanography (see Pereira et al., 2021) and Temple University. Other yeti crabs were also collected for microbial experiments, and these were measured onboard for morphological measurements and sex determination as described below. All samples were collected with the permission of the Ministerio de Ambiente y Energía of Costa Rica (MINAE): Sistema Nacional de Áreas de Conservación (SINAC: SINAC-CUS-PIR-035-2017, SINAC-CUSBSE-PI-R-032-2018, SINAC-SE-064-2018) and Comisión Nacional para la Gestión de la Biodiversidad (CONAGEBIO: R-070-2018-OT-CONAGEBIO).



Morphological measurements and sex determination

A total of 258 K. puravida specimens (161 males, 81 females, 16 juveniles) were measured. An additional 183 specimens were too small to get adequate measurements (carapace length < 0.3 mm), and 8 others were in bad condition. Measurements of both live specimens onboard and preserved specimens collected from rocks were made with vernier calipers to the nearest 0.01 mm in the laboratory, and measurements of preserved specimens collected from biogenic habitats (tubeworm bushes and mussel beds) were made using ImageJ 1.53r or an Amscope MU1000 calibrated camera attached to a dissecting microscope. The carapace length of K. puravida yeti crabs was measured as the distance from the distal midline of the orbital arch to the posterior dorsal margin of the carapace (Figure 2). We included two measurements of the propodus as a proxy of claw size (chela), which is suspected to present sexual dimorphism: 1) claw length, as the distance from the proximal margin of the propodus of the first pereopod (cheliped) to the distal margin of the fixed finger of the propodus; 2) claw width, as the widest transversal segment of the propodus of the first pereopod (Figure 2). In addition, we measured the length of the carpus of the second pereopod (first walking leg), as the distance from the proximal margin of the carpus to its distal margin (Figure 2). Sex in K. puravida was determined by looking for gonopores in the base of the third pair of pereopods, which are present in females only, and for the modified pair of first pleopods in males (Baba et al., 2008; Baba et al., 2011; Thurber et al., 2011). The specimens were classified as juveniles when the sex could not be determined, lacking gonopores and modified pleopods (these were usually small specimens), and thus were excluded from the analyses. Eggs under the abdomen of ovigerous females were carefully removed and counted. Unfortunately, statistical tests comparing measurements between non-ovigerous females and ovigerous females were not possible due to a small sample size of ovigerous females (n = 3) yielding low statistical power.




Figure 2 | Morphological measurements of carapace length, claw length, claw width, and carpus length of the second pereopod in specimens of Kiwa puravida from Mound 12, Costa Rican Pacific margin. Scale bar: 0.5mm.





Statistical analyses

Normal distribution and homogeneity of variance were confirmed through quantile-quantile plots and fitted values-residuals plots. An ANOVA was conducted to check for sexual dimorphism in carapace length, and a chi-squared test was conducted to examine whether there was a significant deviation from a 1:1 sex ratio within the sample. We tested our hypothesis that males would have proportionally larger claws than females using one-way Analysis of Covariance (ANCOVA). ANCOVAs are useful to analyze the influence of a categorical predictor on a dependent variable while controlling a continuous predictor covariable, and to compare the slopes of the regressions of the dependent variable with the continuous predictor covariable by the categorical predictor (Rutherford, 2011). ANCOVAs have been successfully used in other sexual dimorphism studies with anomuran species (Hendrickx and Papiol, 2019; Palaoro et al., 2020). We considered claw length and claw width, both suspected to present sexual dimorphism as the dependent variables, as well as the length of the carpus of the second pereopod, a structure that is not suspected to present sexual dimorphism. The ANCOVAs for each dependent variable were fitted with sex as the categorical predictor and carapace length as the continuous predictor covariable, including the interaction between both predictor variables. Data of juvenile yeti crabs were excluded from the ANCOVAs. All statistical analyses were performed using RStudio (RStudio Team, 2022).




Results

We measured 161 (62%) males, 81 (31%) females, and 16 (6%) juveniles, showing an overall male bias with a sex ratio of 1:0.5 in the sampled population (X2 = 38.168, p < 0.0001, d.f. = 1). The largest and smallest males measured were 29.38 mm and 0.40 mm (carapace length), and the largest and smallest females measured were 18.46 mm and 0.46 mm (carapace length). There was no difference in average size (carapace length) between males and females (ANOVA: F1,240 = 3.88, p = 0.14). A summary of the mean and standard deviation (SD) for carapace length, claw length and width (propodus of the first pereopod), and carpus length of the second pereopod is in Table 1. We found three ovigerous females, with carapace length ranging between 15.66 mm and 18.22 mm, and number of eggs ranging from 38 to 159.


Table 1 | Number of specimens of Kiwa puravida from Mound 12, Costa Rican Pacific margin, mean (± standard deviation) carapace length (mm), claw length and width (propodus of the first pereopod, mm), and carpus length of the second pereopod (mm) of all specimens and by sex (males, females, and juveniles).



Males had longer claws than females (ANCOVA: F1,202 = 9.07, p = 0.003; Figure 3A), and the slope of the relationship between claw length and carapace length was steeper in males than in females (F = 11.93, p = 0.0006). There were no differences in the claw width between males and females (ANCOVA: F1,201 = 2.98, p = 0.086; Figure 3B), but the slope of the relationship between claw width and carapace length in males was steeper than in females (F = 10.04, p = 0.002). As expected, there were no differences in the length of carpus of the second pereopod between sexes (ANCOVA: F1,206 = 2.95, p = 0.087; Figure 3C) and in the slope between carpus length and carapace length (F = 4.542, p = 0.13426). All the ANCOVA outcomes are summarized in Table 2.




Figure 3 | Comparison of the relationship of the claw length (A), claw width (B), and carpus length of the second pereopod (C) with the carapace length by sex (adult males and females) of Kiwa puravida, 2011 from Mound 12, Costa Rican Pacific margin. Data were fitted in linear regression models, shading represents 95% confidence interval around the model fit.




Table 2 | ANCOVA outcomes: Sum of squares, degrees of freedom, mean squares, F values, p values, and homogeneity of slopes (F value and p value) for the relationship of claw length, claw width, and carpus length (second pereopod) with carapace length by sex in (adult males and females) of Kiwa puravida from Mound 12, Costa Rican Pacific margin.





Discussion

Our initial hypotheses that the yeti crab Kiwa puravida exhibits sexual dimorphism with males having larger claws than females was supported. Results suggest that the claws of male yeti crabs are larger and therefore under sexual selection, perhaps representing an advantage for reproduction (Andersson and Simmons, 2006; Jones and Ratterman, 2009; Shuker and Kvarnemo, 2021). Similar patterns of claw sexual dimorphism have been reported for species of Chrisostyloidea squat lobsters such as Uroptychus alcocki and Uroptychus scambus (Schnabel, 2009), and other deep-sea anomurans including Cervimunida johni (Lezcano et al., 2015), Munida intermedia (Mori et al., 2004), Munida iris (Williams and Brown, 1972), Munida microphtalma (Kassuga et al., 2008), Munida rugosa (Claverie and Smith, 2007; Claverie and Smith, 2010), Munidopsis erinacea (Tavares and Campinho, 1998), Munidopsis kaiyoae (Schnabel and Bruce, 2006), Munidopsis scobina (Creasey et al., 2000), Munidopsis sigsbei (Tavares and Campinho, 1998), Munidopsis papanui (Schnabel and Bruce, 2006), Pleuroncodes monodon (Lezcano et al., 2015), and Shinkaia crosnieri (Tsuchida et al., 2003). Although this is the first time that sexual dimorphism in weaponry is tested for yeti crabs in the family Kiwaidae, studies conducted on Kiwa tyleri from the Southern Ocean hydrothermal vent fields found that males have larger carapace length than females, and also reported that sexual dimorphism of the claw is apparent in this species, but this was not tested (Marsh et al., 2015; Thatje et al., 2015a). In contrast, we observed no difference in carapace length between sexes of K. puravida.

Many squat lobsters are commonly found living in large groups (Lovrich and Thiel, 2011), and sometimes in high densities (60-4,000 individuals per m2) such as K. tyleri (Marsh et al., 2015; Thatje et al., 2015a). In addition, a few species might congregate near resources, especially species whose nutrition relies on chemosynthetic episymbionts (Baeza, 2011; Marsh et al., 2015). According to the review of Thiel and Lovrich (2011), high-density aggregations of squat lobsters might prompt competition or antagonistic interactions for food, territory, or potential mating partners, however, most evidence suggests that these animals rarely have aggressive intraspecific interactions, and retreating is more common. Some documented agonistic interactions over resources or mates might include spreading the chelipeds, raising the body from the bottom using the walking legs, approaching the opponent, and grabbing the chelipeds of the opponent in the most aggressive interactions (Berril, 1970; Parzefall and Wilkens, 1975; Antonsen and Paul, 1997; Tulipani and Boudrias, 2006). Kiwa puravida is known to occur in dense groups (Thurber et al., 2011), thus it is expected to observe some level of antagonistic interactions in this species.

Antagonistic behavior has previously been observed in yeti crabs. Kiwa tyleri has been shown fighting (Marsh et al., 2015), while K. puravida has been shown displaying a conspicuous interaction, although it was unclear whether it was courtship or competitive display (Thurber et al., 2011). During this research, we observed yeti crabs waving their claws apparently to fend off other individuals (Supplementary Material Video). We also observed similar behavior directed at other species that got close, such as Alvinocaris shrimps (Supplementary Material Video). The occurrence of sexual dimorphism in claws and the observation of agonistic interactions could indicate that the claws of K. puravida males are under sexual selection derived from male-male competition for potential mating partners. In addition, we observed one individual using its fourth pereopod to fend off an Alvinocaris shrimp (Supplementary Material Video), suggesting that further observations and behavioral studies will help to better understand antagonistic behavior in K. puravida and conduct future morphological studies in other structures.

Sexual selection can also arise from mate choice, for example females choosing males for mating (Searcy and Andersson, 1986; Andersson and Simmons, 2006; Jones and Ratterman, 2009). In squat lobsters, mating behavior is usually commenced by the male approaching the female, and, in some species this behavior might include grasping and keeping the female in a precopula position using the chelipeds or pereopods (Thiel and Lovrich, 2011). Such courtship displays and extended precopulatory positions have been reported in Galathea strigosa (Brandes, 1897; Heitler et al., 1983), Pleuroncodes monodon (M Thiel unpublished in Thiel and Lovrich, 2011), and Pleuroncodes planipes (Serrano-Padilla and Aurioles-Gamboa, 1995). Our understanding about yeti crab reproductive behaviors is very limited, except for the different life-history trait adaptations among sexes in K. tyleri (Marsh et al., 2015) and the footage of a potential courtship display of K. puravida, as mentioned earlier.

Competition for territory has also been discussed for squat lobsters living in aggregations (Thiel and Lovrich, 2011), thus it could also play a significant role as a mechanism for the occurrence of sexual dimorphism of claws in K. puravida. Large densities of K. puravida have been reported from carbonate rocks with up to 40 individuals/200 cm2 on a single rock (Pereira et al., 2021; Pereira et al., 2022). They are called “dancing yeti crabs” due to their rhythmic arm movements; they wave their claws in seeping waters (Thurber et al., 2011) to presumably supply oxygen and sulfide to the episymbiotic bacteria (Goffredi et al., 2014). These movements might increase the area occupied by each specimen and create even more conflict among individuals (see Supplementary Material Video). If territory represents an advantage for males to access potential mating partners, then competition for territory could underpin in the mechanisms causing sexual selection of the claws in males of K. puravida.

In K. puravida, the claws provide a surface for episymbiotic chemosynthetic bacterial farming (Thurber et al., 2011). Thus, bigger claws might prove advantageous for feeding by providing larger surface area for bacterial farming. Our specimens were collected mostly from active seep areas, where chemosynthetic bacterial growth is the highest compared to lower seepage activity areas (Case et al., 2015). The male-biased sex ratio of 1:0.5 observed in our sampled population of K. puravida mainly from active seep areas could indicate different diet adaptations and spatial distribution between sexes, and these could be associated with males having bigger claws, allowing for a larger area for bacteria farming. In addition, K. puravida may periodically feed on detritus as needed (Thurber et al., 2011). Their epibiotic bacterial community changes between early and later life-cycle stages potentially due to environmental factors (Goffredi et al., 2014). Differences in the epibiont community composition have also been observed between males and females of K. tyleri (identified previously as Kiwa sp. nov. ESR) from hydrothermal vents in the East Scotia Ridge, leading to clear differences in isotopic niches reflecting the different food sources that were assimilated among sexes (Zwirglmaier et al., 2015). Males of K. tyleri are predominant in assemblages close to active venting areas in high densities, while females were observed further away from the active areas, and egg-bearing females need to leave to colder surrounding areas to protect the embryos that have a protracted and lecithotrophic development; also, differences in life-history trait adaptations between sexes have been reported (Marsh et al., 2015; Thatje et al., 2015b; Zwirglmaier et al., 2015). These observations suggest that environmental factors could be influencing behavioral and morphological characteristics in kiwaids. However, this seems unlikely in K. puravida since they comb bacteria from all parts of their body, including abdomen and legs, not just claws (see Goffredi et al., 2014), and if farming is increased in males, we would expect males to be larger than females due to increased nutrition, which we did not observe. It is also important to note that our sampled population included specimens from different assemblages (or yeti parties, as we called them due to their ‘dance moves’), and more research is needed to better understand whether K. puravida males and females have different life-history traits that could contribute to the difference in claw size, for example, incorporating spatial distribution and stable isotope analyses (Reid et al., 2013; Zwirglmaier et al., 2015).

There is an extensive body of work reviewing mating systems in Decapoda, factors influencing it, and its consequences for other aspects of life-history traits (see Asakura, 2016). The occurrence of sexual dimorphism and the observation of antagonistic interactions, which can potentially be related to competition for resources (i.e., food, territory, mating partners) could influence the mating system of K. puravida. According to Asakura (2016), the most common types of mating systems in free-living decapods are 1) “short courtship”, with short copulatory events and low levels of aggression in males; and 2) “precopulatory guarding”, with longer precopulatory and copulatory interactions and higher levels of aggression in males. Evidence suggests that both duration and aggressiveness are not found in discrete categories, but display a gradient from short to long or no-aggressive to highly aggressive, respectively, in this group. For example, in two deep-water squat lobsters that exhibit precopulatory guarding, the guarding duration was shorter in P. monodon than in C. johni, and the authors proposed that these differences can be related to species-specific life-history traits such as mobility and intraspecific aggression, both expected to be higher in C. johni (Espinoza-Fuenzalida et al., 2012). Furthermore, the cheliped shape in these two species show a relation to the mating system and possibly to male aggressiveness, where C. johni large males have more arched chelipeds to inflict puncture wounds on opponents, while in P. monodon the chelipeds were straighter (Lezcano et al., 2015). In K. puravida, we found that males have larger claws that may be used as weaponry in male-male competition for access to females, and some antagonistic interactions have been observed (Thurber et al., 2011; Supplementary Material Video). Considering this, we propose that K. puravida might present a mating system that resembles the precopulatory guarding type. Further observations on the mating and reproductive behavior of this yeti crab will be necessary to determine its mating system.

Research on reproductive biology and other life-history traits of these deep-sea species will enhance our capacity to develop adequate management strategies (Mengerink et al., 2014; Pereira et al., 2021), necessary under the current scenario of increasing pressures on exploration and exploitation of resources in the deep sea (Ramírez-Llodra et al., 2011; Norse et al., 2012; Heffernan, 2019). Knowledge about the reproductive behavior of squat lobsters is limited (Thiel and Lovrich, 2011), and this is especially true for yeti crabs. The biology of yeti crabs is obscure due to the complexity of studying these species, which are only found in deep-sea chemosynthetic habitats, and individual species have highly restricted distributions. Seven specimens of K. puravida survived during seven months in captivity at the aquarium facilities of Centro de Investigación en Ciencias del Mar y Limnología (CIMAR), in tanks with 8°C water temperature and with a few sulfide chips provided weekly, but not through multiple generations (personal observation). Further direct and detailed observations and analyses of specimen morphology and behavior from collections or videos from deep submersible vehicles (HOVs, ROVs) will be essential to enhance our knowledge of these crustaceans and their life-history strategies.
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On Arctic shelves, where primary production occurs in both the pelagic and sympagic (ice-associated) habitats, sympagic organic material (OM) can constitute a disproportionate fraction of benthic diets due to higher sinking rates and lower grazing pressure than pelagic OM. Less documented is how sympagic OM assimilation across feeding guilds varies seasonally and in relation to sea ice duation. We therefore investigated the relative abundance of sympagic vs pelagic OM in Barents Sea shelf megabenthos in the summer and winter of 2018 and 2019, from 10 stations where sea ice duration ranged from 0 to 245 days per year. We use highly branched isoprenoids, which are lipid biomarkers produced with distinct molecular structures by diatoms in sea ice and the water column, to determine the ratio of sympagic-to-pelagic OM assimilated by benthic organisms. From 114 samples of 25 taxa analysed, we found that the proportion of sympagic OM assimilated ranged from 0.4% to 95.8% and correlated strongly (r2 = 0.754) with the duration of sea ice cover. The effect of sea ice duration was more evident in fauna collected during summer than winter, indicating that sympagic signals are more evident in the summer than in the winter at higher latitudes. Our data show that sympagic production can supply a high fraction of carbon for Barents Sea benthos, although this is highly variable and likely dependent on availability and patchiness of sympagic OM deposition. These results are comparable to similar studies conducted on benthos in the Pacific Arctic and highlight the variable importance of sympagic OM in the seasonal ice zone of Arctic inflow shelves, which are the Arctic regions with highest rates of sea ice loss.
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1 Introduction

Benthic food webs on offshore Arctic shelves are primarily fuelled by organic matter produced in the upper water column (Ambrose and Renaud, 1995). In sea ice covered waters far from terrestrial inputs, this production can be either ice-associated (sympagic) or pelagic, with sympagic production accounting for 3-57% of annual production (Gosselin et al., 1997). Significant declines in the extent, thickness, and persistence of sea ice are expected to impact the timing and magnitude of both sympagic and pelagic primary production (Wassmann et al., 2020), but there is little agreement on what these impacts will be. In the Barents Sea, the most productive Arctic shelf sea, rates of sea ice loss are the largest observed for the entire Arctic (Wassmann and Reigstad, 2011; Onarheim and Årthun, 2017). This marginal Arctic Sea is perennially ice-free in the south and seasonally covered by ice in the north (Jørgensen et al., 2015). This seasonal ice zone (SIZ) has a strong controlling effect on the primary production in the northern Barents Sea, which in turn affects the whole ecosystem, including the benthos (Cochrane et al., 2009). Understanding the contribution of both pelagic and sympagic primary production to benthic consumers is therefore central to improving our understanding of the ecosystem impacts of sea ice loss.

The benthos plays an important role in carbon flow through Arctic food webs, due to the tight sympagic-pelagic-benthic coupling on Arctic shelves (Grebmeier and Barry, 1991; Grebmeier et al., 2015). Carbon flow to the benthos is mostly driven by large pulses of spring production resulting in sedimentation of organic matter (OM) (Wassmann and Reigstad, 2011). Sympagic blooms inside the brine channel system of sea ice generally occur before pelagic blooms, and much of this production reaches the seafloor un-grazed due to rapid sinking and limited zooplankton grazing in early spring (Ambrose et al., 2005). This early season pulse of organic matter is readily utilised by the benthos and has been suggested to help fuel reproduction (Ambrose and Renaud, 1997; Renaud et al., 2007). The pelagic bloom occurs soon after the ice retreats and is associated with large sedimentation events, but the bloom is more susceptible to grazing by zooplankton and degradation in the water column, therefore reducing the quantity and quality of pelagic OM reaching the benthos (Olli et al., 2002; Reigstad et al., 2008).

The strong signal of sympagic OM detected in the benthos of the Pacific Arctic and Baffin Bay suggests a high contribution of this food source to benthic food webs (Koch et al., 2020a; Yunda-Guarin et al., 2020). However, in the Barents Sea, there is only sparse knowledge regarding the contribution of sympagic OM to benthic food webs: while sympagic OM has been detected in benthic organisms (McMahon et al., 2006; Søreide et al., 2013), little is known about the geographical and seasonal changes in sympagic and pelagic OM utilisation by the benthos. The contribution of sympagic OM to other consumers in the European Arctic is variable, but sometimes high, as inferred from trophic markers in zooplankton and sympagic fauna (Kohlbach et al., 2021a), polar cod (Kohlbach et al., 2017), and certain pinnipeds (Kunisch et al., 2021). This variable importance across food web components warrants a better understanding of the utilisation of sympagic OM by the Barents Sea benthos as an important food web component in overall energy flow (Sivel et al., 2021).

Trophic biomarkers provide a time-integrated signal of consumer diets and have been widely used to effectively track sympagic and pelagic carbon in the Arctic system (Tamelander et al., 2006; Søreide et al., 2013; Kohlbach et al., 2016). While stable isotope and fatty acid analysis are two commonly used biomarkers for this purpose, highly branched isoprenoids (HBIs) are a relatively novel biomarker which have the advantage of high source-specificity for sympagic and pelagic OM in the Arctic (Brown et al., 2014a; Brown et al., 2014b). HBIs are 25-carbon molecules produced by diatoms in both the sympagic and pelagic realms, and notably have different levels of saturation depending on the synthesising species (Belt, 2018). A small number of pan-Arctic sympagic diatoms belonging to the genera Haslea and Pleurosigma have been identified as synthesisers of the monounsaturated HBI IP25 (Ice Proxy with 25 carbons), which is only known to be produced by these ice algae (Brown et al., 2014c). Due to its high source specificity, IP25 has been used for tracking sympagic OM through Arctic ecosystems (Brown et al., 2014b; Limoges et al., 2018). Conveniently, the di-unsaturated HBI II is also only produced by sympagic diatoms, whereas the tri-unsaturated HBI III is produced by pelagic diatoms (see Figure S1 for structures of these molecules) (Belt, 2018). HBIs are stable molecules that are well-conserved though the food chain and have even been observed at the highest trophic level (e.g., in polar bears) (Brown et al., 2018).

There is no evidence of bioaccumulation of HBIs, but their turnover rates in Arctic consumers remain unclear. Depuration rates of HBIs are about one month, as experimentally suggested for invertebrates (Koch et al., 2020a), and — consistent with this finding — environmental observations suggest that HBI levels in organisms reflect seasonal cycles (Brown et al., 2014b). This makes them particularly appropriate for the challenge of tracking sympagic and pelagic OM in Arctic food webs (Brown et al., 2017a; Brown et al., 2018; Koch et al., 2020a; Yunda-Guarin et al., 2020). The ratio of sympagic HBIs (IP25 and HBI II) to a pelagic HBI (HBI III) in a consumer’s tissue – known as the H-print – has previously been used to estimate the carbon source partitioning in an organism’s diet (Brown and Belt, 2017). However, HBIs are produced by taxa which typically only constitute 1-5% of algal communities in terms of abundance (Brown et al., 2014c), and the target HBIs are sometimes either not present or at concentrations below the detection limit (Leu et al., 2020). In such cases, a reliable H-print cannot be calculated, and those samples cannot be further analysed, as in Yunda-Guarin et al. (2020), where around one third of the samples had to be discarded from analyses. Regardless, in both the shallow Pacific Arctic inflow shelves (Koch et al., 2020a) and deep Baffin Bay (Yunda-Guarin et al., 2020), HBI ratios have revealed a high proportion of sympagic OM assimilation in benthos under heavy sea ice cover.

This study aims to use HBI-based analysis to assess how much of the carbon assimilated by Barents Sea megabenthos originated from sympagic production. Results are evaluated over a spatial gradient of sea ice duration and during the summer and winter seasons. Feeding guilds, rather than individual taxa, are used to give an idea of how community function changes over this gradient. The natural gradient of sea ice duration in the Barents Sea is useful to test how ice cover can influence sympagic and pelagic OM utilisation by the benthos, while minimizing the influence of other environmental variables. To date, there are few studies of seasonal change in Arctic benthic food webs, especially in the winter period and in areas where sympagic production is high (Renaud et al., 2011; Kędra et al., 2012; Bridier et al., 2021). Investigating the seasonal change in sympagic OM utilisation will provide additional insights into its role in benthic food webs during the non-productive winter season. The research questions addressed in this paper are: (1) how does sympagic OM utilisation by the benthos vary spatially with different degrees of sea ice cover, (2) do organisms with different feeding strategies utilise sympagic and pelagic OM in different proportions, and (3) how does sympagic OM utilisation by the benthos change from the summer to winter season?



2 Methods


2.1 Sample collection and preparation

Samples were collected in January 2018 aboard the R/V Helmer Hanssen, in June 2018 aboard the RRS James Clark Ross, and in August 2018 and 2019 and December 2019 aboard the R/V Kronprins Haakon. Samples were collected in the central and northern Barents Sea in open water and within the seasonal ice zone using trawls and box cores, targeting megafaunal epibenthos (see Figure 1 and Table 1). Organisms were selected to cover a wide range of taxa and feeding guilds, and frozen for subsequent identification and analysis. For further information regarding seafloor composition, please refer to Freitas et al., 2020, De Freitas et al., 2022a and De Freitas et al., 2022b.




Figure 1 | Map of sampling stations in the Barents Sea, with duration of sea ice cover from June 2017 to June 2018. Symbols represent the seasons during which stations were sampled: star – summer, triangle – winter, circle – both seasons.




Table 1 | Sampling information of the stations sampled in the Barents Sea.



In the laboratory, each organism was identified to the lowest practical taxonomic level (usually to species for most individuals) with taxon names standardized to the World Register of Marine Species (WoRMS Editorial Board, 2022) and assigned a feeding guild based on the Arctic Traits Database (Degen and Faulwetter, 2019). Five feeding guilds were used: surface deposit feeders, subsurface deposit feeder, suspension feeders, facultative surface deposit/suspension feeders, and carnivores/scavengers. Mollusc shells, polychaete tubes, and, where possible, stomach contents were removed prior to analysis. In the case of larger organisms, specific tissues were selected for further analysis (e.g., muscle in certain decapods and gastropods). Samples were then freeze dried and homogenised using a mortar and pestle. At least 0.2 g of freeze-dried material per sample was required for HBI analysis: in the case of small organisms, multiple individuals were pooled together to reach this mass (see Table S1 for details).



2.2 Lipid extraction and purification

Extraction of lipids from dried organisms was carried out following (Brown et al. 2017b) methodology. After addition of an internal standard (9-octylheptadec-8-ene [9-OHD]; 10 μL; 2 μg mL−1), samples were saponified in 4 ml methanolic potassium hydroxide (H2O: MeOH, 1: 9; 20% KOH) at 70°C for 60 minutes. After addition of hexane (2 mL) each sample was vortexed for 1 min and centrifuged (2500 rpm: 2 minutes). The supernatant – containing hexane and non-saponifiable lipids (NSL) – was transferred to a new vial. Three aliquots of NSL-containing supernatant were extracted this way and extracts transferred to the same vial. The NSL-containing hexane was then dried under a gentle stream of N2 gas, removing any remaining water and methanol. Hexane (1 mL) was added to the dried NSL, and the polar and non-polar fractions were separated using open column chromatography. Samples were run through a SiO2 column (0.5 g), which was then flushed with hexane (5 mL). Polar lipids were retained on the column, whereas nonpolar lipids (e.g., HBIs) passed through, into a new vial. These were dried under an N2 stream and resuspended in 50 µL of hexane for GC-MS analysis.



2.3 HBI analysis

Nonpolar lipid fractions were analysed with a Shimadzu QP2020 GC-MS system using a 30 m Rxi-5Sil column (0.25 mm i.d., 0.25 µm film), operating according to Belt et al. (2012). Analysis was run in selective ion monitoring mode to increase sensitivity, and the ions targeted represented the three HBIs of interest (mass-to-charge (m/z) ratios of selected ions were m/z 350.3: IP25, m/z 348.3: HBI II, m/z 346.3: HBI III). The mass spectral intensities of these HBIs were used to calculate the H-print (Equation 1), a ratio of pelagic-to-total HBIs (Brown et al., 2014c). A high H-print (>50%) indicates more pelagic HBIs, while a low H-print indicates more sympagic HBIs (Yunda-Guarin et al., 2020).



Using a previous H-print calibration, it was then possible to estimate the proportion of organic material from sympagic sources in the tissues of organisms, with Equation 2 (Brown and Belt, 2017).





2.4 Sea ice cover duration

Sea ice cover duration (SID) was calculated using gridded (resolution: 3.125 km) Advanced Microwave Scanning Radiometer 2 (AMSR 2) satellite data downloaded from https://seaice.uni-bremen.de/sea-ice-concentration/ (Spreen et al., 2008). Using MATLAB, SID was calculated as the number of days in a 365-day period where ice concentration was more than 15% in a grid cell. The commonly used 15% concentration threshold allowed for comparison with a similar study in the Pacific Arctic (Koch et al., 2020a). For each sampling event, SID was calculated for the grid cell containing the station, using the 365-day period preceding the sampling event. Figure 1 shows SID for the sampling area in the year preceding the first sampling event.



2.5 Numerical analysis

Numerical analyses were conducted in R (version 3.6.1). After examination, the data were transformed using the logit function (Equation 3), as they represent proportions (of sympagic OM). Regression models were used to examine the relationship between logit-transformed assimilated sympagic OM and SID. Due to the uneven distribution of sampling effort among seasons (see Section 3.3), with summer sampling being much more extensive, two analyses were conducted: (a) a model with only summer samples, to discern any effect of SID and feeding guild on sympagic OM assimilation across the whole study area and (b) a model restricted to stations south of (and including) NL4, but including both seasons to determine the effect of SID, season and feeding guild on sympagic OM assimilation. If a covariate was found to have no significant effect (significance level p<0.05) on sympagic OM assimilation, it was removed from the model, to have the simplest explanatory model for each analysis. In such cases, an ANOVA was used to compare the original and simplified models to confirm there was no significant difference between them.






3 Results


3.1 Overall summary

Overall, 126 samples from 10 stations were analysed, and 12 were discarded due to a lack of detection of at least one HBI of interest, thus preventing H-print calculation. The proportion of OM from sympagic sources in these samples was highly variable, with values ranging from 0.4-95.8%. The proportion of sympagic OM was generally higher in the northern half (north of 78.5°N) of the transect but remained very variable: mean ± standard deviation of 61.5 ± 21.7% in the northern half, versus 8.9 ± 13.4% in the southern half, with ranges of 5.8-95.8% and 0.4-65.4%, respectively. Sampling effort was unequal among taxa and feeding guilds: out of 25 taxa, 16 only had one to two samples, while individual feeding guilds had between 6 and 41 samples (Table S1; Figure S2).



3.2 Effect of sea ice duration on sympagic OM assimilation

Sea ice duration at the 10 stations lasted between 0-245 days (Table 1) with mean and median SID at 110 and 123 days, respectively. The station with the lowest SID was NL1 (0 days in 2018, and 20 days in 2019) and the station with the longest SID was NL6 in winter 2019 (245 days in 2019). Regression models showed a significant effect of SID on proportion of sympagic OM assimilated in the summer, but no effect of feeding guild (Figure 2; Table 2). Figures 2B–F shows the similar positive relationship with SID for all feeding guilds, except suspension feeders (though this is likely due to low sample size for this feeding guild). While there is a strong effect of SID on proportion of assimilated sympagic carbon, it is important to note the large variation, even at similar SID (Figure 2A). A similar regression analysis was conducted with Ctenodiscus crispatus samples, the taxon with the most samples (23 in summer), which covered most of the study area (Figure 3). Within this taxon, there was a similarly strong relationship between SID and proportion of sympagic OM, again with large variability at similar SID.




Figure 2 | Proportion of sympagic organic matter (OM) assimilated based on the H-print approach against sea ice duration at each station during sampling period for (A) all samples analysed in the summer, and separated by feeding guilds: (B) subsurface deposit feeders; (C) surface deposit feeders; (D) suspension feeders; (E) surface deposit/suspension feeders; (F) carnivores/scavengers. Lines and shaded areas respectively represent regressions on logit-transformed data and 95% confidence intervals for each feeding guild. Each point represents one sample.




Table 2 | Model diagnostics for regression models conducted on logit-transformed summer data.






Figure 3 | Proportion of sympagic organic matter (OM) assimilated based on the H-print approach against sea ice duration at each station for Ctenodiscus crispatus samples. The line represents a regression on logit-transformed data with 95% confidence intervals as shaded grey area. Each point represents one sample.





3.3 Seasonal differences in assimilation of sympagic OM

Winter sampling was complicated by ice presence, and there were therefore more summer samples than winter samples (87 and 27 samples, respectively). Importantly, while the summer samples were from the whole study area, winter samples were mostly restricted to the southern half of the transect, and seasonal analysis was therefore restricted to this part of the transect. This included stations south of 79°N: NL1-NL4, and PR1-PR3, with SID from 0-160 days. There were 64 summer samples and 26 winter samples used for seasonal analysis. Regression models showed a significant effect of SID, season, and their interaction on proportion of assimilated sympagic OM, but no significant effect of feeding guild (Figure 4; Table 3). However, note that both feeding guild as a covariate, and its interaction with SID had non-significant but low p-values (p=0.089 and p=0.070, respectively): this was largely driven by surface deposit feeders, which had higher proportions of sympagic OM at higher SID in summer than winter, and to some degree by suspension feeders, which had a low sample size and a different response to SID than other feeding guilds (Figure 2D). The regression presented does not include the feeding guild covariate, as an ANOVA reported no significant difference between the models with and without feeding guild (Table 3). In summer, the proportion of sympagic OM increased more rapidly with SID than in winter, due to higher values at higher SID (more than 100 days). However, in stations where SID was between 0-57 days, the proportions of assimilated sympagic OM remained similar in both seasons.


Table 3 | Model diagnostics for regression models conducted on logit-transformed data from stations south of 79°N.



NL4 only had summer samples and was located much further North than other stations used for seasonal analysis (Figure 1) but had a similar SID to some of them (e.g., 160 days for NL4, 156 for PR3 – Table 1). It was therefore included in the seasonal analysis, to extend the dataset. A regression without NL4 (i.e., only stations south of 78°N) also showed a significant effect of season and confirmed that the presence of this northern station was not driving the seasonal difference (inset in Figure 4; Table S2). There was one winter sample from a station with higher SID, and it had a high proportion of assimilated sympagic OM (C. crispatus from P4: SID – 245 days year-1; proportion of assimilated sympagic OM – 73.8%). However, it was not included in analyses as it did change the general seasonal response, and would have led to an unbalanced number of summer samples from higher SID (Table S3; Figure S3).




Figure 4 | Proportion of sympagic organic matter (OM) assimilated based on the H-print approach against sea ice duration for stations south of 79°N. Samples are separated according to season, with orange triangles representing summer, and blue circles representing winter. Lines and shaded areas respectively represent regressions on logit-transformed data and 95% confidence intervals for each season. Inset shows the same graph, but with only stations south of 78°N.






4 Discussion

There was a strong increase in the contribution of sympagic OM to the diets of the benthos with increasing ice duration in the northern Barents Sea. Sympagic OM constituted a smaller proportion (~8.9%) of assimilated carbon in the southern part of the transect than in the northern part, where it contributed to over half (~61.5%) of the assimilated carbon. This north-south difference in assimilation of sympagic carbon was observed across most feeding guilds, indicating sympagic production was a major source for benthic food webs in the northern Barents Sea. However, variability in proportion of sympagic OM assimilated by different feeding guilds was very high, even at similar SID. This utilisation of sympagic OM was also seasonally variable, as reflected in a decrease from summer to winter. This highlights the spatiotemporal variation in the relative contributions of sympagic and pelagic OM, further improving our understanding of food web dynamics in the Barents Sea SIZ.


4.1 Effect of sea ice duration on assimilated sympagic OM

The spatial distribution of sea ice duration followed a south-to-north gradient, generally increasing with latitude (Figure 1). Previous studies have established a link between degree of ice cover and the input of sympagic material to the ecosystem. Studies on primary production found that sympagic production contributes a larger proportion of annual primary production where there is increased ice presence (Gosselin et al., 1997; Wassmann and Reigstad, 2011), while palaeontological studies have connected stronger levels of ice algae signals with higher sea ice concentrations (Stein et al., 2017). In this study, there was a significant increase in the contribution of sympagic OM to benthic diets with increasing duration of sea ice. This strong relationship indicates that sea ice cover plays an important role in the availability and uptake of sympagic versus pelagic OM by Barents Sea megabenthos.

The overall relationship of increasing proportion of sympagic OM assimilated with sea ice duration was observed across all feeding guilds (except in suspension feeders—see below). However, there is notably high variability in the assimilation of sympagic OM, even within the same feeding guild at locations with similar ice durations. While this could be due to the taxonomic differences between organisms within the same feeding guild, the well-sampled Ctenodiscus crispatus also show this variability within-species (Figure 3), indicating there are other processes leading to this variability. One such process may be a patchy input of sympagic material greatly increasing the sympagic OM available to certain organisms.

Areas of particularly high sympagic OM sedimentation can be very localised due to the inhomogeneous deposition of algal aggregates (Boetius et al., 2013), leading to higher proportions of sympagic OM assimilated in organisms at these locations. Ice algal production and biomass in turn is very patchy because snow and ice thickness and sediment load strongly modulate production and themselves vary on small scales (e.g., Lee et al., 2008; Gradinger, 2009). Even ice-associated fauna can show highly variable uptake of sympagic OM depending on the availability of both sympagic and pelagic OM (Brown et al., 2017b; Kohlbach et al., 2022). Patchiness of OM deposits may also be caused (or further enhanced) by differences in bathymetry – such as depressions which concentrate OM – or near bottom currents redistributing sinking OM (Lovvorn et al., 2020).

In addition, individual organism responses to sympagic and pelagic OM input may further increase variability. The Arctic benthos exhibits high dietary plasticity and employs many strategies to adapt to variable food quality and quantity. These strategies include omnivory, switching sources of OM, and changing feeding behaviour by searching for fresh OM or selectively feeding on OM from specific sources (Sun et al., 2009; Boetius et al., 2013; Morata et al., 2015; Kędra et al., 2019). Benthic organisms also utilise different types of fatty acids from ice algae and phytoplankton, adapting their assimilation strategies to meet energetic requirements (Sun et al., 2007). Certain deposit-feeding organisms may have selectively fed on either sympagic or pelagic OM depending on the quality of OM (Sun et al., 2009), whereas mobile deposit feeders (e.g., Pontaster tenuispinus, Strongylocentrotus spp.) may have responded to concentrated deposits of fresh OM, such as ice algae aggregates (Boetius et al., 2013). As the sea ice extent in the Barents Sea has large interannual variability (Herbaut et al., 2015), flexibility in responding to variable inputs of different types of OM may be crucial for the megabenthos in this region, by allowing them to adapt their feeding and assimilation methods to make use of the OM reaching the seafloor. Therefore, while the predicted retreat of sea ice from the Barents Sea (Onarheim and Årthun, 2017) may result in less sympagic OM availability to the benthos, reduced ice cover often leads to higher pelagic primary productivity due to higher light availability (Arrigo & van Dijken, 2015). In the Barents Sea, the southwestern, ice-free areas are associated with higher primary production, generally have higher infaunal abundance (Cochrane et al., 2009) and higher megafaunal abundance and biomass (Jørgensen et al., 2015), indicating that benthic communities may benefit from reduced ice cover.

Suspension feeders were the only feeding guild which did not show a strong increase in proportion of assimilated sympagic OM with sea ice duration (Figure 2D). This trend is based on a very small number of samples: only four suspension feeders were analysed for the analysis of the effect of sea ice duration. With more samples, there most likely would have been a stronger increase in the proportion of sympagic carbon with longer sea ice duration – but possibly not as strong as other feeding guilds, reflecting a lower uptake of sympagic OM by suspension feeders. Previous studies have found that suspension feeders generally assimilated little sympagic OM compared to other benthic consumers, which these authors attributed to the short residence time of this organic material in the water column (McMahon et al., 2006; Schollmeier et al., 2018; Koch et al., 2020a). The higher uptake of sympagic material by Arctic deposit feeders, in contrast, is well-documented and attributed to the large, early season sedimentation pulse of this fast-sinking organic material to the seafloor at a time when zooplankton grazing pressure is low (McMahon et al., 2006; Roy et al., 2015; Schollmeier et al., 2018; Kędra et al., 2019). Carnivore/scavengers had the same trend as most other feeding guilds, indicating that their H-print was similar to the community of organisms they preyed upon. This suggests that the ratio of pelagic and sympagic HBIs remains largely unchanged as they move through the benthic food web.

Interestingly, surface deposit feeders and subsurface deposit feeders had similar proportions of assimilated sympagic OM, indicating mixing of OM to deeper layers of sediment. Arctic organisms respond rapidly to inputs of fresh organic material through increased oxygen demand and bioturbation activity (Morata et al., 2015). Bioturbation activity can rapidly mix organic matter into the sediment, for example freshly deposited detritus was mixed to a depth of 10 cm within nine days in the North Atlantic deep-sea (Graf, 1989). If mixing occurs on similar timescales in the Barents Sea, freshly deposited OM would rapidly be available to both surface deposit and subsurface deposit feeding organisms, leading to similar HBI ratios. Current knowledge suggests that HBI signals likely reflect recent (1-2 months) carbon inputs, as supported by HBI depuration rates [around 30 days in whole molluscs (Koch et al., 2020a)] indicating relatively rapid turnover, and HBI signals detecting seasonal differences in OM assimilation (see next section). Therefore, similarities observed between feeding guilds are likely due to ecological processes, rather than long-term stability of HBIs in the food web or environment.



4.2 Effect of season on assimilated sympagic OM

Season affected the relationship between sea ice duration and proportion of sympagic OM: at longer sea ice durations, a higher proportion of sympagic OM was assimilated in summer than in winter. This is presumably due to a higher availability and more recent deposition of sympagic OM in the summer. However, the single winter data point from longer ice duration suggests that there can also be a high proportion of assimilated sympagic OM in this season. Sympagic production contributes to a higher proportion of total annual primary production at higher latitudes (Hegseth, 1998), and therefore the input and signal of sympagic OM likely remains in the system for longer. However, due to the variability observed in the summer, it is difficult to know how representative this single point is of the winter sympagic OM assimilation in the northern SIZ.

At shorter sea ice durations, the proportion of assimilated sympagic OM did not change seasonally, because there were low proportions in both seasons, presumably due to little sympagic production occurring in these areas. The higher summer values at longer sea ice durations indicate that sympagic OM can contribute to a large part of benthic diets in the summer in the ice-covered part of the Barents Sea shelf. Similarly high summer values have also been observed in the Chukchi sea, with both studies together jointly confirming the importance of sympagic OM to benthic food webs at this time on Arctic inflow shelves (Koch et al., 2020a). In contrast, sympagic OM contributed little to late summer pelagic food webs, even during an ice-heavy year in the Barents Sea (Søreide et al., 2006; Kohlbach et al., 2021a). This difference between benthic and pelagic food webs suggests that sympagic OM is present mostly in sediments in the late summer Barents Sea, and likely originated from the ice-algal spring bloom.

The lower winter contribution of sympagic OM to the benthos at higher sea ice durations is presumably due to a proportionally larger input of pelagic OM after the ice algal bloom [and increasingly from fall blooms (Ardyna et al., 2020)], as well as the summer consumption of sympagic OM (see Figure 5). For example, the stronger response of sympagic OM assimilation to SID in summer in surface deposit feeders suggests that these mobile deposit feeders responded to areas of higher sympagic OM deposition present only during the summer. Sea ice formation in the study area occurs in the autumn or winter, and there is therefore very little to no sympagic production which occurs outside of the spring bloom period. A seasonal difference in sympagic OM utilisation from summer to winter was not observed in zooplankton in the study area during the same period, because they generally did not feed on sympagic OM in the late summer (Kohlbach et al., 2021b). The presence (albeit low) of sympagic OM in the benthos in winter indicates that a repository of sympagic material remains in this season, although in low amounts. This is consistent with findings in the Chukchi sea, where sympagic material was found in surface sediments throughout the winter period (Koch et al., 2020b), and the sympagic OM assimilated by benthic invertebrates decreased from summer to winter, as was observed in this study.




Figure 5 | Schematic representation of the seasonal distribution, sinking and benthic assimilation of sympagic (orange) and pelagic (blue) organic matter in both the (A) northern (around 80°N) and (B) southern (around 77.5°N) sections of the study area. Surface primary production is dominated by the transition from a sympagic to pelagic bloom, followed by lower productivity in the late summer, autumn, and winter. The shaded area in the water column indicates the seasonal distribution of suspended organic matter. Arrows indicate sinking organic matter, with size representing magnitude and colour the dominance of pelagic or sympagic organic material. Estimates of the magnitude of assimilation of sympagic and pelagic organic matter are represented as plots at the seabed. Orange patches on the sediment represent patchiness of sympagic organic matter, which decreases in availability from spring to winter. Black stars show the timing of sampling events for this study. This figure is adapted from Wassmann and Reigstad, 2011 (their Figure 2) to include representation of the fate of organic matter reaching the seabed, based on our data and other published knowledge.



As sympagic OM input has been shown to affect benthic food web structure by shifting ecological niche space of organisms and modifying feeding of higher trophic levels (Yunda-Guarin et al., 2020), the seasonal difference observed in sympagic OM assimilation may also cause similar seasonal changes in the benthic food web structure of the Barents Sea. Previous food web studies have, however, reported little seasonal change in Arctic benthic food web structure due to the dietary flexibility of benthic consumers (Renaud et al., 2011; Kędra et al., 2012; Bridier et al., 2021). However, these studies were conducted in areas with very little sympagic production, such as Young Sound (Greenland) and Kongsfjorden (Svalbard) and may have therefore not fully captured the impact of sympagic OM on benthic consumers. The large seasonal difference in assimilated sympagic OM observed here suggests there may a seasonal change in food web structure of the Barents Sea benthos where sympagic OM contributes to a large part of the diet in summer.



4.3 Is sympagic OM overestimated in consumers?

The ratio of sympagic-to-pelagic OM in benthic consumers was high relative to the contribution of sympagic production to total annual production in the Barents Sea SIZ. Sympagic production accounts for 16-22% of annual production (5.3 g C m-2) in the Barents Sea SIZ (Hegseth, 1998), and 27% of daily primary production (11 mg C m-2 d-1) north of Svalbard (Ehrlich et al., 2021). In the northern half of our transect, the proportion of OM from sympagic sources assimilated by benthic consumers was 61.5%. While these numbers are not directly comparable due to what they represent (rates versus amount assimilated), the large discrepancy suggests a possible mismatch between supply and demand when extrapolating to total benthic demand. Another biomarker method also showed high contributions of ice-derived matter to benthic organisms in ice-covered waters, but the sympagic signal may have included feeding on refractory material (Søreide et al., 2013). Although there is less sympagic than pelagic production in the Barents Sea SIZ, phytoplankton blooms generally occur after the ascent of grazing copepods, leading to less sinking pelagic production reaching the benthos (Reigstad et al., 2008; Tamelander et al., 2008). Benthic utilisation of the OM that reaches the seafloor may also favour the uptake of sympagic OM through selective feeding or assimilation (e.g., through incorporation of the polyunsaturated fatty acids in ice algae) (McMahon et al., 2006). These processes would lead to higher-than-expected proportions of sympagic OM in benthic consumers when considering the proportion of annual primary production which occurs in sea ice. However, the high proportions of sympagic OM in the northern part of this study may also be due to the time of sampling, where ice retreat in the northern Barents Sea SIZ occurs in July to early August, with concurrent release of ice algae (Ji et al., 2013; Dong et al., 2020). We suggest therefore, that our sampling probably coincided with the period of maximum availability and uptake of sympagic OM by benthic consumers. This is supported by high levels of sympagic HBIs in flux-feeding zooplankton in the summer, indicating recent sympagic matter sedimentation (Kohlbach et al., 2021a). Sympagic OM values for the northern half of the transect may therefore reflect a short period of high uptake of sympagic OM by the benthos (see Figure 5).

The high proportion of sympagic OM observed in benthic consumers may also be an overestimation due to the HBI-based method used. HBIs are diatom-specific biomarkers and, while sea ice algae communities are usually dominated by diatoms, phytoplankton communities can also include a wide variety of other taxa which are not accounted for in HBI analysis (Wassmann et al., 1999; Hegseth and von Quillfeldt, 2022). In 2018, diatoms dominated the spring phytoplankton bloom (up to 270 µg C L-1), but the community shifted to a mix of diatoms and nanoflagellates (mostly Dinobryon sp. and Phaeocystis pouchetii) in summer (maximum diatom biomass: 163 µg C L-1, maximum nanoflagellate biomass: 86 µg C L-1) (K. Davidson, SAMS, unpubl. data). In the summer of 2019, taxonomic and fatty acid analysis pointed to a mix of diatoms and flagellates in the phytoplankton community (Kohlbach et al., 2021a). While nanoflagellates were present in both study years, their contribution to benthic diets would not have been represented by HBI levels in benthic consumers. However, some of these small-celled producers are less likely to sink to the benthos than heavy, silicified diatoms, and therefore are more susceptible to grazing and disintegration in the water column (Heiskanen and Kononen, 1994; Fahnenstiel et al., 1995; Kiørboe et al., 1996). Still, it is documented that flagellates do contribute to benthic invertebrate diets (Napolitano et al., 1997; Paar et al., 2019), and the HBI analysis would therefore have overlooked this pelagic contribution to benthic diets.

Increased degradation of pelagic HBIs relative to sympagic HBIs could also have led to overestimation of the proportion of sympagic OM in benthic consumers. HBIs in senescent algal cells are susceptible to photooxidation, and the presumed longer residence time of pelagic OM in the water column may result in higher degradation of pelagic HBIs compared to sympagic HBIs (Rontani et al., 2016; Rontani et al., 2019). With these methodological limitations in mind, it is suggested that a multiple trophic marker approach may be the most effective in future studies (such as used by Kohlbach et al., 2016; Yunda-Guarin et al., 2020; Kohlbach et al., 2021a) when investigating the role of sympagic OM in the Arctic system (see Leu et al., 2020 for an in-depth investigation of various sympagic trophic markers). In addition, analysis of sympagic and pelagic particulate organic matter would improve confidence in the results obtained. As HBIs are produced by certain diatoms which represent only a small proportion of total algal abundance (Brown et al., 2014c) this would provide information on the presence of HBI-producing taxa during the study period, as well as give baseline values of the HBIs produced. The inclusion of more sympagic and pelagic HBIs in the H-print calculation on a study-by-study basis could make results even more robust, though it would also require adapting the calculation used to estimate sympagic OM in organisms (Equation 2).

While the absolute values presented here may represent an overestimation of the contribution of sympagic OM to benthic consumers, the spatial and seasonal data provide new insights into the role of sympagic production for Barents Sea benthic food webs and are consistent with results from the Chukchi sea and with sea ice patterns (Koch et al., 2020a). Based on our results and the literature, we present a figure illustrating the contribution of sympagic and pelagic OM to Arctic benthic food webs under short and long ice cover (Figure 5). Our data do not reflect the magnitude of OM available to the system, but previous studies indicate a much lower feeding rates and activity during the winter season than in other seasons, due to less labile OM in the sediments (Renaud et al., 2007; Bourgeois et al., 2017). Even though current data do not cover the whole range of seasons, especially at higher latitudes, this conceptual figure represents a step toward a better understanding of how pelagic and sympagic production fuel benthic ecosystems.




5 Conclusion

We quantify for the first time for Barents Sea benthos the relationship of sympagic OM assimilation to sea ice duration, and its variation by season. Establishing this relationship showed sympagic OM contributions upwards of 50% in the Barents Sea SIZ when ice is present for over 130 days. Where sea ice duration is longer, we find a higher assimilation of sympagic OM by benthos in the summer than in the winter. The apparent assimilation is observed in almost all feeding guilds, highlighting the high relevance of sympagic OM across the benthic food web. We hypothesise that substantial variability of sympagic OM assimilation, even within areas of similarly long ice cover, was likely driven by patchiness in sympagic OM deposition due to patchy distribution of sympagic primary production (e.g. Lee et al., 2008), as well as by bathymetric and hydrographic redistribution of OM (e.g. Lovvorn et al., 2020). The spatiotemporal variation in the utilisation of pelagic and sympagic OM by benthic organisms largely follows the variation in sympagic and pelagic production (see Figure 5). High assimilation of pelagic OM by the benthos in areas of shorter ice duration suggests a dietary adaptability to feed on whichever OM is more available. Therefore, while sympagic OM can represent a large proportion of OM assimilated by the benthos, the predicted declines in sea ice cover with Climate Change – and therefore sympagic production – will not necessarily be detrimental to benthic organisms. In fact, sea ice decline is a major factor expected to increase pelagic primary productivity on Arctic inflow shelves (Ardyna and Arrigo, 2020), which may result in higher organic matter deposition in the Barents Sea. Organic matter deposition during the productive spring and summer seasons is an important source of energy for the Arctic benthos and has been linked to higher faunal densities and abundances (Ambrose and Renaud, 1995; Lovvorn et al., 2005). A better understanding of the energetic and nutritive roles of these sources of OM, as well as how their magnitude and delivery to the benthos will change with reduced ice cover, will increase our understanding of the impacts of decreasing ice on the Barents Sea benthos. As the Barents Sea is rapidly losing sea ice, the data in this study provides a baseline for understanding the implications of future changes in the proportion of these sources of organic matter.
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When pelagic organisms die and fall onto the deep-sea floor they create food falls, i.e., parcels of organic enrichment that subsidize deep benthic scavenging communities. The diversity and quantities of food falls remain unstudied for many ocean regions since they are stochastically deposited and rapidly scavenged. The Southern Ocean habitat supports large populations of megafauna but few food falls have been documented. To investigate the diversity and quantity of food falls in the northwestern Weddell Sea, we analyzed 8476 images from the deep seafloor that were captured during the expedition PS118 on RV Polarstern in 2019 by the camera system OFOBS (Ocean Floor Observation and Bathymetry System). OFOBS was towed 1.5 m above the seafloor along five transects (400 to 2200 m seafloor depth) east of the Antarctic Peninsula. We observed the carcasses of one baleen whale, one penguin, and four fish at depths of 647 m, 613 m, 647 m, 2136 m, 2165 m, and 2112 m, respectively, as well as associated scavenging fauna. To the best of our knowledge, we describe here the first in situ observations of deep-sea food falls for penguins and fish in the Southern Ocean. While the whale carcass seemed in an intermediate successional stage, both the penguin and the fish were likely recently deposited and three of the fish potentially resulted from fishery discards. Our relatively small data set suggests that a diverse array of food falls provide nutrients to the slopes of the Powell Basin.
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Introduction

The deep seafloor is typically considered a food-depleted environment, where benthic fauna, other than chemosynthetic communities, primarily rely on the downward flux of organic matter produced in the overlying sunlit ocean layers (Dayton and Hessler, 1972; Gooday et al., 1990; Glover and Smith, 2003). This downward flux of particulate organic matter (POC), composed of fecal pellets, marine snow, and phytodetritus, is part of the “biological pump”, which results in the export of atmospheric carbon to the deep sea (Turner, 2015). In regional carbon budgets, the carbon consumption of deep benthic communities often exceeds the POC measured with sediment traps (Smith, 1987; Smith et al., 1992; Andersson et al., 2004). It is hypothesized that the discrepancy between measured and required energy in the deep sea in part results from selective collection by sediment traps (Smith and Kaufmann, 1999; Smith and Demopoulos, 2003; Robison et al., 2005) and an underestimation of the flux of carcasses of larger taxa such as macro- and megazooplankton and nekton, also known as food falls.

Food falls act as localized energy pulses to the deep seafloor (Stockton and DeLaca, 1982; Smith, 1985), with documented seafloor residence times ranging from hours to months depending on carcass size, depth, region, and composition. These food parcels constitute a much more labile source of organic matter than the more degraded smaller particles of the marine snow. Unlike marine snow, food falls can attract diverse scavenging megafauna which in turn can attract predators, also creating indirect feeding opportunities (Smith, 1985; Kemp et al., 2006). Despite increasing exploration of the deep-sea floor with in situ observations via ROVs (Remotely Operated Vehicles), AUVs (Automated Underwater Vehicles), and towed cameras, scientific reports of food falls are still rare. This is especially true for small- or medium-sized food falls (1-100 cm) (Hoving et al., 2017), which are rapidly consumed by scavengers (Soltwedel et al., 2003; Sweetman et al., 2014; Amon et al., 2017; Scheer et al., 2022). The rarity of such observations impedes estimations of their contribution to the biological carbon pump and assessments of their importance to scavengers.

Reports of natural medium-sized food falls, and their scavenging communities and rates, residence time, and estimated carbon contribution, at the moment of writing include carcasses of fish (Smith, 1985; Soltwedel et al., 2003; Yamamoto et al., 2009; Aguzzi et al., 2012; Higgs et al., 2014; Amon et al., 2017), cephalopods (Hoving et al., 2017), crustaceans (Christiansen and Boetius, 2000; Klages et al., 2001), jellyfish (Yamamoto et al., 2008; Sweetman and Chapman, 2011), and tunicates (Henschke et al., 2013; Stenvers et al., 2021). While for whale carcasses, the residence time, succession and consumption, scavenging communities and carbon contribution have been studied, both via naturally and experimentally deposited carcasses around the world (Fujiwara et al., 2007; Lundsten et al., 2010b; Lundsten et al., 2010a; Amon et al., 2013; Smith et al., 2014b; Smith et al., 2014a; Smith et al., 2015), descriptions of whale falls are still worthwhile to report. For example, it was relatively recently that a whale fall was documented for the first time in the southwestern Atlantic (Sumida et al., 2016). Residence time, scavenging communities and successional stages of food falls can depend on carcass size and composition (Smith, 1985; Rohlfer et al., 2022). Small- and medium-sized food falls are rapidly consumed, whereas large whale falls undergo a number of successional stages including mobile scavenger, enrichment opportunistic, and chemosynthetic stages, creating habitats for a diverse and unique community of organisms over longer time periods (Smith and Baco, 2003; Smith et al., 2015).

No reports of medium-sized food falls are yet published from the northwestern Weddell Sea or flanks of the Powell Basin. The pelagic community of the northwestern Weddell Sea is based on krill populations that supply feeding grounds for fish, cephalopods, seals, penguins and cetaceans (Atkinson et al., 2008; Trathan and Hill, 2016; Xavier et al., 2018). Additionally, gelatinous fauna such as the tunicate Salpa thompsoni, inhabit the pelagic realm of the region, and these taxa may become more important with ongoing warming in the Southern Ocean, which has been hypothesized to shift salp populations southwards (Słomska et al., 2021). Although the Southern Ocean attracts baleen whales from lower latitudes, only a few natural whale falls have been observed and studied, with the first of these discovered in 2012 (Amon et al., 2013; Smith et al., 2014b). The Antarctic Peninsula marine environment is affected by rapid regional warming and exploitation of fin-fish stocks (Vaughan et al., 2003; Ainley and Pauly, 2014). To better understand the food supply of deep benthic communities in a rapidly changing Antarctic ocean, we analyzed seafloor images from the northwestern Weddell Sea for the presence of food falls as well as their associated scavenging fauna.



Material and methods

Observations of the seafloor were collected during the PS118 expedition with RV Polarstern to the Weddell Sea in February-April 2019. The towed camera system ”OFOBS” (Ocean Floor Observation and Bathymetry System) was deployed seven times to assess seafloor habitats and fauna in areas recently cleared from permanent ice cover (Purser et al., 2021). A high-resolution camera system (iSiTEC, Canon EOS 5D Mark III) collected images with an interval of about 20 s. Additionally, the OFOBS operator could also trigger “hotkey” images at any timepoint. This resulted in 12,691 images. Data and power are both transmitted through optic/coaxial cable, connecting the subsea with the topside unit of OFOBS (Purser et al., 2019). The iXBlue Posidonia ultra-short base line (USBL) system was used to retrieve the positional data of the camera system to a likely accuracy of ca. 20 m. The OFOBS system was deployed at around 1.5-2 m above seafloor producing images capturing 4-6 m2 of the seafloor which was illuminated by four downward directed SeaLight Sphere 3150 LED lights and two iSiTEC UW_Blitz 250 strobe lights. The system was additionally equipped with three lasers, creating a triangle of laser points on each image with a fixed distance of 50 cm between the points.

Images from five of the seven PS118 OFOBS transects were used for this study (Figure 1). 1404, 3807, 2723, 158, and 384 images were checked for food falls from transects “PS118_6-9”, “PS118_39-1”, “PS118_69-1”,”PS118_77-1”, and “PS118_81-1”, respectively. This resulted in a dataset of 8476 analyzed images from water depths between 400 and 2200 m. A list of all analyzed images can be found in the Supplementary Materials. Approximately 1000 images were tagged as unusable because they were either taken from the water column or were too dark to identify possible food falls. Each image was inspected manually in Microsoft Photos with zoom and light adjustment functions applied if necessary. Images with possible food falls were extracted and the positional data of the images were mapped using the GIS software QGIS (v. 3.16.6-Hannover). Depths and coordinates of the food falls were extracted from the PANGAEA repository (Purser et al., 2020) and are summarized in the Supplementary Materials, together with the image IDs. For Figures 2-4, the original images were processed for illustrational reasons using Microsoft Photos and Adobe Photoshop (v. 23.4.2). Additionally, fishing effort data was downloaded from the “Global Fishing Watch” website to evaluate the influence of fishing discards (Global Fishing Watch Inc (2022). https://globalfishingwatch.org/data-download/datasets/public-fishing-effort [Accessed August 05, 2022].).




Figure 1 | Location of the five OFOBS (Ocean Floor Observation and Bathymetry System) image transects during cruise PS118 from which images were analyzed to detect food falls. Analyzed images are depicted as points. For transect PS118_69-1 1073 and for transect PS118_81-1 335 images are not shown because of missing meta data. IBCSO bathymetry is represented as a grey scale with isobaths each 1000 m (Dorschel et al., 2022). Fishing effort data from globalfishingwatch.org is represented with a pink heatmap, indicating fishing effort from March 31 2019 when food falls “Fish_1”, “Fish_2”, and “Fish_3” were found. The Antarctic Polar Stereographic projection was used to display the map.






Figure 2 | Medium-sized food falls and associated scavengers detected on the slopes of the Powell Basin during cruise PS118. (A) Fish carcass (”Fish_3”) at 2112 m scavenged by zoarcid fish. (B) Penguin carcass found at 613 m accompanied by echinoderms and zoarcid fish. (C) Fish carcass (“Fish_4”) at 647 m. (D) Fish remains (“Fish_2”) found at 2165 m with scavenging amphipod burrowed into its gill slit. (E) Fish carcass (“Fish_1”) from 2136 m. Images were cropped and light correction was applied if necessary.





Results

The two transects “PS118_69-1” and “PS118_39-1”, which covered seafloor areas of the slopes of the Powell Basin, yielded food falls (Figure 1). On transect “PS118_69-1” three fish carcasses (“Fish_1”, “Fish_2”, and “Fish_3”) were detected. And the transect “PS118_39-1” yielded one fish carcass (“Fish_4”), one dead penguin, one whale fall, and two bone assemblages.

The three fish carcasses (“Fish_1”, “Fish_2”, “Fish_3”) of “PS_118_69-1” were detected at water depths of 2112 m, 2165 m, 2136 m  (Figures 2A, D, E), and within vicinity of each other (distance between “Fish_1” and “Fish_3” was ca. 1200 m). The morphology of the three carcasses suggests that they all belong to Grenadier fish (Macrouridae) which were often observed alive close to the seafloor on other images. All three remains still had tissue connected to the skeletons suggesting recent deposition. Associated scavenger fauna included echinoderms, an amphipod, eelpouts, and unidentified fish. An amphipod was half burrowed into the gill slit of “Fish_2”. Eelpouts were visibly feeding on the carcass of “Fish_3”.

The fish carcass “Fish_4”, detected at 647 m water depth, was blueish and there appeared to be tissue left on the head of the carcass (Figure 2C). Judging by the head color and morphology (wide jaw), the remains could belong to an icefish (Channichthyidae) which were also observed alive on other images of the study area. There were at least seven eelpouts (Zoarcidae) present near the fish carcass. At least two starfish (Asteroidea) were attached to the fish remains and brittle stars (Ophiuroidea, likely Astrochlamys sol) were present near the carcass.

The penguin carcass was detected at a water depth of 613 m and was largely scavenged to the bones but still contained black tissue on its head and flippers (Figure 2B). Two eelpouts were observed close to the carcass. Various echinoderms including ophiuroids (likely Astrochlamys sol), at least two species of asteroids, and echinoids (Echinoidea, likely Sterechinus sp.) were on the carcass. Using the 50 cm laser points as size reference, the penguin carcass length was less than 30 cm which is too short for the penguins living around the Antarctic peninsula. An underestimation of the size may result from a sloped seafloor and because the carcass is not centered on the image.

There was no visible soft tissue left on the whale fall which was observed at a depth of 647 m and the vertebrae and bones were detached from one another (Figure 3). The skeleton was incomplete with limb bones and ribs missing or not visible. The skull morphology suggests that the remains belonged to a baleen whale. The images of the whale fall are underexposed and were taken from several meters above the seafloor and therefore appeared dark and of low resolution. This made it difficult to detect and identify scavenging organisms. The whale carcass too could not be properly measured because laser points were missing from the image due to the high relief of this region of the flank of the Powell Basin.




Figure 3 | Whale fall of a baleen whale as observed on the slopes of the Powell Basin during the cruise PS118. For better visibility, the skeleton was cropped from its image, dropped on a black background and a black-and-white filter was applied.



Two bone assemblages were found (Figure 4). There was no visible tissue left on the bones nor were they arranged in a way that would allow identification of their origin. The bone assemblage found at 1330 m (“Bones_1”) consisted of around eight individual bones. The second Bone assemblage (“Bones_2”) consisted of just one bone at a water depth of 1328 m. The sizes of the bones suggest that they belonged to mammals.




Figure 4 | Loose bone assemblages found on the slopes of the Powell Basin during the cruise PS118. Bones (A-D) were found on three consecutive images at a water depth of around 1330 m (“Bones_1”). Bone (E) was found at a water depth of 1328 m (“Bones_2”). Images were cropped and light correction was applied if necessary.





Discussion

Despite the small sample size and the limited image resolution, we here document among the first food fall observations in the deep Weddell Sea. Because of the uneven bathymetry of the study region and other methodological limitations, we were unable to calculate exact size and densities of food falls. However, our unique observations allowed preliminary insights in the role of nekton in the coupling between the Antarctic pelagic and benthic habitats.

The three fish carcasses found on transect “PS118_69-1” were all in relatively close proximity to each other (ca. 1200 m). Carcasses of 1-100 cm are scavenged very fast. Food fall experiments with Mackerel (Scomber scombrus) showed scavenging rates of 31.6 g h-1 between 1360 and 1440 m in the southern Norwegian Sea (Scheer et al., 2022) and 57.8 g h-1 at 1250 m in a Norwegian fjord (Sweetman et al., 2014) with bait residence times of approximately 9 h and 7 h respectively. Another experiment at 1300 m in the northeast Pacific with fish baits of 1, 2, 4, and 40 kg showed 90% of the baits were scavenged within 7 h to three weeks (Smith, 1985). Soltwedel and colleagues observed a zoarcid fish that was attacked and eaten by scavenging amphipods in one of their baited traps deployed at the HAUSGARTEN Observatory in the Fram Strait (Soltwedel et al., 2003). The 45 cm long zoarcid fish, with an estimated wet weight of ca. 700 g, was skeletonised within 11 h after entering the trap. Because the three carcasses were detected in a similar stage of decomposition and because carcasses of this size are scavenged rapidly, we can say that the three fish remains were deposited within a short time period of each other and potentially under 12 h. Their proximity, the fact that all three remains seemed to belong to the same taxonomic group (Macrouridae) and their similar decomposition stage, further suggests that the fish originated from a common source. One possibility is that they were fishery discards. Grenadier fish (Macrouridae) are common by-catch in Southern Ocean longline fishing for toothfish (Dissostichus spp.) (Morley et al., 2004; Petrov and Gordeev, 2015). The transect where the three remains were found lies in the fishing subarea 48.1, an area that was closed for fin-fishing in 1990 to protect fish stocks after intense depletion (Ainley and Pauly, 2014). For the 2018/19 season, fishing for toothfish and other fin-fish was still prohibited in subarea 48.1 with exceptions for research purposes (CCAMLR, 2018). Subarea 48.1 at time of writing was mainly used for krill (Euphausiacea) fisheries via midwater trawling, where macrourids are not common by-catch (Watters, 1996; Arana and Rolleri, 2020). Although, the three carcasses are unlikely to originate from krill fishery by-catch, it is possible that they resulted from fisheries, in particular since fishing vessels were present close to the study location on the day the carcasses were found (Figure 1).

The extraction of carbon in the form of large fish by fisheries could possibly limit carbon sequestration, since fishing prevents the natural death of these fish and subsequently their contribution to the biological carbon pump as food falls (Mariani et al., 2020). On the other hand, we can argue that on smaller scales, fisheries can also stimulate carbon sequestration through fisheries discards. Almost 10% of the global annual marine catch is discarded (Zeller et al., 2018), and although only a fraction of these discards will probably be sequestered in the deep sea, these discards may still act as localized pulses of labile carbon, stimulating the biological carbon pump regionally. The connection between fisheries discards, stimulation of food fall deposition and the biological carbon pump needs consideration in future research.

The fourth fish carcass, found on transect “PS118_39-1”, likely belonged to the icefish family (Channichthyidae). Icefish are endemic to the Southern Ocean and were also observed alive on our image transects. Icefish build nests on the seafloor. Huge assemblies of these nests have been documented in the eastern Weddell Sea between depths of 420 m and 535 m (Purser et al., 2022) and were also observed occasionally on the image transects analyzed in this study. The cause of death of this specimen is unknown.

We observed a baleen whale fall at 647 m. Smith and Baco (2003) suggested that deep-sea whale falls go through four stages of decomposition, with each stage exhibiting its own characteristics. These different stages are 1) the mobile-scavenger stage, 2) the enrichment-opportunist stage, 3) the sulphophilic stage, and 4) the reef stage. The first Southern Ocean natural whale fall was detected in the South Sandwich Arc at water depths between 1444 and 1447 m in 2012 (Amon et al., 2013). The skeleton belonged to an Antarctic minke whale (Balaenoptera bonaerensis) and was in an advanced stage of decomposition with no tissue left, no mobile scavengers present and blackened anoxic sediment below the bones, indicating that the whale fall was in the enrichment-opportunist or sulfophilic stage. Another Southern Ocean whale fall was previously reported from the slope of Anvers Island at a depth of 1430 m in 2013 (Smith et al., 2014b). Because of its size and location, it was assumed that the carcass also belonged to an Antarctic minke whale. The remains were found to be in the mobile scavenger stage with tissue still covering the skeleton and with zoarcids, Grenadier fish, and crustaceans beside and on the carcass. When comparing the images of these two published whale falls with the one presented here, it seems that the PS118 whale fall was found at an intermediate stage between the two other Southern Ocean whale falls. Although no tissue was left and mobile scavenging fauna were not visible, the bones did not appear to be as degraded as the bones of the whale fall discovered in the South Sandwich Arc. Unfortunately, the images from the PS118 whale fall are overall too dark to allow to distinguish sediment darkness under the bones. So, we assume that the whale fall of this report was found during the enrichment-opportunist stage or early sulphophilic stage. Because there are no time-series studies of intact whale falls at bathyal depths in the Southern Ocean, it is very difficult to estimate how long this whale carcass has been at the seafloor. It does appear to have passed through the mobile scavenger stage, which for similar depths in the northeast Pacific, would suggest it has been at the seafloor for at least 4-5 months (Smith and Baco, 2003; Lundsten et al., 2010b). Scavenging rates may be slower in the Weddell Sea, which lacks some of the principle bathyal scavengers of the northeast Pacific, in particular sharks and hagfish. Thus, we hypothesize that this carcass has been at the seafloor for a minimum of five months, and potentially substantially longer. Due to the advanced state of decomposition, it was not possible to determine the source organisms of the two found bone assemblages.

The penguin fall represents another example of coupling between the pelagic zone and deep sea. To our knowledge, this is the first in situ observation of a penguin carcass found in the deep sea. Tissue was still visible on the carcass and zoarcid fish as mobile scavengers were present, indicating recent deposition of the carcass. The nearest (ca. 80 km) penguin colonies to the penguin fall site is Clarence Island, which is home to chinstrap penguins (Pygoscelis antarcticus) and macaroni penguins (Eudyptes chrysolophus) (Croxall and Kirkwood, 1979; Harris et al., 2015). Since foraging ranges of macaroni penguins on South Georgia can exceed 400 km (Horswill et al., 2016), the penguin fall site is within reach (80 km) of the colonies on Clarence Island. Furthermore, the penguin fall site lies within foraging areas of Adélie penguins (Pygoscelis adeliae) from King George Island and long-distance migration routes of chinstrap penguins (Trivelpiece et al., 2007; Hinke et al., 2015; Oosthuizen et al., 2022). Major predators of penguins include leopard seals (Hydrurga leptonyx), which are known to discard penguin carcasses, creating a possible source for penguin food falls (Hall-Aspland and Rogers, 2004). Because of the high abundance of penguins in the area of the Antarctic Peninsula (over 50,000 breeding pairs on Elephant Island alone (Strycker et al., 2021)), penguin falls could represent a significant food input for deep benthic communities of the Weddell Sea. Indeed, toothfish of the genus Dissostichus scavenge penguin carcasses and were also observed on the images analyzed here (Fenaughty et al., 2003; Roberts et al., 2011). Roberts et al. (2011) found several penguin remains in toothfish (Dissostichus sp.) stomachs captured from the South Sandwich Islands at over 900 m depth. One of these included the almost complete remains of a chinstrap penguin, providing support for short residence times of medium-sized food falls and emphasizing the difficulty to observe them.

We found carcasses of various species in a relatively small data set on the slopes of the Powell Basin at depths between approximately 600 and 2200 m. The number of food falls in our seafloor transects suggests a potentially important role of carcasses in nourishing the deep-sea benthos of the northwestern Weddell Sea. The food falls resulted from a diverse pelagic macro- and megafauna in the productive Weddell Sea and this flux could be further increased by fisheries discards, an unnatural coupling that should be considered when measuring benthic fluxes in the region.
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Introduction

Botrynema, a genus of medusozoans in the trachyline family Halicreatidae, currently contains two species: B. brucei and B. ellinorae, distinguished by the presence or absence, respectively, of an apical knob as a diagnostic character. However, no study has corroborated if these taxonomic diagnoses have a biological and evolutionary basis.  Therefore, in this study we attempted to address the question “do the two nominal species in the genus Botrynema represent independent phylogenetic lineages, or two phenotypic variants of a single species?



Methods

In this study we took advantage of legacy collections from different research expeditions across the globe from 2000 to 2021 to study the phylogenetics and taxonomy of the genus Botrynema.



Results

B. brucei and B. ellinorae present partially overlapping vertical distributions in the Arctic and as a whole in the Arctic the genus seems to be limited to the Atlantic water masses. The phylogenetic reconstruction based on the concatenated alignment corroborates the validity of the family Halicreatidae and of genus Botrynema as monophyletic groups. However no clear differentiation was found between the two presently accepted species, B. ellinorae and B. brucei.



Discussion

Based on the evidence we gathered, we conclude that while the genus Botrynema does contain at least two species lineages, these lineages are not concordant with current species definitions. The species B. ellinorae is reassigned as a subspecies of B. brucei and diagnostic characters are provided.





Keywords: Arctic gelatinous zooplankton, cryptic species, phylogenetic, B. brucei, B. brucei ellinorae



1 Introduction

Gelatinous zooplankton communities are present in all the oceans of the world and occur across all latitudes and depths (Madin and Harbison, 2001). Nonetheless the diversity of gelatinous communities is often overlooked, not only because of the small number of active taxonomic experts, but also due to difficulties concerning collection and preservation of specimens, and at least in some cases high morphological variability that masks underlying species diversity (Cunha et al., 2016; Abboud et al., 2018; Lawley et al., 2021). The use of submersibles (Lindsay and Hunt, 2005; Robison et al., 2010), remotely operated vehicles (ROVs), imaging and video processing technologies (Gorsky et al., 2010; Easson et al., 2020) has facilitated observation and collection of specimens. However, the occurrence of cryptic species among gelatinous communities remains a recalcitrant problem to solve (Lindsay et al., 2017).

Halicreatidae, a family of medusozoans commonly found in gelatinous communities throughout the globe, was first erected by Fewkes in 1886, and is generally characterized by the presence of eight or more radial canals, a wide, circular stomach with no peduncle nor proboscis, and marginal tentacles with a soft flexible proximal portion but a stiff spine-like distal portion (VanHöffen, 1902; Bouillon and Boero, 2006). The family presently contains five genera (WoRMS - World Register of Marine Species), including Botrynema, the target of this study. The genus Botrynema was erected by Browne in 1908 with B. brucei, collected from the Southern Ocean, as the type species. Browne (1908) described the diagnostic features of the genus as being a trachymedusa “with sixteen groups of tentacles (two groups containing many tentacles in a single row in each octant) and eight solitary perradial tentacles (without perradial tubercles or outgrowths of jelly near the margin of the exumbrella).” Almost simultaneously, Botrynema ellinorae was described by Hartlaub in 1909 from the Greenland Sea as Alloionema ellinorae, with the genus being later synonymized with Botrynema by Bigelow (1913). After acknowledging that the species were very similar, Bigelow distinguished B. ellinorae from B. brucei using the shape of the margin of the umbrella and the position of the perradial tentacles. However, Kramp (1942) proposed the apical knob as the key diagnostic character to differentiate B. brucei from B. ellinorae, based on newly collected specimens of B. ellinorae and the original sketches of B. brucei by Browne (1908), and followed this supposition in his highly influential Synopsis of the Medusae of the World (Kramp, 1961). Since then, the apical knob has effectively been the only character used to differentiate species in the genus Botrynema (Buchanan and Sekerak, 1982; Kosobokova and Hirche, 2000; Lindsay, 2005; Hosia et al., 2008; Raskoff et al., 2010; Wang et al., 2014).

However, no studies have followed up on the conclusions of Kramp (1942); Kramp (1961), and tested the validity of this distinction with modern techniques. The rise of sequencing technologies has allowed taxonomists to flag problematic groups for focused morphological analyses, and facilitate the discovery of species (Hajibabaei et al., 2007). In particular, molecular techniques have played a crucial role in the discovery of cryptic species in marine environments (Moura et al., 2011; Daglio and Dawson, 2017; Johansson et al., 2018; Lawley et al., 2021), where a significant portion of the diversity is thought to be hidden below the morphospecies level (Knowlton, 2000; Bickford et al., 2007). Although less common, molecular techniques have also aided taxonomists in identifying geographically-delineated phenotypic variants as a single species rather than multiple independent lineages (Johannesson et al., 1993; Hay et al., 2010; Apolônio Silva de Oliveira et al., 2017). For the particular case of the genus Botrynema, no comprehensive molecular studies are presently available, and therefore it is difficult to assess the hypothesis that the presently accepted taxonomic distinction between B. brucei and B. ellinorae has a biological and evolutionary basis. Several observations about the genus Botrynema are puzzling: a) apart from the apical knob, B. brucei and B. ellinorae appear to be morphologically indistinguishable from each other and b) despite these remarkable phenotypic similarities, the two putative species exhibit dramatic differences in their geographical distributions, with B. ellinorae being found exclusively at higher latitudes in the northern hemisphere and B. brucei apparently being distributed globally. Therefore, the key question of this study was do the two nominal species in the genus Botrynema represent independent phylogenetic lineages, or two phenotypic variants of a single species?

In this study we take advantage of legacy collections from multiple research cruises around the globe, from the year 2000 to 2021, to present the most comprehensive study on the genus Botrynema to-date. Using in-situ imaging, data on vertical distributions, and basic molecular and morphological analyses, we aimed to untangle the biological bases for the distinction between B. brucei and B. ellinorae through the following endeavours: first, we gathered a set of all the molecular data publicly available for Botrynema and other members of the family Halicreatidae and its corresponding collection data through searches of the literature, databases and personal communications; second, we sequenced the commonly used molecular markers COI-mtDNA, 16S-rDNA, 18S-rDNA, and 28S-rDNA; and third, we performed thorough phylogenetic analyses based on maximum likelihood and Bayesian posterior probability. Finally, in the light of the evidence gathered thereby, we discuss the taxonomic and phylogenetic validity of B. brucei and B. ellinorae and the potential selective forces leading to the evolution and retention of the apical knob. Additionally, to place our findings in a broader context, we give suggestions for future studies on the molecular taxonomy of medusozoans.



2 Material and methods


2.1 Sample collection

Samples from the Chukchi Borderlands, Arctic Ocean, were collected using either the ROV Global Explorer or a Multinet of mouth area 0.5 m2 and mesh aperture 150 µm during Cruise HLY1601 of the U.S. Coast Guard Cutter (USCGC) Healy between 2 July to 10 August 2016. An additional sample was collected in a vertical haul of a ring net with a mouth diameter of 80 cm and mesh aperture of 335 µm during R/V Mirai Cruise MR21-05C from 31 August to 21 October 2021. Samples from the high Arctic were sampled by vertical tows of a Bongo net with a mouth diameter of 60 cm and mesh aperture of 300 µm or Multinet of mouth area 0.5 m2 and mesh aperture 150 µm during R/V Polarstern Cruise ARK-XXVI/3 from 5 August to 6 October 2011.

Samples from the northwest Pacific Ocean were collected using the crewed submersibles Shinkai 2000 (R/V Natsushima Cruise NT00-12, 30 October to 6 December 2000) and Shinkai 6500 (R/V Yokosuka Cruise YK00-04 Leg 2, 6 June to 22 June 2000), the ROV Hyper-Dolphin (R/V Kaiyo Cruise KY02-06, 20 April to 6 May 2002), an ORI net with a mouth diameter of 160cm and a mesh aperture of 330 µm (T/V TanseiMaru Cruise KT12-01, 4 March to 9 March 2012) or 690 µm (T/V TanseiMaru Cruise KT10-11, 24 June to 28 June 2010), and an opening-closing IONESS net system with a mouth area of 1.8 m2 and a mesh aperture of 330 μm (R/V Kaiyo Cruise KY06-03 Leg 1, 13 March to 28 March 2006).

The sample from the southeast Pacific Ocean was collected by an IONESS net system with a mouth area of 1.8 m2 and a mesh aperture of 330 μm during R/V Mirai Cruise MR18-06-03 from 27 January to 2 March 2019. Samples from the Southern Ocean were collected during the CEAMARC Cruise of the Training and Research Vessel (TR/V) Umitaka-Maru from 28 January to 8 February 2008 using a rectangular midwater trawl (RMT) with a mouth area of 8 m2 and a mesh aperture of 4.5 mm. Samples from the Clarion-Clipperton Zone (CCZ) in the eastern tropical Pacific Ocean were collected by the ROV Odysseus during Maersk Launcher campaign 5b from 11 March to 21 April 2021. In addition to the samples sequenced for this study (Supplementary Table 1), further samples and sequences were kindly provided by coauthors and colleagues, or directly downloaded from GenBank (Supplementary Table 2). The single sequence from the northwest Atlantic, harvested from GenBank, was from a specimen sampled by a MOCNESS net with a mouth area of 1 m2 and a mesh size of 180 µm (Transatlantic G.O. Sars 2013 Cruise, 1 May to 14 June 2013).

Previously published papers focusing on trachyline medusae taxonomy have sometimes used markers sequenced from multiple different individuals, sometimes from different geographic areas, concatenated for downstream analyses (eg. Bentlage et al., 2018; Matsumoto et al., 2020). Although this is a valid approach when addressing the questions outlined in those studies, for analyses addressing the intersection of populations and species, marker resolution at the individual organism level is necessary. Sometimes the same individual was sequenced for different markers in separate studies and the GenBank IDs did not make this readily apparent. The results of this detective work are outlined in Supplementary 2, where all specimens have also been given unique specimen IDs for use in future studies. The specimen distribution map (Figure 1) and density curves by depth (Figure 2) were plotted using the statistical software package R (Core Team, 2009), and the package ggplot2 (Wickham, 2016).




Figure 1 | Geographical distribution by ecoregions of the samples analyzed in this study. Circles correspond to specimens of the genus Botrynema, and blue diamonds correspond to the genera Haliscera, Halitrephes and Halicreas in the family Halicreatidae. The ecoregion map was modified from Sutton et al. (2017). Numbers in black represent unique specimens as indicated in Supplementary Table 1.






Figure 2 | Density distribution plot for the recorded depths of occurrence of Botrynema in the Arctic Ocean during Cruise HLY16-01 of the U.S. Coast Guard Cutter (USCGC) Healy between 2 July to 10 August 2016. Empty circles indicate records for B. brucei ellinorae comb. nov. without an apical knob, and full circles records for B. brucei ellinorae comb. nov. with a knob.





2.2 Video records

Specimens sampled by ROVs or submersibles were located on the original video media (Shinkai 2000 & Shinkai 6500: Digi-Beta tapes, ROV HyperDolphin: HDCAM tapes) and digitized using an AJA Video Systems KiPro Ultra Plus recorder as Quicktime (.mov) videos files using the Apple ProRes 4:2:2 codec. Video from the ROV Global Explorer was recorded directly onto these same AJA Ki Pro systems in the same format as above, while video from the ROV Odysseus was retrieved from the video-recording NAS as Apple ProRes 4:2:0 codec Quicktime video files. Videos of sampled specimens in phototanks or under a dissecting microscope were digitized using Adobe Premiere Pro (version 22.6.2) for HDV or Quicktime Player (version 10.5) for MiniDV or DVCAM, and captured frames were processed using Adobe Photoshop (version 23.5.1) to remove video interlace artifacts. The observations by the ROV in the Arctic Ocean were annotated using SQUIDLE+ (Friedman, 2022) with a video player plugin and exported as comma-delimited text (.csv) files before being used to produce the density curves by depth in Figure 2. Contrast and brightness of images were edited in Adobe Photoshop (version 23.5.1) to improve clarity.



2.3 Genomic DNA extraction

Total DNA was extracted from chilled ethanol- or cold-preserved samples stored at -20˚C, using the Promega Wizard® HMW DNA Extraction Kit as indicated in the protocol for tissue cultured cells with the following modifications. Steps 1 to 5 were skipped, instead samples were predigested in a solution made of 540 µl of HMW Lysis Buffer-A and 60 µl of Collagenase I (cat. 031-17601, FUJIFILM Wako) at a concentration of 1 mg/ml in 1 M Tris-HCL. The predigesting step was performed at 37˚C for 30 min in a heat-block shaker at 400 rpm (Funakoshi TS-100C). Additionally at step 11, 23 µl of sodium acetate (3 Molar at pH 5.2) and 3 µl of Ethachinmate (cat. 312-01791, FUJIFILM Wako) were added to the solution and mixed by pipetting with wide bore tips as indicated in the protocol (Supplementary 1).



2.4 PCR amplification and sequencing

Four molecular markers were targeted: 16S-rDNA, 18S-rDNA, 28S-rDNA and COI-mtDNA, and partial sequences were amplified. These markers were selected following previous studies and based on the availably of information in public databases for multiple medusozoan groups and the family Halicreatidae. For the 16S-rDNA region, the primers med-rnl-F (GAC TGT TTA CCA AAG ACA TAG C) & med-rnl-R (AAG ATA GAA ACC TTC CTG TC) (Lawley et al., 2016) or primer1-F (TCG ACT GTT TAC CAA AAA CAT AGC) & primer2-R (ACG GAA TGA ACT CAA ATC ATG TAA G) (Cunningham and Buss, 1993) were used with PCR cycles of 94°C for 5 minutes, 35 cycles of 94°C for 30 seconds, 53°C for 30 seconds, 72°C for 2 minutes, and a final extension at 72°C for 10 minutes. For the 18S-rDNA region, three consecutive primer sets were used: 18SPrm-F (AAC CTG GTT GAT CCT GCC AGT) & 18SL-R (CCA ACT ACG AGC TTT TTA ACT G), 18SC-f (CGG TAA TTC CAG CTC CAA TAG) & 18SY-r (CAG ACA AAT CGC TCC ACC AAC), 18SO-f (AAG GGC ACC ACC AGG AGT GGA G) & 18SB-r (TGA TCC TTC CGC AGG TTC ACC T) (Apakupakul et al., 1999). All 18S-rDNA primer sets were amplified with the following PCR cycles of 94°C for 2 minutes, 38 cycles of 94°C for 45 seconds, 48°C for 60 seconds, 72°C for 2 minutes, and a final extension at 72°C for 10 minutes. 28S-rDNA was amplified using the primers 28SF63-f (AAT AAG CGG AGG AAA AGA AAC) & 28SR635-r (GGT CCG TGT TTC AAG ACG G) (Medina et al., 2001) and PCR cycles of 94°C for 3 minutes, 35 cycles of 94°C for 1 minute, 54°C for 1 minute, 72°C for 2 minutes, and a final extension at 72°C for 10 minutes. For COI-mtDNA, PCR reactions were performed with the primer sets LCO1490-f (GGT CAA CAA ATC ATA AAG ATA TTG G) & HCO2198r (TAA ACT TCA GCC TGA CCA AAA AAT CA) following (Ortman et al., 2010) and primers jgLCO1490-f (TIT CIA CIA AYC AYA ARG AYA TTG G) & jgHCO2198-r (TAI ACY TCI GGR TGI CCR AAR AAY CA) following Geller et al. (2013). All PCR reactions were performed using the QIAGEN Taq PCR Master Mix Kit (cat. 201443, QIAGEN) following the manufacturer’s instructions, except for the primer set jgLCO1490/jgHCO2198 where the Q5U master mix was used (cat. M0597S, New England BioLabs).

PCR amplifications were verified by electrophoresis using 1.5% agarose gels, NEB gel loading dye (cat. B7021S, New England BioLabs) and GelRed nucleic acid stain (cat. 41003, GelRed). Positive reactions were selected and cleaned using Shrimp Alkaline Phosphatase (cat. 2660A, SAP, TaKaRa) and Exonuclease I (cat. 2650A, Exo-I, TaKaRa) as follows: for each positive reaction 0.4 µl of SAP, 0.2 µl of Exo-I and 3.4 µl of TE buffer were prepared and the reaction was carried at 37°C for 30 minutes and then at 83°C for 30 minutes. The resulting amplicons were sent for Sanger sequencing to FASMAC Co. Ltd (Kanagawa, Japan). All sequences generated in this study were deposited in GenBank (Supplementary Table 2).



2.5 Phylogenetic analyses

Newly generated sequences were manually curated and flanking regions were trimmed. Additional sequences relevant to this study were downloaded from GenBank (Supplementary Table 2) and alignments were generated per marker. Preliminary alignments were generated in Geneious Prime 2022.2.2 <www.geneious.com> using the algorithm for global alignment with free-end gaps and default settings. These alignments were manually trimmed and thereafter realigned using MAFFT v7.450 (Katoh and Standley, 2013) with the algorithm L-INS-I and default settings. The resulting alignments were manually curated, concatenated, and missing data and gaps were replaced with Ns. The concatenated alignment was used to perform phylogenetic reconstructions using Maximum Likelihood (ML) and Bayesian Posterior Inference (BI). Additionally, because 16S-rDNA is known to have a high resolution at the species level in Hydrozoa (Miglietta et al., 2009; Moura et al., 2011; Zheng et al., 2014; Lindsay et al., 2015), independent ML and BI analyses were performed for this marker. The best fitting models were estimated using SMS (Lefort et al., 2017) for ML and ModelTest-NG v0.2.0 (Darriba et al., 2020) for BI trees. In both cases the Akaike information criterion (AIC) was used as the selecting criteria.

For the concatenated alignment, ML was estimated using the RAxML plugin in Geneious (Stamatakis, 2014), and BI was calculated in MrBayes 3.2.7a (Ronquist et al., 2012). RAxML was set to use the algorithm for rapid bootstrapping and search for the best-scoring tree ML-tree (-f a -x1), the partition scheme was specified, parsimony random seeds were set as 12345 and 1000 bootstrap trees were estimated. MrBayes was configured following the models and parameters as indicated by ModelTest-NG, with 4 MCMC heated chains, 10,000,000 generations, and a temperature of 0.2 for the heated chain. Chains were sampled every 200 generations. Burn-in length was set to 25%, at which point the average standard deviation of split frequency (ASDOSF) was steadily below 0.01. In both analyses Colobonema sericeum, Pantachogon haeckeli, Ptychogastria polaris, Solmissus incisa, and Solmundella bitentaculata were used as outgroups.

In order to gain further insights into the phylogenetic relationships within the family Halicreatidae, with a particular interest in the genus Botrynema, a new set of ML and BI phylogenetic analyses were performed for the 16S-rDNA region with no missing data. ML trees were constructed using PhyML v3.3.20220408 (Guindon et al., 2010) and the best fitting model was automatically selected using SMS with the AIC criteria. The PhyML tree was constructed using the ATGC server platform < http://www.atgc-montpellier.fr/phyml > as follows; one BioNJ tree (Gascuel, 1997) and 10 random trees were generated as starting trees, 1000 bootstraps were run using the transfer bootstrap approach (Lemoine et al., 2018) and the branch support was estimated with the aLRT_SH-like method. The BI was run as before, but with no missing data and for 5,000,000 generations. All alignments and associated data used in the phylogenetic reconstructions were deposited on figshare with a DOI: 10.6084/m9.figshare.21665519.




3 Results


3.1 Specimen distribution

Specimens corresponding with the presently accepted morphological diagnosis of Botrynema brucei, i.e., presence of a distinct apical knob, were distributed across multiple mesopelagic ecoregions, following (Sutton et al., 2017); Arctic Ocean (1), Subarctic Pacific (2), Northern Central Pacific (4), Eastern Tropical Pacific (5), Southern Central Pacific (8), Antarctic/Southern Ocean (33) and Northwest Atlantic Subarctic (21). In contrast, specimens classified as Botrynema ellinorae were only recorded from the Arctic Ocean (1). Numbers in parentheses follow the nomenclature of Sutton et al. (2017) (Figure 1). Therefore, the Arctic Ocean (1) is the only ecoregion where both morphotypes in the genus Botrynema, with and without a knob, have been historically reported. Interestingly, B. ellinorae was mostly distributed at shallower depths between 461-815 m, but up to a maximum depth of 1544 m, while B. brucei was recorded from 1125-1988 m depth. Therefore, B. brucei and B. ellinorae had partially overlapping vertical distributions between the range of 1100 m ~1600 m depth (Figure 2), and as a whole the genus in the Arctic seems to be limited to the Atlantic water masses, characterized by a high salinity and stable decrease in temperature from 0.75°C at 400 m to -0.5°C at 2000 m depth (McLaughlin et al., 2005; Raskoff et al., 2010).



3.2 Phylogenetic analyses

The genomic regions were amplified with different degrees of success (Supplementary Table 2). In total 98 sequences were used; 38 for 16S-rDNA, 28 for 18S-rDNA, 25 for 28S, and 7 for COI-mtDNA, including the sequences downloaded from GenBank. The final concatenated alignment consisted of 39 taxonomic units and 3113 bp. For BI the best fitting models were GTR+G4, HKY+I+G4, GTR+G4 and GTR+I, for 16S-rDNA, 18S-rDNA, 28S-rDNA, and COI-mtDNA respectively. For ML reconstructions in PhyML the best fitting model was GTR+R4 for 16S-rDNA, and for the concatenated alignment the substitution rates and parameters were automatically estimated by RAxML per partition.

The phylogenetic reconstruction based on the concatenated alignment corroborates the validity of the family Halicreatidae as a monophyletic group. The inclusion of Haliscera conica within the family Halicreatidae as the earliest standing diverging species was fully supported by BI in the concatenation, and by ML and BI based on the 16S-rDNA region. However, no support was found from ML based on the concatenated dataset. The genus Halicreas was clearly monophyletic with a bootstrap support > 98 in ML and full support for BI in all analyses. Halitrephes maasi was well supported as sister to Halicreas minimum with a likelihood support of >96 and full support for BI. The genus Haliscera was found to be polyphyletic in origin across all analyses; the phylogenetic position of Haliscera bigelowi remains uncertain, but it was determined to be basal to Halicreas and Halitrephes with moderate support in the ML analyses of the 16S-rDNA region (Figures 3, 4).




Figure 3 | Maximum likelihood phylogenetic reconstruction based on the concatenated alignment (16S-rDNA + 18S-rDNA + 28S-rDNA + COI-mtDNA). Values on branch nodes represent likelihood bootstrap support over 50%. Full black circles on branch nodes represent Bayesian posterior probability support over 95%. Diamonds correspond to the genera Haliscera, Halitrephes and Halicreas in the family Halicreatidae. Circles refer to the genus Botrynema, in green Clade A, red Clade B, and in orange single lineages not corresponding to either Clade A nor B Note how the presence/absence of an apical knob is variable across clade B – B brucei ellinorae comb. nov. (see Figure 5).






Figure 4 | Maximum likelihood phylogenetic reconstruction based on the 16S-rDNA region. Values on branch nodes indicate likelihood bootstrap support over 50%. Full black circles on branch nodes represent Bayesian posterior probability support over 95%. Diamonds correspond to the genera Haliscera, Halitrephes and Halicreas in the family Halicreatidae. Circles refer to the genus Botrynema, in green Clade A, red Clade B, and in orange single lineages not corresponding either to Clade A nor B Numbers in brackets are concordant with the “S#” in Supplementary Table 1, 2. Note how the presence/absence of an apical “knob” is variable across clade B – B brucei ellinorae comb. nov. (see Figure 5).



The monophyletic group formed by the genus Botrynema, which is the focus of this study, was well supported in all ML (≥80 boostrap) and BI (>0.98 probability) analyses. However no clear differentiation was discovered between the two presently accepted species, B. ellinorae and B. brucei. Nonetheless, two distinct clades were found, Clade A and Clade B, in all phylogenetic reconstructions (Figures 3, 4). Clade A is strongly supported with a bootstrap >92 in ML and full support in BI across all analyses, and it was exclusively comprised of specimens of B. brucei (Figures 3, 4). Similarly, Clade B was strongly supported in all ML and BI analyses, however, in this case, specimens of both B. brucei and B. ellinorae were mixed within a monophyletic group. This result was the same for both the phylogenetic reconstructions based on the concatenated alignment and on the 16S-rDNA region alone (Figures 3, 4).




Figure 5 | Comparison between specimens of B brucei and B brucei ellinorae comb. nov. Circles refer to specimens of Botrynema within Clade A in green, and red for Clade B (Figures 3, 4). Note the clear differences in the shape of the apical knob, when present, between clades A and B White arrows show the location of statocyst and numbers indicate the number tentacles per octant.





3.3 Systematics

Phylum Cnidaria Hatschek, 1888

Class Hydrozoa Owen, 1843

Subclass Trachylinae Haeckel, 1879

Order Trachymedusae Haeckel, 1866

Family Halicreatidae Fewkes, 1886

According to VanHöffen (1902) and Bouillon and Boero (2006): Trachymedusae with a flattened, wide and circular manubrium; mouth circular and projected into the subumbrellar cavity as a short funnel, without peduncle; without centripetal canals; radial canals usually eight or more in number, with the exception of the genus Varitentaculata He, 1980. Marginal tentacles of different sizes, structurally similar, and arranged in a single series. Marginal tentacles with a soft, flexible, proximal portion but a stiff, spine-like distal portion. Ectodermal statocysts are free (Bouillon and Boero, 2006)


3.3.1 Genus Botrynema Browne, 1908

urn:lsid:zoobank.org:act:BECCCF10-5F75-4393-9D1E-C870A6FC5869

According to Browne (1908) and Bouillon and Boero (2006): Trachymedusae with 16 distinct groups of 11-12 tentacles, comprised of 2 groups with many tentacles in a row per octant; 8 solitary perradial tentacles. The genus name is derived from the Greek masculine noun βoτρυς (botrys=grape), meaning clustered in this context, and another Greek neuter noun νῆμᾰ (nema=thread) referring to the clustered tentacles (Figure 6F.1).




Figure 6 | In-vivo pictures of some of the specimens in the genus Botrynema analyzed in this study. Specimens belonging to Clade A are marked with a green circle, belonging to Clade B with a red circle, and specimens not included in either of the clades with an orange circle. Numbers in brackets are concordant with the “S#” in Supplementary Tables 1, 2. Note how Clade A (A, B, F) is exclusively comprised of specimens where the apical knob (F2) is present, while for specimens in Clade B (D, E) the presence/absence of the knob is variable. The images in frames (C) and (C1), belong to two different specimens recorded from the Clarion-Clipperton Zone on different expeditions; frame (c) corresponds to specimen [S3], while specimen (c.1) was recorded on campaign TMC5e, ROV dive OY030, date 2021-11-27 at 2086 m depth.





3.3.2 Species Botrynema brucei Browne, 1908

urn:lsid:zoobank.org:act:4F4EE1B6-EB13-4D06-9574-2B49A74D70DA

B. brucei was described based on material from the northern Weddell Sea, Antarctica (type locality: GPS coordinates lat. -64.800, long. -44.433; Station 301) collected by the Scottish National Antarctic Expedition on 13 March 1903 in an open trawl deployed to 4545 m depth. The holotype was 25 mm in both diameter and umbrellar height, with a conspicuous conical projection on its summit (Browne, 1908). The specimen’s tentacles were arranged into distinct groups or clusters: sixteen adradial groups of tentacles, each group containing around twelve tentacles, as well as eight solitary perradial tentacles. It is worth noting that specimen UM080129-RMTD83-Bb (S1) in Supplementary Table 1 was collected from the same mesopelagic ecoregion as the holotype of B. brucei.

Analyzed material: For details on the analyzed material and collection metadata see Supplementary Table 1. In addition to molecular analyses and records on the presence or absence of the apical knob (see Figures 3, 4 and Supplementary Table 1), the number of tentacles per cluster and number of statocysts between clusters were counted on the following samples: specimen 6K549SS2_DLMG4 (S7), had 10-14 tentacles per cluster and 2-1 statocyst in-between clusters, and specimen HD101GS1b (S8) had 14 tentacles per cluster and three statocysts between clusters.



3.3.3 Subspecies Botrynema brucei ellinorae (Hartlaub, 1909) comb. nov.

urn:lsid:zoobank.org:act:00AD4909-D695-49C8-8A68-B722ACC87AD7

B. brucei ellinorae comb. nov. was initially ascribed to the newly erected genus Alloionema Hartlaub, 1909, which was later made a junior synonym of Botrynema by Bigelow (1913) according to precedence. Hartlaub (1909) described A. ellinorae from five individuals (1 specimen from St. 17, lat. 79.567, long. 2.617, 1200-1800 m, 12 July 1905; 3 specimens from St. 22, lat. 78.083, long. 5.350, 800-1350 m, 16 July 1905; one specimen from St. 48, lat. 71.367, long -18.967, 800-1000 m, 15 August 1905) collected in the Greenland Sea by the Belgica Expedition (Hartlaub, 1909). The only recognizable differences from B. brucei Browne, 1908 were the presence of “généralement de onze” (generally eleven) tentacles in each of the adradial tentacle clusters, rather than 12, and “Gelée épaisse, particulièrement au sommet où elle est développée en une masse épaisse et plus ou moins conique” (Thick jelly, especially at the top where it is developed into a thick, more or less conical mass), with no mention of a conspicuous conical projection at the bell summit, or an apical “knob”.

Bigelow (1913) described a further five specimens of B. ellinorae from the Bering Sea (3 specimens from St. 4760, lat. 53.883, long. -144.883, 0-549 m, 21 May 1906; 1 specimen from St. 4763, lat. 53.950, long. -168.100, 0-549 m, 28 May 1906; 1 specimen from St. 4764, lat. 53.333, long. -171.000, 0-2067 m, 29 May 1906) of 8-13 mm umbrellar diameter. His specimens had apical gelatinous projections and 7-11 tentacles per adradial cluster (Bigelow, 1913). His identification was based not by the presence or absence of an apical knob or the exact number of tentacles in each group, but rather on his belief that the characters diagnostic for B. brucei were that the umbrella margin is cleft into lobes and that the perradial tentacles lie in exumbral grooves. Bigelow “retained provisionally” both species and moved Alloionema ellinorae into the genus Botrynema.

Analyzed material: For details on the analyzed material and collection metadata see Supplementary Table 1. In addition to molecular analyses and records on the presence or absence of the apical knob (see Figures 3, 4 and Supplementary Table1), the number of tentacles per cluster and statocysts between clusters were counted on the following samples: specimens HLY160718-Box-3_DL293 (S12), HLY160721-MN-deep-Bb2_DL291b (S14), HLY16-GEX7P-SS5_DL290 (S16), HLY16-GEX12P-SS2_DL297 (S18) had three statocysts in between tentacle clusters while specimen HLY16-GEX12P-SS3_DL288 (S19) had two. The tentacle numbers were variable, nine per cluster in specimens S18 and S19, 12 tentacles in S12, between 10-11 tentacles in S14, and 13 tentacles in S16.

Diagnosis: multiple nucleotide substitutions across the 16S-rDNA region differentiate B. brucei ellinorae comb. nov. (Clade B) from other B. brucei populations. Botrynema brucei ellinorae comb. nov. always has the following combination of positions and bases in the 16S ribosomal DNA sequence alignment: 47=C, 115=G, 160=T, 210=G, 219=G, 283=G, 295&296=deletion, 321=C, 335=T, 349-351=TTT, 380=T, 381=A, 382=T, 384=G, 388=G (Figure 7). The apical knob in B. brucei ellinorae comb. nov. can be present or not, when present the knob is round and without pronounced perpendicular surfaces while, in contrast, in B. brucei the knob is always present and prismoidal in aspect (Figure 5).




Figure 7 | Differential molecular diagnosis between B brucei (Clade A) and B brucei ellinorae comb. nov. (Clade B) across the 16S-rDNA region. Nucleotide bases with a black background show substitutions unique to each clade within the family Halicreatidae. Bases with a grey background indicates polymorphic positions that are characteristic but not unique to any particular clade within the family Halicreatidae. Blue diamond symbols correspond to the genera Haliscera, Halitrephes and Halicreas in the family Halicreatidae. Circles refer to the genus Botrynema, in green Clade A, red Clade B, and in orange single genotypes not corresponding either to Clade A nor B Note how the presence/absence of an apical “knob” is variable across Clade B.



Comments: B. brucei ellinorae comb. nov. appears to be primarily distributed across the Arctic Ocean and higher latitudes in the North Atlantic Ocean, in particular the Northwest Atlantic Subarctic and the North Atlantic Drift – ecoregions 1, 21 and 22, respectively (Figure 1). However, given the global distribution of B. brucei, and the lack of further genomic and morphological information from the Arctic and nearby ecoregions we consider that it is safer to refer to B. brucei ellinorae comb. nov. as a subspecies, rather than as stand-alone species within the genus Botrynema. Furthermore, Botrynema from ecoregions 5, 8 and 33 appear to each represent single lineages apart from clade A or B (Figure 4), but additional samples and analyses are needed to verify these suspicions.

The present material suggests that other minor physical differences may allow the lineages to be separated morphologically. For example, B. brucei from Clade A appears to have between 10-14 tentacles per cluster and 1-3 statocysts between clusters, while in B. brucei ellinorae comb. nov. the tentacle number per cluster ranges between 9-13 and it has 2-3 statocysts between each cluster. Additionally, B. brucei ellinorae comb. nov. often has whitish radial canals and gonads (Figures 6D, E), while B. brucei from most other ecoregions are pinkish, orangish or reddish in color (Figures 6A– C, F), though it is worth mentioning that Browne (1908) described B. brucei from the type locality (ecoregion 33), as having a whitish coloration and with no traces of red or reddish brown pigments.





4 Discussion


4.1 Heterogeneity of diagnostic characters in Genus Botrynema

Since Kramp (1942), B. brucei and B. ellinorae have been considered easy to differentiate by using the presence or absence of an apical knob (Figure 6.F2) as the primary diagnostic character – the knob being conspicuous in B. brucei but absent in B. ellinorae. Nonetheless, our results refute this hypothesis and demonstrate that the presence or absence of a knob is taxonomically irrelevant across ecoregions 1 and 21, and perhaps 22 (Hosia et al., 2008), while Botrynema from all other ecoregions have an apical knob. Furthermore, molecular analyses failed to identify any genetic differences between the two phenotypes in the Arctic Ocean, though ecological differences may explain the presence or absence of the knob.

In our records, individuals with a knob, at that time identified as B. brucei, were exclusively recorded at depths below 1000 m, while individuals without a knob, at that time identified as B. ellinorae, were reported at shallower depths – commonly between 461-815 m (Figure 2) but up to a maximum of 1544 m depth. Our results mirror those of Raskoff et al. (2010) from the Arctic Ocean expedition of 2005. After surveying 400 individuals, Raskoff et al. (2010) found that B. ellinorae inhabits between 300-2000 m depth and that B. brucei is found exclusively below 1000 m, with higher abundances between 2000-3000 m. Buchanan and Sekerak (1982) also reported B. ellinorae from 1245-1900 m in Baffin Bay (ecoregion 1). Interestingly, consistent depth ranges were found for specimens of B. brucei across most of the ecoregions, regardless of large variations in physico-chemical environmental parameters. Lindsay (2005) reported maximum abundances of B. brucei in the Japan Trench between 1700-2400 m depth (ecoregion 2). Vinogradov and Shushkina (2002) reported B. brucei maximum abundance at 1700-2500 m in the Kurile-Kamtchatka region (ecoregion 2). In the Southern Ocean, near the type locality, Pagès et al. (1994) reported that B. brucei was most commonly collected in the 1000-2000 m depth layer, and Toda et al. (2014) also reported it was most common between 1000-2000 m depth in East Antarctica (ecoregion 33). Although several individuals of B. brucei have been reported within the range of 500-1000 m depth in ecoregions 2 (Lindsay, 2005), 3 (Thuesen and Childress, 1994), 13 (Grossmann et al., 2015), 24 (Larson et al., 1991) and 33 (Pagès et al., 1994; Toda et al., 2014), it is remarkable that B. brucei appears to preferentially inhabit the 1000-3000 m depth layer (Pagès et al., 1994; Vinogradov and Shushkina, 2002; Lindsay, 2005; Toda et al., 2014; Katija et al., 2022). Therefore, it is reasonable to think that the absence of Botrynema from shallower waters at lower latitudes might be a reflection of ecological constraints, i.e. temperature or inter-species competition, and that whatever that constraint is, it might be relaxed or not existent at higher latitudes.

Our working hypothesis is that the preferential distribution of Botrynema at deeper ranges outside the Arctic is the result of niche displacement due to competition with other medusozoans (Lindsay and Hunt, 2005; Robison et al., 2010). In contrast, in the Arctic where the diversity and richness of medusozoans is much lower than in other ecoregions (Raskoff et al., 2010), Botrynema has successfully colonized shallower environments. However, the association between the knob and the vertical distribution of B. brucei ellinorae comb. nov. at higher latitudes remains obscure. We think that the knob could play a role in predator avoidance; for instance, the knob could play an important function by breaking the surface tension between prey and predator nematocyst-laden surfaces, facilitating escape, or the knob could physically push apart the mouth-lips of gelatinous predators after successful ingestion, allowing B. brucei to escape, or the knob could facilitate pivot turns at sharper angles to avoid predation.

Whatever the function of the knob might be, it is interesting to note that most of the common predators of gelatinous zooplankton such as the narcomedusae, e.g. Solmissus, are prolific across most ecoregions (Raskoff, 2002; Lindsay and Hunt, 2005; Robison et al., 2010; Choy et al., 2017) but absent from shallower depths at higher latitudes (Raskoff et al., 2010) precisely the same depths where the B. brucei ellinorae comb. nov. morphotype without a knob occurs, and preferentially inhabiting between 461 m to 815 m (Figure 2). Furthermore, Bathykorus boullini, a narcomedusae and a major predator of gelatinous taxa in the Arctic, is known to be restricted to waters deeper than 1300 m and inhabit preferentially between 1400-2000 m, indeed the same depths inhabited by the B. brucei ellinorae comb. nov. morphotype with a knob. Figure 8 shows video framegrabs of Poralia rufescens, a scyphomedusa, foraging on Botrynema brucei at 1002 m depth in the Japan Trench, ecoregion 2 (Figure 1). Poralia rufescens is absent from the Arctic and known to inhabit between 500~1679 m depth (Lindsay et al., 2004; Hughes and Lindsay, 2017). Therefore, the vertical distribution of the genus Botrynema could be the result of niche displacement due to competition with other medusozoans, while the presence/absence of the knob could be determined by a differential regimen of selection by predation across ecoregions.




Figure 8 | Footage of Poralia rufescens foraging on Botrynema brucei; frontal (A) and (B) lateral view of B brucei. The footage was recorded during cruise KY02-06 on ROV HyperDolphin dive #103 (HPD0103) in the Japan Trench (lat. 38.334, long.143.917) on 29 April 2002 at 1002 m depth, ecoregion 2 in Figure 1.





4.2 Phylogeny of the Family Halicreatidae

The family Halicreatidae was well-supported as a single monophyletic lineage across most of the analyses, and in general the same was true for the genera Halicreas, Botrynema and Halitrephes. However, the genus Haliscera was found to be paraphyletic, in concordance with Bentlage et al. (2018). While at first sight these results seem to erode the validity of Haliscera as a taxonomic unit, we think further considerations are necessary. Little taxonomic work has been done on the genus Haliscera since Kramp (1947) and an updated re-examination of characters using modern techniques might be necessary. Furthermore, currently all sequences available for the genus Haliscera come from only one specimen of each of the species, and given the coherence of the phylogenetic signal across the molecular markers in Bentlage et al. (2018), and the obvious morphological similarities between the two currently accepted Haliscera species (DJL, personal observation), we suspect that, this is likely a case of misidentification of one of these specimens rather than an actual paraphyly within the genus Haliscera.

Our analyses clarify the phylogenetic position of Halitrephes maasi, which has been challenging to determine. Our analyses revealed H. maasi to be the sister to a clade of Halicreas minimum with almost full support across all phylogenetic reconstructions. However, this relationship was only weakly supported in Bentlage et al. (2018), and discordant with the results of Matsumoto et al. (2020), where the genus Halitrephes was placed as sister to all halicreatids with total support. During our analyses we found that the 16S-rDNA sequence “MG979380” was highly discordant with other sequences in the family Halicreatidae. After comparing this sequence against the information available in GenBank it was discovered that “MG979380” is actually attributable to the rhopalonematid trachymedusa Crossota alba, rather than to a Halitrephes species, but it has been repeatedly used in the concatenations for Halitrephes maasi across multiple studies (Bentlage et al., 2018; Matsumoto et al., 2020). Therefore, in Supplementary Table 2 we present new sequencing information derived from the same specimen analyzed in Bentlage et al. (2018), voucher USNM1452212, with a correct 16S-rDNA sequence under the GenBank accession number “OP921299”. Our data provide strong evidence that the genus Halitrephes is sister to the genus Halicreas, rather than it being an earlier diverging lineage within the family Halicreatidae (Bentlage et al., 2018; Matsumoto et al., 2020).

The source of the mistake in the specific attribution of the sequence “MG979380” could have occurred anywhere in the analysis pipeline but it is worth noting that in medusozoan studies cross-contamination is not always the result of human error. When stressed, some medusozoans, such as the rhopalonematid medusae to which Crossota alba belongs, have the tendency to autotomize tentacles and these often get attached to nearby specimens (DJL, personal observation). Furthermore, the low-rate of DNA/tissue wet-mass in gelatinous taxa makes this issue particularly problematic. A solution to this common problem could be the use of single molecule sequencing technologies along with bioinformatic tools to differentiate target sequences from contaminants, i.e. CD-HIT (Fu et al., 2012).



4.3 Phylogeny of the Genus Botrynema

Our results ratify the validity of the genus Botrynema as a taxonomic and evolutionary unit across ecoregions with strong support (Figures 3, 4). Botrynema morphotypes with an apical knob are widely distributed throughout the Arctic, Pacific and Antarctic Oceans, in ecoregions 1, 2, 4, 5, 8, 21 and 33, while the morphotype without a knob is restricted to the Arctic Ocean, ecoregion 1 (Figure 1). Additionally, Hosia et al. (2008) reported both morphotypes from the North Atlantic Drift, ecoregion 22. Nonetheless, our phylogenetic analyses revealed major incongruences with the use of the knob as a diagnostic character, and contrary to expectations, specimens with a knob were found to be paraphyletic, and present in the two main monophyletic clades, A and B in Figures 3 and 4. Furthermore it is possible than Botrynema brucei, a lineage comprising exclusively individuals with a knob may be a species complex with multiple putative populations represented by single lineages in ecoregions 5, 8 and 33. Unfortunately, currently no sequences are available for Botrynema specimens sampled anywhere between the far North Atlantic and the Southern Ocean or the Indian Ocean, which oceanographically would be expected to have the highest possibility of containing hybridization zones between the Arctic population and other currently sampled populations. The single sequence from the Southern Ocean sequenced in this study clustered as sister to the Arctic clade in both ML and BI analyses, as would be expected oceanographically due to the lack of deep-water exchange between the Arctic and North Pacific Oceans. Interestingly, the sequence from the CCZ was found to be sister to the Arctic+Antarctic Botrynema clade, possibly due to the influence of Antarctic Intermediate Water (AAIW) flowing northwest across the Pacific from the subantarctic zone near Chile. The single sequence from the southeast Pacific Ocean was ostensibly from ecoregion 8 (the southern central Pacific) but was in fact very close to ecoregion 7 (Peru upwelling/Humboldt Current) and therefore presumably not as strongly influenced by the AAIW (Figure 1). Its genetic placement within the Botrynema world population remains uncertain.

In summary, our molecular analyses clearly demonstrate the Arctic Ocean population of Botrynema is monophyletic, regardless of the presence or absence of an apical knob. Botrynema from the Arctic Ocean (ecoregion 1) are hereby amalgamated as the subspecies Botrynema brucei ellinorae comb. nov., diagnosed by sometimes lacking an apical knob and by multiple unique substitutions and deletions in the 16S ribosomal DNA sequence (Figure 7). At least some B. brucei in ecoregions 21 and 22 are also referable to this subspecies, but splitting the globally distributed species B. brucei into multiple subspecies, other than B. brucei ellinorae comb. nov., is not presently possible due to a lack of geographic sampling and an exhaustive study of morphologies.

Phylogenetic analyses clearly support B. brucei ellinorae comb. nov. as a monophyletic group, referred to as clade B in Figure 3 and 4. Furthermore, multiple SNP sites across the 16S-rDNA region set clade A and B apart (Figure 7), corroborating the view of phylogenetic independence between those clades. Our personal observations also suggest that there may be stable, recognizable morphological differences between representatives of clades A and B, specifically in terms of coloration, number of tentacles per cluster, and the shape of the knob when present (Figure 5, see section 4.3). The delineation of these characters and their relationship to the taxonomy awaits the collection and analysis of further material.

Based on the data presented in this study concerning B. brucei ellinorae comb. nov., we hypothesize that this lineage might be currently in an ongoing process of speciation (i.e. Johannesson et al., 1993; Levy et al., 2021) as follows: after B. brucei ellinorae comb. nov. successfully colonized ecoregion 1, an environment relatively free from large narcomedusan predators at shallower mesopelagic depths (Raskoff et al., 2010), the selective pressures maintaining the presence of a knob in the other ecoregions were relaxed. Under these circumstances, it is theoretically possible for the apical knob, an adaptive trait, to be drifting neutrally across the population of B. brucei ellinorae comb. nov. but passively segregating individuals across a depth gradient, e.g., by leading to differential optimal distribution depths determined by the mesogleal mass’s contribution to buoyancy (Mills, 1981), and thus slowly favoring the evolution of reproductive isolation between phenotypes. Alternatively, the presence or absence of the knob could represent two extremes of the morpho-space in B. brucei ellinorae comb. nov. The development of the knob might be favored at mesopelagic and bathypelagic habitats as an epigenetic response against predation by Bathykorus bouilloni, which is most common between 1400-2000 m depth (Raskoff, 2010). Hence B. brucei ellinorae comb. nov. individuals without a knob are mainly reported above 1000 m while the B. brucei ellinorae comb. nov. individuals with a knob are often seen below 1000m. Whichever the reason supporting the existence of two morphotypes in B. brucei ellinorae comb. nov., the genetic flow remains strong at the contact zone between 1100 m to 1600 m depth (Figure 2), hence our inability to detect genetic differences between the two phenotypes of B. brucei ellinorae comb. nov. Although the two morphotypes may represent different species according to the ecospecies concept, they appear to be a single species according to the phylogenetic species concept.

It is important to note that the molecular analyses performed in this study are limited and lack the power necessary to draw further conclusions. Therefore, future studies should perform whole genome analyses, for SNP calling and comparative genomics to detect regions of genetic differentiation associated with the segregation of individuals by depth and phenotype (e.g., Durand et al., 2022). Furthermore, if our hypothesis of the knob as an adaptive trait is correct, the genomic region associated with the knob should exhibit differential genetic variation across ecoregions; with a larger variation in regions where the predation pressure is relaxed, and lower variation in regions where narcomedusan predators are more common (e.g., Lamichhaney et al., 2015). The genomic regions associated with the knob could be narrowed down by doing a population-wide association mapping study or bulk segregation analyses over the Arctic population of B. brucei ellinorae comb. nov. where both phenotypes are present (e.g., Johnston et al., 2011; Montenegro et al., 2022).



4.4 Points to be aware of for future studies

In this study we sequenced commonly used taxonomic markers for the characterization of medusozoans (Supplementary Table 2). Partial amplifications of 16S-rDNA, 18S-rDNA and 28S-rDNA were easily achievable across most of the specimens analyzed, with 16S-rDNA being the marker with the highest success rate. However, in our experiments COI-mtDNA was notoriously difficult to amplify and, because of the unpopularity of publishing negative results, this issue remains a known fact amongst medusozoan taxonomists, though it has not been formally acknowledged.

In particular, for the family Halicreatidae only two studies have successfully amplified COI-mtDNA (Bucklin et al., 2010; Ortman et al., 2010), and therefore sequences are conspicuous for their absence in phylogenetic studies (Collins et al., 2008; Bentlage et al., 2018) and public repositories. Accordingly, multiple studies have found COI-mtDNA difficult to amplify in medusozoans, and instead have targeted 16S-rDNA as a more informative and easier-to-amplify marker for barcoding and phylogenetic analyses (Hellberg, 2006; Miglietta et al., 2009; Moura et al., 2011; Zheng et al., 2014; Lindsay et al., 2015). In the near future, advantage should be taken of long-read sequencing technologies such as ONT nanopore (Wang et al., 2021) and genome skimming approaches that can result in longer portions or complete mitochondrial genomes in the absence of PCR. The resulting data should facilitate the design of new primers targeting adjacent conservative regions, and open the door to more widespread voucher-based amplification of COI-mtDNA across medusozoans. Such a step will have many benefits, not the least of which will be the ability to more readily detect medusozoan diversity captured within metabarcoding profiles derived from environmental samples. We encourage future studies to release negative results with the aim of avoiding wastage with respect to resources and time.




5 Conclusions

In synthesis, our study reports for the first time a comprehensive molecular analysis of the genus Botrynema in the family Halicreatidae across mesopelagic ecoregions around the globe. Based on the evidence from molecular analyses, field observations, and video footage we conclude that:

	1. The use of the presence or absence of an apical knob to distinguish species in the genus Botrynema lacks systematic and phylogenetic support, and therefore should be discontinued.

	2. Botrynema brucei ellinorae comb. nov. is a valid taxonomic and evolutionary unit that contains two phenotypes, one with and one without an apical knob.

	3. Botrynema brucei ellinorae comb. nov. is mainly distributed across higher latitudes in the Arctic Ocean, the Northwest Atlantic Subarctic and the North Atlantic Drift; ecoregions 1, 21 and 22 in Figure 1.

	4. Until further samples and molecular analyses are performed, all other specimens of Botrynema with an apical knob and from ecoregions others than 1, 21 and 22 (Figure 1), should be referred to as B. brucei.

	5. Genome wide SNPs and whole genome comparative analyses will be necessary to understand the evolutionary basis for the differential segregation of B. brucei ellinorae comb. nov. individuals of different phenotypes across the depth gradient.



The answer to the question do the two nominal species in the genus Botrynema represent independent phylogenetic lineages, or two phenotypic variants of a single species? was partially addressed, and we are certain that at least two primary phylogenetic lineages exist within Botrynema. However, contrary to our expectations, these lineages were not defined by the presence or absence of an apical knob. Rather, our results clearly indicated that the lineages are geographically defined, and that the presence or absence of the knob might be determined by differential selective pressure across ecoregions.
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Volcanic eruptions provide rare opportunities to witness the biological recolonization of areas covered by new lava flows by effectively resetting the ecological succession clock to zero. The role of submarine volcanic eruptions as disturbance events and the resulting patterns of ecological succession have mainly been studied in hydrothermal vent ecosystems. However, the effects of submarine volcanic eruptions as disturbance forces have rarely been studied in non-vent ecosystems, particularly on seamounts. Here, we document the early stages of ecological succession of non-vent benthic communities inhabiting the summit caldera of the active Vailulu’u submarine volcano in American Samoa. Sitting above the Samoan volcanic hotspot, Vailulu’u is the youngest volcano of the Samoan chain. Repeated mapping of Vailulu’u in 1999, 2005, 2006, 2012, and 2017 revealed the progressive growth of a new cone named Nafanua. In 18 years, the cone grew >300 meters in height from a starting depth of ~1000 meters below sea level (mbsl). The differential analyses of this time-series bathymetry dataset enabled the assignment of maximum age ranges to different portions of the new cone. High-definition ROV imagery collected in 2017 revealed patterns of community structuring consistent with ecological succession: newly erupted seafloor contained a subset of the benthic species found on older seafloor. Furthermore, individual animal sizes in the younger seafloor zones were smaller than in the older zones. This unusual interdisciplinary combination of geological and biological observations provides constraints on which deep-sea animals recolonize new seafloor after a major disturbance event and how quickly. This knowledge could be applied to identify signs and states of recovery from anthropogenic disturbances by a deep seamount ecosystem.
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Introduction

Understanding how the patterns of community composition change over time is a central goal in ecology (Clements, 1916; Odum, 1969). Ecological succession is the process of re-colonization and sequential replacement or change in species abundance in a community following the creation of new habitat or a disturbance event (Grime, 1979; Huston and Smith, 1987). Theoretical and empirical succession studies have focused on terrestrial ecosystems, but subtidal marine ecosystems have received far less attention, particularly in the deep sea.

Benthic communities in the deep sea are intimately tied to the geological processes that shape their habitats. New seafloor habitats are formed at the boundaries of tectonic plates or intraplate hot spots where molten lava erupts and paves over existing biological communities, thus resetting the ecological succession sequence. Most studies of primary succession (i.e., colonization of a new seafloor habitat) in the deep sea have focused on characterizing the successional dynamics in mid-ocean ridge hydrothermal vent communities after volcanic eruptions (Tunnicliffe et al., 1997; Shank et al., 1998; Marcus et al., 2009; Mullineaux et al., 2010; Gollner et al., 2015; Dykman et al., 2021). The steep nutritional and stress gradients of deep-sea hydrothermal vent environments dictate post-eruptive succession dynamics. Large, fast-growing animals with high dispersal potential dominate early successional stages. Small animals with low dispersal potential are more abundant at later stages (Shank et al., 1998; Dykman et al., 2021). However, because of the unique environmental characteristics of hydrothermal vents, it is unlikely that these primary successional dynamics can be generalized to non-vent deep-sea ecosystems.

Except for species adapted to energy-rich environments like hydrothermal vents, deep-sea animals tend to live long lives and have slow growth rates. For example, some deep-sea corals and sponges have growth rates of micrometers to millimeters per year and can live for hundreds to thousands of years (Roark et al., 2006; Roark et al., 2009; Jochum et al., 2012; Prouty et al., 2016). Due to the slow pace of biological processes in the deep sea, it is assumed that studying community change over time requires observations spanning temporal scales of years to centuries. Most of our understanding of successional dynamics in deep seamount benthic ecosystems comes from comparisons between neighboring habitats with varying degrees of anthropogenic disturbance, such as bottom trawling (Waller et al., 2007; Althaus et al., 2009; Williams et al., 2010; Baco et al., 2019; Clark et al., 2019). These comparisons indicate that disturbed deep seamount ecosystems can show signs of recovery and secondary succession (i.e., recolonization of a previously occupied habitat) over 30- to 40-year time scales (Baco et al., 2019).

Few studies have examined primary succession dynamics on new deep seafloor away from hydrothermal vents. Putts and colleagues (2019) found that deep-sea coral communities, 400 to 450 meters below sea level (mbsl) off the volcanic island of Hawai’i, show evidence of successional dynamics. Coral species diversity, abundance, and size increase as a function of the age of the seafloor they inhabit. Their study suggests that the time scales of succession in these communities span decades to millennia (the ages of the studied lava flows ranged from 61 to ~15,000 years). Milligan and Tunnicliffe (1994) found that young seafloor, 2- 6 years old, on the Cleft segment of the Juan de Fuca Ridge spreading center was scarcely colonized by sessile non-vent species. Species diversity and abundance were higher on older seafloor (> 6 years old). However, primary succession dynamics of deep seamount communities remain unknown on year-to-decade time scales, limiting our understanding of the incipient stages of colonization and development of non-vent benthic communities.

Vailulu’u, an active seamount in the territorial waters of American Samoa, is an ideal model system for understanding successional dynamics that are otherwise difficult to study in the deep sea. Vailulu’u was first mapped in March 1999 using R/V Melville’s SeaBeam2000 multibeam sonar system. This mapping survey showed that Vailulu’u is an active seamount on the Samoan volcanic hotspot (Hart et al., 2000). Vailulu’u seamount hosts a 2 km-wide summit caldera crater 400 m deeper than the caldera walls (Figure 1). Vailulu’u’s can be classified as a deep seamount as its summit is deeper than 400 m (Genin, 2004). The shallowest depth on the caldera rim is 590 m, and the deepest part of the caldera floor is 1050 m. High turbidity and chemical anomalies demonstrated hydrothermal activity inside the caldera (Hart et al., 2000; Hart et al., 2003; Staudigel et al., 2004). Ocean bottom hydrophones deployed in 2000-2001 confirmed that Vailulu’u is seismically active (Konter et al., 2004).




Figure 1 | Maps of the study area. (A) Location of American Samoa in the Central Pacific. The red dotted box indicates the location of the Samoan region. (B) Vailulu’u seamount in the bathymetric context of the Samoan region (including the Independent State of Samoa and American Samoa). The red dotted box indicates the location of Vailulu’u seamount. (C) Bathymetry and main features of Vailulu’u. The gray lines in (B, C) show 500m and 200m depth contours, respectively.



A new 250-300-m high volcanic cone grew on the western floor of the caldera during the 6 years between 1999 and 2005 when a R/V Kilo Moana expedition re-mapped Vailulu’u using an EM120 sonar system (Staudigel et al., 2006). The new cone was named Nafanua and had a summit depth of 708 m, which is shallower than the deepest breaches in the caldera rim. Direct observations in March and July 2005 with the Pisces V submersible (R/V Ka’imika-O-Kanaloa) showed that Nafanua was formed of extensive pillow lavas that are olivine-phyric alkali basalts (Staudigel et al., 2006). The Pisces V dives also identified three hydrothermal vent fields within the caldera. Non-chemosynthetic animals were observed at and away from the hydrothermal vent fields (Staudigel et al., 2006). However, the relationship between seafloor age and animal community composition was not determined owing to a lack of relevant time series datasets from Nafanua and a lack of age constraints.

The age, location, extent, and size of eruptive events can be quantified through georeferenced calculations of the area and volume of lava flows derived from time-series bathymetry datasets. Here, we re-examine and quantify the bathymetric changes between 1999-2005 and identify additional depth changes between subsequent bathymetric surveys at Vailulu’u in September 2012 by the R/V Revelle (RR1212, EM122) and in February 2017 by the NOAA ship Okeanos Explorer (EX1702, EM302). Through a differential analysis of this time-series bathymetry dataset, spanning from 1999 to 2017, we assign maximum age ranges to the different portions of Nafanua. We relate high-definition ROV imagery collected in 2017 with the assigned seafloor ages to describe the early stages of colonization and primary ecological succession in the non-vent benthic ecosystems on Nafanua.



Materials and methods


Bathymetry analyses

We used MB-System software v5.6.20181016 (Caress and Chayes, 2016) to compare the bathymetric data collected in 1999, 2005, 2012, and 2017. First, we gridded each dataset with a 30-m grid cell size (Figures 2A–D). We then subtracted one grid from another to determine depth changes (Figures 2E–H). We then calculated the area and volume of significant depth changes using ArcGIS software (ESRI, Redlands, CA). See the Supporting Information file for thickness, area, and volume data. Not all the areas of apparent depth change are real because false changes can be created due to noise in the sonar data or lower-quality ship navigation in individual surveys, especially in areas with steep slopes. Generally, a depth-change threshold is used to distinguish signal from noise. Above this threshold, depth changes are deemed significant if they can be confirmed by ground-truth observations from submersibles and are geologically reasonable (Chadwick et al., 2019).




Figure 2 | Maps showing bathymetry in the caldera of Vailulu’u Seamount in different years on left: (A) 1999, (B) 2005, (C) 2012, (D) 2017, and the depth differences between the surveys: (E) 1999-2005, (F) 2005-2012, (G) 2012-2017, (H) 1999-2017. The black lines in (A–D) show 20m depth contours. The black outlines in (E–H) show the depth changes (Δ depth) included for the area and volume calculations (additional details in Table S1). All maps are projected in UTM zone 59S.



To focus on the growth of the Nafanua cone, we ignored all negative depth changes and all changes outside the caldera. We considered zones with a positive depth difference larger than +20 m potentially significant (the brightly colored zones in Figures 2E–H), based on previous experience with bathymetric resurveys elsewhere (Chadwick et al., 2019) and the quality of the bathymetric datasets at Vailulu’u. However, even above this +20 m threshold, some zones were excluded from the area and volume calculations. These include the zones of positive change on the SE and N caldera rim in the 1999-2005 comparison (up to +57 m and +68 m, Figure 2E) and the zone of change on the west and north caldera wall (upslope of the contact between Nafanua and the wall) in the 2005-2012 and 2012-2017 comparisons (up to +68 m, Figures 2F, G). These zones were not considered because of our focus here is on Nafanua. However, a zone of positive change on the SE caldera floor in the 2005-2012 comparison (up to +95 m, Figure 2F) could represent a landslide deposit from the SE caldera wall since it appears in both the 2012 and 2017 bathymetric maps (Figures 2C, D) as well as the 2005-2012 and 1999-2017 comparisons (Figures 2F, H). Nevertheless, we exclude it from Nafanua volume calculations in Table S1 as we focus only on bathymetric changes of the cone and the emplacement of new lava flows.



ROV deployment

On February 24, 2017, a two-bodied remotely operated vehicle system (ROV Deep Discoverer –D2– and Seirios) was deployed from the NOAA ship Okeanos Explorer (Dive 9 of expedition EX1702) to survey the Nafanua cone within the Vailulu’u caldera. D2 was equipped with a Sea-Bird Scientific (Bellevue, WA, USA) conductivity-temperature-depth (CTD) instrument outfitted with dissolved oxygen and turbidity sensors. The location of D2 was tracked in real-time using an ultra-short baseline (USBL) acoustic positioning system. D2 was also equipped with an Insite Pacific (San Diego, CA, USA) Zeus Plus high-definition camera and paired lasers separated by 10 cm for size scale. Close-up imaging was performed on terrain and individual animals at the discretion of the lead scientists. The entire dive was recorded (ProRes 1080p, five megabits per second) and split into 5-minute video segments.

The ROV dive began by descending to the caldera floor north of Nafanua. However, the water was highly turbid there—likely owing to hydrothermal venting (Staudigel et al., 2006)— and the ROV pilots could not operate in such limited visibility. The ROV relocated from the caldera floor to the shallower NE summit of Nafanua (not in view of the seafloor during the transit), returned to the seafloor, and then traversed in a counterclockwise direction between the four summit zones of the cone during the rest of the dive (Figure 3). Imaging surveys presented here are limited to this summit traverse over the four summit zones, spanning a depth range between 675 and 734 meters (Table S2). The linear distance of the ROV survey was estimated using the measure tool in QGIS v3.26 (QGIS Development Team 2019). The area of the surveyed seafloor was estimated as a product of linear distance and the mean image field width.




Figure 3 | Maps showing the seafloor age and the distribution of benthic animal observations on Nafanua cone in Vailulu’u caldera in 2017. (A) Seafloor age ranges based on the depth changes between multibeam surveys, with the track of ROV D2 dive 9 of the expedition EX1702 overlain. Age ranges are indicated with gray areas. The black depth contours are separated by 20m. The seafloor age areas on Nafanua in this figure are the same as the areas outlined in bold in Figures 1F, G, and H, and The red dotted box indicates the location of the area where ROV benthic surveys were conducted and defines the extent of the maps shown in Figures 3B–F. (B) Hormathiid anemone observations. (C) Branchiocerianthus hydroid observations. (D) Abyssocladia sponge. (E) Ophiuroid brittle star. (F) Pseudoanthomastus octocoral. Individual animal observations within 1 meter of each other were binned together using the Point Cluster symbology (QGIS). The points’ radius is proportional to the number of observations in each 1-meter bin. The gray ‘fuzzy’ lines indicate the D2 ROV track when the vehicle was within 5 meters of the seafloor. The black depth contours are separated by 10m.



We estimated the area of the surveyed seafloor by sampling one frame per minute of video using the Python library OpenCV v4.6.0.66. The width of imaged seafloor was only calculated from frames taken when 1) the ROV was transecting, 2) the scale lasers were on, 3) and the camera was fully zoomed out. In total, 99 frames met these criteria. The image field width in each of these frames was determined in ImageJ using the known distance between scale lasers. The mean image field width was multiplied by the linear distance surveyed in each seafloor region.



Video analyses

Video analysis was conducted to characterize the biological assemblages inhabiting older (5-12 yrs) and younger seafloor (0-5 yrs) on the Nafanua cone, where ages were determined using differential bathymetry (see Figures 2, 3). The occurrences of all organisms in the video were annotated independently in triplicate (3 separate observers) using the Video Annotation and Reference System–VARS v8.3.4 (Schlining and Stout, 2006). Annotations were conducted on the same high-resolution monitor to ensure consistency. Organisms were identified to the lowest possible taxonomic level. Annotation data were merged by time with navigation and environmental data. We limited the dataset to include only annotations of organisms when the bottom was clearly in view. The analyses did not incorporate instances when the ROV was at an altitude greater than 5 m above the seafloor because we could not confidently perform animal identifications above that threshold.

We focused the biological video analysis on observed, low-mobility animals (sessile and sedentary): a morphospecies of anemone (Family: Hormathiidae), the carnivorous sponge Abyssocladia cf. brunni (Family: Cladorhizidae), the hydroid Branchiocerianthus sp. (Family: Corymorphidae), a morphospecies of brittle star (Order: Ophiurida), and the mushroom octocoral Pseudoanthomastus sp. (Family: Coralliidae). Absolute morphospecies abundance was counted for each replicate set of annotations and averaged. We performed a two-sided Fisher’s exact test of independence in R v4.1.2 to test for differences in the relative abundances of observed morphospecies between older (5-12 yrs) and younger seafloor (0-5 yrs) on the Nafanua cone. The Bray–Curtis dissimilarity index (Bray and Curtis, 1957) was also calculated to quantify the community composition differences between the two sites using the R package vegan v2.6-2 (Oksanen et al., 2007). The Shannon and Simpson α-diversity indices (Shannon, 1948; Simpson, 1949), and Pielou’s evenness (Pielou, 1966), were also calculated using vegan.



Anemone size analysis

Diameters of the oral discs of observed anemones were measured opportunistically whenever the following criteria were met: 1) the laser scale was visible in the same plane as the anemone, 2) the anemone was oriented towards the camera with extended tentacles, and 3) the anemone was imaged during a close-up. Anemones were measured by taking 1920 x 1080 pixel frame grabs, and the diameter of the oral disc was measured in ImageJ using the distance between lasers to set the scale.




Results


Bathymetric changes

After the Nafanua cone was initially formed between 1999-2005, most of the growth occurred on the western and southwestern sides of the cone. Seafloor depth changes between 2005-2012 and 2012-2017 indicate that lava flows were emplaced predominantly in the zone between the original summit of the cone and the western caldera wall (Figure 2, Table S1, see Supporting Information for details). The 2017 bathymetry shows a second ridge of lava west of the original summit of Nafanua. These observations suggest that the eruptive vents for the new lava migrated slightly westward with time.

The volume change between 1999-2005, 58.2 x 106 m3, was the largest of any time interval, and the change in volume with each subsequent comparison decreased with time (Table S1). Likewise, the average eruption rate over each time interval decreased from 9.7 x 106 m3/yr (1999 to 2005) to 5.4 x 106 m3/yr (2005 to 2012) and then to 2.0 x 106 m3/yr (2012 to 2017). The average annual volume change over the entire study period (i.e., 1999 to 2017) was 6.5 x 106 m3/yr. The maximum depth change within each time interval was greater than 100 m, but the depth change was the largest (267 m) between 1999-2005, when the Nafanua cone first formed as a new feature in the caldera floor. The net changes over the entire time interval (1999-2017) are 297 m in thickness, 0.875 x 106 m2 in area, and 110.0 x 106 m3 in volume (0.11 km3).

Using differential bathymetry collected across the 3 time intervals—1999 to 2005, 2005-2012, and 2012-2017—we constrained the age of the seafloor (relative to 2017) to interpret the patterns of biological colonization and community succession on Nafanua. In the area where the depth changes were constrained between 2012-2017, the seafloor was 0-5 years old, the area of 2005-2012 depth changes was 5-12 years old, and the area of 1999-2005 changes was 12-18 years old (Figure 3A).



ROV deployment

We traversed between the four summits of the Nafanua cone during an ROV Deep Discoverer dive in 2017, covering an estimated distance of 610 m (average speed 0.06 knots) (Figure 3). The survey distance over the older seafloor zone (5-12 years old) was 230 m, compared to 280 m over the younger seafloor zone on Nafanua (0-5 years old). The estimated survey area in the older seafloor zone was approximately 1,188 ± 97 m2 (mean ± 1.96 standard error), and 1,190 ± 118 m2 in the younger seafloor zone (Table S2). The environmental conditions and visibility encountered in both zones were comparable. The oldest seafloor zone (12-18 years old) on Nafanua was not directly observed during the dive due to poor visibility and an off-bottom transit. The 5-12 year-old seafloor had brown-colored rocks that were more altered and covered with pyroclastic sediments than the 0-5 year-old seafloor. The younger seafloor zone revealed exceptionally fresh lava surfaces consistent with their more recent eruption age.



Biological assemblages

In total, 1,552 individuals of five sessile or sedentary morphospecies were observed during the ROV dive. The most abundant morphospecies was a hormathiid anemone, with 1,338 individual observations, followed by the carnivorous chladorizhid sponge Abyssocladia cf. brunni, with 163 individuals. Brachiocerianthus sp. solitary hydroids, a brittle star morphospecies, and Pseudoanthomastus sp. mushroom octocorals numbered less than 25 individuals each.

Animal assemblages differed in abundance, density, and composition between the older and younger seafloor zones (Figures 3, 4, Tables S3, S4). We observed an overall greater abundance and density of organisms on the 5-12 year-old seafloor (534 animals per 100 m of survey; 0.86 ± 0.07 animals per m2 [mean ± 1.96 standard error]) than on the 0-5 year-old seafloor (191 animals per 100 m of survey; 0.22 ± 0.02 animals per m2). All five animal morphospecies were observed in the 5-12 year-old seafloor zone, whereas the Pseudoanthomastus sp. octocoral and the brittle star morphospecies were absent from the 0-5 year-old seafloor zone (Figure 3). Differences in morphospecies abundances were statistically significant between seafloor age zones (Fisher’s exact test, p < 0.001). Consistently, the Bray-Curtis dissimilarity index between seafloor zones was 0.58 (a value of 0 indicates identical sites, and a value of 1 indicates completely different sites). Shannon and Simpson indices of α diversity (indicative of the species diversity within an area) and Pielou’s evenness index (indicative of how similar the abundances of different species in a community are) were all higher in the older seafloor zone.




Figure 4 | Benthic biologic communities in 0-5 and 5-12 year-old seafloor habitats on the Nafanua cone of Vailulu’u seamount observed during ROV D2 dive 9 of expedition EX1702 in 2017. Colors indicate different morphospecies. (A) Animal abundances by morphospecies as the number of individual animals observed per 100 meters of seafloor surveyed (linear distance). The y-axis is log10 transformed. (B) Representative image of the 0-5 year-old ecosystem. (C) Representative image of the 5-12 year-old ecosystem.



In 2005, many individuals of the synaphobranchid eel Dysommina rugosa were reported living in a diffuse venting site dubbed ‘Eel City’, located on the then summit of Nafanua (Staudigel et al., 2006). In 2017, we re-visited the approximate location of the ‘Eel City’, but did not observe low-temperature diffuse venting or eel aggregations. Inaccurate navigation data could explain this finding, or it may suggest that the site was either paved over by lava by 2017 or became extinct when fluid flow ceased. A few solitary synaphobranchid eels were observed throughout the ROV dive in 2017.



Animal sizes

Animal size measurements were performed for the anemone morphospecies observed on Nafanua. The largest anemones were observed on the 5-12 year-old seafloor zone (maximum oral disc diameter 2.42 cm versus 1.47 cm in the older zone) (Table S5). The criteria established to measure the oral disc diameter of anemones were met in only 23 instances (see Methods). Of these 23 anemones, only 3 were from the 0-5 year-old seafloor zone, preventing any meaningful statistical analysis. Both a greater number of camera close-ups performed during the survey of the younger zone of Nafanua (52 versus 30 in the older zone) and the difference in abundance between the two zones may have contributed to this discrepancy in sample size. The sizes of Branchiocerianthus sp. hydroids were also seemingly larger in the older zone than in the younger zone. However, no quantitative measurements were possible because the laser scales were not consistently used when these animals were observed.




Discussion


Eruptive dynamics

The evidence of hydrothermal activity (Hart et al., 2000), followed by the discovery of ongoing eruptive activity, fundamentally changes our view of Vailulu’u. The new analysis of repeated bathymetric surveys presented here shows that the seamount experienced multiple intermittent eruptive episodes, or perhaps semi-continuous eruptive activity, over a ~20-year period. Such long-term semi-continuous eruptive activity is rare at submarine volcanoes (Rubin et al., 2012). On the other hand, submarine volcanoes that are active for long periods are more likely to be encountered by exploratory oceanographic expeditions. For example, the only visual observations of deep-sea eruptive activity have been made at NW Rota-1 and W Mata volcanoes in the Mariana arc and the NE Lau Basin, which were active for multiple years at a time, as documented by repeated bathymetric surveys and ROV dives (Embley et al., 2006; Chadwick et al., 2008a; Clague et al., 2011; Resing et al., 2011; Chadwick et al., 2012; Schnur et al., 2017; Chadwick et al., 2019). Monowai, in the Kermadec Arc, is another seamount that has experienced multiple historical eruptions detected hydroacoustically and documented by repeat bathymetry (Chadwick et al., 2008b; Wright et al., 2008; Watts et al., 2012). The most dramatic recent example of a multi-year submarine eruption is offshore the island of Mayotte, in the North Mozambique channel, which is the largest ever documented (Lemoine et al., 2020; Berthod et al., 2021; Feuillet et al., 2021).

There are tens of thousands of seamounts in the Ocean (Kim and Wessel, 2011), and most begin as active volcanoes like Vailulu’u. Like Samoa, volcanic hotspots in the Pacific are often anchored by young and active volcanoes. For example, the Lō‘ihi seamount is found at the Hawai’i hotspot (Malahoff et al., 1982; Moore et al., 1982), the Macdonald seamount is at the Cook-Austral volcanic lineament (Stoffers et al., 1989), young seamounts are associated with the Pitcairn hotspot (Devey et al., 2003; Hekinian et al., 2003), and young seamounts are at the Societies hotspot (Talandier and Kuster, 1976; Devey et al., 2003). Thus, the eruptive evolution of Vailulu’u seamount and the ecological succession dynamic of its communities may be relevant for the inception of ecosystem development at other volcanic hotspots, as well as a significant fraction of seamount ecosystems that develop in other volcanic settings (i.e., subduction and mid-ocean ridge volcanism) globally. Being able to document the early stages of ecological succession between dated eruptive episodes, as we have done at Vailulu’u, is a rare and unique scientific opportunity.



Successional model

Our observations of the animal community structure on Nafanua indicate a pattern of early primary succession. Consistent with established ecological theory, the abundance, sizes of organisms, and species diversity on Nafanua increased with the age progression of the seafloor habitat. The changes in species composition over time at Vailulu’u suggest a sequence where the colonization of new seafloor is started by pioneer species, followed by the arrival of later successional species (Figure 5).




Figure 5 | Inferred post-eruption ecological succession stages in non-vent communities on Vailulu’u seamount, American Samoa. New seafloor is first colonized by pioneer species of hormathiid anemones and Branchiocerianthus hydroids, followed by Pseudoanthomastus sp. octocorals, Abyssocladia cf. brunni sponges, and free-living ophiuroids. Later successional stages are likely characterized by the replacement of anemones and hydroids by slow-growing and long-lived species such as bamboo and gold octocorals, antipatharian black corals, comatulid and stalked crinoids, echinoid sea stars, and hexactinellid glass sponges. This figure was hand-drawn using Adobe Illustrator 2023.



The hormathiid anemone and Branchiocerianthus hydroid species observed in 2017 on Nafanua are likely examples of pioneer species that colonize recently erupted areas. Pioneer species in terrestrial ecosystems are typically r-selected species characterized by small size, rapid growth, high fecundity, high dispersive potential, and short life spans (Huston and Smith, 1987). Such r-selected life history characteristics have been documented in another deep-sea aplanulate hydroid species, Bouillonia cornucopia, consistent with the idea that some hydroids may be pioneer species in the deep sea (Meyer-Kaiser et al., 2021). Hydrozoan and bryozoan small-size species capable of colonizing bare surfaces have also been documented in higher frequency in disturbed seamounts relative to undisturbed ones. They thus are presumed to be early colonizers species (Clark and Rowden, 2009). The anemone and hydroid pioneer species observed on Vailulu’u in 2017 were not observed in 2005 (Staudigel et al., 2006). Their absence from surveys of Nafanua in 2005 could be attributed to a short time since eruption relative to the timing of the submersible Pisces V dives in late March of 2005. A piece of Nafanua basalt sampled by dredging in 2005 was constrained with 210Po dating to have erupted on November 8, 2004 (+62/-67 days, 2 sigma) (Sims et al., 2008). This basalt age indicates that Nafanua erupted as little as 3 to 5 months before the Pisces V surveys, apparently leaving too little time to observe the colonization of Nafanua by pioneer species. Consistent with this idea, the presence of hydrothermal venting on the summit of Nafanua in 2005 (‘Eel City’) could be explained by residual heat from a recent eruption (Staudigel et al., 2006). Its absence in 2017 may be due to cooling of the rock over time.

Pseudoanthomastus sp. octocorals, Abyssocladia cf. brunni sponges, and free-living ophiuroids likely colonized Nafanua later in the successional sequence. Pseudoanthomastus sp. is an octocoral without a skeletal axis from the family Coralliidae (McFadden et al., 2022). The largest Pseudoanthomastus sp. colonies observed on the 5-12 year-old seafloor zone of Nafanua had measured stalk diameters of ~2cm. A growth model for Heteropolypus ritteri, a close relative to Pseudoanthomastus, indicates that this stalk diameter may correspond to an organismal age of 6 years (Cordes et al., 2001), consistent with the age of Nafanua’s older seafloor zone (5-12 years old). Other octocorals without a skeletal axis or with an axis made of sclerites have been observed as early colonizers of disturbed Pacific deep-sea habitats. Baco et al. (2019) found soft corals (probably Family Nidaliidae) on seamount areas 300 mbsl that had been disturbed by bottom trawling 30 years before. Putts et al. (2019) found precious corals (family Coralliidae) off Hawaii, at 400-450 mbsl, on lava flows as young as 63 years old. Together, these observations suggest that octocoral species without a skeletal axis or with a scleritic axis are among the first deep-sea corals to colonize disturbed seamount areas in the upper bathyal depth zone (200 to 1000 mbsl) in the Central Pacific region.

The arrival of species with low-frequency spawning and recruitment likely characterizes later successional stages. The absence of the anemone and hydroid species from the much older (pre-1999) caldera walls of Vailulu’u during the 2005 surveys may indicate that these pioneering species were replaced by other coral and sponge species (the caldera walls or rim were not surveyed in 2017). Pioneer species could facilitate the larval recruitment of intermediate and late succession species by altering local hydrodynamic processes and providing chemical cues (Gili and Coma, 1998; Privitera-Johnson et al., 2015; Slattery and Lesser, 2021). Reproductive traits are unknown for most deep-sea species. Thus, growth rate and longevity are assumed as proxies, where longevity may indicate less frequent spawning events, and slow growth may indicate a late reproductive age and reduced recruitment success due to early-life vulnerability. Thus, we expect species in late successional stages to be slow-growing and long-lived. Deep-sea corals with solid, non-scleritic skeletal axes (e.g., isidid bamboo octocorals, chrysogorgiid gold octocorals, antipatharian black corals) generally grow slower and can live for centuries or millennia (Roark et al., 2006; Andrews et al., 2009; Roark et al., 2009; Prouty et al., 2016). Some deep-sea hexactinellid glass sponges are among the longest-living organisms on the planet, potentially reaching ages >10,000 years (Jochum et al., 2012). Gold octocorals (Iridogorgia sp., Metallogorgia sp., and Chrysogorgia sp.), bamboo octocorals (Lepidisis sp. and Keratosis sp.), black corals (Bathypathes sp. and Umbellapathes sp.), and glass sponges were observed on the caldera walls and the outside slopes of Vailulu’u in 2005 (Staudigel et al., 2006; Hourigan et al., 2015), as well as on older neighboring seamounts in the American Samoa region during the EX1702 expedition in 2017 (e.g., Moki Seamount). Our observations are consistent with those of Baco et al. (2019) and Putts et al. (2019), who found bamboo octocorals, gold octocorals, and black corals in seafloor zones decades to centuries post-disturbance. Thus, these deep-sea coral species, glass sponges, and other sessile species, such as stalked crinoids, may indicate late succession stages or even climax communities (i.e., the stable theoretic endpoint of ecological succession).

We present evidence indicating that deep-sea seafloor colonization by sessile species can occur within five years of its formation. The new seafloor colonization rate likely depends on the growth rate of animals, which in turn is limited by the rate of food supply (particulate organic carbon, or POC, flux). The POC flux decreases with depth and depends on the characteristics of the surface primary productivity (Martin et al., 1987; Buesseler, 1998). The hydrothermal venting from Vailulu’u could directly inject nutrients into the overlying surface waters through buoyant plumes or indirectly through vertically migrating organisms. These nutrient injections could result in a localized increase in surface primary productivity and POC flux to the deep sea, thus promoting more rapid animal growth on Vailulu’u than on neighboring inactive seamounts. Chemosynthetic primary production supported by hydrothermal venting could also provide food for non-chemosynthetic communities on Vailulu’u.

The rate of colonization of new habitats also depends on the rate of larval supply. Larval supply rates can vary as a function of the proximity and abundance of source populations and can be influenced by hydrodynamics. As mentioned above, there are no records of Nafanua’s anemone and hydroid morphospecies on other parts of Vailulu’u or neighboring seamounts. Established ecological theory predicts that these pioneer species could be capable of long-distance dispersal (MacArthur and Wilson, 1967; Huston and Smith, 1987). Alternatively, these species could be locally present in low abundance. Pseudoanthomastus sp. mushroom octocorals, A. cf. brunni sponges, and free-living ophiuroids were observed on Vailulu’u’s caldera walls and rim in 2005 (Staudigel et al., 2006). Thus, it is likely that these local populations are sources of larvae for the newer seafloor habitats on Nafanua. Local and regional larval pools—i.e., older seafloor habitats on Vailulu’u and neighboring seamounts—will likely be important sources of recruits for later successional stages on Nafanua.

The seafloor substrate changes over time, like the biological communities. The fresh lava surfaces found on the 0-5 year-old seafloor zone on Nafanua transitioned to more altered surfaces with a greater cover of pyroclastic sediments on the 5-12 year-old seafloor zone. Multiple experiments have shown that substrate characteristics, such as small-scale heterogeneity and roughness, can influence the recruitment success of colonists, i.e., recruitment increases with substrate complexity (Chabot and Bourget, 1988; Herbert and Hawkins, 2006; Coombes et al., 2015; Girard et al., 2016; Meyer-Kaiser et al., 2019). Thus, it is possible that changes in seamount substrate characteristics with time may influence the abundance of biological communities through successional stages.



Broader implications

Understanding the successional dynamics of natural seamount communities is essential to guide the management and of restoration post-disturbance ecosystems (Prach and Walker, 2011). Seamounts represent a significant fraction of the ocean basins, covering between 4.7% and 16.3% of the total area (Yesson et al., 2011). Although the global impact of bottom trawling on seamounts has not been fully quantified, it is undoubtedly extensive. In some regions, up to 88% of seamounts have documented trawling impacts (Williams et al., 2020). Interest in deep-sea mining for cobalt-rich crusts (Hein et al., 2013) constitutes a potential future threat to seamount communities. Knowledge of successional stages in seamount communities can be applied to identify signs and state of recovery and inform the timing and best practices for intervention. Further systematic observations and time-series monitoring are necessary to determine the generality and predictability of the patterns of early colonization and apparent succession at Vailulu’u.
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Benthic foraminifera cannot be sampled adequately using a single device. Smaller taxa are best collected using multicorers, the larger with box corers, but towed devices (dredges, trawls and epibenthic sledges) also retain many larger species. Here, we describe macrofaunal (>300 µm) foraminiferal assemblages obtained using an epibenthic sledge (EBS) in the Clarion-Clipperton Zone (eastern equatorial Pacific), a region hosting seafloor deposits of polymetallic nodules. Twelve EBS samples were collected in four areas licenced for exploration by the International Seabed Authority (ISA) to German, IOM, Belgium and French contractors, and to APEI-3, one of the protected Areas of Special Scientific Interest designated by the ISA. We recognised 280 morphospecies among 1954 specimens, with between 74 (IOM) and 121 (Belgium) in particular areas. Most (92.7%) were single-chambered monothalamids, of which 75 species (26.8%) belonged to the Komokioidea (‘komoki’), 47 (16.8%) to branched and unbranched tubes, 33 (11.8%) to chain-like and 32 (11.4%) to various ‘komoki-like’ forms. Fragments of megafaunal xenophyophores represented 21 species (7.50%), including Spiculammina delicata, previously reported only from the Russian area. Rarefaction curves and sample coverage completeness curves suggest that only a fraction of the macrofaunal foraminiferal diversity had been sampled. The occurrence of 71.8% of species in 1-2 of the 12 samples and 84.9% in 1-3 of the samples was a likely result of substantial undersampling. Dissimilarity in species composition between areas was very high: 64.2% (German vs IOM area) to 86.9% (German area vs APEI-3). Similarity within a single area was quite low: 29.1% (German) to 45.1% (IOM). In multidimensional scaling (MDS) plots, the APEI-3 area was clearly distinct in terms of faunal composition from all other areas, the French area somewhat separated from the German, IOM and Belgium areas, with the German and IOM samples being the most similar. These patterns may reflect the geographical separation of the French and APEI-3 areas and their location in deeper, more oligotrophic waters. Our study demonstrates that EBS samples from the eastern CCZ are a rich source of novel foraminiferal taxa, particularly light, easily resuspended komoki, providing a valuable perspective on foraminiferal biodiversity.




Keywords: eastern equatorial Pacific, monothalamids, xenophyophores, biogeography, APEI-3



Introduction

Until the middle of the last century, much of our knowledge of deep-sea benthic invertebrates was based on relatively coarse-meshed dredges that are towed across the seafloor. These devices have continued to be used for sampling larger fauna, including some foraminifera, in the deep sea, but they are not quantitative and do not collect smaller organisms (macro- and meiofauna). The advent of a more quantitative approach to the study of deep-sea faunas during the 1960s saw the deployment of new coring devices that obtained largely undisturbed sediment containing smaller organisms from a defined area of the seafloor. For the macrofauna, the introduction of the USNEL box corer by Hessler and Jumars (1974) ushered in a new age of quantitative research and provided the basis for studies that revealed the huge abundance and diversity of novel foraminifera larger than 300 µm at abyssal depths (Bernstein et al., 1978). For the meiofauna, different versions of hydraulically-dampened multicorers, first developed by Barnett et al. (1984), have become the instruments of choice in the deep sea.

The second half of the 20th century saw the development of various new devices that obtain much larger numbers of benthic organisms than core samples, as well as collecting the smaller organisms that pass through the meshes of traditional dredges (reviewed by Gage and Tyler, 1991; Kaiser and Brenke, 2016). These include towed epibenthic sledges and sleds (EBSs) fitted with one or more nets and runners to smooth their passage across the seafloor. The work of Hessler and Sanders (1967), who were the first to use epibenthic sledges, and earlier of Sanders et al. (1965) using an anchor dredge, together with studies by Russian and Danish biologists in the 1950s and 1960s based on grab samples (cited in Sanders et al., 1965), mark the beginnings of modern quantitative deep-sea biology and revealed high levels of diversity among smaller-sized organisms on the ocean floor. Since then, many different types of EBSs have been developed, some able to operate on rough seafloors, others able to sample organisms living just above the seabed, as well as on and below the sediment surface (Kaiser and Brenke, 2016). One of the most widely used was designed by Brenke (2005). It includes a lower epibenthic net and an upper suprabenthic net, both with a mesh size of 500 µm and fitted with a cod-end bucket equipped with a 300-µm-mesh filter. Although at best only semi-quantitative (Rice et al., 1979; Rice et al., 1982), EBSs have provided a rich source of material for taxonomic and biogeographic studies of deep-sea macrofaunal metazoans (e.g., Brandt et al., 2007; Brandt et al., 2014).

The major contribution that foraminifera make to deep-sea sediment communities across all size categories is well established (e.g., Thiel, 1975; Tendal and Hessler, 1977; Bernstein et al., 1978; Thiel, 1983 Gooday et al., 2020a). All the sampling gears mentioned above will collect benthic foraminifera, albeit with different biases and degrees of efficiency. The earliest observations on benthic species from depths below a few hundreds of meters were based on small sediment samples recovered with sounding devices, but bottom samples collected using a dredge also yielded rich collections of foraminifera, including larger-sized species, during the pioneering campaigns of H.M.S. Lightning (1868) and Porcupine (1869) in the NE Atlantic and Mediterranean, those of the U.S. Coast Survey in the NW Atlantic (briefly reviewed by Douglas and Woodruff, 1981; Gooday, 1990; Gooday et al., 2020a), and particularly during the global expedition of H.M.S. Challenger (1873-1876) (Brady, 1884), which laid the foundations for the science of oceanography. Dredges continued to provide material for important papers and monographs on foraminifera published during the first half of the 20th Century (Douglas and Woodruff, 1981 and publications cited therein). More recently, epibenthic sledge samples have proved to be an excellent source for macrofauna-sized species (e.g., Gooday, 1983; Gooday, 1986; Gooday et al., 2007; Cedhagen et al., 2009; Lejzerowicz et al., 2015). However, foraminifera have usually been picked from these samples selectively, and few if any studies describe entire assemblages.

Here, we provide an account of macrofauna-sized (>300 µm) foraminiferal species in samples collected using a Brenke epibenthic sledge (EBS) in four areas of the eastern Clarion-Clipperton Zone (CCZ) licensed for polymetallic nodule prospecting by the International Seabed Authority, and in a nearby Area of Particular Environment Interest (APEI-3), a protected area (Wedding et al., 2013) also located in the eastern CCZ. Our overall objective is to characterise the foraminiferal assemblages in these samples. Specifically, we explore 1) their taxonomic composition and species richness, 2) the distribution of species in relation to their abundance, and 3) patterns of assemblage composition across the study area. The majority of species are undescribed. We illustrate many of the abundant species, together with a selection of those that are interesting but less common. It is hoped that this study will increase awareness of the value of deep-sea samples obtained by towed devices, and particularly epibenthic sledges, in studies of deep-sea foraminiferal diversity.



Study areas

The CCZ covers a total area of around 6 million km2, extending for some 4,650 km across the equatorial Pacific (McQuaid et al., 2021). Water depth generally increases from east to west, while surface productivity and Particulate Organic Matter (POM) fluxes increase from south to north and west to east and surface productivity from south to north (Morgan, 2012). Washburn et al. (2021b) present a comprehensive compilation of environmental data from across the CCZ, with mean values for different parameters given for each of nine subregions and the nine APEIs. Our samples were collected at twelve stations within the areas assigned to the contractors BGR (German), Interoceanmetal Joint Organization (IOM), DEME/GSR (Belgium) and IFREMER (France) as well as APEI-3 (Figure 1; Table 1). The French and Belgium stations lie within the Central East (CE), the IOM and German stations lie, respectively, to the north and the south of the boundary between the CE and South East (SE) subregions (Washburn et al., 2021b).




Figure 1 | Map of the Clarion-Clipperton Zone showing the general location of sampling sites in the German, IOM, Belgium, and French areas and APEI-3.




Table 1 | Station data, based on Table 7.2.6.7 in Martínez Arbizu and Haeckel (2015).



Distances between the mean positions of the 2-3 EBS sites in each of our five areas vary from 256 km (German to IOM) to 1440 km (German to APEI-3). APEI-3 shows the greatest separation from the other sites, with the exception of the French, which is located closer to APEI-3 (578 km) than it is to the other sites (minimum 740 km from French to Belgium).

Data for some key environmental parameters obtained during cruise SO239 from close to our sampling sites are summarised in Table 2. The more northerly APEI-3 site is clearly more oligotrophic than the four license areas, as indicated by lower estimated POC flux to the seafloor, sediment TOC values, and chloroplastic pigment concentrations. The highest values for these parameters were in the German area. Actual POC flux values at APEI-3 may have been overestimated since increased degradation of organic matter resulting from the weaker oxygen minimum zone in the overlying water column probably decreased the amount of organic matter reaching the seafloor (Volz et al., 2018). Sedimentation rates at APEI-3 are also lower and the sediments different, with a higher proportion of clay. Nodule density is very variable across the CCZ at scales varying from less than 1 km to 100 km (Washburn et al., 2021b). At our sites they are high at the German-PA, Belgium and French sites, much lower at the German-RA and APEI-3 sites, and particularly the IOM site. Bottom-water oxygen concentrations are fully oxic, although somewhat higher in the deeper French area and APEI-3.


Table 2 | Environmental data based on samples obtained during RV Sonne Cruise SO239 from sites close to EBS deployments. Sed. rate = Sedimentation rate.





Methods


Sample collection and processing

Samples were collected in the four license areas and APEI-3 using an epibenthic sledge (Brenke, 2005). Those used for foraminiferal analyses originated from 12 deployments (2-3 in each area) ranging between 4093 and 5028 m in depth (Table 1). As soon as possible after the sledge arrived on deck, the supra- and epi-net cod ends were removed. In the cold room, the samples were carefully elutriated with cold (+4°C) sea water, then sieved through a 300-µm mesh and immediately transferred to pre-cooled (-20°C) 96% ethanol (EtOH). These samples were stored at -20°C for at least 48 h, and during the first 12 hours, they were gently rotated every three hours to ensure thorough preservation and avoid freezing. After 12-24 hours the EtOH was replaced and samples again stored at -20° until further processing.

The samples for foraminiferal analysis was obtained opportunistically as follows. First, part of the material collected during each EBS deployment (‘German 20’, ‘IOM 81’ etc.) was sorted on the ship for metazoan macrofauna by other cruise participants. Several subsamples of the sorted residue where then taken at random from each deployment for foraminiferal analyses and preserved in separate vials in 96% EtOH. These subsamples cannot be considered as replicates because they come from one EBS deployment. The combined residues in these vials constituted our working material and are referred to hereafter as ‘samples’. Their volumes (the sum of the residues in each vial) are given in Table 1. Either two or three such samples were obtained from separate EBS deployments in each of the five study areas, 12 samples in total (Table 1). Since the samples from within one area came from separate EBS deployments they are regarded as replicates for that area.



Laboratory methods

In the laboratory at the University of Szczecin, the residues were sorted for benthic foraminifera under either a Nikon SMZ 1500 or Nikon AZ100 stereo microscope and each complete and fragmentary specimen photographed using a Nikon DS-Fi2 camera. In principal, all specimens were picked, but in practice it was not possible to take every small fragment, particularly of abundant tubular taxa, notably Rhizammina and some Komokioidea, for example, the tangles of fine Lana tubules that were often emeshed with detritus. Many abyssal monothalamids have sparse cytoplasm do not stain well with Rose Bengal (Kuhnt and Collins, 1995). As a result, no attempt was made to distinguish specimens that were living when collected from those that were dead. An effort was made to distinguish intact specimens from fragments, although this was not always easy. Based on their morphological characteristics, specimens are either assigned to know species or to working morphotypes.




Data treatment

As explained above, the sampling at each station (German 20 etc.) was conducted without replication since the material originated from a single EBS deployment. It was not possible, therefore, to perform reliable statistical tests based on samples from one station. However, data from separate stations within one area (e.g., APEI-3 192, 197, 210) could be treated as replicates from that area. These area-level data were suitable for non-metric multi-dimensional scaling (nMDS) in order to identify similarities/dissimilarities in the distribution of foraminifera within the area, based on their taxonomic structure (presence/absence) or specimen counts (number of specimens per species). For this purpose, nMDS was performed with PRIMER v. 7 (Plymouth Routines In Multivariate Ecological Research; Clarke et al., 2014; Clarke and Gorley, 2015). Software modules that performed ordination in the form of similarity/dissimilarity analysis (SIMPER), as well as MDS, were applied. Results were based on all data (complete specimens plus fragments) in order to ensure the maximum geographical coverage, as well as on species presence/absence, since this is most appropriate for our semi-quantitative data. SIMPER implements a ‘similarity percentage’ routine that decomposes average Bray-Curtis dissimilarities between all pairs of samples (one from each group), or all similarities among samples within each group, into the percentage contributions of each species; these are then listed in decreasing order of their contributions. In order to limit the list of species that contributed to similarity or dissimilarity (i.e., within stations and between areas, respectively), the list was confined to those accounting for more than 50% of intragroup similarity and more than 50% of dissimilarity between groups. The significance of differences in species composition across the twelve stations was tested using the analysis of similarity, implemented in the PRIMER module ANOSIM.

A major limitation in deep-sea foraminiferal studies that include the highly diverse monothalamids is the number and size of the samples required to capture their entire taxonomic richness. We used rarefaction curves, specifically sample-size-based rarefaction and extrapolation (R/E) sampling curves, in order to estimate sampling completeness (the differences between the observed richness and the estimated asymptotic richness). This approach estimates diversity with confidence intervals as a function of the sample size up to double the reference sample size (Chao et al., 2014). By extrapolating the estimated rarefaction curves, the additional number of sampled individuals needed to detect the total estimated species richness in the sampling areas can be estimated. Sample completeness curves were also constructed by taking the known species richness at actual sample sizes and then determining how much the species richness would increase if entire foraminiferal assemblages were sampled. The Shannon-Wiener index was calculated assuming full sample coverage. These analyses were performed using the R package iNEXT for the interpolation (rarefaction) and extrapolation of the Hill numbers, representing an intuitive and statistically rigorous diversity measure (Hill, 1973; Chao et al., 2014; Hsieh et al., 2016).



Results


Composition of EBS assemblages

We picked a total of 1954 foraminiferal specimens from the 12 samples, of which 1147 were considered to be complete and 811 were considered to be fragments (Table 3). These spanned a wide range of morphotypes that we grouped into a pragmatic mixture of formal taxa and informal, morphology-based groupings (Table 3). Only 27 specimens (1.38%) were multichambered members of the classes Globothalamea, Tubulothalamea and Nodosariata (‘lagenids’), the remaining 1931 (98.6%) being single-chambered Monothalamea (‘monothalamids’). The most common group was the Komokiidae (586 specimens = 29.9%), a member of the superfamily Komokioidea (‘komoki’), followed by fragments of the tubular genus Rhizammina (368 = 18.8%, all fragments), the komoki family Baculellidae (326 = 16.6%), and finally other tubular forms, the majority of them branched (218 = 11.1%). Among this material we recognised 280 morphospecies and morphotypes (hereafter, ‘species’), some based on fragments rather than complete specimens (Table 3). A selection of the more important or interesting species are illustrated in Figures 2-6 and Supplementary Figures S1–16, with brief descriptions and taxonomic notes being given in the taxonomic appendix (Supplementary Material). Only 33 (11.9%) species have been scientifically described. These include many of the komoki species established by Tendal and Hessler (1977), based on material from the central North Pacific, but also some species that have been reported from other oceans.


Table 3 | Numbers of species assigned to major groupings in the four license areas and APEI-3.






Figure 2 | Komoki. (A) Edgertonia argillispherula Tendal & Hessler, 1977; Belgium area, sample 118. (B) Edgertonia tolerans Tendal & Hessler, 1977; IOM area, sample 99. (C) Reticulum conical; Belgium area, sample 118. (D) Reticulum pad-like; IOM area, sample 99. (E) Septuma brachyramosa Kamenskaya, 1993; Belgium area, sample 118. (F) Mudball with dotted surface; German area, sample 50.



Twenty (7.14%) of the 280 species were multichambered (Table 3). These comprised 11 members of the Globothalamea (mainly agglutinated textulariids), 7 Tubulothalamea (miliolids) and 2 ‘lagenids’ (Supplementary Figures S1C–F). All other species were monothalamids. The main groups were the komoki (Figures 2, 3F, 4, 5; Supplementary Figures S5E, F; S8–S14), which included 37 species assigned to the family Baculellidae, 36 to the Komokiidae, and 2 to the Normaninidae (13.2%, 12.9%, 0.71%, respectively, total 26.8%), a variety of chains-like (33 = 11.9%) (Figure 3E; Supplementary Figures S2D–G), and ‘komoki-like’ (32 = 11.4%) (Figures 3A, B) forms, and branched and unbranched tubes (33 = 11.8%, 14 = 5.0%, respectively, excluding Rhizammina) (Figure 3C; Supplementary Figures S2C, S4C–F, S5A–C, S6, S7C–F).




Figure 3 | Various monothalamids. (A) Cerebrum-like form; French area, sample 158. (B) Cluster of wide tubes; Belgium area, sample 133. (C) Dichotomously branching tree A; APEI-3, sample 192. (D) Mudball with big chambers; German area, sample 50. (E) Chain with prominent tubercles; APEI-3, sample 192. (F) ? Edgertonia sp. 5; French area, sample 171.






Figure 4 | Komokia-like komoki from APEI-3. (A) Sample 210. (B Sample, D–F) Sample 192. (C) Sample 197.






Figure 5 | Indeterminate Komokiidae from APEI-3. (A–D) Sample 210. (E, F) Same species from Sample 197.



The remaining 73 monothalamid species were distributed among different agglutinated groups (Table 3). They included various astrorhiziids with mud-walled tests, assigned to Pelosina spp., Globipelorhiza spp., and a branched stellate form somewhat similar to the genus Radicula (Supplementary Figures S3A–D,G), species with spherical tests identified as Crithionina, Storthosphaera, and Thurammina (Supplementary Figures S1A,B, S2A, B), three species of Rhizammina (Supplementary Figure S4A, B), fragments of Saccorhiza (Supplementary Figures S5D) and Hyperammina species, and two species of Vanhoeffenella. A variety of forms that are difficult to classify morphologically are grouped together as ‘other monothalamids’. Finally, the samples yielded a small but diverse collection of xenophyophores, comprising a total of 21 (7.50%) morphologically distinct forms, all of them represented by one or a few fragments (Figure 6; Supplementary Figures S15, S16). The only xenophyophore species that could be confidently identified were Aschemonella ramuliformis Brady, 1884 and Spiculammina delicata Kamenskaya, 2005, but another is morphologically identical to Occultammina sp. of Gooday et al. (2017a), while two others are possibly the same as Psammina multiloculata Kamenskaya, 2005 and Xenophyophore sp. 2 of Gooday et al. (2017a). The others appear to be previously unreported.




Figure 6 | Xenophyophores; all specimens are fragments. (A) Stannoma-like species; French area, sample 171. (B) Spiculammina delicata; French area, sample 158. (C) 'Mud xenophyophore'; IOM area, sample 99. (D) Psammina-like form with internal compartments; IOM area, sample 81. (E) Galatheammina-like form with poorly defined internal compartments; German area; sample 20. (F, G) Abyssalia-like species; IOM area, sample 99.



Corresponding data based on complete specimens only and fragments only are summarised in Supplementary Tables S1 and S2, respectively. Komoki (families Baculellidae, Komokiidae, Normaninidae) account for the majority (68.2%) of complete specimens and a substantial minority (30.7%) of complete species. A somewhat lower proportion of both fragments (64.4%) and fragmented species (28.0%) were assigned to branched and unbranched tubes and Rhizammina.



Species richness and diversity

Between 74 (IOM) and 121 (Belgium) species occurred in particular areas (Table 3) and 38 (German 20) to 84 (Belgium 118) in individual samples. The Belgium samples also yielded the largest numbers of specimens, 2.00 and 1.14 times more than the German and APEI-3 samples, respectively (Table 3). We used rarefaction curves and sample coverage completeness curves (Figures 7,8) in order to estimate the completeness of sampling (differences between the observed and the estimated asymptotic richness). Considering the current levels of coverage achieved based on existing sample sizes (German area 84%, French area 86%, IOM area 88%, Belgium area 90%, APEI-3 94%), it would require an increase in sample size by a factor ranging from 3.5 (Belgium area) to approximately 7 (German area) in order to achieve 100% coverage (Figure 8). Table 4 summaries the species richness and diversity values based on existing samples (actual data) compared to predicted values based on ‘complete’ sampling. Increasing the sample to approximately 2000 specimens would result in an increase in species richness by up to almost threefold (1.74 to 2.94), but lower increases in diversity indices, particularly the Simpson index.




Figure 7 | Sample-size-based rarefaction and extrapolation curves, estimating foraminiferal species richness as a function of the sample size (specimen number) up to double the reference sample size (Chao et al., 2014).






Figure 8 | Sample completeness curves based on actual species richness, extrapolated to estimate how species richness would increase if entire foraminiferal assemblages were sampled.




Table 4 | Observed (actual data) and predicted (assuming full sample representativeness) values of species richness and diversity in the five areas.





Abundance and relationship to species distributions

The majority of species in our samples are rare. A total of 117 are singletons represented by one complete specimen or fragment, and 49 are doubletons represented by two specimens or fragments. The singletons are, by definition, confined to one sample, while 33 doubletons also occur in one sample, with the remaining 16 occurring in 2 samples. These 166 species represent 59.3% of all species but only 11.0% of all specimens and fragments. The total number of species occurring in only one or two samples (i.e., those represented by ≥3 specimens as well as singletons and doubletons) is 201 (71.8% of total), and these account for 385 specimens (19.7% of total). In contrast, only a few species are widely distributed in our samples (Table 5). Two (0.71%) were found in 11 samples, five (1.79%) in 10-11 samples, seven (2.50%) in 9-11 samples and nine (3.21%) in 8-11 samples. However, although these widely distributed species represent only a small fraction of all species, they include a much greater proportion of all specimens, respectively 13.0%, 18.4%, 22.6% and 36.2%. A similar pattern emerges at the area level. Twelve species (4.29%) that occur in all five areas and 20 (7.27%) that occur in 4-5 areas account for 25.0% and 38.4%, respectively, of specimens, whereas the much larger number of species (188 = 67.1%) that are confined to one area account for 28.0% of specimens. Of those confined to one area, 150 (53.6% of total species numbers) are singletons and doubletons that represent only 9.37% of all specimens.


Table 5 | Distribution in samples and areas of 35 top-ranked species represented by 10 or more complete or fragmentary specimens.



Clearly, species that are widely distributed across our samples represent a disproportionally high number of specimens, compared to those that are confined to one or a few samples. However, not all common species are widely distributed (Table 5). Of the 79 species represented by 5 or more specimens, 17 (21.5%) are found in only one area, and 16 of these, including Komokia-like sp. (107 specimens, ranked 4th) and Indeterminate Komokiidae (43 specimens, ranked 6th), are restricted to APEI-3 (Supplementary Table S3).



Spatial patterns in the eastern CCZ

SIMPER results based on the presence/absence of species, including those represented by fragments as well as complete specimens, show that the overall Bray-Curtis dissimilarity in species composition between areas was quite high, ranging from 86.9% (German area vs APEI-3) to 64.2% (German vs IOM area), while similarity between samples within an area ranged from 29.1% (German) to 45.1% (APEI-3) (Table 6). Relatively few species are responsible for the taxonomic similarity of samples from the same area, while the dissimilarity between areas or groups of areas reflects the influence of a larger suite of species, many of them rare. The corresponding MDS plot (Figure 9) reveals a close relationship between the IOM and German areas with the Belgium and French area being progressively more distinct from the German/IOM grouping. The APEI-3 area is clearly well separated from these other four areas.


Table 6 | Results of the SIMPER analysis for the similarity/dissimilarity of the taxonomic structure (presence/absence of species) of macrofauna-sized foraminifera based on complete specimens and fragments combined.






Figure 9 | MDS plot based on the presence/absence of species, including those represented by complete specimens and fragments.



SIMPER analysis, based again on all data but incorporating the numbers of complete specimens and fragments, yielded a similar result; dissimilarity between areas ranged from 91.9% (German vs APEI-3) to 64.7% (IOM vs Belgium) while similarity within areas ranged from 28.1% (French) to 56.5% (Belgium) (Supplementary Table S4). The corresponding MDS plot (Supplementary Figure S17) shows a similar pattern to that based on presence/absence. In order to check the consistency of these patterns we obtained additional MDS plots using different databases (complete specimens only, complete + 1 fragment, fragments only, all data combined) and based on either presence/absence or specimens counts. These are again broadly comparable (Supplementary Figures S18–20). The APEI-3 area is always well separated from other areas. The French area is always somewhat distinct, but much closer to the German, IOM and Belgium areas than to APEI-3. The German and IOM samples are usually the most closely related and the Belgium area usually located nearby (but see Supplementary Figure S18A). In general, all areas except APEI-3 tend to be more closely related when species counts are included.

The general faunal pattern revealed by the MDS analyses is consistent with the fact that 63.8% of the species present in the APEI-3 samples are not recorded elsewhere (Supplementary Table S3), compared with 41.8% (French), 40.8% (Belgium), 30.5% (German), and 27.0% (IOM) in other areas. Similarly, the number of species shared between the German, IOM and Belgium areas is generally higher than the number shared with the French area: either 31 (German/IOM; Belgium/IOM) or 34 (German/Belgium) compared to 24 (French/German, French/APEI-3), 28 (French/IOM), and 32 (French/Belgium). The number of morphospecies shared with APEI-3 is consistently lower than for any other area: 18 (APEI/German; APEI/IOM), 24 (APEI/French), 28 (APEI/Belgium). The differences in the species composition of assemblages between different areas were very significant, as indicated by the results of ANOSIM (sample statistic, Global R: 0.727, significance level of sample statistic: 0.2%).

There was much greater consistency in the composition of assemblages at the higher grouping/taxon level (Table 3). However, members of the Komokiidae tend to be more common in the APEI-3 area, where they represent 22.7% of species compared to between 12.2% (French) and 21.6% (IOM) elsewhere. Three delicate komokiids accounted for >50% of the similarity between the samples from APEI-3 and much of its distinctive character (Supplementary Table S4). As mentioned above, a Komokia-like species (Figure 4) and Indeterminate Komokiidae (Figure 5) are confined to this area, while species of Ipoa (Supplementary Figures S12A–C) are notably more abundant. Several distinctive but uncommon species, ‘dichotomously branching tree’ (Figure 3C), Normanina saidovae (Supplementary Figure S12F), and ? Edgertonia sp. 5 (Supplementary Figures S9E, F), were also found only in the APEI-3 samples (Supplementary Table S3). Conversely, tubular fragments of Rhizammina spp. (Supplementary Figures S4A, B) were absent at APEI-3 but common elsewhere, notably in the German and Belgium areas.




Discussion


Reliability of data

Epibenthic sledge samples are either qualitative or at best semiquantitative, although the samples they collect generally reflect the relative abundance of different species (Brenke, 2005; Kaiser and Brenke, 2016). An additional and more serious issue in the case of foraminifera is that of fragmentation, combined with the difficulty of distinguishing fragments from complete specimens. Tubular species are particularly prone to fragmentation and a single specimen, for example of Rhizammina, could potentially generate many hundreds of fragments (Bubik, 2019). Obvious fragments made up 40.9% of the specimens in our material, while specimens that we were fairly confident were complete made up 45.5%. The remaining 13.6% were considered to be possibly complete. For our analyses, the ‘complete’ and ‘possibly complete’ specimens were combined. The ‘possibly complete’ category represented 29.9% of this combined total, giving some idea of the potential error in differentiating fragments and complete tests.

Given these possible sources of error in specimen counts and the semiquantitative nature of the samples, we have placed the greatest emphasis on analyses (MDS, SIMPER and ANOSIM) based on the presence or absence of species. However, MDS plots that incorporate species abundances and use different databases show essentially the same relationships between assemblages in the five areas. This even applies when complete specimens and fragments are combined and specimen counts are included, a somewhat questionable procedure. This consistency encourages us to believe that the patterns are robust.



Comparison with assemblages in core samples

Although foraminifera typically account for a large proportion of macrofaunal organisms in abyssal box cores (Tendal and Hessler, 1977; Bernstein et al., 1978), entire assemblages, including delicate monothalamids, are rarely evaluated. In one of the few such studies, Shires (1994) described monothalamid-dominated (>94%) assemblages >500 µm from the Porcupine and Madeira abyssal plains (NE Atlantic) and from the Arabian Sea, where komoki accounted for 40.1%, 60.0% and 45.7%, respectively, of the complete plus fragmented specimens with xenophyophore fragments also being very common, particularly at the Porcupine Abyssal Plain site (data summarised in Gooday et al., 1997). Rhizammina fragments, agglutinated spheres, and at the two Atlantic sites chain-like forms, were also common elements. More than 100 species were recognised in each of the Atlantic samples, again mainly komoki, together with spheres and chains (Supplementary Table S5; data summarised in Gooday et al., 1998). The only other study to provide some quantitative data is that of Bernstein et al. (1978), which was based on five central North Pacific box cores (>297 µm fraction). Komoki represented a quarter of a subset of 7984 specimens and fragments picked from five subcores of box core H-153 that were sliced into layers down to 10-cm depth. These included 56 komoki species compared to 85 species belonging to other foraminiferal taxa, a proportion that is higher than in our samples (42.7% compared to 25.5%), although the number of species is lower than the 75 species that we recognised. In a broad sense, therefore, the macrofaunal fractions of these box cores provide a view of foraminiferal assemblages that is similar to that of our epibenthic sledge samples, although box cores are quantitative samplers whereas the EBS is not.

Smaller multicores provide a rather different perspective. Data from different size fractions of 10-cm diameter cores (‘megacores’) from the eastern CCZ are summarised in Supplementary Table S5: >250 µm (Stachowska-Kamiǹska et al., 2022), >150 µm (Goineau and Gooday, 2019), and >63 µm (Gooday and Goineau (2019). The most striking difference is that, while monothalamids represent the majority of species in all cases, they dominate to a greater extent (92.7%) in the EBS samples compared to the megacore samples, where they account for 78.5%, 76.6% and 75.5% of species in progressively smaller size fractions. The majority of the multichambered species in the core residues are textulariids, and to a lesser extent rotaliids (at least in the >150 µm and >63 µm fractions). All of the core data are based on the 0-1 cm layer and on combined live and dead tests. If deeper sediment layers had been included, then the proportion of multichambered taxa may have been higher. Among the monothalamids, komoki, komoki-like, and chain-like species are all better represented in the EBS samples, and xenophyophores and large mud-walled astrorhiziids (mainly Pelosina and Globipelorhiza) are largely confined to the EBS samples. The komoki genus Septuma is common in our material but rare (only 6 specimens from 9 samples) in the multicorer residues (>250 µm) of Stachowska-Kamiǹska et al (2022) from the IOM area. This genus was also not recorded in a qualitative study by Kamenskaya et al. (2012) of monothalamids in multicore samples, also from the IOM area. On the other hand, Nodellum-like forms, Lagenammina spp. and flasks, saccamminids (mainly soft-walled forms), organic-walled ‘allogromiids’, and spheres (except for Crithionina, Storthosphaera, and Thurammina) are too small to be routinely retained by the EBS and were found only in megacore samples, particularly in the finer fractions.

Clearly, the Brenke epibenthic sledge and different size fractions of megacores give contrasting views of benthic foraminiferal assemblages in the eastern CCZ. The megacorer is a quantitative device that collects sediments down to at least 10 cm depth and provides a much better representation of smaller foraminifera than the EBS. The EBS is basically a qualitative sampler that concentrates mainly larger macrofauna and smaller megafaunal organisms from a much larger area of seafloor than that sampled by the megacorer (Kaiser and Brenke, 2016). Another point to consider is that the EBS stirs up sediment during its passage across the seafloor and therefore has a bias, at least in the eastern CCZ, towards lighter, easily resuspended foraminifera, such komoki and delicate tubes, compared to heavier, macrofauna-sized, multi-chambered tests. Komoki occur mainly in the upper 0-2 cm layer of sediment (Tendal and Hessler, 1977; Kuhnt and Collins, 1995; Kamenskaya et al., 2012) and are therefore easily sampled by the EBS, which is well suited to collecting organisms associated with the sediment-water interface (Kaiser and Brenke, 2016).



Abundance and species ranges

Our samples yielded a core group of common, widely distributed foraminiferal species found in 4 or 5 areas and a much larger number of rare species found only in 1 or 2 areas. This is a common pattern in the deep sea, seen, for example, among abyssal polychaetes in the NE Atlantic (Glover et al., 2001) and polychaetes, tanaids and isopods in the eastern equatorial Pacific (Glover et al., 2002; Washburn et al., 2021a). Singletons and doubletons included well over a half (166 = 59.3%) of the 280 species in our samples but a much smaller proportion (11.0%) of specimens. Such species are inevitably confined to one or in some cases two samples and sites. In a synthesis of macrofaunal biodiversity data from the CCZ, Washburn et al. (2021a) concluded that, overall, >49% of polychaete species and >45% of isopod and tanaid species, are represented by one or two specimens (based on 473 box cores from which a total surface area of 109.2656 m-2 was sampled for macrofauna; Table 1 in Washburn et al., 2021a). Among meiofaunal taxa, Hauquier et al. (2019) recognised 156 nematode genera in multicore samples taken at the same five sites during the same cruise (SO239) as our EBS samples. Almost half (72 = 46.2%) were confined to one area but these were rare, contributing only 1.82-4.25% towards the nematode densities, while the minority of genera (23 = 14.7%) found in all areas accounted for 42.5-60.5%. This pattern was mirrored by 24 species of the nematode genus Halalaimus, which was analysed in more detail (Hauquier et al., 2019). Similarly, a study of megafaunal ophiuroids in EBS samples from six areas in the eastern CCZ and one (DISCOL) in the SW Pacific reported that 31 of the 43 species recognised were confined to one or two sites, compared to three species (ranked 1st, 2nd and 5th in abundance) that were found in six of the seven areas (Christodoulou et al., 2020).

Twenty common, widely distributed foraminiferal species (7.14% of species, 38.4% of specimens) occurred in 4 or 5 areas. Although only about 12% of our 280 species can be confidently identified, many of these named species were among those widely distributed in our samples. They include Baculella hirsuta, Edgertonia argillispherula, E. floccula, Septuma ocotillo + komokiformis (found in all 5 areas), B. globofera, Ipoa fragila, Septuma brachyramosa, and Normanina conferta (4 areas). These are all common komoki species, most of them described from the central North Pacific (Tendal and Hessler, 1977) and also reported from the Atlantic Ocean (Schröder et al., 1989; Kamenskaya 1993). Several less common species (Hormosinella distans, Nodosinum gaussicum, Storthosphaera alba) found in 3 areas are also well known and widely reported from different oceans (e.g., Brady, 1884; Cushman, 1910; Schröder et al., 1988). Indeed, many deep-sea foraminiferal species, notably those living on abyssal plains, are said to be ‘cosmopolitan’ (e.g., Holbourn et al., 2013), albeit usually without genetic confirmation. This is consistent with a general perception that species are often widely distributed across abyssal plains and other deep-sea habitats (McClain and Mincks Hardy, 2010). In the CCZ, some more common macrofaunal species span distances of 1000-3000 km (Washburn et al., 2021a), and some megafaunal xenophyophores have similar ranges that are genetically supported (Gooday et al., 2020b).

A few of our more common species, however, are confined to one area, notably the relatively oligotrophic APEI-3 area (Supplementary Table S3). The two prime examples are ? Komokia sp. and ‘Indeterminate Komokiidae’ (Figures 4, 5). Conversely, species that are rare in our samples do not necessarily have restricted distributions more generally. For example, our samples yielded a single specimen of Cribrostomoides subglobosa, one of the most common and widely reported multichambered species in the North Pacific (Cushman, 1910), including the eastern CCZ (Gooday et al., 2021). Several other multichambered species, including Hormosina ovicula, Karreriella bradyi, Pyrgo depressa, that are well known and widely distributed in the deep sea (Murray, 1991; Holbourn et al, 2013), are also represented by only one or two specimens. Clearly, these relatively small species are either not well sampled by the EBS or lost during subsequent sieving. However, these are exceptions and many of our rare species are undescribed and have never been recorded before. In such cases, it is impossible to determine whether they have restricted distributions or whether they occur elsewhere but remain undiscovered. Neither of these scenarios can be assumed in any particular case (Washburn et al., 2021a). The commonness of rarity is a pervasive problem in the deep sea (McClain, 2021) and severely hinders the detection of endemic distribution, even for a relatively well-studied group such as the foraminifera (Gooday and Jorissen, 2012). Although many well-known deep-sea foraminifera are widely distributed, genetic support for large ranges is often lacking, particularly for agglutinated species. It is therefore difficult to exclude the possibility that apparently cosmopolitan deep-sea foraminiferal species encompass genetically distinct cryptic species with more restricted distributions, as has been shown for some polychaetes (Washburn et al., 2021a). There are counterexamples of abyssal species, for example, the protobranch bivalve Ledella ultima, that show only modest genetic differentiation over large distances (Etter et al., 2011). Unfortunately, attempts to sequence the komoki that are common in our EBS samples have not yielded convincing results (Lecroq et al., 2009), making them a particular challenge in this regard.



Controls on distributions and the distinctive character of APEI-3

Foraminiferal assemblages from the German, IOM and Belgium license areas are fairly similar, whereas those from APEI-3 are clearly distinct in MDS plots. This is reflected in the larger proportion of species that are unique to APEI-3 (48.9%), compared to the German (33.7%), Belgium (33.0%) and IOM (25.4%) areas. Of the 17 species represented by six or more specimens that are confined to one area, 16 are found in APEI-3 (Supplementary Table S3), including the two ranked 4th and 6th overall (Figures 4, 5). The French area is also somewhat separated from these three in the MDS plots and has a rather higher proportion of unique species (38.1%), although still far less than for APEI-3. The number of shared species reflects the same pattern: APEI-3 18-28 and French 24-32, compared to 31-34 between the German, IOM and Belgium and other areas. These results are consistent with the above-mentioned observations on meiofaunal nematodes and megafaunal ophiuroids. Compared to other areas, APEI-3 had lower nematode densities and higher numbers of Halalaimus species (Hauquier et al, 2019). For ophiuroids, only one of the 10 most abundant species was present in APEI-3, five of the top 10 species found in APEI-3 were confined to that area, while three of the most widely distributed species occurred in five of the six CCZ areas but not APEI-3 (Table 2 in Christodoulou et al., 2020). The number of shared ophiuroid species in APEI-3 was lower, and the number of unshared species higher, than in any other area. This pattern was reflected in a nMDS plot that also revealed a close similarity between the Belgium and IOM area although, in contrast to our results, the German area was the most distant (Figure 24 in Christodoulou et al., 2020).

The APEI-3 area has a number of environmental characteristics that tend to set it apart from our other study areas, the main ones being the lower concentrations of phytopigments and total organic carbon (TOC), finer sediments and lower nodule density (Table 2; Hauquier et al, 2019; Volz et al., 2020). The French area is the deepest, followed by APEI-3, which is considerably further north that the other areas and located under less productive surface waters. Phytopigment concentrations and TOC values reflect the flux of particulate organic matter (POC) to the seafloor, which is believed to exert an important influence on regional patterns of abundance, diversity and other sediment community attributes (Levin et al., 2001; Rex and Etter, 2012), particularly on food-limited abyssal plains (Smith et al., 2008), including the CCZ (Washburn et al., 2021a), where many other parameters are relatively stable. In the eastern Pacific, productivity is enhanced as a result of upwelling in the equatorial region and decreases in a northerly direction towards APEI-3, as well as to the south (Smith et al., 1997). The species richness and diversity of foraminifera in our APEI-3 samples are not obviously depressed compared to other areas (Table 4) and given the semi-quantitative nature of our material, we cannot conclude anything regarding foraminiferal abundance. However, the clear differences in assemblage composition between APEI-3 and other areas, is likely to be real and may be plausibly linked to a reduced POC flux to the seafloor.

Many attributes of foraminiferal assemblages appear to be strongly linked to the POC flux (e.g., Murray, 2006; Gooday et al., 2012). These include the distribution of individual species and the overall taxonomic composition of assemblages (Altenbach et al., 1999; Loubere and Fariduddin, 1999). A series of studies by Loubere, (1991, 1994, 1996) used multivariate regression and principal component analyses to analyse benthic foraminifera in gravity and piston core-top samples from lower bathyal depths (2,200 to 3,200 m) in the eastern equatorial Pacific, the SE Pacific along the East Pacific Rise, and at scattered sites in the North Pacific. He found relationships between foraminiferal assemblages and a combination of bottom-water oxygenation and surface productivity, but with productivity being the dominant driver of assemblage composition. Oxygen concentrations at Loubere’s sites ranged from <2 to about 3.5 ml/L (Figure 3 in Loubere, 1996), a much wider range that across our study areas (144 to 156 µM = about 3.2 to 3.5 ml/L; Table 2), suggesting that reduced POC flux to the seafloor as a consequence of lower surface productivity and greater water depth probably exerts the strongest influence on APEI assemblage composition.

Komoki are an important component of our assemblages. Historically, the best and most diverse collections of these organisms have come from abyssal depths below 5000 m, notably in the central North Pacific (Tendal and Hessler, 1977; Bernstein et al., 1978) and the NW Atlantic Nares abyssal plain (Schröder et al., 1989). They are also common and diverse in EBS samples from a 5432-m deep site in the NE Atlantic, where they include 23 (29.5%) of the 78 foraminiferal species collected (Gooday, 1987). It is perhaps not surprising that komoki are slightly more common in absolute terms in the APEI-3 samples (33 species compared to 22-31 elsewhere), rather more clearly so in relative terms (37.5% of species compared to 25.6-32.2%). These assemblages from the deeper parts of the abyss are notably rich in delicate taxa such as those illustrated in Figure 4, 5 and Ipoa spp. In the NW Atlantic, Kuhnt and Collins (1995) reported differences in komoki assemblages at two abyssal sites in the NW Atlantic. One was relatively oligotrophic and characterised by small, finely-agglutinated specimens, the other relatively eutrophic and characterised by thicker-walled, more coarsely-agglutinated specimens. However, the relationship with productivity was confounded by the more tranquil nature of the oligotrophic site compared to the current-influenced eutophic site. Currents are unlikely to be a factor in the eastern CCZ, a region where seabed velocities are very low.



Xenophyophores

The small but interesting collection of fragmentary xenophyophores obtained from the EBS samples during the SO329 cruise adds to our knowledge of these large monothalamids in the CCZ. One fragment from the French license area (Station 158) can be confidently identified as Spiculammina delicata, the first record of this species from outside the Russian licence area (Kamenskaya, 2005; Kamenskaya et al., 2015; Kamenskaya et al., 2017). It was found in an EBS sample from 4946-4977 m, consistent with its depth range from 4716 to 5400 m in the Russian area. Despite extensive sampling, S. delicata has not been found at sites shallower than about 4500 m in the eastern CCZ (this study; Gooday et al., 2017a,b), suggesting that it is restricted to deeper areas. Another fragment, from the German area, is clearly the same as Occultammina sp. from the adjacent UK-1 license area (Gooday et al., 2017a). Several other forms resemble known species but are too fragmentary for their identifications to be confirmed. These include the most common xenophyophore in our material, a mud-walled species found in the Belgium, French and German license areas, which resembles Xenophyophore sp. 2 of Gooday et al. (2017a) from the UK-1 area. A fragment from the German area (Figure 6E) may represent Galatheammina interstincta from the UK-1 area (Gooday et al., 2017c), while another comprising a granellare system emeshed with sponge spicules exhibits features characteristic of the newly described genus Abyssalia (Figures 6F, G). Finally, a mass of stercomare and granellare tubes interwoven with organic fibres (linellae) is probably a damaged specimen of Stannophyllum.

The remaining five fragmentary xenophyophore morphotypes in our EBS material do not appear to have been reported previously. The most interesting of these has an elongated, flexible branched test, held together by fine, organic fibres (Figure 6A). The fibres resemble the linellae that are characteristic of the family Stannomidae (Tendal, 1972), suggesting that this form may represent a new genus of stannomid xenophyophores. The branched but linear test contrasts with the tree-like morphology of Stannoma, in which branches arise from a basal trunk. Gooday et al. (2020b, Table 1 therein) list a total of 63 described and undescribed xenophyophore species known to occur within the CCZ. Assuming that these five forms are hitherto unknown morphospecies, they increase the number of xenophyophores from the CCZ to 68, of which 44 are undescribed.




Conclusions and final comments

Our analyses of macrofaunal foraminifera in epibenthic sledge samples from the eastern Clarion Clipperton Zone has led to the following main results and conclusions.

1) Twelve EBS samples from four licence areas (German, IOM, Belgium, French) and one protected area (APEI-3), spanning the depth range 4093-5030 m, yielded rich collections of larger-sized (macrofaunal) foraminifera. Single-chambered monothalamids overwhelmingly predominated and represent the vast majority of the 280 morphospecies recognised. Members of the Komokioidea account for almost half of specimens and more than a quarter of species, with tubes, chain-like forms, and ‘komoki-like’ forms also making important contributions. On the other hand, multichambered taxa (classes Globothalamea, Tubulothalamea, Nodosariata), which are generally smaller with heavier tests, were rare. Only a small proportion (~12%) of all species are described.

2) The majority of species (201) were confined to 1-2 samples. Many were rare and despite representing 71.8% of all species they contributed only a relatively small proportion (19.7%) of specimens. Among them were 166 singletons and doubletons (59.2% of species but <10% of specimens). In contrast, a few species were distributed across the five study areas. Only twelve were found in all five areas and nine in eight or more samples, but these included 25.0% and 36.2%, respectively, of all specimens. Some of these widely-distributed species were komoki that had been described from the central North Pacific and subsequently reported from the Atlantic Ocean.

3) While the higher-level faunal composition was similar across the study areas, multidimensional scaling (MDS) analyses reveals differences in assemblage composition at the species level. The German and IOM areas were very similar and showed some overlap in MDS plots with the Belgium area, while the French area, which is the deepest, was somewhat distinct. APEI-3, however, was clearly separated from the other areas on MDS plots and characterised by the largest number of unique species, consistent with previous studies in the same areas based on other faunal components (Hauquier et al., 2019; Christodoulou et al., 2020). The distinctive faunal character of APEI-3 can be plausibly attributed to its location to the north of the other sites under a more oligotrophic water column.

4) In contrast to the EBS, box corers and multicorers are quantitative samplers that collect relatively undisturbed sediment from a much smaller area of seafloor. Multicore samples from the eastern CCZ yield a smaller proportion of monothalamids and more of the smaller but heavier multichambered taxa, particularly agglutinated textulariids, that were rare in our EBS samples.

Although epibenthic sledges are qualitative (Kaiser and Brenke, 2016), or at best semi-quantitative (Rice et al., 1982) devices, they are able to collect large quantities of material from a much larger area than box corers or multi-corers and are therefore well-suited to taxonomic and biogeographic studies. While our EBS samples from the abyssal CCZ have proved to be a valuable source of komoki and other delicate monothalamids, these devices can also collect many heavier and more robust species. For example, EBS samples from the NE Atlantic yielded thousands of large tubes assigned to Bathysiphon rusticus and Rhabdamina species (Gooday, 1983; Gooday, 1986), while Hyperammina crassatina tubes dominated an Agassiz trawl catch on the Oman margin (3,400 m; Gooday et al., 1997). If macrofauna-sized benthic foraminifera are present on the seafloor, epibenthic sledges will concentrate them, sometimes in huge numbers although often fragmented. They are a good source of species that are absent or uncommon in core samples, as well as large collections of taxonomically valuable specimens belonging to more common species. In this way, EBS samples can complement the multi-cores and box-cores that form the basis for many deep-sea foraminiferal studies, provide abundant material for taxonomic and genetic studies, and a more complete view of the composition of larger abyssal foraminiferal assemblages.
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In hydrothermal environments, diffuse fluids emanations provide optimal conditions for the development of iron-rich microbial mats. Here, we present a unique spatial and temporal study of phylogenetic and chemical data from this type of mats and their associated hydrothermal fluids from two sites of the Lucky Strike Hydrothermal Field (EMSO-Azores deep-sea observatory), collected annually from 2016 to 2020. Our metabarcoding analyses reveal a completely different microbial community at each site, linked to the distinctive chemical composition of the diffuse fluids nourishing the mats. Capelinhos site is dominated by microorganisms with metabolisms related to iron, methane, and reduced sulphur compounds, coming from hydrothermal fluids, while North Tour Eiffel site presents higher abundances of microorganisms with metabolisms related to nitrogen, organic and oxidized sulphur compounds, coming from seawater. We present for the first time the yearly evolution of these mats over a five-year period. This analysis reveals similar variations of the microbial communities over time at both sites, indicating a regional Lucky Strike influence on the temporal scale. We also highlight more diversified microbial communities at both sites in 2016, pointing out the occurrence of a geological event that could have affected them during this specific year. Except for this year, our study shows that the communities of iron-rich microbial mats remain stable over time at both sites. 
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Introduction

In the deep seawater mass at hydrothermal fields, hot, reduced and metal-rich fluids mix with cold and oxygenated seawater, creating redox gradients that allow the development of unique ecosystems based on chemolithoautotrophy (Reysenbach and Shock, 2002). At the seafloor, the diffuse fluids, which consist of a mixture of end-member hydrothermal fluid and seawater that percolates through the oceanic crust and the hydrothermal sediment slabs, create an optimal environment for the development of microbial mats. Depending on the chemical composition of these diffuse fluids, various types of microbial mats have been reported (Crépeau et al., 2011; Hager et al., 2017; McAllister et al., 2019).

Within the Lucky Strike Hydrothermal Field (LSHF), located on the Mid-Atlantic Ridge (MAR, N37°17, W32°17), two main types of microbial mats have been described. White filamentous mats, dominated by Gammaproteobacteria and Campylobacterota, implicated in sulphur oxidation (Crépeau et al., 2011), and orange iron-rich microbial mats (Scott et al., 2015) constructed around iron-oxidizing bacteria (Zetaproteobacteria (Emerson et al., 2007)). LSHF is located ~400 km south-west of the Azores archipelago at an active 65-km-long segment of the MAR (Fouquet et al., 1994). Since the deployment of the EMSO-Azores deep-sea observatory in 2010 (Colaco et al., 2011), a continuous geophysical, geochemical and biological survey of the area has been maintained. This has allowed the study of the vent ecosystems’ development according to physico-chemical environmental variations (Cuvelier et al., 2009; Cuvelier et al., 2011; Barreyre et al., 2012; Sarrazin et al., 2015; Chavagnac et al., 2018; Rommevaux et al., 2019), along with the sampling of iron-rich microbial mats and their associated black smoker hydrothermal fluids. Such samples, collected yearly between 2016 and 2020 from two different venting sites, Capelinhos and North Tour Eiffel, are the basis of this work.

The first studies of iron-rich microbial mats were conducted on the hydrothermal vents at the summit of Kamaʻehuakanaloa Seamount (previously known as Lōʻihi Seamount) (Hawaii) (Moyer et al., 1995; Emerson and Moyer, 2002), but they have also been described around vents near other seamounts, island arc systems (Makita et al., 2016; Hager et al., 2017) or spreading ridge systems (Scott et al., 2015; Vander Roost et al., 2017). These iron-rich mats are structured as loosely aggregated iron-oxyhydroxides of different shapes combined with exopolysaccharides (Chan et al., 2016). Previous studies have shown that a large phylogenetic diversity is present within these mats, with the coexistence of microorganisms involved in the iron, carbon, sulphur and nitrogen biogeochemical cycles (Scott et al., 2015; McAllister et al., 2021). Nevertheless, recent studies suggested that Zetaproteobacteria, autotrophic iron-oxidizing bacteria that use ferrous iron (Fe(II)) as their sole energy source, play a key role as primary producers in their formation and in the coupling of the iron cycle with the other biogeochemical cycles (Laufer et al., 2017; Makita, 2018; McAllister et al., 2021). While several studies have been carried out to describe, characterize and isolate marine iron-oxidizing bacteria (Laufer et al., 2017; McAllister et al., 2019), fewer studies have investigated the whole microbial community of iron-rich mats (Scott et al., 2016; Vander Roost et al., 2017; McAllister et al., 2021) and none has focused on the assessment of the variability of spatial and temporal environmental conditions on their development.

Here, we present a unique spatial and temporal study of phylogenetic and chemical data on iron-rich microbial mats and their associated hydrothermal fluids. We have investigated the phylogenetic diversity present in these mats via high-throughput DNA sequencing of the 16S rRNA gene for Bacteria and Archaea, and we have analyzed the chemical composition of end-member hydrothermal fluids nourishing the mats. The results of the present study demonstrate a spatial difference between the microbial communities of the two studied sites, highlighting a higher hydrothermal contribution and dissolved iron (dFe) supply at Capelinhos’ mats than at those of North Tour Eiffel. Our results show a possible influence of methanotrophic and ammonia-oxidizing microorganisms on their development and structuring. Finally, the temporal monitoring of these communities suggests a regional LSHF influence on the temporal scale.



Materials and methods


Site description

LSHF hosts between 20 and 30 active sites consisting of high-temperature black smokers and low temperature diffuse venting areas (Barreyre et al., 2012). All historical sites are located around a fossil lava lake apart from Capelinhos, which was discovered later on in 2013 and is located approximately 1.5 km east of the LSHF (Escartin et al., 2015) (Figure 1, Ondréas et al., 2009). Capelinhos site is characterized by ~10 m high candelabra-shape chimneys discharging fluids at temperatures of up to 324°C (Escartin et al., 2015; Chavagnac et al., 2018), set on a polymetallic sulphide mound hosting a network of diffuse vents at its base. Tour Eiffel site consists of a ~18 m high tower-like main edifice, with 4 or 5 chimneys venting black smoker fluids up to 326°C, surrounded by a large network of fissures where diffuse hydrothermal fluids discharge at temperatures of up to 100°C (Sarradin et al., 2009; Rommevaux et al., 2019). Both Capelinhos and Tour Eiffel venting sites display similar morphological features but their main difference resides in the hydrothermal fluid chemical composition, whereby Capelinhos’ fluids contain up to 2800 µM of dFe compared to 574 µM at Tour Eiffel (Chavagnac et al., 2018; Leleu, 2018).




Figure 1 | Bathymetric map modified from Ondréas et al. (2009), representing the location of the different active sites of the LSHF. Capelinhos and Tour Eiffel sites are marked with a purple star.





Sample collection

Since 2016 and yearly until 2020, iron-rich microbial mats were collected at Capelinhos and North Tour Eiffel sites during the MoMARSAT EMSO-Azores seafloor observatory maintenance cruises (Cannat and Sarradin (2016), Cannat Mathilde (2018); Sarradin Pierre-Marie, 2017; Sarradin Pierre-Marie, 2019; Sarradin Pierre-Marie, 2020), on board of the R.V. L’Atalante and Pourquoi Pas? with the Remotely Operated Vehicle (ROV) Victor 6000 or the Human Operated Vehicle (HOV) Nautile. At the seafloor, iron-rich mats covered a surface of about 2500 cm2 at or in close vicinity of diffuse hydrothermal venting. They were sampled yearly at the same location at both sites, using the grabber of the submersible’s hydraulic arm (18 x 16 x 16 cm). Because of sampling size, fine scale structuration of the mats will not be addressed in this study. Samples were placed in previously sterilized bio-boxes to prevent contamination from the surface and from sample flushing during the ascent to the surface. Once onboard, they were transferred under a laminar flow hood, sterilely aliquoted in 5 ml tubes and preserved at -80°C for various on-shore laboratory analyses.

Black smoker hydrothermal fluids were sampled during the 2015 to 2019 MoMARSAT cruises (Sarradin Pierre-Marie, 2015), but not in 2020 due to the Covid-19 pandemic. Black smoker fluids were sampled up to 4 times at Capelinhos and Tour Eiffel chimneys using 200 ml titanium gas-tight syringes with a needle-like snorkel, operated and triggered one by one by the ROV/HOV hydraulic arm. Prior to fluids sampling, the temperature of black smoker hydrothermal fluids was measured in situ, using the high-temperature probe of the submersible. Even though diffuse hydrothermal fluids were not sampled, the temperature of these fluids was also measured in situ at both sites.



Hydrothermal fluids chemical analyses and data processing

After the ROV/HOV recovery aboard the research vessel, all black smoker hydrothermal fluids were filtered with 0.22-µm Millipore filters and processed as described in Chavagnac et al. (2018). Chemical analyses of hydrothermal fluids were performed at the Géosciences Environnement Toulouse Laboratory (GET, University of Toulouse, France). All details of sample treatment and analytical protocols are presented into details in Besson et al. (2014) and Chavagnac et al. (2018). All solutions were void of any particulate larger than 0.22 µm retained on the filter. As such, iron analyses (dFe) of filtered fluid measured by inductively coupled plasma atomic emission spectrometry (Horiba Jobin Yvon Ultima 2), as described in Chavagnac et al. (2018), mainly represent the soluble Fe(II), given the environmental conditions. Dissolved hydrogen sulphide (dH2S) concentrations were measured in the solution with an amperometric micro-sensor (AquaMS, France).

Chemical data of black smoker hydrothermal fluids was used to calculate the composition of end-member hydrothermal fluids by linear extrapolation to Mg-zero levels of the least-square regression method (Von Damm, 1988). The calculated end-members are reported in Table 1 and the chemical data of each sample can be found in Table S1 of the Supplementary Information. End-member dFe and dH2S concentrations were used to assess the influence of environmental parameters in iron-rich mats microbial communities.


Table 1 | Chemical composition of end-member hydrothermal fluids calculated from the black smoker hydrothermal fluids collected at Capelinhos and Tour Eiffel sites between 2015 and 2019.



In addition, the contribution of end-member hydrothermal fluid to diffuse fluids was quantified based on physical parameters, i.e. temperature measured in situ, and on adiabatic conservative mixing between end-member hydrothermal fluid and seawater.



DNA extraction

Total genomic DNA was extracted in triplicate from each iron-rich mat sample. Due to the heterogeneity of these type of samples, extracting in triplicate allows to maximize the DNA retrieved from them. As the yield and composition of DNA depend on the DNA extraction protocol used (Alain et al., 2011), two different kits were utilized, to increase the quantity and diversity of obtained DNA and thus the study’s accuracy. The FastDNA® SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) and the DNeasy® PowerSoil® Kit (QIAGEN, Hilden, Germany) were used following the manufacturer’s instructions. For both kits, cell lysis was performed using the FastPrep® Instrument (MP Biomedicals, Santa Ana, CA, USA). The extracted DNA was quantified using the QuantiFluor dsDNA System (PROMEGA, Madison, USA) and the Qubit 2.0 Fluorometer (Invitrogen Thermo Fisher Scientific). For each sample, the six extraction products (triplicates from both kits) were pooled together prior to sequencing.



16S rRNA gene sequencing and sequence processing

16S rRNA gene sequencing was performed using the Illumina MiSeq technology (MR DNA, Shallowater, TX, USA) in two different sequencing runs, the first one for the 2016 to 2019 samples and the second one for the 2020 samples. 30 μl aliquots of the pooled DNA for each sample were sent to MR DNA (Shallowater, TX, USA), who performed the PCRs and the library preparation for sequencing. The primers targeting the V3-V4 hypervariable regions of the 16S rRNA gene for Bacteria were 341F (5’-CCTACGGGNGGCWGCAG-3’) and 785R (5’-GACTACHVGGGTATCTAATCC-3’) (Herlemann et al., 2011) for both runs. The primers targeting the V3-V4 regions for Archaea were A344F (5’-AYGGGGYGCASCAGGSG-3’) (Stahl and Amann, 1991) and A806R (5-GGACTACVSGGGTATCTAAT-3’) (Takai and Horikoshi, 2000) for the first run and A349F (5’-GYGCASCAGKCGMGAAW-3’) (Takai and Horikoshi, 2000) and A806R (5’-GGACTACVSGGGTATCTAAT-3’) for the second run.

Data analysis was performed in the R environment (R Core Team (R Foundation for Statistical Computing), 2020) unless otherwise specified. Raw Illumina sequences were demultiplexed using the FASTQ processor free software (MR DNA, Shallowater, TX, USA). Bacterial and archaeal sequences were treated separately with the DADA2 pipeline (Callahan et al., 2016), which includes the full amplicon workflow. Reads from each run were treated independently until the chimera identification step. Reads were filtered by quality, sequences shorter than 150bp were removed and maximum expected error was set at 3 for both forward and reverse reads. Based on the quality profiles, trimming parameters were set as follows: trimLeft=0 for both bacterial and archaeal sequences and trimRight=30 or 40 depending on the run. Subsequent steps of the pipeline were carried out using default parameters. The chimera detection and removal step was performed using default parameters on the unique Amplicon Sequence Variant (ASV) table, combining the ASV tables obtained for each run.

All the following analyses were done separately for bacterial and archaeal communities.



Phylogenetic analyses

A taxonomic assignment of the obtained ASVs was performed using the SILVA 138.1 database (Quast et al., 2013). The ASV sequence table was merged with the phylogeny and the metadata of the samples with the phyloseq package (McMurdie and Holmes, 2013). ASVs corresponding to kingdoms other than Bacteria or Archaea were eliminated from the bacterial or archaeal dataset respectively. To be able to compare among the different samples, a rarefaction step was performed, which consisted in subsampling the ASV tables to the lowest sequencing-depth to obtain the same amount of reads for all samples.

To represent the taxonomic composition of the microbial communities by site, heat trees from the metacoder package (Foster et al., 2017) were constructed, summing the abundances of each ASV from each year at each site. Only the 100 most abundant ASVs were considered to generate these graphics, reads for each taxon can be found in Tables S5 and S6 of the Supplementary Information.

The temporal evolution of the phylogenetic diversity was represented as a bar plot by aggregating the taxa at the phylum level. For the Proteobacteria phylum, the taxa were also aggregated at the class level. Within this paper we have chosen to keep the Proteobacteria phylum nomenclature, in agreement with the SILVA 138.1 database, even though it has been recently renamed Pseudomonadota (Oren and Garrity, 2021).

We used the Basic Local Alignment Search Tool (Altschul et al., 1990) to calculate sequence similarity of the most representative and abundant ASVs sequences of our dataset. This step was performed to refine the taxonomic assignment to the species level if possible. All the microorganisms cited in the results section were identified with more than 96% sequence identity.



Alpha and beta diversity analyses

The phyloseq package was used to analyse the rarefaction curves and assess the quality of the sequencing, and to calculate the alpha and beta diversity indices of the samples, while the ggplot2 package (Wickham, 2016) was used to plot the results.

The Shannon diversity index was calculated to represent the alpha diversity. For comparing the alpha diversity between sites, we used the average illustrated in a boxplot at each site. A Non-Metric Multidimensional Scaling (NMDS) analysis was performed to represent the beta diversity, allowing the visualization of similarities and differences among the microbial communities either between sites or between years at each site. The ordinations were produced using distance matrices calculated according to the Bray-Curtis dissimilarity index, as the number of null values between samples does not affect it. A Permutational Multivariate Analysis of Variance (PERMANOVA, from the vegan package (Oksanen et al., 2020)) using distance matrices was performed only to assess whether the differences observed in the NMDS between sites were significant, with 5 samples in each site considered as replicates. The threshold of significance was set at a p-value of 0.05.



Influence of environmental parameters

To assess the potential effect of selected environmental parameters on the observed differences in the microbial communities’ composition, a distance-based Redundancy Analysis (db-RDA, from the vegan package) was performed, using the Bray-Curtis dissimilarity index and standardized data from 2016 to 2019, as environmental data for 2020 was not available. These analyses were performed using dFe and dH2S concentrations from the end-member hydrothermal fluids as environmental parameters. dFe concentration was selected for this analysis due to the nature of the microbial communities studied, strongly influenced by iron. Because these communities develop within a hydrothermal context, another important environmental parameter was sulphur, represented in our study by dH2S. An ANOVA like permutation test for db-RDA (from the vegan package) was performed to assess the significance of dFe and dH2S influence on the microbial communities, as our variables did not follow a normal distribution.



Quantitative PCR

Quantitative PCR (qPCR) was performed on the same DNA pools that were sent for sequencing. Performing qPCR allows to have a more direct comparison of bacterial and archaeal relative abundance in the samples, as sequencing was performed using separate primer sets targeting 16S rRNA genes. qPCR was performed on a CFX96 Real-Time PCR System (Bio-Rad, California, USA) with the primers DGGE300F (5′-GCCTACGGGAGGCAGCAG-3′) (Muyzer et al., 1993) and Univ516 (5′-GTDTTACCGCGGCKGCTGRCA-3′) (Takai and Horikoshi, 2000) for Bacteria and Arc931F (5′-AGGAATTGGCGGGGGAGCA-3′) (Jackson et al., 2001) and m1100R (5′-BTGGGTCTCGCTCGTTRCC-3′) (Einen et al., 2008) for Archaea. Each qPCR reaction mixture contained 5 µl of SYBR® Green Master Mix (Bio-Rad, California, USA), primers at 0.5 µM, DNAse-free water and 2 µl of DNA in a final volume of 10 µl. Each reaction was performed in triplicate and each plate also contained a standard curve and a negative control sample. The standard curves were obtained by serially diluting (10-4 to 10-8) plasmids harboring 16S rRNA gene fragments specific for Bacteria or Archaea. The PCR program for Bacteria consisted of a 2 minutes initial denaturation step at 98°C, followed by 30 successive cycles of a 5 seconds denaturation step at 98°C, an hybridization step of 10 seconds at 55°C and a 12 seconds elongation step at 72°C. Finally, a 10 seconds denaturation step at 95°C was performed. The PCR program for Archaea consisted of a 3 minutes initial denaturation step at 98°C, followed by 35 successive cycles of a 10 seconds denaturation step at 98°C, a hybridization step of 10 seconds at 62°C and a 20 seconds elongation step at 72°C. Finally, a 10 seconds denaturation step at 95°C was performed. Melting curves were generated at the end of each qPCR from 65 to 95°C (in 0.5°C steps) for both Bacteria and Archaea. To obtain the relative abundance of bacterial and archaeal communities within the samples, the percentage of each kingdom was calculated out of the sum of Bacteria and Archaea 16S rRNA gene copies in each pool.




Results and discussion


Sites with distinctive chemical signatures over time

The understanding of hydrothermal circulation at LSHF has drastically changed since the discovery of Capelinhos site in 2013, which is located 1.5 km east of previously discovered sites (Escartin et al., 2015) (Figure 1). Even though a unique hydrothermal fluid is feeding the whole LSHF, Capelinhos dFe concentrations (2789.4 ± 84.8 µM) are 4 to 15 times higher than those of historical sites from LSHF (ranging from 185.5 to 686.7 ± 11.3 µM) (Chavagnac et al., 2018). These distinctive chemical characteristics reflect the rapid discharge of hydrothermal fluid from the reaction zone at Capelinhos via a fracture zone. The chemical composition of Capelinhos’ end-member hydrothermal fluid has remained essentially similar since 2013, and for the 2015 to 2019 period as presented here (Table 1). This supports the fundamental role of high angle fracture zone as a main conduit to discharge end-member hydrothermal fluid from the reaction zone to the seafloor and limiting subsequent interaction with the surrounding rocks along the upflow zone. Regarding Tour Eiffel site, located at the south-east side of the fossil lava lake (Figure 1), the end-member hydrothermal fluids show consistently over the 2015 to 2019 time-period lower dFe concentrations (ranging from 382 to 599 µM) by a factor of 4 to 7 than those of Capelinhos (ranging from 1768 to 2600 µM) (Table 1). These chemical features indicate the effect of conductive cooling induced by the permeability gradient along the upflow zone, leading to ~65% loss of dFe at depth (Chavagnac et al., 2018). Consequently, diffuse fluids, which are a mixture of end-member hydrothermal fluid and seawater, contain distinctive dFe concentrations at the two sites for similar hydrothermal contribution, i.e. Capelinhos diffuse fluids would contain 4 to 7 times more dFe than those at North Tour Eiffel. As a result, microbial mats nourished by diffuse venting should adapt to these differing environmental conditions.



Site effect on the diversity of iron-rich microbial mats’ communities

qPCR analyses showed that at both sites, iron-rich microbial mats were largely dominated by Bacteria (90.8 – 99.5%) and had a very small proportion of Archaea (0.5 - 9.2% (Table S2 of the Supplementary Information)), which is in agreement with previous studies (Vander Roost et al., 2017).

The microbial diversity of each site was determined via 16S rRNA gene metabarcoding analysis. The percentage of retained 16S rRNA gene sequencing reads after treatment with the DADA2 pipeline and the taxonomic affiliation varied between 41% and 75% for Bacteria and between 22% and 69% for Archaea (Table S3 of the Supplementary Information). The rarefaction curves obtained reached a plateau in almost all samples, except for the 2016 bacterial and archaeal sequencing from North Tour Eiffel, and for the 2019 bacterial sequencing of the same site (Figure S1 of the Supplementary Information). This means that the sequencing effort was strong enough for most of the samples and therefore that the present results are representative.

The Shannon index, representing the alpha diversity, revealed that in average, both the bacterial and the archaeal communities (Figure 2A) were more diversified at North Tour Eiffel than at Capelinhos. Calculations of the Shannon index and other diversity indices can be found in Table S4 of the Supplementary Information. The NMDS plots representing the beta diversity highlighted two distinct clusters depending on the site for bacterial communities (Figure 3A), except for the 2016 sample of North Tour Eiffel, which could be explained by the rarefaction curve not reaching a plateau on this specific sample. The same was observed for archaeal communities (Figure 3B), except in 2020 for both sites. However, one cannot rule out that it could be due to the use of different primer couples for the sequencing of these samples. The PERMANOVA analyses yielded p-values of 0.009 for Bacteria and 0.027 for Archaea, indicating that the differences observed in the NMDS plots between sites were significant. The db-RDA performed on the bacterial and archaeal communities revealed a clear distribution of the samples by site depending on dFe concentration (Figure 4). All Capelinhos samples were positioned along the left side of axis CAP1, while those taken at North Tour Eiffel were located on the right side, indicating that dFe had a higher influence on the microbial communities of Capelinhos than on those of North Tour Eiffel. The influence of dFe was confirmed by the ANOVA like permutation test for db-RDA, which yielded p-values of 0.012 for Bacteria and of 0.03 for Archaea. On the contrary, the same analysis showed that dH2S did not significantly influence the distribution of the samples. This is in line with the higher dFe concentrations of Capelinhos’ diffuse fluids compared to those of North Tour Eiffel. The above-mentioned results of the alpha, beta diversity and db-RDA (Figures 2–4), confirm that these environmental differences between sites impact the structure of their microbial communities. These results are consistent with similar comparisons of other iron-rich microbial mats at the Mariana region and at the Arctic Mid-Ocean Ridge (Hager et al., 2017; Vander Roost et al., 2017).




Figure 2 | (A) Boxplot representing the Shannon diversity index calculated for each site (Capelinhos in black and North Tour Eiffel in gray) for bacterial and archaeal communities. (B) Shannon diversity index calculated for each site (Capelinhos in black and North Tour Eiffel in gray) and each year for bacterial and archaeal communities.






Figure 3 | NMDS plots representing the differences between (A) the bacterial communities’ structure and (B) the archaeal communities’ structure of Capelinhos (black) and North Tour Eiffel (grey) sites.






Figure 4 | db-RDA plots representing the distribution of the samples from Capelinhos (black) and North Tour Eiffel (grey) sites depending on environmental parameters, (A) depicting bacterial communities, and (B) depicting archaeal communities. Samples from 2020 were not included in these plots as no hydrothermal fluid samples could be collected on that year due to the Covid-19 pandemic.





Environmental-related trends on the taxonomic composition of each microbial community

The heat trees representing the bacterial and archaeal 100 most abundant ASVs of Capelinhos and North Tour Eiffel sites (Figure 5) revealed in more details the differences in the microbial composition at each site. The percentages given in the following paragraphs represent the percentages of each taxon out of total reads for each type of community (Tables S5 and S6 of the Supplementary Information).




Figure 5 | Heat trees depicting the sum of bacterial ASVs counts per-taxon of (A) Capelinhos and (B) North Tour Eiffel, and the sum of archaeal ASVs counts per-taxon of (C) Capelinhos and (D) North Tour Eiffel. The size and color of the nodes of each cladogram show the number of taxa identified at that taxonomic level.



The bacterial communities were dominated at both sites by Proteobacteria (51.4% at Capelinhos and 48.7% at North Tour Eiffel), followed by Bacteroidota (13% at Capelinhos and 11.4% at North Tour Eiffel) and Patescibacteria (11.3% at Capelinhos and 7.4% at North Tour Eiffel). The archaeal communities were dominated by Nanoarchaeota (51%) at Capelinhos while at North Tour Eiffel they were dominated by Crenarchaeota (41%). Halobacterota was very abundant and more diversified at Capelinhos (29.5%) than at North Tour Eiffel (11.4%).

Within Proteobacteria, Zetaproteobacteria, represented by the Mariprofundus genus (Emerson et al., 2007), were always present in the microbial mats’ communities at both sites, with a higher abundance at Capelinhos (14.5%) than at North Tour Eiffel (10.8%). As previously described, Zetaproteobacteria are considered primary producers in these mats (McAllister et al., 2021), as autotrophic bacteria using dissolved Fe(II) as their sole energy source, which originates essentially from hydrothermal fluids (Emerson et al., 2007; Makita, 2018; McAllister et al., 2019). As described in Chavagnac et al. (2018) and as shown in Table 1, dFe concentration was higher at Capelinhos, explaining the higher abundance of Zetaproteobacteria at this site. Zetaproteobacteria are known for forming Fe(III)-oxyhydroxides associated with exopolysaccharides (Chan et al., 2011; Bennett et al., 2014) that can potentially be used by other microorganisms to grow, such as iron-reducers or organotrophs (McAllister et al., 2021). This could explain the high abundance of Bacteroidota, represented by heterotrophic bacteria (Allen et al., 2006; Bauer et al., 2016; Iino et al., 2010), and Patescibacteria, extremely small, symbiotic cells with limited metabolic capacities (Castelle et al., 2017; Sieber et al., 2019). Moreover, at Capelinhos some abundant ASVs were related with Geoglobus ahangari, Thermococcus indicus and Aciduliprofundum boonei, three Fe(III)-reducing archaea (Kashefi et al., 2002; Reysenbach et al., 2006; Lim et al., 2020). At North Tour Eiffel, some other bacterial ASVs were also related to Fe(III) reduction, particularly to Geopsychrobacter electrodiphilus, a bacterium which can couple the reduction of Fe(III) to the oxidation of organic compounds (Holmes et al., 2004). Essentially, the microbial communities analysis was consistent with an active microbial iron cycle within these mats, with the co-existence of both iron oxidizers and reducers.

Overall, our results showed that the microbial communities at Capelinhos were dominated by microorganisms with metabolisms related to iron, methane, and reduced sulphur compounds. The most abundant bacterial ASV at Capelinhos was related to Methyloprofundus sedimenti, an obligate methane-oxidizing Gammaproteobacteria (Tavormina et al., 2015), revealing the importance of methane on the structuring of these mats. Indeed, Quaiser et al. (2014) revealed by metatranscriptomic analyses that iron and methane oxidation occur simultaneously in freshwater iron-rich microbial mats and that both groups of microorganisms play critical roles in their functioning. Other methanotrophic and methylotrophic microorganisms were also highly abundant within the archaeal communities, such as members of the Candidatus_Methanoperedens genus (Halobacterota). Different studies have suggested that members of this genus could potentially couple anaerobic methane oxidation with Fe(III), manganese or nitrate reduction (Haroon et al., 2013; Cai et al., 2018; Leu et al., 2020). The potential use of Fe(III) by some of them could corroborate the primary producers’ role of Zetaproteobacteria as Fe(III) suppliers. Nevertheless, the relative abundance of Archaea was much lower (between 0.5% and 8.6% at Capelinhos, Table S2 of the Supplementary Information) than that of Bacteria within these mats, and therefore further microbial interaction analyses would be needed to confirm this correlation in anoxic conditions. On the other hand, very few ASVs related with methanogenic microorganisms were found within the mats, indicating that the methane present in the fluids in which they thrive is likely derived from the diffuse fluids. In agreement, previous studies have shown that LSHF hydrothermal fluids contain a high concentration of methane (Charlou et al., 2000; Rommevaux et al., 2019), which could sustain the presence of methanotrophic microorganisms. Furthermore, quite abundant bacterial ASVs were related to Sulfurimonas sediminis (Campylobacterota), an hydrogen- and sulphur-oxidizing bacterium (Wang et al., 2021) or to Thiogranum longum (Gammaproteobacteria), a bacterium growing by oxidizing inorganic sulphur compounds (Mori et al., 2015). Some archaeal ASVs were related to Aciduliprofundum boonei (Thermoplasmatota), which can reduce elemental sulphur (Reysenbach et al., 2006). The high abundance of autotrophic microorganisms utilizing iron, methane and reduced sulphur compounds, which have been largely described on hydrothermal environments, revealed that diffuse fluids play a key role on the development of Capelinhos mats. Our results also showed a high abundance of members of the Archaeoglobaceae family (Halobacterota). Some ASVs were related to Archaeoglobus veneficus, a facultative autotrophic sulphite or thiosulphate reducer (Huber et al., 1997) or to Archaeoglobus sulfaticallidus, a facultative autotrophic sulphate-reducer (Steinsbu et al., 2010). These microorganisms, substantially described on hydrothermal environments, could be sustained by the sulphate coming from the seawater and diffuse fluids mixture. Within the mats, an important diversity of organotrophic microorganisms were also highly present. Among these organotrophic microorganisms, members of the Roseobacter clade (Alphaproteobacteria), described as an ubiquitous marine group (Luo and Moran, 2014), were quite abundant. The presence of other organotrophic bacteria like members of the Gracilibacteria class (Patescibacteria) or the Maritimimonas genus (Bacteroidota), confirms that the autotrophic primary producers of these mats recruit other microorganisms coming mainly from the diffuse fluids but also from seawater, to construct iron-rich microbial mats.

At North Tour Eiffel, the microbial mats were also composed of microorganisms with metabolisms related to iron, methane, or reduced sulphur compounds but with a lower incidence than at Capelinhos. At this site, the microbial communities were dominated by microorganisms with metabolisms related to organic compounds, nitrogen, and oxidized sulphur compounds. The most abundant bacterial ASVs at this site were mostly related to organotrophic microorganisms retrieved from seawater or from sea-tidal sediments. Among them, there were members of the Rhodobacteraceae family (Alphaproteobacteria) (Swingley et al., 2007; Xu et al., 2021; Ding et al., 2020; Jeong et al., 2015), the Maritimimonas (Bacteroidota) (Park et al., 2009), Variovorax (Satola et al., 2013) and Cycloclasticus (Staley, 2010) genus (Gammaproteobacteria), or the Patescibacteria, Planctomycetota (Kallscheuer et al., 2020) and Zixibacteria phyla. The archaeal community was dominated by members of the Crenarchaeota, closely related to Nitrosopumilus oxyclinae (Qin et al., 2017), Nitrosopumilus zosterae (Nakagawa et al., 2021) and Nitrosopumilus adriaticus (Bayer et al., 2019), all identified as marine ammonia-oxidizing archaea. The co-existence of Zetaproteobacteria and Nitrosopumilus has already been reported by Vander Roost et al. (2017), who proposed that members of this genus could assist in the formation of iron mats, creating a link between iron and nitrogen metabolisms. The dominance of this archaeal phylum, together with the high abundance of organotrophic bacterial ASVs coming as well from seawater, confirms that seawater and its organic compounds play an important role in the structure and composition of the mats developing at North Tour Eiffel. Oxidized sulphur compounds also played a key role in structuring these communities, with a number of the most abundant bacterial ASVs identified as belonging to either Desulfocapsa genus (Desulfobacterota), whose cultured bacteria are known to reduce sulphate or disproportionate inorganic sulphur compounds (Finster et al., 2013), or to Desulfomarina profundi (Desulfobacterota), a chemolithoautotrophic sulphate-reducing bacterium (Hashimoto et al., 2021). The presence of oxidized sulphur compounds in the diffuse fluids at North Tour Eiffel is corroborated by the longer residence time of hydrothermal fluids along the upflow zone to the seafloor at this site, which implies that reduced sulphur compounds could be altered by conductive cooling.



Influence of hydrothermalism on the development of iron-rich microbial mats

In this study, we do not have samples of the diffuse fluids nourishing the mats from their base, but end-member hydrothermal fluid data showed that Capelinhos’ fluids have a higher concentration of dFe and dH2S than those from North Tour Eiffel (Table 1). In addition, the calculation of the contribution of end-member hydrothermal fluids in diffuse fluids using temperature measured in situ showed that, in general, this contribution was higher at Capelinhos (32%) than at North Tour Eiffel (12 to 17%), suggesting that Capelinhos diffuse fluids would have higher dFe and dH2S concentrations than those of North Tour Eiffel, favoring the development of microorganisms related to them. Moreover, the seawater above the mats is also impacted by current- and tidal-related fluxes, which varies in time and space (Barreyre et al., 2014). Indeed, our results revealed that the microbial community of Capelinhos was dominated by microorganisms thriving in hydrothermal fluids, while that of North Tour Eiffel had higher abundances of microorganisms related to seawater. These results showed, as different studies have already suggested, that the variability in energy density of the fluids surrounding the mats, shape their microbial communities’ composition (Dahle et al., 2015; Vander Roost et al., 2017). Besides, little is known about microorganisms’ interactions at iron-rich microbial mats. Here, we report the co-existence of iron-oxidizing microorganisms with both methanotrophic and ammonia-oxidizing microorganisms, which confirms the need of more in-depth studies of these relationships and of key environmental parameters to better constrain the functioning of Zetaproteobacteria themselves.



Temporal evolution of iron-rich microbial mats over five years

Here, we present for the first time an analysis of the microbial composition variations of two different iron-rich mats during five consecutive years.

The bar plot graph revealed in more details the variations over time of the different microbial communities’ abundances at the phylum level in each sampling site (Figure 6A for Bacteria and 6B for Archaea). Reads for each taxon can be found in Tables S5 and S6 of the Supplementary Information. Only phyla with more than 1% of abundance were considered here. We have reported two representative environmental parameters (dFe and dH2S) on this graph (Figure 6, see data on Table 1) as line plots superposed to the bar plots in order to show environmental variations through time. We observed a variation of Proteobacteria phylum, which remained dominant over time at both sites, in accordance with previous studies performed on other iron-rich microbial mats (Quaiser et al., 2014; Vander Roost et al., 2017). At Capelinhos, the abundance of Proteobacteria was at its lowest in 2016 (31.8%), fluctuated in 2017, 2018 and 2019 (around 47 - 55%) and reached its maximal occurrence in 2020 (70.2%). At North Tour Eiffel, their abundance fluctuated in 2016, 2017, 2019 and 2020 (around 38 - 49%), and presented higher occurrences in 2018 (64.6%).




Figure 6 | Bar plot depicting the abundance (%) of bacterial (A) and archaeal (B) phyla for each year (2016-2020) and for each site (Capelinhos in the left and North Tour Eiffel in the right). Only the phyla having an incidence higher than 1% are presented in the plot. The representation of the Proteobacteria phylum also includes the abundance of the different classes that conform it. Environmental parameters are represented as line plots superposed with the bar plots, depicting the concentration of dFe (pink) and dH2S (grey) in each year and each site. Environmental parameters are not presented for 2020 as no hydrothermal fluid samples could be collected on that year due to the Covid-19 pandemic.



Zetaproteobacteria class showed high incidences in all the samples but with variations in abundance that were correlated with variations in the dFe concentration of the end-member hydrothermal fluids. At Capelinhos, Zetaproteobacteria were dominant in 2018 and 2019 (23.7% and 20.2%, respectively), and their abundance was lower in 2016, 2017 and 2020 (around 4.2 - 17.3%). At North Tour Eiffel, they did not dominate the bacterial community in any year, but always had a quite elevated abundance (around 6 - 13.3%). As previously mentioned, the amount of available dFe in the environment constrains their development and growth. Bacteroidota and Patescibacteria reproduced the same variations over time as Zetaproteobacteria at both sites. These two phyla could use the organic polymers excreted by Zetaproteobacteria to sustain their growth, which would explain why their abundance varies as that of Zetaproteobacteria (Xavier and Foster, 2007) and could corroborate their role as primary producers in the mats. Moreover, at Capelinhos we observed an inverse correlation between the variations of Zeta- and Gammaproteobacteria. This latter class was dominant in 2016, 2017 and 2020 (around 20.8 – 46.5%), and its incidence remained high in 2018 and 2019 (19.2% and 14.5%, respectively). At this site, Gammaproteobacteria was mostly represented by methane oxidizers. As previously mentioned, iron and methane oxidation has been observed to simultaneously occur in other iron-rich microbial mats (Quaiser et al., 2014). Our results suggest that there could exist a balancing mechanism between these two types of metabolisms, probably related to the variations of dFe concentration. This may suggest as well that these two types of microorganisms may act as primary producers inside the mats. At North Tour Eiffel, Gammaproteobacteria varied in accordance with Zetaproteobacteria (around 10.9 - 24%). Indeed, at this site this class was mostly represented by organotrophic bacteria.



Hydrothermalism vs current tidal-seawater influence on the temporal scale

The NMDS plots representing the beta diversity (Figure 7) allowed us to separate the samples into three main and distinctive clusters: 2016 samples, 2017-2019 samples, and 2020 samples. This was sustained by the db-RDA (Figure 4), which revealed that the 2018 and 2019 samples were more influenced by dH2S concentration.




Figure 7 | NMDS plot representing the differences between the bacterial communities’ structure of the five samples from (A) Capelinhos (black) and (C) North Tour Eiffel (grey), and between the archaeal communities’ structure of the five samples from (B) Capelinhos (black) and (D) North Tour Eiffel (grey).



2016 - The structure of the microbial communities from both sites appeared different and more diversified than those of the other years. The alpha diversity index was higher in 2016 (Figure 2B), except for Archaea at Capelinhos, than in the following three years. At both sites, the bar plot (Figure 6) revealed a quite different microbial community composition, highlighting particularly the lowest abundance of Proteobacteria. At Capelinhos, this difference was evidenced through the abundance of Campylobacterota, which presented their highest incidence (13.9%) on that year. At North Tour Eiffel, this distinction was given by the lowest abundance of Alphaproteobacteria (2.9%), and the higher proportion of members of Chloroflexi and Hydrothermarchaeota (18.5% and 38.3%, respectively), compared to other years. Moreover, the archaeal community had the highest relative abundance (9.2%, Table S2 of the Supplementary Information) at this site on this year. All the phyla that presented higher abundances in 2016 were represented by microorganisms coming from hydrothermal environments, suggesting a higher proportion of end-member hydrothermal fluids in the diffuse fluids at both sites on that year. The continuous monitoring of geophysical processes occurring at LSHF allowed to identify either a volcanic/magmatic inflation event or a tectonic deformation taking place in September-October 2015 (Ballu et al., 2019). This event could have modified the physico-chemical composition of end-member hydrothermal fluids, as it has already been described in other hydrothermal environments (e.g. Lilley et al., 2003; Seewald et al., 2003). This could have affected the microbial communities developing there, explaining the higher diversity observed at both sites. Although we do not have a simultaneous sampling of both iron-rich microbial mats and black smoker hydrothermal fluids at the time of the event and knowing that microbial communities do not evolve on the same timescale as environmental parameters do, we could still observe the effect of this event in the microbial structures a few months later.

2017 to 2019 - While the beta diversity index (Figure 7) showed that the microbial communities remained quite similar during this period, we observed some variations on the alpha diversity (Figure 2B) and on the taxonomic composition (Figure 6). At Capelinhos, the bacterial communities were dominated by microorganisms coming from hydrothermal environments, but with an increasing contribution of seawater-born microorganisms. Overall, during these three years the structure of the bacterial communities showed a clear decrease of Campylobacterota (from 3.3% to 1.5%) and Gammaproteobacteria (from 27.4% to 14.5%), and an increase of Patescibacteria (from 8.8% to 22.6%) and Bacteroidota (from 9.3% to 16.9%). Alphaproteobacteria remained stable (10.5 - 12.8%), while Zetaproteobacteria showed small variations, achieving their maximal abundance in 2018 (23.7%), coinciding with the highest dFe concentration. Regarding the archaeal communities, they presented increasing relative abundances during these three years (from a 0.5% of the total community in 2017 to an 8.6% in 2019, Table S2 of the Supplementary Information), as well as increasing alpha diversity indices (Figure 2B). Within them, we observed a strong decrease of Nanoarchaeota (from 91% to 30.9%), whose members are usually found in organic matter rich marine environments or are linked with symbiotic or parasitic lifestyles (Gründger et al., 2019), while Halobacterota, mostly represented by methane-oxidizing archaea (Methanoperedenaceae family), increased drastically from 2017 to 2018 (from 4% to 44%) and remained stable in 2019 (46.2%). Nonetheless, at the end of the 2017 - 2019 period, the increasing abundance of members of Patescibacteria, Bacteroidota, Alphaproteobacteria and Crenarchaeota (from 0.2% in 2017 and 2018 to 6.3% in 2019) (all mainly coming from seawater), could suggest an increasing influence of current tidal-related seawater on Capelinhos’ mats. At North Tour Eiffel, between 2017 and 2019, both bacterial and archaeal communities experienced higher variations, as evidenced by the alpha diversity indices (Figure 2B). Zeta- and Gammaproteobacteria followed a decreasing trend (from 12.9% to 9.2% and from 22.8% to 10.9%, respectively), correlated with the decreasing dFe concentration in the end-member hydrothermal fluids. We observed an increasing abundance of Halobacterota (from 1.1% to 33.1%), mostly methanotrophic archaea, which could be due to an increasing contribution of end-member hydrothermal fluids in the diffuse fluids feeding the mats at this site. Over these three years, Alphaproteobacteria had an increasing tendency (from 13.2% to 27.2%). Within them, members of the Roseobacter clade were mostly represented. Moreover, Patescibacteria, Bacteroidota and Crenarchaeota remained quite abundant during this period (around 11%, 16% and 34%, respectively). As previously said, these are all seawater-related microorganisms. Overall, during this three years period at North Tour Eiffel, we observed an increasing influence of both the contribution of end-member hydrothermal fluids on the diffuse fluids, and of the current tidal-related seawater on the mats.

2020 – At both sites, we observed the highest incidences of Proteobacteria and Crenarchaeota (29.1% and 70.8%, for Crenarchaeota at Capelinhos and North Tour Eiffel, respectively). Indeed, Archaea presented very low relative abundances on this year (0.9% at Capelinhos and 2.4% at North Tour Eiffel, Table S2 of the Supplementary Information). Capelinhos presented the highest alpha diversity index for both the bacterial and the archaeal communities on this year (Figure 2B). The bacterial community was largely dominated by Gammaproteobacteria (46.5%), mostly related to methanotrophic and sulphur-oxidizing bacteria, with an increasing contribution of seawater-born microorganisms. The abundance of Campylobacterota, also sulphur-oxidizing bacteria, increased (10.5%) and Halobacterota had a lower abundance (12.1%). At North Tour Eiffel, even though the alpha diversity index for bacteria was lower than on the previous year (Figure 2B), a strong community variation was still evident, with a significant increase in Desulfobacterota (21%), linked to organotrophic and/or sulphate-reducing bacteria. The increasing abundance of organotrophic and seawater-born microorganisms on the microbial communities at both sites, indicated a higher seawater influence on the structuration of the iron-rich mats than on previous years.



Regional LSHF influence at the temporal scale

In 2016, the microbial communities of both sites had a higher occurrence of hydrothermal related microorganisms, potentially related to the geophysical event that took place some months before in 2015. Inversely, in 2020, both communities had a higher abundance of seawater related microorganisms, which could indicate that a regional LSHF hydrothermal circulation process may have occurred, shaping the communities at both sites independently of the environmental conditions and features of each site. Through EMSO-Azores seafloor observatory, we know that the hydrothermal circulation at this site is subject to variations at various timescales from days to years (Barreyre et al., 2014), impacting microbial communities (Rommevaux et al., 2019). Here we show that variations in the composition and contribution of end-member hydrothermal fluids in the diffuse fluids feeding the mats, shape and structure their microbial communities. Through these analyses, similar microbial community variations on both sites were observed over the 2016-to-2020 time interval. These changes in microbial community composition at the two studied sites indicate that there exists a regional LSHF influence at the temporal scale, probably related to variations in the contribution of end-member hydrothermal fluids to the diffuse fluids, in the composition of the end-member hydrothermal fluids themselves, and in the influence of current tidal-seawater above the mats.




Conclusion

Within this study we show that at LSHF, the composition and contribution of end-member hydrothermal fluids on the diffuse fluids nourishing iron-rich microbial mats have a strong influence on the structure of their microbial communities. Capelinhos and North Tour Eiffel end-member hydrothermal fluids differ from one another in terms of dFe concentration, i.e. the former being 4 - 7 times more enriched than the latter. As a result, the microbial community structures between Capelinhos and North Tour Eiffel sites are very distinctive, as evidenced by a dominance of microorganisms with metabolisms related to iron, methane, and reduced sulphur compounds at Capelinhos and a higher abundance of microorganisms with metabolisms related to organic compounds, nitrogen, and oxidized sulphur compounds at North Tour Eiffel. Therefore, the microbial community at Capelinhos seems to be more influenced by the diffuse fluids nourishing the mats while that of North Tour Eiffel seems to be more influenced by the seawater surrounding them.

We highlight the importance of iron-oxidizing and methanotrophic bacteria, both autotrophic, within these mats, being stronger at Capelinhos than at North Tour Eiffel. Moreover, we emphasize the co-existence between Zetaproteobacteria and Nitrosopumilus, which could indicate a link between iron and nitrogen cycles.

Finally, we present for the first time the variations in the community structure of these mats at each site as a function of environmental variations over time, thanks to EMSO-Azores seafloor observatory, allowing annual sampling campaigns. Through the present study, we highlight that a geological event took place in 2015 affecting 2016 communities’ structures, and that a regional event could have occurred in 2020, as evidenced by a more diversified and completely different composition of the microbial communities on these years. We argue that there exists a regional LSHF effect at the temporal scale which affects the communities at both sites in the same way. Except for the years when a geological event took place, our study shows that the communities of iron-rich microbial mats remain stable over time at both sites.
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   Introduction

The Clarion Clipperton Zone (CCZ) in the Northeast Pacific Ocean holds the largest deposits of polymetallic nodules at abyssal depths. These nodules are rock formations containing valuable metals and minerals targeted for mining. They further provide diverse habitat for a range of deep-sea species. Little is known so far on the taxonomy, natural history and biogeography of these deep-sea animals which is vital for accurate assessment of the risk of species extinctions from large-scale mining. One of the most abundant megafaunal groups in the CCZ is the Ophiuroidea (brittle stars), of which Ophiotholia is one of the more abundant genera found in the area. The genus Ophiotholia has a world-wide distribution and currently holds six species.


 Methods

Material collected from seven scientific cruises to the CCZ was examined, morphologically, together with comparative material from all the known species. The small size and the damage caused during sampling often impeded their identification. The specimens were also genetically analyzed using a fragment of the mitochondrial COI gene. Scanning Electron Microscope images of the key microstructural characters were made using selected specimens from CCZ as well as from the comparative material. 


 Result and discussion

One morphotype was identified as the known species Ophiotholia supplicans Lyman, 1880, while the second is new to science and is described in this paper. The umbrella spines and the arrangement of their articulations on the lateral arm plate, were selected as the most relevant morphological characters in the taxonomy of the genus Ophiotholia and a revised identification key of all characters from all known Ophiotholia species is provided as a table in the supplement material. The identification and description of such a little-known genus improves the evaluation of the biodiversity not only in the CCZ but also for the deep sea.




 Keywords: Clarion Clipperton Zone, brittle stars, Ophiotholia saskia , COI, SEM, taxonomy 

  1. Introduction.

Deep-sea ecosystems are important reservoirs of biodiversity and provide key ecosystem services, such as carbon sequestration, chemosynthetic primary production and nutrient regeneration (Ramirez-Llodra et al., 2010; Armstrong et al., 2012; Thurber et al., 2014; Levin et al., 2016). Additionally, the deep sea contains a diverse range of habitats and harbors substantial untapped mineral deposits (Halbach and Fellerer, 1980; Halfar and Fujita, 2002; Wedding et al., 2015; Zeppilli et al., 2016). In the last decades, deep-sea related technologies have developed exponentially, boosting the sampling effort in the largest yet poorly studied biome on Earth (Amon et al., 2017; Ramirez-Llodra et al., 2010; Taylor et al., 2016; Vanreusel et al., 2016). Abyssal marine mineral resources have been known since the Challenger expedition (1872-4, Murray and Renard, 1891) and strategies for potential mining have been discussed since the 1960s (Bonatti and Nayudu, 1965; Mero, 1965; Halbach and Fellerer, 1980; Oebius et al., 2001; Wedding et al., 2015; Smith et al., 2021). Polymetallic nodules are rich in copper, cobalt, nickel, and manganese and therefore receive significant economic interest from governments and industry. The largest concentrations of polymetallic nodules are found in the Clarion Clipperton Zone (CCZ), located in the northeast Pacific. The CCZ also harbors a high marine biodiversity potentially resulting from habitat heterogeneity and energy availability (Buhl-Mortensen et al., 2010; Gillman and Wright, 2014; Kuhnz et al., 2014; Amon et al., 2016; Soetaert et al., 2016; Woolley et al., 2016; Zeppilli et al., 2016; Stratmann et al., 2021). Most recent biological studies dealing with the CCZ indicate the presence of new species, yet to be described, making proper assessments of biodiversity challenging (Amon et al., 2017; Simon-Lledó et al., 2019b; Bonifácio et al., 2020; Christodoulou et al., 2020; Rybakova et al., 2020; Durden et al., 2021; Lejzerowicz et al., 2021; Bribiesca-contreras et al., 2022).

Among taxa collected in the CCZ, the class Ophiuroidea (Echinodermata) are widespread and abundant (Simon-Lledó et al., 2019b; Christodoulou et al., 2020). Ophiuroids inhabit all kind of habitats, from the tropics to the poles and from shallow waters to deep-sea ecosystems (O’Hara, 2007; Stöhr et al., 2012; Bribiesca-Contreras et al., 2019; Laming et al., 2021). Because of their global distribution, ophiuroids serve as excellent model organisms for the understanding of large-scale diversity and evolution patterns (Hunter and Halanych, 2008; Cho and Shank, 2010; Galaska et al., 2017; Galaska et al., 2019; Jossart et al., 2019; O’Hara et al., 2019; Stöhr et al., 2020; Eichsteller et al., 2022). The world ophiuroid database (accessed 13.09.2022) lists around 2100 described species of which 100 exclusively dwell on the abyssal plains (Stöhr et al., 2012).

 Christodoulou et al. (2020) identified 43 putative ophiuroid species in the CCZ using COI barcodes. The most abundant species were Ophiosphalma glabrum (Lütken & Mortensen, 1899) and Silax daleus (Lyman, 1879) followed by 3 unidentified species belonging to Ophiotholia spp. The genus Ophiotholia was erected by Lyman in 1880 to accommodate the type species of the genus, Ophiotholia supplicans, and was first placed in the family Ophiuridae. Although Lyman (1880) noticed the unique characters and body shape of this genus that set it apart from the other known genera of the family Ophiuridae, it was Perrier (1893) that created a new family, Ophiohelidae, to which Ophiotholia was assigned. Two more genera were then assigned to the family of Ophiohelidae: Ophiomyces Lyman, 1869 and Ophiohelus, Lyman, 1880 with the latter being the type of the family. In 1915, Clark transferred all three genera to the family of Ophicanthidae Ljungman, 1867, ignoring Ophiohelidae and Ophiomycetidae, a new family created to include the same genera by Verrill, 1899. Fell (1960) and Paterson (1985), although agreeing with Verrill (1899) that the three genera are quite distinct, assigned the genera to the family of Ophiacanthidae with Paterson (1985) reestablishing the subfamily Ophiohelinae (Perrier, 1891 amended) to include them. Martynov (2010) reviewed the segregating characters and suggested that the three genera, Ophiohelus, Ophiomyces, and Ophiotholia, be transferred from the Ophiacanthidae to new family but it was O’Hara et al. (2018), who re-established the family of Ophiohelidae within the order Ophioscolecida after restructuring the higher taxonomy of the class Ophiuroidea based on genetic and morphological data. Ophioscolecida are unique in having reduced radial shields concealed by disc scales or being absent (O’Hara et al., 2018). Ophiohelidae can be easily separated from the only other family in the order, Ophioscolecidae Lütken, 1869, by their unique body form, which form is perfectly adapted to living buried in the soft sediment with their arms protruding outside for feeding. The most unique character within this family is the so called “parasol-spine” on the posterior part of the arms. The function of these spines is unclear, but Lyman (1880) described them as supplementary spines or pedicellaria. Because of the species-specific structure of these spines, they are often used as a species delimitation character in the two genera in which they occur (Ophiohelus and Ophiotholia).

Within the genus Ophiotholia there are six extant species, Ophiotholia spathifer (Lyman, 1879); Ophiotholia supplicans Lyman, 1880; Ophiotholia mitrephora H.L. Clark, 1910; Ophiotholia montana Litvinova, 1981; Ophiotholia gibbosa Litvinova, 1992 and Ophiotholia odissea Litvinova, 1992. There is also one recently described extinct species Ophiotholia aurora Thuy and Meyer, 2013 that was found in the Hauptrogenstein Formation and coeval formations in Switzerland, dated to the middle Jurassic. Because all Ophiotholia species seem to be very rare and not well documented in the literature, the known distribution of the genus is limited between 60°N and 60°S (Lyman, 1882; Litvinova, 1992; Martynov, 2010). The depth in which the species have been collected previously varied between 216 m to 4100 m. Due to their fragile structure, they often get damaged during sampling (Litvinova, 1992), the parasol spines can be lost, and thus many specimens are only identified to higher taxonomic levels (Glover et al., 2016; Christodoulou et al., 2019; Christodoulou et al., 2020).

The present study aims to describe a new species within the genus Ophiotholia as well as reviewing the existing species of the genus using revised morphological characters. Besides morphology, mitochondrial COI sequences were used to explore the genetic diversity of Ophiotholia in the CCZ area.


 2. Materials and methods.

 2.1. Specimen collection and processing.

The present study is based on specimens included in the Christodoulou et al. (2019); Christodoulou et al. (2020) and the Glover et al. (2016) studies, as well as on additional acquired material ( Figure 1  and  Table S1 ). Ophiuroid specimens were collected during various cruises from the UKSRL, NORI-D and BGR licence areas, as well as the APEI3, using a Brenke-type epibenthic sledge (EBS) or Box Corer following standard deployment procedures (Brenke, 2005) and as described in detail by Christodoulou et al. (2020) for the EBS samples and by Glover et al. (2015) and Bonifácio et al., 2020 for the Box core samples. The voucher specimens of the Ophiotholia spp. collected from the different CCZ areas are kept in the German Centre of Marine Biodiversity Research (Wilhelmshaven), the Senckenberg Research Institute and Natural History Museum Frankfurt (SMF) and the Natural History Museum London (NHM), while the type material from the other extant species of Ophiotholia are deposited at either the Natural History Museum in London, UK, or at the Zoological Museum of Moscow University, Russia (ZMMU).

 

Figure 1 | Map with the recorded distributions from all recent species of the genus Ophiotholia. The colour of the upper map indicates: orange, distributions recorded for species with just morphological data; yellow and turquoise, distributions recorded from species with morphological and molecular data. A unique combination of colour and symbol is assigned to each species. Detailed map of the Clarion Clipperton Zone showing the distribution of the cooccurring species Ophiotholia saskia sp. nov. and Ophiotholia supplicans. The distribution map of the Ophiotholia species was created using QGIS
(version 3.16, http://www.qgis.org), considering the data of the International Seabed Authority (2020/2021).




 2.2. Morphological analysis.

Specimens were morphologically examined and photographed using a Leica M125 stereo microscope. Selected specimens were used for scanning electron microscope (SEM) analysis and essential micro-morphological characters were recorded either with a VEGA3 TESCAN, CamScan II, and JSM-6380 SEMs after the samples were gold-palladium-coated. Images of the whole body were taken after the selected specimens were cleaned with distilled water in order to remove any detritus. Ossicles were isolated by macerating arms or portions of arms in a mixture of (1:1) distilled water and household bleach (NaClO). In general, disintegration of the arm skeleton was completed within one hour following immersion. The disarticulated arm plates were rinsed in distilled water to remove any traces of NaClO. After rinsing, the plates were air-dried, and the selected ossicles, as well as the bodies, were mounted on aluminum stubs for SEM examination using a glue foil. The orientation of the plates on the stubs was chosen to best display the relevant characters on a single picture per view (ad/abradial, distal/proximal, dorsal/ventral). An image of each character per individual were taken if possible. The scanned habitus and ossicles mount on the stubs as well as the remaining ossicles of the disintegrated arms were deposited in the German Centre for Marine Biodiversity Research, Senckenberg, Wilhelmshaven, or the Zoological Museum of Moscow University. The images were edited and compiled with Adobe Photoshop Version 23.2.1. The most important characters were listed in  Supplementary Table 2  and give an overview for each character for each species.


 2.3. Molecular analysis.

Cytochrome c oxidase I (COI) sequences analysed herein derive from Christodoulou et al. (2019), Christodoulou et al. (2020), Glover et al. (2016) and new COI sequences produced during this study. More specifically, the Ophiotholia dataset includes 42 sequences of O. saskia sp. nov. (Ophiotholia sp.1) and three sequences of O. supplicans (Ophiotholia sp.28) prepared by Christodoulou et al. (2019), Christodoulou et al. (2020). In addition, 18 new sequences of O. saskia sp. nov. and five sequences of O. supplicans were produced herein using methods described in Christodoulou et al. (2020); The arm tissue was extracted using E.Z.N.A DNA tissue Kit (Omega), the COI gene was amplified using the AccuStart PCR SuperMix polymerase (ThermoFisher Scientific) and the echinoderm specific LCOech1aF1 (Layton et al., 2016) forward primer paired with the universal jgHCO2198 reverse primer (Geller et al., 2013). Sequencing was executed at Macrogen (Amsterdam, Netherlands). Another 6 sequences were added from the NHM dataset (Glover et al., 2016), four specimens labeled as “NHM_076”, which can be assigned to O. supplicans, and two specimens referred as “NHM_303” which can be assigned to O. saskia sp. nov. Due to the age, the type of fixation or the insufficient amount of tissue, our efforts were unsuccessful in obtaining sequences from other species of the genus Ophiotholia. The COI sequences were assembled and edited using Geneious v.9.1.8 (Kearse et al., 2012), whereas all sequences were aligned using MAFFT v7.017 (Katoh et al., 2002) with the default settings. The sequences, trace files, collection data and photos for each specimen are listed in the dataset “Clarion Clipperton Zone - Specimens of the genus Ophiotholia (Echinodermata : Ophiuroidea)” (CCZOTHOL; doi: dx.doi.org/10.5883/DS-CCZOTHOL). The new sequences produced are also available in GenBank (Sayers et al., 2019), accession numbers: OP575327-OP575373, OQ152220, OQ152221 ( Supplement Table 1 ).


 2.4. Putative species delimitation and genetic distances.

Different species delimitation methods were used to cluster Ophiotholia specimens into possible genetic species and classify the individuals based on the dataset of Christodoulou et al. (2020). (1) The method “General Mixed Yule Coalescent” (GMYC, Pons et al., 2006) was applied using the R package SPLITS (Fujisawa and Barraclough, 2013), with the single-threshold model. The required ultrametric tree based on bayesian analysis was produced using the software BEAST v.2.6.6 with parameters as set out in Christodoulou et al. (2020). Additionally, the only other available sequence of the genus Ophiotholia, (Ophiotholia spathifer, NIWA14067) was included. As an outgroup, three species of the close related genus Ophiomyces were used (AB1_EB4_11_22 “Ophiomyces sp.”, UF16941 “Ophiomyces frutectosus”, BP34 “Ophiomyces delata”. (2) Barcode index numbers (BINs) were assigned to the registered DNA dataset using the BOLD v.4 workbench (http://www.boldsystems.org; Ratnasingham and Hebert, 2013). The genetic distances between and within Ophiotholia species were calculated under the simple p-distance model in MEGA 11 (Tamura et al., 2021). The genetically delimited species were checked for morphological diagnostic characteristics to confirm the species definition by morphological evidence in parallel to genetic analysis. A minimum spanning haplotype network based on the COI sequences was produced in PopART (Version 1.7; available on: http://popart.otago.ac.nz/index.shtml).



 3. Results.

 3.1. Taxonomy.

Order Ophioscolecida O’Hara, Hugall, Thuy, Stöhr & Martynov, 2016 

Family Ophiohelidae Perrier, 1893 

Genus Ophiotholia Lyman, 1880 

Diagnosis

Disc has a sac-like shape and is fully scaled. Radial shields are absent. Two to three large and flat teeth present. Jaws (oral plates) covered by numerous flat papillae. Lateral arm plate has a fragile ledge with a distalwards pointing ventral extension that separates all arm spine articulations from the distal edge and encloses the round to triangle shaped dorsal arm plate. Arm spine articulation with nearly vertical dorsal and ventral lobes, connected at their proximal ends, opening distal-wards into a horseshoe-shape, bordering a single muscle/nerve opening, dorsal and ventral lobe same shape (except dorsally bent in O. spathifer). Parasol-spine articulation with an elevated circular lobe and a single (possibly muscle or nerve) opening ( Figure 2 ). Parasol-spines present on the distal part of the arm, with a thin shaft and one to two rings of teeth (one or two sprocket wheels), replacing arm spines partly or totally in some species.

 

Figure 2 | Scanning electron microscope images of close ups from the habitus of Ophiotholia saskia sp. nov. SO240_46_5. (A) Possible muscular connection between the parasol spine and its articulation. Scale = 50 µm (B) Muscular connection between arm spine and its articulation. Scale = 100µm. 



 Ophiotholia gibbosa Litvinova, 1992 

(Figure 3)

 

Figure 3 | Scanning electron microscope images of the ossicles from Ophiotholia gibbosa. (A): Arm spine; (B): Ventral arm plate; (C): Arm vertebrae (ventral); (D): Lateral arm plate; (E): Lateral arm plate close up. Scales: 20 µm (E); 50 µm (B); 100 µm (A, C, D);. ab, abradial; ASA, arm spine articulation; dis, distal; PSA, parasol spine articulation. 



 Ophiotholia gibbosa. — Litvinova, 1992 : Figs. 3 (A-E), 4 (Л,М)

Material: Holotype: ZMMU D-1009, Vityaz, stn 4893, Indian Ocean, 39°29.9’S 71°15.6’E, 420 m, 27/12/1960.

Distribution: This species was reported from the central Indian ocean in depths of 420 m (Litvinova, 1992).

Remarks: The species can be distinguished by the following characters. The disc is covered with large plates each provided with a long triangular spine (larger than in O. montana). There are 3-4 serrated arm spines that are shorter than an arm joint ( Figure 3A ) and are arranged slightly distal to the parasol spines. There can be up to six parasol spines distally, arranged in two rows ( Figures 3D, E ). The blunt parasol spine teeth are arranged in one ring. Two, pointed tentacle scales. The oral papillae were described as “very large”. The dental plate carries three teeth.

 Ophiotholia mitrephora H.L. Clark, 1910 

(Figure 4)

 

Figure 4 | Scanning electron microscope images of the ossicles from Ophiotholia mitrephora. (A): Parasol-spine; (B): Head of parasol-spine; (C): Arm vertebrae (dorsal); (D): Lateral arm plate; (E): Close up lateral arm plate; (F): Dorsal arm plate; (G): Ventral arm plate; (H): Arm spine. Scales: 20 µm (B); 50 µm (A, E–G); 100 µm (C, D, H);. ab, abradial; dis, distal. 



 Ophiotholia mitrephora H. L. Clark, 1910: 665-666, Figs 1, 2. —Clark, 1915: 221. — Litvinova, 1992 : 53, Fig. 4.

Material: ZMMU D-1010: Vityaz-II stn 161, Atlantic Ocean, 29°51.0’N 28°7’W, 3340–3440 m, 27/06/1982.

Distribution: This species has been reported from the east and west side of the North Atlantic in depths of 920-3440 m. (Type locality.—Albatross station 2750, east of the Danish West Indies; lat. 18°30’00”N.; long. 63° 31’ 00” W.; 496 fathoms; ~907 m).

Remarks: The species has 4-5 smooth arm spines at the arm base, that are as long as an arm joint ( Figure 4H ). The arm spines become confluent with a row of parasol spines distally ( Figures 4D, E ). The parasol spines start at the fourth to fifth arm joint and are around six times smaller than the arm spines. There are three to four parasol spines occurring on each lateral arm plate, each with one ring of broad but pointed teeth ( Figures 4A, B ). The dorsal arm plate is triangular shaped ( Figure 4F ). There are three tentacle scales, one on the adradial and two at the abradial side of basal tentacle pores. Each dental plate carries four teeth.

 Ophiotholia montana Litvinova, 1981 

(Figure 5)

 Ophiotholia montana  Litvinova, 1981: 127, Fig. 4 (3,5,6). — Litvinova, 1992: 53-54, Fig. 2 (Ж). — Martynov, 2010: Fig. 2 (19).

Material: Holotype: ZMMU D-1011, Dmitry Mendeleev Cruise 21 stn 1725, Dmitri Mendeleyev Seamount, 4°49’N 154°58’E, 1230-1370 m, 8/11/1978. Paratype: ZMMU D-1012, Vityaz stn 6369, 26°59’N 151°25’E, 3070m, 28/8/1970.

Distribution: This species was reported from the northwest in depths of 1230-3070 m (Litvinova, 1992).

Remarks: The disc has a conical shape, lower than in O. saskia sp. nov. and O. supplicans ( Figure 5D ), and is covered with long thin spines (shorter than in O. gibbosa). The jaw has one long, thin apical papilla and next to it on each side is a similar-shaped mouth papilla, followed by a gap and then by typically three long and thick, almost rectangular, mouth papillae arranged in a single row ( Figure 5B ). The dental plate carries two pointed teeth. There are five arm spines on the first four arm joints; followed by four arm spines in the subsequent arm joints, arm spines about 1.5 times the segment length ( Figure 5C ). These are in a row confluent with three parasol spines. The parasol spines are large and have two rings of about six teeth.

 

Figure 5 | Scanning electron microscope images of the ossicles from Ophiotholia montana. (A): Arm vertebrae (ventral); (B): Jaw; (C): Arm spine; (D): Habitus; (E): Lateral arm plate; (F): Close up lateral arm plate. Scales: 30 µm (C); 80 µm (F); 200 µm (A, E); 400 µm (B); 1 mm (D). ab, abradial; AP, apical papillae; ASA, arm spine articulation; DP, dental plate; dis, distal; IF, infradental papillae; MP, mouth papillae; T, tooth. 



 Ophiotholia odissea Litvinova, 1992 

(Figure 6)

 Ophiotholia odissea Litvinova, 1992: Fig. 2 (З, И, Л, М); 4 (И, К)

Material: Holotype: ZMMU D-1013, Odissey Cruise 33 stn 36, Emperor Seamounts, 32°3’N 172°59’E, 700-750m, 21/8/1984.

 Distribution: This species was reported from the northwest Pacific in depths of 700-750 m (Litvinova, 1992).

Remarks: The disc is cone shaped and it is covered with thin, fish-like scales that carry triangular, serrated spines ( Figure 6E ). It has four rounded arm spines ( Figure 6D ), 1.5 times the length of an arm joint. The ventral most spine is thicker than the others. The parasol spines start at the seventh to eight arm joint and form two alternating rows offset to each other. There are up to six per lateral arm plate. The arm spines are arranged slightly proximal to the parasol spines. Each parasol spine has two rings of short teeth ( Figures 6A, B ).

 

Figure 6 | Scanning electron microscope images of the ossicles from Ophiotholia odissea (A) Parasol-spine; (B) Head of parasol-spine; (C) Arm vertebrae (ventral); (D) Arm spine; (E) Habitus; (F) Ventral arm plate. Scales: 10 µm (B); 50 µm (F); 100 µm (A, C, D); 1 mm (E) ab, abradial; dis, distal. 



 Ophiotholia saskia sp. nov.

(Figures 7–9)

 Ophiotholia sp. Christodoulou et al., 2019: 1, Fig. 1.

 Ophiotholia sp. 1 Christodoulou et al., 2020: 1850, Figs. 11, 12.

Material:

Holotype on SEM stub, Clarion Clipperton Fracture Zone, cruise: Mangan 2013, stn. 90, 11°49'43” N, 117°30'16” W 4340 m [SMF 6909 “MA13_90_18” in Christodoulou et al.]. Paratypes: Mangan 13, stn. 97: 1 spm, in 96% ethanol [SMF 6911 “MA13_97_1”]; Mangan 16 2016, stn 25: 2 spms, in 96% ethanol [SMF 6914 “KM16_25_2”; SMF 6913 “KM16_25_7”]; Mangan 14, stn 38: 1 spm, in 96% ethanol [SMF 6910 “MA14_38_13”]; SO239, stn 20: 1 spm, in 96% ethanol [SMF 6912 “SO239_20_11”]; C5A, stn. STM_050: 1 spm, in 80% ethanol [NHM UK 2022.111 “NHM_6653”]

Non type material: see  Supplement Table 1 .

Etymology: Ophiotholia saskia sp. nov. is dedicated to the isopod taxonomist Dr Saskia Brix who was the first author’s mentor at the start of her career. Dr Brix has contributed significantly to the research of deep-sea biodiversity and its conservation.

Description of the holotype: The description is based on the measurements of the holotype (SMF6909,  Figure 7 ) with variation in the species represented by two additional specimens in  Figure 8  (AB2_EB1_13_21) and Figure 9 (SO240_46_5). The disk diameter is 1.5 mm and its height 2.5 mm (when the arms are stretched out). The arms (without spines) are 0.35 mm in width and 4.7 mm in length. The mouth-angles are high and narrow, so that the mouth-slits between them are wide ( Figures 7G, H ): They have one pointed apical papilla with one pointed mouth papillae next to it on each side. The following 6-8 mouth papillae are broader and larger, almost rectangular in shape, and arranged in two rows on each jaw ( Figures 7H ,  9E ). Three broad and serrated teeth are visible ( Figure 9F ). The oral plate is absent. The oval adoral shields are visible at the base of the jaws ( Figure 9E ). The dorsal arm plates are broad, almost as long as wide, and rounded triangle in shape ( Figure 8I ). They are well separated from each other by the contiguous lateral arm plates ( Figure 9C ). The lateral arm plates are longer than wide, and meet broadly below, and form an obvious spine-crest at their outer edge ( Figures 7B, C ,  8C, D, G ). This spine-crest provides the articulation for the parasol-spines and is proximal to the arm spines ( Figures 7C ,  8D ). The distal side of the lateral arm plate forms a fragile ledge with a distalward pointing ventral extension, which separates all arm spine articulations from the distal edge, and further encloses a dorsal arm plate. The ventral arm plates are elongated and are rounded to rectangular, wider than long. The disk has a high conical shape, set with rows of minute spines between the arms, each spine on one disc plate. The disc plates are irregular, round, and large ( Figure 9A ). No radial shields visible, which may account for the fact that the arms are raised vertically, encircling the high disk like a basket. Three to four pointed, slightly flattened, serrated arm-spines nearly as long as an arm segment, standing near the outer edge of lateral arm-plate and on a low spine-ridge, reduced to one spine in a row with the parasol-spines on distal arm segments ( Figures 7C, D ,  9A, C ). The articulations of the parasol-spines are arranged in three to four visible rows ( Figures 7C ,  9C ). From the third joint, there is a cluster up to 15, minute, parasol-spines on the inner side of spine-ridge, varying in length from 0.1 to 0.5 mm ( Figures 7A ,  9B–D ). The number increases distally. They are shaped like long-handled parasols, with an elongate shaft, surmounted by a disk with two rings of alternating pointed teeth, with up to 15 in each ring, and with a slight bulb at the base, which is inserted into articulations on the spine-ridge ( Figure 7A ). Each tentacle pore on the first joints has one long, spine-like scale on its inner edge, about half the length of the arm spines ( Figure 9A ). The arm vertebrae are longer than wide, with small, fragile and oval muscle attachments but long appendages that serve to connect with other ossicles. The length to width ratio increases distally ( Figure 7F ).

 

Figure 7 | Scanning electron microscope images of the ossicles from Ophiotholia saskia sp. nov. (Holotype; SMF6909). (A): Parasol-spine; (B): Lateral arm plate; (C): Close up lateral arm plate; (D): Arm spine; (E): Ventral arm plate; (F): Arm Vertebrae; (G): Habitus; (H): Jaws. Scales: 50 µm (C); 100 µm (A, D, E); 200 µm (B, F); 500 µm (H); 1 mm (G). ab, abradial; ASA, arm spine articulation; dis, distal; PSA, parasol spine articulation. 



 

Figure 8 | Scanning electron microscope images of the ossicles from Ophiotholia saskia sp. nov. (AB2_EB1_13_21). (A): Parasol-spine; (B): Arm spine; (C): Lateral arm plate lateral; (D): Close up lateral arm plate; (E): Arm Vertebrae ventral; (F): Arm Vertebrae dorsal; (G): Lateral arm plate dorsal; (H): Ventral arm plate. (I) dorsal arm plate ventral side. Scales: 50 µm (A, B, D, H, I); 200 µm (C, E–G);. ab, abradial; ASA, arm spine articulation; dis, distal; PSA, parasol spine articulation. 



 

Figure 9 | Scanning electron microscope images of close ups from the habitus of Ophiotholia saskia sp. nov. (SO240_46_5). (A): Disc with plates and proximal part of an arm; (B): Distal part of an arm; (C): Set up of an arm segment; (D): Set up of the articulations with inserted parasol-spines; (E): Set up of a jaw with papillae; (F): Teeth and papillae. Scales: 30 µm (C); 80 µm (F); 200 µm (A, E); 400 µm (B); 1 mm (D). ab, abradial; AP, apical papillae; AS, arm spine; ASA, arm spine articulation; DAP, dorsal arm plate; DP, dental plate; dis, distal; DSc, disc scale; DSp, disc spine; IP, infradental papillae; LAP, lateral arm plate; MP, mouth papillae; PS, parasol spine; PSA, parasol spine articulation; T, tooth; TS, tentacle scale; VAP, ventral arm plate. 



Distribution. The species is only known so far from the Clarion Clipperton Zone in depths ranging from 4093 m to 4406 m (Christodoulou et al., 2020).

Remarks: The new species can be separated from the other species of the genus by the numerous parasol-spines which are found in clusters of up to 15, the highest number of parasol spines found in the genus. The tips of the parasol-spines have two rings of teeth, which also occur in O. odissea and O. montana, whereas O. spathifer, O. supplicans, O. mitrephora, and O. gibbosa just have one ring. The new species is most similar to O. montana based on the shape and arrangement of the apical- and infradental papillae and the two rings of teeth on the parasol spines, but it can be separated by the arrangement of the distal oral papillae. Ophiotholia saskia sp. nov. has two rows of broad and flat mouth papillae on each side while there is a single row of rectangular mouth papilla in O. montana. Further, the two species can be separated by the number of parasol spines, whereas O. saskia sp. nov. has up to 15 per lateral arm plate whereas O. montana has three (Litvinova, 1981).

 Ophiotholia spathifer (Lyman, 1879).

Figure 10

 Ophiomyces spathifer Lyman, 1879: 47, Plate 14 Figs 386–388a. — Lyman, 1882: 240, Plate 19, Figs 10–12. — Matsumoto 1917: 99. — Koehler, 1904: 101.

 Ophiotholia multispina Koehler 1904: 99, Plate 33, Figs. 4, 5. — McKnight, 1967: 210, Figs. 4, 5. — Litvinova, 1992: 50, Pate 1, Figs A, B, b, D, H, M, O; Plate 2, Figs A–Γ, Η.

 Ophiotholia spathifer — Fujita et al., 2010: 195, Fig. 6 — Thuy et al., 2012: 3, Figs. 2D, F.

Material: ZMMU D-1014 (1 spm): R/V Shtokman stn 2019, Pacific Ocean, 25°5.7’S 99°27.7’W, 750 m, 07/05/1987; ZMMU D-1015 (1 spm): Vityaz stn 3540, Pacific Ocean, 30°45.8’N 128°04.08’E, 500 m, 01/11/1955.

Distribution. Pacific Ocean. Previously known from off Japan, off New Caledonia, off Eastern Australia and the Indonesian archipelagos at depths of 216–1033 m (Lyman, 1879; Lyman, 1882; Koehler, 1904; McKnight, 1967; O’Hara unpublished material).

Remarks: The species was described by Lyman in, 1879 under the name Ophyomyces spathifer and was later transferred to the genus Ophiotholia by Litvinova, 1992 and synonymized with O. multispina. Fujita et al. (2010) have abolished the synominisation and assigned Ophiotholia spatifer as a species. Ophiotholia spathifer has six arm spines ( Figure 10E ), which are gradually replaced distally from the 15th arm joint by the parasol spines ( Figures 10A, B ). The parasol spines have one ring of thin pointed teeth ( Figure 10C ). The dorsal arm plate has a triangular shape ( Figure 10F ), whereas the ventral arm plate is rounded triangular, with convex distal edge and a thinner proximal lobe (Figure 10D). There are two tentacle scales, one on each side of the tentacle pore.

 

Figure 10 | Scanning electron microscope images of the ossicles from Ophiotholia spathifer. (A): Lateral arm plate; (B): Close up lateral arm plate; (C): Parasol-spine; (D): Ventral arm plate; (E): Arm spine; (F): Dorsal arm plate; (G): Arm Vertebrae. Scales: 50 µm (D); 200 µm (B, C, F); 500 µm (A, E). ab, abradial; ASA, arm spine articulation; dis, distal; PSA, parasol spine articulation. 



 Ophiotholia supplicans Lyman, 1880

( Figure 11 )

 

Figure 11 | Scanning electron microscope images of the ossicles from Ophiotholia supplicans. (A): Head of parasol-spine; (B): Parasol-spine; (C): Ventral arm plate; (D): Dorsal arm plate; (E): Arm vertebrae (ventral); (F): Arm vertebrae (dorsal); (G): Lateral arm plate; (H): Close up lateral arm plate. Scales: 100 µm (A–D, H); 200 µm (E–G). ab, abradial; ASA, arm spine articulation; dis, distal; PSA, parasol spine articulation. 



 Ophiotholia supplicans Lyman, 1880: Fig. 5 (1-4). — H.L. Clark, 1915: 221. — Litvinova, 1992: 50.

Material:

Holotype. Lyman, 1880, Challenger stn. 296, 38° 6’ S., 88° 2’W, 1825 fathoms (~3300 m), NHM 1882.12.23.429.

Non type material: see  Supplement Table 1 .

Distribution: This species was reported from the southeast Pacific off Juan Fernandez Island in depths of 3285-4822 m and from the Clarion Clipperton Zone in depths ranging from 4093 m to 4406 m (Christodoulou et al., 2020).

Remarks: The species was used as the type species for Ophiotholia by Lyman in 1880 because of the uniqueness of its parasol-spines. Unfortunately, the holotype is so damaged that not all characters could be checked and consequently the type figures were also used to identify diagnostic characters. Ophiotholia supplicans can be distinguished from the other species by the following: The disc has a high cone shape and is sparsely covered by minute spines, which seem to stand on a small, fine disc scale. It has three arm spines, equal to the length of one arm segment. They are on the same flange of the lateral arm plate as the parasol spines ( Figure 11H ). The parasol-spine articulations visible are not in defined rows (different to all other species). The parasol-spines have a short shaft and possesses a single ring of widely separated, blunt teeth ( Figures 11A, B ). The ventral arm plate is elongated with a long and round structure on the distal side. The dorsal arm plate has an oval to triangle shape ( Figure 11D ). There is one thin and pointed apical papillae in a line with three to four lateral oral papillae of the same shape. The outermost three to four mouth papillae are large, flat, paddle-shaped, and arranged in two rows on each jaw. The adoral shield appear in an oval shape distal to the mouth papillae. The coexisting new species O. saskia sp. nov. differs in having two rings of parasol teeth and two rows of distal lateral oral papillae.


 3.2. Species delimitation and genetic divergence.

A total of 78 sequences were used for the genetic analyses of which 20 were novel sequences (BOLD dataset: DS-CCZOTHOL, 68 sequences; GenBank: 10 sequences) and ranging from 597 bp to 658 bp in length (87% have a length of 658 bp). These barcodes clustered into two clades in the baysian tree corresponding to the two species O. saskia sp. nov. and O. supplicans ( Figure 12 ). The clustering is supported by a posterior probability value above 99%. Mean interspecific p-distance between the two species was 23.7% (σ=0.016) ranging from 21.7% to 24.9%, while mean intraspecific variability was 5% for O. supplicans and 1% for O. saskia sp. nov. So, a barcoding gap is recognizable. The BINs and GMYC both resulted in seven groups ( Figure 12 ). Both methods also show the separation between the morphological assigned clusters O. saskia sp. nov. and O. supplicans. Within the cluster of O. saskia sp. nov. all specimens were considered to be one group. The cluster of O. supplicans is divided into six groups, one large group represented by seven specimens, three groups with two specimens and two singletons.

 

Figure 12 | Ultrametric tree resulting from the Bayesian analysis of the CCZOTHOL dataset. The posterior support (≥ 99%) is indicated at the branch. The results of both species delimitation analyses (BINs, GMYC), are shown through the bar. The tree is combined with the haplotype network of Ophiotholia saskia sp. nov. and Ophiotholia supplicans; produced by PopART (Leigh and Bryant, 2015). The haplotype network is based on COI data of 75 samples. The size of the circle indicates the number of haplotypes. The colours are assigned to the different areas in the CCZ (red = UKSRL; green = BGR; yellow = NORI-D, blue = IOM, violet = APEI). The dashed boxes around each subnetwork indicate the morphological clusters in the Neighbour-Joining tree (Turquoise = Ophiotholia supplicans; Yellow= Ophiotholia saskia). 



A total of 59 and 11 haplotypes were recovered out of the 62 and 14 individuals of O. saskia sp. nov. and O. supplicans respectively ( Figure 12 ). The haplotype diversity (Hd) in the medium joining network was π = 0.0898503. The haplotypes of O. saskia sp. nov. were found in three different CCZ mining license areas (UKSRL, BGR and NORI-D), while haplotypes of O. supplicans were found in four different license areas (UKSRL, BGR, IOM and NORI-D) and one APEI (APEI3). The number of mutations separating the two species was 120. It should be noted that the haplotypes of O. supplicans are separated by a higher number of mutations (2-33) than the haplotypes of O. saskia sp.nov. (max. six mutations between haplotypes).



 4. Discussion.

In the current study, a new species of Ophiotholia from the CCZ is described using an consolidated taxonomic approach (morphological and molecular analyses). The remaining six species of the genus are revised based on morphological data and genetic data (for O. supplicans). Only freshly collected material belonging to O. saskia sp. nov. and O. supplicans was suitable for molecular work. Specimens of the five other known Ophiotholia species were too old or not properly preserved for sequencing. The holotype of O. supplicans was too damaged and fragile for tissue sampling or detailed morphological analyses. The presence of “one-ringed parasol spines” and the structure of the oral part of the species “Ophiotholia sp.28” (as reported by Christodoulou et al., 2020) is consistent with the drawings of Lyman (1880) in its original description. Consequently, we can confirm that “Ophiotholia sp. 28” is Ophiotholia supplicans. Additionally, Christodoulou et al. (2020) suggest the occurrence of a third Ophiotholia species (“Ophiotholia sp.41”) in the CCZ. However, because of the degraded condition and young age (postlarvae) of the specimens investigated, it was not possible to morphologically verify whether it is a known or new species, and its potential description as a new species will have to await the collection of more complete and adult specimens. The morphological study could show for the first time that there is a connection of each parasol-spines with the interior system of the ophiuroids ( Figure 2 ). We suggest that it is a muscular connection, which allows the specimens to move the spines. The purpose of these spines is still unclear. In freshly collected specimens, of O. spathifer a curtain of mucus or a thin skin enclosing each parasol-spine was observed (personal observations Eichsteller and O’Hara). The parasol-spines could therefore have a respiratory or sensatory purpose, as they occur on the tips of the arms which are outside the sediment while the rest of the animal lives buried inside the sediment.

Species delimitation methods based on the COI gene have been widely used for ophiuroid species (e.g.Ward et al., 2008; Khodami et al., 2014; Boissin et al., 2017; O’Hara et al., 2019; Christodoulou et al., 2020; Eichsteller et al., 2022). The methods used (GMYC, BIN) corroborated the morphological distinction of O. saskia sp. nov. and O. supplicans in the present study. The separation of these two clades was well supported in the phylogenetic tree (posterior probability >99%). We also highlighted the presence of a barcode-gap (higher interspecific genetic distances compared to the intraspecific ones) as well as a high number of mutations between the two species in the haplotype network. The extended dataset “CCZOTHOL” did not support the third Ophiotholia species “Ophiotholia sp.41” found in Christodoulou et al. (2020) but instead included it in the cluster of O. supplicans. BOLD and GMYC have recovered six subdivisions within O. supplicans implying the presence of more species. However, it has been shown in previous studies (Boissin et al., 2017; Christodoulou et al., 2020) that GMYC and BIN can overestimate the number of species. The low intra-cluster divergence (2.2%) at the initial cluster step of refined single linkage (RESL) in BIN methodology (Ratnasingham and Hebert, 2013; Song et al., 2018) could be the reason why in some cases the BIN method overestimated species number. Furthermore, it can be that GMYC has not performed optimally as the ultrametric tree was estimated with a single locus. Finally, no morphological differences were found that could justify the presence of more species. While the mean intraspecific genetic variability within O. supplicans is 5% and, although arguable significantly higher than O. saskia which is 1%, it’s still within the limits of intraspecific variability in Ophiuroidea (Khodami et al., 2014; Boissin et al., 2017; Christodoulou et al., 2020), while species with higher intraspecific values are known from previous studies (eg. Layton et al., 2016; Boissin et al., 2017). The few individuals within these subdivisions come from different study areas. It has been shown in other studies that specimens of the same species can have a high variation in the haplotype analyses over a short distance (Pérez-Portela et al., 2013; Galaska et al., 2017; Weber et al., 2019). Additionally, the haplotype network of the specimens belonging to O. saskia sp. nov. shows a high haplotypes diversity, thus it can be expected that O. supplicans has a similar high haplotype diversity as well. To avoid unnecessarily splitting, we follow a conservative approach and classify the Ophiotholia specimens found in CCZ and, which are not O. saskia, as one species under O. supplicans until more data support otherwise. It is possible that our dataset of O. supplicans is too small to exhibit a stable number of species within this subdivision. Even if there is an accumulation of individuals aligning with species of Ophiotholia sp. 41 (Christodoulou et al., 2020), this subdivision is still closely related to O. supplicans. In many cases the animals were immature and damaged (sometimes only a single arm) which limited our ability to use morphology. A larger dataset is required to better resolve all the species boundaries within Ophiotholia.

Understanding the diversity of seafloor habitats and the associated fauna is critical to making informed decisions about deep-sea conservation (Brix et al., 2019; McQuaid et al., 2020; Jones et al., 2021; Washburn et al., 2021). In the CCZ, the possible extraction of the abundant and valuable nodules could not only result in loss of substratum but will also result in seabed upheaval and possible biodiversity loss, and perhaps an ongoing effect on the(Ratnasingham and Hebert, 2013) local food web (Levin et al., 2016; Niner et al., 2018; Brix et al., 2019; Simon-Lledó et al., 2019a; Stratmann et al., 2021). Although ophiuroids are reported to take the role of the “generalist” in recolonization after mining disturbance, this refers mostly to the large, mobile, deposit feeders recognized in image based analyses (Jones et al., 2017; Simon-Lledó et al., 2019a; Simon-Lledó et al., 2019b). Knowledge at species level is important to determining disturbance impacts. Species of the class Ophiuroidea represent all kinds of feeding types and show different lifestyles (e.g. Pearson and Gage, 1984; O’Hara et al., 2008; Mosher and Watling, 2009; Stöhr et al., 2012; Laming et al., 2021; Manjón-Cabeza et al., 2021). So, it is incorrect to generalize the behavior of the whole class. The smaller and fragile specimens of the genus Ophiotholia are living buried in the upper layer of the seafloor, with their arms erected into the water column. This behavior suggests a less mobile and possibly filter feeding lifestyle, as likely in other sessile fauna (Lyman, 1880; Litvinova, 1992). The impact on the sediment redeposition on the surrounding benthic fauna is not well understood, (Jones et al., 2017; Simon-Lledó et al., 2019a; Stratmann et al., 2021), so it is unclear what will happen to the benthic communities, including the Ophiotholia species. But it is most likely that not only the targeted area but also surrounding areas will be influenced by the sediment plume, for example benthic communities could be smothered or nutrients could be introduced to an otherwise nutrient poor area and hence alter the local community (Simon-Lledó et al., 2019a; Washburn et al., 2021). There is also a risk from mobilized toxic metals and machinery contaminates in- and outside the mining area (Peukert et al., 2018). In 1989 an area off Peru was disturbed in 4150 m during an intensive disturbance study DISCOL (disturbance and recolonization experiment, Thiel and Schriever, 1990). After revisiting the site more than 20 years later, studies on the biodiversity show little recovery in the disturbed area and only the presence of some mobile species, including large ophiuroids (Miljutin et al., 2011; Simon-Lledó et al., 2019a). Although not all circumstances of habitat condition and data collection are the same in both areas (CCZ and DISCOL), similar recovery can be expected. Thus, mobile, deposit feeding ophiuroids may recover, but ophiuroids with a different lifestyle, like species of Ophiotholia might not resettle.

To accurately assess the risk of species extinctions from large-scale mining, the knowledge of the taxonomy, genetic structure, biogeography and basic natural history of deep-sea species is crucial. In a recent review (Engel et al., 2021) the “Taxonomic impediment” is discussed and shows the need for additional taxonomic work in the time of biodiversity loss and study of lesser known habitats. Our study provides a better understanding of the specimens of the genus Ophiotholia as well as contributing to the list of species that occur in the CCZ and thus to the assessment of biodiversity in the area. A well-established taxonomic background supports the identification of common benthic communities with possible indicator species and can improve the models on e.g., food web analyses or ecosystem changes (Stratmann et al., 2021). Species descriptions and barcoding are also essential to informing future eDNA and imaging studies, as well as contributing to large scale analyses as shown in Woolley et al. (2021) and Uhlenkott et al. (2022).
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The hairy snails of the genus Alviniconcha are representative deep-sea hydrothermal vent animals distributed across the Western Pacific and Indian Ocean. Out of six known species in the genus Alviniconcha, only one nominal species of A. marisindica was found in the Indian Ocean from the Carlsberg Ridge (CR), Central Indian Ridge (CIR) to the northern part of Southwest Indian Ridge (SWIR) and Southeast Indian Ridge (SEIR). Recently, the Alviniconcha snails were found at three new vent fields, named Onnare, Onbada, and Onnuri, in the northern CIR, which promotes a more comprehensive phylogeographic study of this species. Here, we examined the phylogeography and connectivity of the Alviniconcha snails among seven vent fields representing the CR and CIR based on DNA sequence data of a mitochondrial COI gene and two protein-coding nuclear genes. Phylogenetic inferences revealed that the Alviniconcha snails of the newly found in the northern CIR and two vent fields of Wocan and Tianxiu in the CR were divergent with the previously identified A. marisindica in the southern CIR and mitochondrial COI data supported the divergence with at least greater than 3% sequence divergence. Population structure analyses based on the three genetic markers detected a phylogeographic boundary between Onnuri and Solitaire that divides the whole snail populations into northern and southern groups with a low migration rate. The high degree of genetic disconnection around the ‘Onnuri’ boundary suggests that the Alviniconcha snails in the Indian Ocean may undergo allopatric speciation. The border may similarly act as a dispersal barrier to many other vent species co-distributed in the CIR. This study would expand understanding the speciation and connectivity of vent species in the Indian Ocean.




Keywords: hydrothermal vent, Alviniconcha snail, allopatric divergence, metapopulation, Central Indian Ridge, Carlsberg Ridge, gill-associated bacteria





Introduction

Historically, deep-sea exploration in the Indian Ocean is rare and delayed compared to other Oceans (Hashimoto et al., 2001; Van Dover et al., 2001). But recently, deep-sea exploration in the Indian Ocean region getting enormous interest (Thaler and Amon, 2019). Result of this, more biogeographical provinces were discovered in the Indian Ocean regions. Earlier, according to the eleven biogeographic provinces model of global hydrothermal vents (Rogers et al., 2012), there was only one province with two close vent fields in the Central Indian Ridge (CIR) regions. However, recently two more biogeographical provinces were identified with discoveries of new active vent fields and biological communities (Table 1): the northernmost Carlsberg Ridge (CR) and the southern Southwest Indian Ridge (sSWIR) (Zhou et al., 2018; Zhou et al., 2022). Besides, new active vent fields have been discovered along the CIR since the first discovery of the Kairei field around the Rodrigues Triple junction (Hashimoto et al., 2001): Edmond, Solitaire, Dodo, and Onnuri (Van Dover et al., 2001; Nakamura et al., 2012; Kim et al., 2020). Recently, in 2021, two more vent fields, Onnare and Onbada (Kim et al., unpublished data), were discovered towards the north of Onnuri. These two vent fields have active chimneys quite different from Onnuri with diffusive vent fluids rich in methane (Kim et al., 2020).


Table 1 | Active hydrothermal vent fields with ecosystem in the Indian Ocean.



Because of the lack of enough sampling in the CIR region, the vent fauna is not described entirely (Watanabe and Beedessee, 2015). However, due to the recent 20 years of exploration and research in the CIR region, the biogeography and phylogeography of hydrothermal organisms in the region have been roughly outlined despite low resolution by limited information of genetic variations on the mitochondrial fragment (Perez et al., 2021). Most recently, Zhou et al. (2022) studied biogeography and genetic connectivity of organisms for expanded regions ranging from the CIR to the CR (Daxi, Wocan, and Tianxiu vent fields) and the SWIR (Taincheng, Duanqiao, and Longqi vent fields). Biogeographically the vent fields along the CIR were clustered into the same province extending to the Tiancheng vent field in the northern SWIR (nSWIR) region (Sun et al., 2020; Zhou et al., 2022). The community composition of the CR (Wocan and Tianxiu vent fields) was quite similar to the CIR communities, including the common species such as the scaly-foot snails (Chrysomallon squamiferum), hairy snails (Alviniconcha marisindica), and mussels (Bathymodiolus septemdierum.) observed in the CIR and SWIR regions, which create a biogeography dendrogram pattern along the Indian Ocean from north to south ((CR, (CIR & nSWIR)), sSWIR) (Zhou et al., 2022). These three common species were not observed at the Daxi vent field of the CR (Wang et al., 2021). Besides, A. marisindica was not found at sSWIR but observed along with bathymodioline mussels at the Pelagia vent field in SEIR (Gerdes et al., 2019). Such variation in the community composition along the hydrothermal vent fields of the Indian Ocean indicates the possibility of ridge offset along the Indian Ocean ridges that probably act as barriers for the dispersal of vent species, similar to the community contrast observed in the eastern Pacific region (Perez et al., 2021). In the eastern Pacific Ocean, the barrier around the equator and Easter microplate resulted in the population divergence and speciation of several polychaetes and bathymodioline mussels (Coykendall et al., 2011; Johnson et al., 2013; Zhang et al., 2015; Jang et al., 2016). Interestingly, genetically admixed populations of provannid snails (A. marisindica), bythogreid crabs (Austinograea rodriguezensis), alvinocaridid shrimp (Rimicaris kairei), bathymodioline mussels (B. septemdierum.) were observed among vent fields from the Solitaire to the Kairei in the southern CIR (sCIR) region (Nakamura et al., 2012; Beedessee et al., 2013; Chen et al., 2015; Sun et al., 2020; Zhou et al., 2022). A recent phylogenetic study in the CIR region showed that the Bathymodiolus mussel and its symbiotic bacterial populations of Onnuri had diverged from the ancestral lineages of the southern vent populations of Solitare and Kairei (Jang et al., 2022), which certainly indicates a presence of geographical structure between Onnuri and the others in the sCIR region.

In this study, we investigated the genetic connectivity of snails within the genus Alviniconcha from the CIR to CR, including the most recently discovered vent fields, Onnare and Onbada, in the northern CIR (nCIR). The nCIR are geographically located in the middle the sCIR and the CR. Especially Alviniconcha species is one of the representative species broadly distributed in the Indian Ocean region. Therefore, the present study will be helpful to prove or narrow down the location of the possible geographic boundary between nCIR and sCIR, as suggested by Jang et al. (2022), and deepen our understanding of the overall population subdivision pattern of vent species in the Indian Ocean.





Methods & materials




Sampling & DNA extraction

Hairy snails (Alviniconcha sp.) were obtained from five vent fields, Tianxiu and Wocan on the CR and Onnare, Onbada, and Onnuri on the CIR (Table 2). The specimens were collected using remote operated vehicle (ROV) Ropos, Xiangyanghong 9 and ShenhaiYihao, human occupied vehicle (HOV) Jiaolong and video-guided hydraulic grab (Oktopu, Germany) from 2017 to 2022. The Onnare and Onbada are newly discovered vent fields near 9°S with depths of about 2,984 and 2,523 m, respectively and are situated at the northern side of the Onnuri vent field (Figure 1, Table 2). More active vents with black smoker chimneys were observed around the new vent fields, which are distinct from the diffusing vents in the Onnuri fields. At those sites, the hairy snail assemblages were surrounded by bathymodioline mussel assemblages. Upon arrival on deck, specimens of the Onnare and Onbada fields were preserved in 99% ethanol and −20°C, and specimens of the Onnuri, Wocan and Tianxiu fields were immediately preserved in −80°C after collection on board. Genomic DNA was extracted from the foot tissue using QIAamp Fast DNA Tissue Kit (Qiagen, Inc., Hilden, Germany) or DNeasy Blood & Tissue Kits (Qiagen, Inc., Hilden, Germany). Two specimens of the Onnuri field were used to observe the community composition of symbiotic bacteria in gill tissue. Gill tissues of the specimens were immediately dissected after arrival on the deck and fixed in RNAlater at 4°C overnight and preserved at −20°C. Subsequently, genomic DNA was extracted using FastDNA Spin Kit for soil (MP Biomedicals, USA).


Table 2 | Sampling localities.






Figure 1 | Sampling locations and hydrothermal vent fields in Indian Ocean reported to date. (A) The sampling sites of Alviniconcha snails along Carlsberg Ridge and Central Indian Ridge. The map was created using Ocean Data View v. 5.6.3 with the General Bathymetric Chart of the Oceans (GEBCO) 2014 grid. Colored circles represent sampling locations. White and gray circles represent the vent fields where Alviniconcha snails were observed but not analyzed in this study and not observed to date, respectively (Nakamura et al., 2012; Zhou et al., 2018; Gerdes et al., 2019; Sun et al., 2020). The abbreviations are described in Table 1. The dashed line with “*” represents the phylogeographic boundary observed from Alviniconcha snails in this study. Vent community with Alviniconcha snails and Bathymodiolus mussels at the Onnare vent field (B) and Onbada vent field (C).



We targeted three mitochondrial genes (mtCOI, mt12S rRNA, and mt16S rRNA) and five nuclear genes (EF1α, ATPSα, H3, 18S rRNA, and 28S rRNA) of Alviniconcha snails. Partial fragment of each gene was amplified using previously developed or newly designed primer sets and primer-specific PCR programs (Supplementary Table 1). PCR was performed by IP-Taq polymerase (COSMO genetech, South Korea) with 10×buffer, dNTP, the extracted genomic DNA, and gene-specific primer set according to a protocol of the manufacturer. All amplified products were sequenced bidirectionally using 3730xL DNA Analyzer (Thermo Fisher Scientific). Nuclear gene fragments with two or more heterozygous sites were phased using PHASE v. 2.1 (Stephens et al., 2001; Stephens and Scheet, 2005). The two nuclear genes (EF1α and ATPSα) of several specimens from the Wocan and Tianxiu fields were sequenced on Illumina Novaseq platform: six samples of the Wocan and two samples of the Tianxiu. DNA library was prepared with the insert length of 350 bp and sequenced with paired-end mode and read length of 150bp. Approximately 10Gb of raw Illumina reads were generated. Low-quality reads and adapter-contaminated reads were trimmed by Trimmomatic version 0.39 with the settings of ‘LEADING:20 TRAILING:20 SLIDINGWINDOW:4:20 MINLEN:50’, and the clean reads were assembled by SPAdes version 3.15.3 (Prjibelski et al., 2020). Target gene sequences were manually picked up from the assembled contigs through the blast result. All sequences generated from this study were submitted to NCBI (GenBank accession ID: OQ160352–OQ160421 for mtCOI gene; OQ149997–OQ150020 for mt12S rRNA, mt16S rRNA, 18S rRNA and 28S rRNA; OQ161779–OQ161988 for EF1α, ATPSα, and H3).





Phylogenetic analyses and molecular analyses

Phylogenetic analyses were conducted using concatenated sequences of the three mitochondrial and five nuclear genes. Two specimens were randomly chosen from three vent fields, Onnare, Onbada and Onnuri, on the nCIR. Sequences of Alviniconcha species and outgroup, Ifremeria nautilei, were downloaded from GenBank (Supplementary Table 2). Alignment of sequences was conducted using the MUSCLE algorithm (Edgar, 2004) in the Geneious Prime 2022.2.1. In the case of ribosomal RNA sequences, their ambiguously aligned positions of them were trimmed using Gblocks v. 0.91b on the Phylogeny.fr website, http://phylogeny.lirmm.fr/ (Castresana, 2000; Dereeper et al., 2008). The poorly aligned sites were eliminated by the setting for a less stringent selection allowing smaller final blocks, gap positions, and less strict flanking positions. Finally, we concatenated multi-locus sequencing data into two different datasets: 1) concatenated sequences of 981 bp including mtCOI (459 bp), ATPSα (297 bp), and EF1α (225 bp) and 2) concatenated sequences of 2,880 bp including mtCOI (459 bp), mt12S rRNA (303 bp), mt16S rRNA (470 bp), ATPSα (297 bp), EF1α (225 bp), H3 (273 bp), 18S rRNA (538 bp), and 28S rRNA (315 bp).

Phylogenetic analyses were carried out based on Maximum Likelihood (ML) and Bayesian Inference (BI) approaches. The selection of the best-fitting substitution model of the data was estimated using Smart Model Selection, SMS, based on the AIC (Akaike Information Criterion) and ML approach were implemented in PhyML v. 3.0 (Guindon et al., 2010) on the website, ATGC, http://www.atgc-montpellier.fr/phyml/ (Guindon and Gascuel, 2003). The ‘GTR+ Γ + I’ model was used for the concatenated sequences. The ML tree was constructed with 1,000 bootstrap replicates. The BI tree was inferred with 30,000,000 iteration and 25% burnin using the MrBayes (Huelsenbeck and Ronquist, 2001) on the Geneious Prime. The fragments of mtCOI gene from one specimen per each vent field in the CR and CIR were used to calculate the genetic distance, which was carried out based on the Kimura 2 parameter model using MEGA v. 11 (Tamura et al., 2021).

The mtCOI gene plus nuclear ATPSα and EF1α genes were used for the population genetic analyses. Sequences of the A. marisindica in the Edmond and Kairei fields were obtained from previous population genetic studies, Johnson et al. (2015) and Breusing et al. (2020) (GenBank accession ID: KF467897–KF467921 for mtCOI; MT147664–MT147723 for EF1α; MT148274–MT148329 for ATPSα). Sequences for each gene were aligned using the MUSCLE algorithm on the Genious Prime. Overlapped fragments were used for subsequent analyses after elimination of indel sites: 582 bp for mtCOI, 219 bp for EF1α, and 296 bp for ATPSα. The individual named as “JL301-8” from the Edmond was ruled out for subsequent molecular analyses due to very low sequence similarity on ATPSα (< 92%) and the limit for identification of species by no data for mtCOI gene (MT148328–9 for ATPSα gene; MT147720–21 for EF1α gene). Estimation of genetic diversity and genetic differentiation (FST), and analysis of molecular variance (AMOVA) were conducted using Arlequin v. 3.5 (Excoffier and Lischer, 2010). For mantel test, the geographic distance between vent fields were estimated based on longitude and latitude from the webserver of National Hurricane Center and Central Pacific Hurricane Center (https://www.nhc.noaa.gov/gccalc.shtml). The GPS locations of the Edmond and Kairei fields were based on the Van Dover et al. (2001). The correlation between the pairwise FST values for each genetic marker and the geographic distances were examined through Mantel tests using Genodive v. 3.0 (Meirmans, 2020). In addition, stratified mantel tests were performed to examine the effect of the hierarchical grouping of populations using the same program. Median-joining network (Bandelt et al., 1999) was estimated and drawn using PopART v. 1.7 (Leigh and Bryant, 2015). Assignment of individuals into population was examined based on genotypes of mtCOI and nuclear ATPSα and EF1α sequences using STRUCTURE v. 2.3.4 (Pritchard et al., 2000). The posterior probability of the number of discrete cluster (K) ranging from 1 to 7 was estimated through 10 independent runs including 1,000,000 iterations and 10% burnin. The most probable of K was determined by the delta K method of Evanno et al. (2005) on website (https://taylor0.biology.ucla.edu/structureHarvester/), Structure Harvester (Earl and Vonholdt, 2012). Finally, the mean Q-matrix for individuals were produced by CLUMPP v. 1.1.2 (Jakobsson and Rosenberg, 2007). The genotypes of two nuclear genes were used to analyze recent migration based on the bayesian approach using BayesAss v. 3.04 (Wilson and Rannala, 2003). The individuals with only mtCOI data were ruled out from this analysis. It assumed the linkage disequilibrium of loci within parental populations, which were tested using GenePop v. 4.7.5 on the webserver and based on the Bonferroni corrected significant level (https://genepop.curtin.edu.au/) (Rousset, 2008). The posterior probability was estimated from 250,000,000 iterations after burnin of 1,000,000 and a sampling frequency of 5,000. Mixing parameters for allele frequencies and inbreeding coefficient were set as 0.3 and 0.8, respectively. The convergence diagnostics of MCMC estimates were tested based on several diagnostics using R-script, including methods of Geweke (Geweke, 1992), Raftery and Lewis (Raftery and Lewis, 1992), and Heidelberg and Welch (Heidelberger and Welch, 1983).





Relative abundance and phylogenetic analysis of symbiotic bacteria

We conducted amplicon sequencing of 16S rRNA targeting the V3–V4 region using dual indexing approach (Fadrosh et al., 2014) based on universal primer for bacteria, 341F (5’-CCTACGGGNGGCWGCAG-3’) and 805R (5’-GACTACHVGGGTATCTAATCC-3’) (Herlemann et al., 2011). Sequences were generated from Illumina MiSeq platform using 2×250 paired-end protocol. Raw sequencing data were analyzed through the microbiome taxonomic profiling pipeline in EzBioCloud (https://www.ezbiocloud.net, Chunlab, Inc., Seoul, Korea). Raw sequencing data of paired-end reads was filtered using Trimmomatic (Bolger et al., 2014), merged using PANDAseq (Bartram et al., 2011; Masella et al., 2012). Subsequently, the primers were trimmed. The filtered reads were aligned using HMMER and denoised using DUDESeq (Lee et al., 2017). The reads were assigned according to taxonomic level (Yarza et al., 2014) using USEARCH (Edgar, 2010) based on the EzBioCloud 16S rRNA database (Yoon et al., 2017; Park and Won, 2018), and chimeric sequences among reads not assigned were removed using UCHIME algorithm (Edgar et al., 2011). The most dominant contig among reads was chosen and used to examine the phylogenetic relationship with other gill-associated bacteria of Alviniconcha species. The sequence used for the phylogenetic analysis were submitted to NCBI (GenBank accession ID: OQ198964). The sequences of sister taxa and out group were obtained from Genbank. After MUSCLE alignment, ML and BI inferences were carried out with same processes used for the host species. The ‘GTR’ with FreeRate for variation across sites (‘R’ model) was figured out as the best-fitting model and used for the ML approach. For BI approach, no variation across sites (‘equal’) was assumed instead of the FreeRate model, which was unavailable on the MrBayes.






Results




Phylogenetic relationship

Phylogenetic analysis with concatenated sequences of multi loci suggests that Alviniconcha snails from the nCIR, including Onnare, Onbada, and Onnuri fields, clustered into the well-supported monophyletic clade and formed a sister clade with A. marisindica (Figure 2). Among species in the Western Pacific (WP), A. boucheti was the most closely related to Alviniconcha species of the Indian Ocean based on high bootstrap value and probability from both ML and BI inferences. The mtCOI gene sequences of Alviniconcha snails from CR and nCIR diverged 0.2–0.5% intra- and inter-region but at least greater than 3% from A. marisindica in Edmond and Kairei fields (Table 3). According to the phylogenetic relationship and genetic distance estimation, we, hereafter, refer to the Alviniconcha snails from nCIR and CR as A. aff. marisindica. Species in the WP exhibited at least approximately 4% of inter-species genetic distance (Table 3).




Figure 2 | Phylogenetic relationship of Alviniconcha snail species. ML tree based on concatenated data set of three genetic markers (mtCOI, ATPSα, and EF1α) in (A) and eight genetic markers (mtCOI, mt12S rRNA, mt16S rRNA, ATPSα, EF1α, H3, 18S rRNA, and 28S rRNA) in (B). The bootstrap value (>50%) and posterior probabilities (>0.70) estimated from ML and BI analyses, respectively, are shown on the nodes. (A) Vent habitats are enclosed in parentheses next to each taxon name.




Table 3 | Pairwise genetic distance (%) of mtCOI sequences (459 bp) of A. aff. marisindica with other Alviniconcha species based on Kimura 2 parameter model.







Population structure

The median-joining networks for the mtCOI and nuclear ATPSα genes represented genetic segregation between geographically northern and southern clusters of A. aff. marisindica and A. marisindica, respectively (Figure 3): The CR (Wocan and Tianxiu) and nCIR (Onnare, Onbada, and Onnuri) populations were separated from the southern CIR (sCIR; Edmond and Kairei) populations. While distinct differentiation of northern and southern haplotypes and alleles for mtCOI and ATPSα genes can be observed, the allele of EF1α gene was distributed broadly from the CR to sCIR with a few rare genetic variations in CIR populations. The northern and southern haplotypes for mtCOI genes were differentiated by at least 17 bp, 2.92% of the total length of 582 bp (Figure 3). Also, some southern alleles for ATPSα genes were distributed in nCIR with low frequency.




Figure 3 | Median-joining network of mtCOI, ATPSα and EF1α genes. Each circle represents a distinct haplotype or allele, and its size is proportional to the frequency. Colors in the circle are consistent with the colors of vent fields on the map in the Figure 1. Black circle is the hypothetical haplotype. Hatch mark represents a single nucleotide mutation.



STRUCTURE also assigned Alviniconcha snails into two geographically distinct groups, corresponding to the clustering pattern from the network, based on the second-order rate of change of the log probability, delta K (K = 2; Figure 4A). The northern individuals were relatively more heterogeneous than the southern group. BayesAss revealed that contemporary migrants barely contributed to the admixed ancestries from relatively low migration rates between the two groups, about 0.01–0.03: The posterior mean and median values of migration rate were 0.0243 (s.d. = 0.0201) and 0.0189 from southern to northern groups, and 0.0158 (s.d. = 0.0144) and 0.0116 from north to southern groups. The proportion of immigrant ancestries in each individual also appeared to be limited, given admixed portion inferred from the STRUCTURE result (Figure 4B). Most immigrants were identified as post-1st generation immigrants regardless of source group. The STRUCTURE of K = 3 did not add more subclusters (Supplementary Figure 1). Additionally, the recent migration rates among three regions (CR, nCIR and sCIR populations) were estimated (Supplementary Table 3). The bidirectional migration rate was assessed between the CR and CIR populations, but the extent of southward migration was much larger than northward migration: posterior mean = 0.1031 (s.d. = 0.1005) and median = 0.0594 for northward migration; posterior mean = 0.2350 (s.d. = 0.1110) and median = 0.2912 for southward migration.




Figure 4 | Genetic structure and recent migration of Alviniconcha populations in the Indian Ocean. (A) STRUCTURE analysis (K = 2). Colors of bar represent assigned clusters K of each individual into the northern group (orange) and southern group (blue). (B) BayesAss estimation. The colors of the bar represent the posterior probabilities of native and migrant ancestries estimated from the genotypes of each individual. The migrant ancestries were colored with a similar color tone to the native group.



Pairwise FST for mtCOI and ATPSα genes supported the geographical population structure between northern and southern groups (Table 4). The pairwise FST values between the two groups were significant and ranged from 0.88 to 0.92 for mtCOI and from 0.51 to 0.88 for ATPSα. For the mtCOI gene, pairwise FST inter-populations within the northern group, between CR and nCIR, were also statistically significant despite less genetic differentiation than that inter groups (FST = 0.128–0.24, p-value=0.0005–0.008). The Onnare population differed significantly from the Onbada population (FST = 0.109, p-value = 0.046). For the EF1α gene, a significant FST value was estimated between the Onnuri and sCIR populations (FST = 0.040, p-value = 0.046 between the Onnuri and Kairei; FST = 0.030, p-value = 0.039 between the Onnuri and Edmond). The pairwise FST values were significantly correlated with geographic distance between vent habitats (Mantel’s r = 0.668, p-value = 0.044 for mtCOI; Mantel’s r = 0.699, p-value = 0.015 for ATPSα). However, the stratified Mantel test conducting permutation within clusters based on the STRUCTURE result exhibited a significant correlation only for the ATPSα, not for the mtCOI gene (Stratified Mantel’s r = 0.699, p-value = 0.043 for ATPSα).


Table 4 | Geographic distance (Geo) and pairwise genetic differentiation (FST) between vent localities. First listed matrix is below and second matrix is above the diagonal.







Gill-associated symbiotic bacteria

An average of 25,220 reads were obtained in each host individual collected from Onnuri vent field. Gill-associated symbiotic bacteria of A. aff. marisindica was predominantly identified as Sulfurovum-related Campylobacteria based on 16S rRNA gene fragments (>99%; Figure 5A). The most abundant 16S rRNA contig of two A. aff. marisindica specimens were identical (sequence similarity = 100%). Phylogenetic analysis revealed that gill-associated bacteria of A. aff. marisindica formed a monophyletic cluster with the Sulfurovum lineage along with the gill symbiotic bacteria of A. marisindica and A. boucheti, but this cluster was weakly supported with less than 50% of bootstrap value and approximately 0.74 posterior probability (Figure 5B). We found two distinct lineages of bacteria associated with Alviniconcha snails, some are clustered with Sulfurovum and others are with Sulfurimonas lineages (Figure 5B).




Figure 5 | Relative abundance of gill-associated symbiotic bacteria and phylogenetic tree of dominant symbiont based on 16S rRNA sequences. (A) At the genus level, bacterial community compositions in gill tissue of Alviniconcha snails from the Onnuri vent field. (B) Phylogenetic relationship among gill-association bacteria of Alviniconcha snails.








Discussion




Biogeographical discontinuity

Earlier it was observed that the Mid-Ocean Ridge system of the Indian Ocean consists of three distinguished biogeographical provinces, CR, CIR-nSWIR and sSWIR (Zhou et al., 2022). The addition of three vent sites, Onnare, Onbada and Onnuri, in the northern vent sites helped find the location of potential boundaries between CIR and CR. In this study, we observed the biogeographical discontinuity in nCIR and sCIR regions. Particularly multi loci sequences including mitochondrial and nuclear genetic markers showed that two phylogenetically distinct Alviniconcha snail lineages exist across the boundary in allopatry. The high level of genetic distance for mtCOI sequences suggests the divergence beyond population-level to speciation level. Genotypic assignment based on three genetic loci supported a genetic subdivision of A. aff. marisindica populations in CR and nCIR region from the A. marisindica populations in sCIR region. The high genetic connectivity of A. marisindica in the sCIR region is coincide with the findings observed among three vents of sCIR (Solitaire, Edmond and Kairei) (Beedessee et al., 2013). Taken together the observation by Beedessee et al., 2013, the limited migration among northern and southern CIR vent populations observed in this study suggested that the putative dispersal barrier is expected to be located between the Onnuri and Solitaire vent fields. Statistically significant genetic differentiation between two geographical groups also supported the divergence by geographic isolation, that is, allopatric divergence between the two Alviniconcha snail lineages. The stratified mantel test for the mtCOI and ATPSα genes supported the differentiation of population clustering into north and south regions due to the isolation by geographical distance on the divergence process of Alviniconcha lineages.

The genetic structure and haplotype networks of the three genetic markers show that Alviniconcha individuals from the CR and nCIR ridges are genetically very close. Therefore, the intermediate region between the sampled vents of the two ridges does not seem to have any dispersal barrier to the snails that could potentially subdivide them. However, given the limited genetic variation from just several loci of the present study, we cannot entirely rule out the possibility of a geographic boundary that could be seen with only sufficient genetic data, such as genome-wide single nucleotide polymorphisms (SNPs) between the two ridges. The high genetic connectivity between the CR and nCIR is somewhat unexpected since the Tianxiu vent field in the CR, and the Onnare in the nCIR are separated by more than 1,500 km. Though the genetic differentiation (FST) of mtCOI between these two vents was statistically significant, the genetic distances of DNA sequences were minimal or nothing (Figure 3). Furthermore, the other nuclear gene makers (ATPSα and EF1α) showed no genetic differentiation between them (Table 4). This result may be because there are many undiscovered hydrothermal vents in the 1,500 km gap. These hidden habitats likely act as stepping stones linking the spread and distribution of Alviniconcha snails along the CR and nCIR. In other words, the unexpectedly high similarity compared to the distance apart may be due to the undetected intermediate habitats between the two hydrothermal regions. Therefore, future deep-sea exploration in this intermediate region between the Tianxiu and Onnare vent fields will likely lead to the discovery of new potential hydrothermal vents.





Gene flow and effect of environmental and ecological factors on the divergence

The genotype assignment based on mitochondrial and nuclear genes suggested that many admixed individuals in the northern region originated from the southern region. This finding extended the observation of the gene flow from the south to the north ridge of the Indian Ocean (Perez et al., 2021). The Bayesian approach based on genotypes of nuclear genes indicates the current gene flow scarcely contributed. Estimation at the individual level suggested a relatively higher degree of gene flow from south to north in the past, as an allele type of post-1st generation immigrant was observed in a relatively large number of individuals in the northern region compared to the southern region. This directionality matches well with the northward flow of the deep current at 2500–3000 m depth predicted by the modeling approach (Reid, 2003).

The dispersal of bathymodiolin mussel populations was limited due to lateral offsets by transform faults (TF), such as Marie Celeste FZ, of about 100 km long and about 5 km deep between the Onnuri and Solitaire vent fields (Jang et al., 2022). The lateral offsets by the TF disrupt larval dispersal, especially in the slow-spreading ridge system, which induces the cross-axis current to interrupt passively dispersing larvae (Johnson et al., 2006; Young et al., 2008). Likewise, the TFs between Tiancheng and Longqi along the SWIR were interpreted to result in low connectivity of the scaly-foot snail, C. squamiferum (Sun et al., 2020). The dispersal distance of Alviniconcha snails was more limited than the bathymodiolin mussels, even though Alviniconcha species were expected to possess a planktotrophic larval stage like the vent mussels during larvae (Waren and Bouchet, 1993). Although the behavior and physiology of Alviniconcha larvae are poorly known, several in-situ observations revealed a predominant distribution of gastropod larvae near the bottom, probably driven by negative buoyancy or downward swimming (Mullineaux et al., 2005; Metaxas, 2011; Mullineaux et al., 2013). Because the vertical distribution of larvae affects the dispersal process related to the current depending on the depth (Mcgillicuddy et al., 2010; Gary et al., 2020), the dispersal of larvae near the bottom is more likely to be impedded by the lateral offset of the ridge axis. Consequently, the geographical subdivision of the Alviconcha snails in the Indian Ocean might be associated with the spatial distribution pattern of larvae near the bottom. Future investigations for larva duration and dispersal depth are needed to fully understand the geographical connectivity and diverging process identified by genetic studies.

In addition, the unique geomorphological features of the Onnuri vent field are also suggested to contribute to accelerating the geographic subdivision between nCIR and sCIR. The Onnuri vent field attracted attention with several different characteristics from the general hydrothermal vents. First, the Onnuri hydrothermal area was formed at the top of the topography rising from the main surface, not near the expansion axis of the Mid-Oceanic Ridge, where volcanic activity is concentrated. The Onnuri field locates on the summit of ocean core complexes of dome-shaped and is relatively distant from the ridge axis, approximately 12 km apart (Pak et al., 2017; Kim et al., 2020; Lim et al., 2022). This topography is composed of the lower ocean crust and upper mantle, which have been raised to the sea floor by long-lasting faulting activities. As a result, the Onnuri field is ultramafic-hosted hydrothermal system with non-magmatic heat source (Lim et al., 2022). When olivine, a mantle rock, is altered by hydrothermal circulation, it turns into serpentine, and hydrogen and methane are generated in this process. Therefore, the hydrothermal plume of Onnuri is characterized by high hydrogen and methane concentration. Therefore, it is presumed that these geological and chemical characteristics affect the vent environment and organisms and ecosystem of Onnuri, possibly slightly differentiating its populations from those of other vents located near areas of ridge axes. Comparative studies involving vent organisms in this area and its neighboring vent fields, such as Onnare and Onbada, are urgently needed.

On the other hand, bidirectional migration was observed between the CR and nCIR populations, and in particular, the migration rate southward was relatively higher. The limited information on the oceanic bottom current did not allow for linking the biological and abiotic factors to understand the dispersal pattern of vent snails. However, the migration pattern of Alviniconcha snails would serve as a reference for inferring the geographical connectivity of other vent invertebrates in the Indian Ocean region.





Alviniconcha snail gill-associated bacteria

Gill-associated bacteria from A. aff. marisindica were identified as taxa of the genus Sulfurovum within Campylobacteria. In WP, Alviniconcha snails’ divergence was explained by geographical separation and ecological isolation due to niche segregation through the acquisition of different phylotypes of chemosynthetic bacterial symbionts in Gammaproteobacteria and Campylobacteria at different vent fields through horizontal transmission of symbionts (Breusing et al., 2020; Breusing et al., 2022). However, as dominant symbiont species, we could only detect the Sulfurovum genus within the phylum Camphylobacteria from the Onnuri vent Alviniconcha snails. Due to the small sample size in this study, we might not detect multiple phylogenetic lineages of symbionts as equivalent as seen in the West Pacific. A more extensive data set with more samples covering the various vents are needed to investigate symbionts’ role in the divergence of Alviniconcha snails in the Indian Ocean.






Conclusion

In this study, we confirmed a phylogeographic boundary in the CIR region using the endemic Alviniconcha vent snails that distributes broadly in the Indian Ocean. We have extended sample collection from the initially found southern Central Indian Ridge up to the Carlsberg Ridge north of the Indian Ocean. While previous genetic studies have shown high genetic connectivity of this species among the vents in the sCIR, this study suggested the existence of a phylogeographic boundary between the Onnuri and Solitaire vent fields. The Alviniconcha snails of the newly found Onnare, Onnuri, and Onbada vent fields in the nCIR and two other vent fields of Wocan and Tianxiu in the CR formed a monophyletic but divergent clade with the previously identified A. marisindica in the sCIR, suggesting that the degree of separation between the two major clades goes beyond population-level to speciation. The location of the phylogeographic boundary is generally consistent with other studies on invertebrate vent species. The phylogeographic border was likely formed by the geographical habitat gaps that impede the connectivity of Alviniconcha snails. In future works, comparative studies with multiple vent species around the boundary are required to further re-confirm the findings in this study. In addition, examinations of morphological characteristics of Alviniconcha snails in the CR and nCIR are needed to clarify taxonomic identification.
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The patchy nature and overall scarcity of available scientific data poses a challenge to holistic ecosystem-based management that considers the whole range of ecological, social, and economic aspects that affect ecosystem health and productivity in the deep sea. In particular, the evaluation of, for instance, the impact of human activities/climate change, the adequacy and representativity of MPA networks, and the valuation of ecosystem goods and services is hampered by the lack of detailed seafloor habitat maps and a univocal classification system. To maximize the use of current evidence-based management decision tools, this paper investigates the potential application of a supervised machine learning methodology to expand a well-established habitat classification system throughout an entire ocean basin. A multi-class Random Forest habitat classification model was built using the predicted distributions of 6 deep-sea fish and 6 cold-water corals as predictor variables (proxies). This model, found to correctly classify the area covered by an existing European seabed habitat classification system with ~90% accuracy, was used to provide a univocal deep-sea habitat classification for the North Atlantic. Until such time as global seabed mapping projects are complete, supervised machine learning approaches, as described here, can provide the full coverage classified maps and preliminary habitat inventories needed to underpin marine management decision making.
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1 Introduction

Ecosystem-based management is required to implement international, regional and local policies promoting the sustainable development of marine resources such that ecosystems are maintained in a healthy, productive and resilient condition so that they can provide the services humans want and need (McLeod et al., 2005). Ecosystem-based management is an integrated approach that considers the full range of ecological, social, and economic factors that influence ecosystem health and productivity. Although scientific knowledge is no longer considered a limiting factor for the adoption of an ecosystem-based management approach in shallower waters (Cormier et al., 2017)), a lack of basic scientific knowledge still hinders its full realisation in the deep sea (Grehan et al., 2017). For example, while the advent of acoustic seabed mapping techniques, in particular the development of multibeam echo-sounders, has revolutionised our ability to image the seafloor in recent decades (Kenny et al., 2003), it is estimated that only 23% of the world’s oceans have been mapped at a high resolution (GEBCO (General Bathymetric Chart of the Oceans), 2022). Furthermore, mapping benthic habitats requires the collection and compilation of extensive physical and biological datasets, and this has only been achieved in a small proportion of the global ocean (Costello et al., 2010; Sunagawa et al., 2020).

Recognising that, despite this lack of data for the deep-sea, there is an urgent need for full-coverage benthic habitat maps to underpin management decision making, predictive modelling techniques have become widely used and accepted as the best means of addressing gaps in current knowledge of the seafloor (Brown et al., 2011). The EUSeaMap (Vasquez et al., 2021), for example, provides a broad-scale predictive benthic habitat map of European waters using various habitat classification systems including the European Union Nature Information System (EUNIS) habitat classification system (Davies et al., 2004) and Benthic Broad Habitat Types (BBHT) as defined in the MSFD (Commission Decision (EU) 2017/848). The EUSeaMap’s utilisation of these well-established schemas is in line with a wider need for a univocal system of habitat classification (Galparsoro et al., 2012), and crucially, allows users to leverage a large existing evidence-base when addressing fundamental needs in marine management, including assessments of 1) habitat sensitivity and cumulative effects (Tillin et al., 2010; Tyler-Walters et al., 2018), 2) the adequacy and representativity of MPA networks, (Rondinini, 2011), and 3) ecosystem goods and services provided by benthic habitats (Galparsoro et al., 2014).

Broadly speaking, benthic habitat maps are developed by classifying the seafloor based on distinct combinations of biotic and abiotic characteristics which provide a suitable or preferable environment for a particular species or groups of species (Diaz et al., 2004); depending on the approach used to integrate these various components, the specific composition and boundaries of a given habitat can vary widely (Shumchenia and King, 2010). A bathymetric survey based on high-resolution acoustic data, for example as obtained from a multibeam echosounder, serves as the logical starting point for the mapping of the abiotic (and to some extent the biotic) environment (Anderson et al., 2007; Brown et al., 2011). In addition to providing data on depth, derivatives of bathymetric data support geomorphological classification of the seabed and the identification of benthic structures at a range of scales which may be used to characterise seafloor habitats (Wilson et al., 2007; Dolan et al., 2012; Goes et al., 2019). Multibeam echosounder backscatter data, along with derivatives thereof, can also be linked to various seafloor sediment characteristics important to habitat determination (Brown and Blondel, 2009; Hasan et al., 2014). Furthermore, bathymetric data provide input to hydrodynamic models which can provide useful predictions for other parameters of ocean physics and chemistry which contribute to habitat delineation (Lucieer et al., 2016), thus addressing gaps in empirical measurements of such parameters (Cooper and Spearman, 2017; Ramiro-Sánchez et al., 2019). Finally, ground truthing, in the form of bottom sampling or in-situ surveys, is a crucial component of creating high-confidence benthic habitat maps (Lamarche et al., 2016). Ground truthing enables model predicted characterisations of the seafloor substrate/sediment to be confirmed (and models thus refined) using physical samples obtained with equipment such as grabs and corers (Narayanaswamy et al., 2016), and in situ surveys of the in- and epifauna (Schiele et al., 2014) and benthic/benthopelagic fish communities present (Auster et al., 2001; Borland et al., 2021) can help ensure that any habitat maps developed are ecologically meaningful.

Single species habitat mapping is a special case of habitat mapping whose objective is to define the niche (sensu (Hutchinson, 1944)) inhabited by a particular species (Brown et al., 2011); usually this would be a “focal species”, i.e. one of a set of species whose collective environmental preferences/tolerances hypothetically encompass the requirements of all other species in a given landscape or ecosystem of interest (Lambeck, 1997). Species occur in three-dimensional geographical space, but their occurrence can also be conceptualised within a hyperdimensional space of ‘n’ environmental parameters (e.g. temperature, salinity, food availability, oxygen concentration, etc.) within which there exists an n-dimensional hypervolume (Hutchinson, 1957) bounded by species’ tolerances to those environmental parameters, i.e. their fundamental niche (Begon and Townsend, 2020). The process of using environmental data collected at locations of recorded species occurrences to model species’ fundamental niches (or rather as much of the fundamental niche as is possible based on the observed data) as distinct regions of the environmental space is referred to as species distribution modelling, and Species Distribution Models (SDMs) can be used to map these niches onto the geographical space for which environmental data are available, thus describing species’ potential distributions (their realised distributions may differ, as the modelled niche describes only the environment in which a species could occur based previous observations, without taking account of important considerations such as, for example, connectivity, competition, and predation etc.). In much the same way that integrated ocean models can be calibrated with empirical observations and used to produce full-coverage spatial data layers for a range of physical and biogeochemical variables pertinent to mapping marine habitats (Fennel et al., 2022), SDMs based on relatively sparce species occurrence data can be used to address gaps in our knowledge of species distributions (Franklin, 2013).

This paper explores the potential use of a supervised machine learning methodology to extend well-established habitat classification systems from an area which is, compared to most in the world’s ocean, highly studied and well characterised, to an area for which there is a considerably greater paucity of empirically observed environmental/biological data. Given the surge in interest in species distribution modelling in recent years (Melo-Merino et al., 2020), SDM model outputs which, in effect, integrate physical, chemical, and biological data about the marine environment are increasingly readily available (Scarponi et al., 2018), and the hypothesis that such SDM outputs could serve as proxies for benthic habitat (as determined according to a pre-existing classification scheme) is explored. Such a highly flexible and globally applicable methodology could serve a wide range of purposes, from supporting conservation efforts and marine policy implementation to facilitating the effective management of maritime activities.




2 Materials and methods



2.1 Seabed habitats data – EUSeaMap 2021

The European Marine Observation and Data Network’s (EMODnet) EUSeaMap is a broad-scale map of physical seabed habitats in European waters, with the EUSeaMAP 2021 being the fifth iteration produced by EMODnet since the start of their seabed habitat mapping initiative in 2009. Since its inception, the EUSeaMap has classified European seabed habitats according to the i) EUNIS 2007 and ii) MSFD “Benthic Broad Habitat Type” classifications, and, as of the 2021 version (Vasquez et al., 2021), an additional classification for European waters is now also included in the form of an updated “EUNIS 2019” marine habitat classification system (“EUNIS marine habitat classification 2019 including crosswalks — European Environment Agency,” n.d.; Evans et al., 2016). The EUSeaMap has been developed, as described in detail by (Populus et al., 2017), by using generalised linear modelling techniques (logistic regression) to elucidate links between observed biological sample data and environmental predictor variables, or, in the absence of biological data, with fuzzy classification rules using thresholds obtained from literature and expert judgement. For use as model training data, the most recent available update of the EUSeaMap broad-scale seabed habitat map for the European Atlantic and Arctic regions (updated September 2021) was downloaded as a Geodatabase from the EMODnet Seabed Habitats Spatial Data Downloads portal (https://www.emodnet-seabedhabitats.eu/).




2.2 Species distribution model outputs

As part of the H2020 ATLAS project (eu-atlas.org), basin-scale SDMs were developed for six species of deep-sea fish (Coryphaenoides rupestris, Gadus morhua, Helicolenus dactylopterus, Hippoglossoides platessoides, Reinhardtius hippoglossoides, and Sebastes mentella), three species of scleractinian corals (Desmophyllum dianthus, Lophelia pertusa, and Madrepora oculata), and three species of Octocoral (Acanella arbuscula, Acanthogorgia armata, and Paragorgia arborea) (Morato et al., 2020). These species were selected for their ecological significance as well as their wide distributions throughout the North Atlantic Basin, characteristics which also mark their suitability for the present study. SDMs were developed for each species using three commonly applied approaches: i) Maxent (infinitely-weighted logistic regression) (Phillips et al., 2006; Phillips et al., 2017) , ii) Generalized Additive Models (Hastie and Tibshirani, 1987), and iii) the Random Forest machine learning algorithm (Breiman, 2001), with ensemble model predictions subsequently generated by combining these outputs; these ensemble outputs were downloaded for use as model training/testing data from the PANGAEA data repository (Morato et al., 2019).




2.3 Species distribution model inputs

As described previously, SDMs are developed in an attempt to describe the fundamental niche of species and thus their outputs represent an integrated map of physical, chemical, and biological environmental data relevant to species geographic distributions. The environmental data layers used to develop the ensemble SDM outputs detailed above were also downloaded from the PANGAEA data repository (Wei et al., 2020) for use as auxiliary model training/testing data; this allowed for comparisons to be made between classification models developed solely with SDM outputs as predictors, and models developed with SDM outputs and their inputs as predictors.




2.4 Modelling habitat



2.4.1 Preparing model training and testing datasets

The raster R package (Hijmans and van Etten, 2016) was used to combine the gridded SDM outputs and auxiliary spatial data layers as a “raster stack” object, which was then converted to a “SpatialPointsDataframe” object using the centroids of the pixels of the raster stack as the x- and y-coordinates of the spatial points. These spatial points were overlain on the EUSeaMap shapefile, and the habitat data underlying each point was extracted from the shapefile polygons using the “over” function of the SP R package (Pebesma et al., 2022). This results in the polygon directly under the centroid of each pixel being selected in instances where a single pixel in the SDM/auxiliary data layers covered multiple polygons in the EUSeaMap, however any other treatment of such cases would be computationally costly, and the benefit (if any) to model performance would be marginal.

The EUNIS system has a hierarchical structure, and the EUSeaMap classifies different areas to different levels (L1-L4) of that hierarchy; EUNIS classifications for each hierarchical level were computed for each datum, as the EUSeaMap provides only the highest EUNIS level possible for each habitat classified. For example, if the EUSeaMap classified a habitat as A5.611 (Sabellaria spinulosa on stable circalittoral mixed sediment), this would be considered a EUNIS L4 classification, and classifications of A5.61 (Sublittoral polychaete worm reefs on sediment), A5.6 (Sublittoral biogenic reefs), and A5 (Sublittoral sediment) would be calculated for EUNIS L3, EUNIS L2, EUNIS L1 respectively. There were several EUNIS habitats for which there were too few records for them to be modelled in any meaningful way, however the hierarchical structure of the EUNIS classification system allowed for these data to be merged with data at a higher (i.e. less specific) level of the EUNIS hierarchy rather than discarding them. Finally, the data were split using a ratio of 80:20 for model training and model testing datasets, respectively (Gholamy et al., 2018); this was achieved using the “createDataPartition” function of the caret R package (Kuhn et al., 2022) to randomly sample data from within each habitat class, thus ensuring that the overall class distribution of the original dataset was preserved in both the training and testing datasets.

Using the EUNIS classification as an example, the vast majority of the area of the North-East Atlantic that is classified by the EUSeaMap is comprised of deep-sea bed (A6) habitats, with Sublittoral sediment (A5), Circalittoral rock and other hard substrata (A4), and Infralittoral rock and other hard substrata (A3) making up a comparatively small fraction of the habitats assigned EUNIS classifications. This results in a severe class imbalance and so poses an impediment to the development of a RF classifier capable of predicting minority classes (in this case A5, A4, and A3 habitats) with similar accuracy to the majority class (A6). One way of dealing with this problem of class imbalance is to oversample minority cases in the training dataset, however this too can cause problems; simply resampling the training data randomly (i.e. selecting duplicate instances of the minority class(es) to achieve a balanced number of each class can result in model overfitting, hindering the model’s ability to generalise and thus predict classes for data outside the original training dataset. Conversely, randomly undersampling the majority class(es) to obtain a balanced training data set could result in important information being lost, especially when the majority class data are comprised of subclasses (as is the case with the EUNIS hierarchy – e.g. A6 is comprised of sub-classes A6.1, A6.2,… etc.); such within-class imbalance could very likely result in instances of poorly represented minority subclasses being completely excluded from the training dataset if the dataset is simply randomly undersampled. To address these issues, more sophisticated means of under- and oversampling the training dataset are necessary. To deal with the paucity of data available for minority classes in the EUSeaMap, the Synthetic Minority Over-sampling Technique (SMOTE) proposed by (Chawla et al., 2002) was used to oversample the training dataset, thus generating “synthetic” instances of the minority class(es). A k-means based clustering approach was simultaneously applied to undersample the majority classes, after sub-dividing the data; this combination of SMOTE and cluster-based under-sampling techniques (SCUT) was proposed by (Agrawal et al., 2015) and was implemented using the scutr R package (Ganz, 2021). This methodology was applied for each habitat classification system modelled.




2.4.2 Random forest seabed habitat classification

Decision trees are a supervised machine learning algorithm commonly employed to address classification and regression problems. Starting at a single root node which contains all the available training data, the decision tree branches, based on the values of some feature (i.e. an independent variable) in the input data that is most capable of separating classes of interest (i.e. the dependent variable), thus splitting the data into two nodes. This process is repeated, until the model reaches terminal “leaf” nodes which contain data from only a single class; at this point the decision tree may be used as a model to make class predictions for new data. An individual decision tree is a “weak learner”, however there are multiple ensemble methods that use multiple trees to obtain better predictions, one example being the Random Forest (RF) algorithm proposed by Breiman (2001). Each tree making up the RF ensemble is trained on a dataset obtained by random sampling of the original input data with replacement, a process called bootstrap sampling. The final RF model is based on combining the votes of all decision trees in the ensemble, making the RF algorithm a form of “bagging”, i.e. a combination of the processes of bootstrap sampling and aggregating votes from multiple weak learners. Initially, the potential of various modelling strategies was investigated using the EUNIS 2007 habitat classification: i) a “flat” approach, in which RF models were used to directly classify habitats to the highest (i.e. most specific) possible level of the EUNIS classification without consideration of its hierarchical structure, and ii) a successive approach, whereby habitats were classified at successively higher levels of EUNIS using separate RF classifiers at each level, with each subsequent classifier taking the output of the previous classifier as input. Flat and successive RF models were developed with and without any over-/undersampling to explore the effects of class imbalance on model performance. All RF models were developed using the randomForest R package (Cutler and Wiener, 2022) with default hyperparameter settings. RF is known to be one of the least tunable machine learning algorithms (Probst et al., 2019a), though to confirm this, the potential effect of hyperparameter tuning was explored using a grid search methodology (Probst et al., 2019b) and a subsample of the training/testing datasets. Based on the results of these preliminary analyses, it was determined that the default settings were close to optimal, and any potential benefit that could be obtained from tuning of the RF hyperparameters was not significant enough to warrant the computational cost that would be required when using the full datasets to develop models.




2.4.3 Model performance assessment

A confusion matrix is an ‘n x n’ matrix of label counts per class (n being the number of classes modelled), with columns representing actual labels in the testing dataset, and rows representing model predictions. Assuming the rows and columns are arranged in the same order, elements along the main diagonal of the matrix represent instances where the predicted class matches the actual class in the testing dataset, with off-diagonal elements representing misclassifications. A number of performance metrics were used to assess model performance, with all of these metrics being calculated according to the methods outlined in Grandini et al. (2020), i.e. on the basis of the confusion matrices obtained by comparing model predictions of habitat to the actual habitat classes within the test datasets. It is important to note that each of the confusion matrices (and therefore the various performance metrics used to assess each model) were obtained using a single 20% validation set. This method of model validation was selected to minimise the considerable computational expense of assessing multiple models trained on very large datasets, however in a practical application it would be advisable to use validation approaches based on repeated resampling of the available data (e.g. k-fold cross-validation) to obtain estimates of model performance (James et al., 2013).

Overall accuracy, the ratio of correct predictions to the overall number of observations in the test set, is one of the most commonly used metrics used to evaluate classification tasks implemented using machine learning algorithms (Sokolova and Lapalme, 2009), however depending on the nature of the training/testing data and intended use of the model, other metrics of model performance may be more appropriate; this is particularly true when there is a class imbalance present in the training and testing datasets. For example, according to the 2007 EUNIS classification, almost 60% of the EUSeaMap is identified as A6: Deep-sea bed, and therefore a model which simply classifies all habitats as A6 would still be considered ~60% accurate despite offering no real predictive power. It may be preferable then to have a model with a lower overall accuracy, but, for example, a higher recall for certain minority classes (recall being defined as the ratio of correctly predicted instances of a class relative to the total number of observations of that class in the test data set). While recall (also referred to as “sensitivity”) is evaluated independently for each class, by taking the arithmetic mean of the recalls for all classes we can obtain the macro-averaged recall (RMA), a single metric which gives equal importance to all classes regardless of their prevalence, (Manning and Schutze, 1999). An important metric to consider in conjunction with recall is precision, defined as the ratio of correctly predicted instances of a class to the total number of predictions made for that class. Generally (though not always) there is a trade-off between model recall and model precision (Alvarez, 2002); a model can achieve high recall for a particular class by simply overpredicting that class, however this results in a low precision score, and conversely a model which achieves high precision for a particular class may tend to underpredict that class, thus resulting in a poor recall. As with recall, a macro-averaged precision (PMA) can be calculated for a given multiclass classification model by taking the arithmetic mean of the precision scores for each class. Given the importance of considering recall and precision together, the F1-score, defined as the harmonic mean of recall and precision (or zero if precision and recall are both zero (Opitz and Burst, 2019) given that the harmonic mean is undefined in such an instance), provides a convenient single metric which is often used to evaluate, and more specifically to compare, models. As with recall and precision, a macro-averaged F1-score (F1MA) can also be obtained by calculating the arithmetic mean of the F1-scores scores for each class.

Where there is a significant class imbalance in model training/testing datasets, e.g. as is the case with EUSeaMap habitats classified according to EUNIS 2007, there is an implicit importance given to rarer classes when assessing model performance with macro-averaged metrics, as each class contributes equally to the calculation of the metric regardless of its prevalence in the datasets. This may or may not be appropriate depending on the intended end use of the classification model, however the use of macro-averaged metrics in the context of assessing a habitat classification model does seem justified, given that habitat rarity is an important factor to be considered in marine spatial planning (Foley et al., 2010) and conservation planning (Hiscock, 2020).






3 Results and discussion

A total of 38 RF models were developed; reference IDs for each model and various metrics of model performance are presented in Table 1.


Table 1 | With all available data.





3.1 Identification of optimal benthic habitat modelling strategy

Initially, to establish the optimal strategy for classifying benthic habitats with the available data, several modelling approaches were trialled. The EUNIS 2007 classification as provided by the EUSeaMap was used as an example target habitat classification system, and all of the data from the species distribution model inputs and outputs described previously in sections 2.2 and 2.3 were used as inputs to these models. RF classifiers were developed using both “flat” and “sequential” modelling approaches with the unaltered (unbalanced) training dataset as well as a balanced training dataset obtained using SCUT. Individual classifiers were developed for the highest level of EUNIS 2007 available in the EUSeaMap data, as well as the habitat descriptors of substrate and biozone and, where applicable, the lower “parent” levels of the EUNIS hierarchy derived as described previously. Based on model classification of the retained test dataset, all of these RF classifiers (M1-M22) were capable of classifying habitat descriptors and benthic habitats according to EUNIS 2007 across all levels of the classification system’s hierarchy with very high overall accuracy (mean 0.956 ± 0.027). When using the original unbalanced data for model training, both flat and successive modelling approaches had almost identical performances in terms of accurately predicting EUNIS 2007 habitats in the test dataset, however for models trained using the balanced datasets obtained with SCUT, the successive approach achieved slightly higher accuracy than the flat approach (0.937 vs 0.907 respectively). Compared to models trained on the unaltered (unbalanced) datasets, all models trained on the datasets obtained with SCUT exhibited higher RMA values, but lower values of accuracy and PMA. The model with the highest PMA (0.635) was M6, which was a flat model trained on the original unaltered training dataset; this model had an RMA of 0.499 and a F1MA of 0.540. The model with the highest RMA (0.600) was M17, which was a flat model trained on the SCUT balanced training dataset; this model had a PMA of 0.475 and a F1MA of 0.516. As as RF model is simply an ensemble of decision trees, it is possible to combine RF models to obtain a single large ensemble comprised of all the decision trees from all constituent RF models. Combining RF models M6 and M17, a large ensemble model (M27) was obtained which predicted EUNIS habitats in the EUSeaMap test data set with an accuracy of 0.952, a RMA of 0.578, a PMA of 0.570, and a F1MA of 0.571; while these accuracy, RMA, and PMA metrics are between the ranges of values obtained for RF models M6 and M11, the F1MA for M27 is higher than that of either constituent model, suggesting that this combined model achieves a more optimal balance between recall and precision than either M6 or M11.

As discussed previously, macro-averaged metrics assign equal importance to all classes, resulting in less prevalent classes having a disproportionately large impact on the metrics relative to their representation in the test dataset. This effect is illustrated in Figure 1, which shows step-wise evaluations of the macro-averaged precisions, recalls, and F1-scores for models M6, M11, and M27 (y-axis) against the sum of the prevalences of classes considered at each step (x-axis), i.e.  vs   with points plotted for each i of n total classes ordered by decreasing prevalence in the test dataset, where mi is the by-class precision, recall, or F1-score of the ith class, and pi is the prevalence of the ith class. As can be observed, 10 habitat classes comprise ~99% of the test dataset, and there is a substantial difference in macro-average metrics calculated on the basis of this 99% compared to macro-averaged metrics calculated using the entire test dataset; taking model M27 as an example, PMA falls from 0.801 to 0.570, RMA falls from 0.846 to 0.578, and the F1MA falls from 0.821 to 0.571. This again highlights the complexity of evaluating model performances and demonstrates that no single metric considered in isolation can adequately evaluate model performance.




Figure 1 | Comparison of changes in model evaluation metrics based on ordering habitats from highest to lowest prevalence and computing macro-averaged precision, recall and F1-scores sequentially for a combined model (M27) and its constituent models (M6 and M17) classifying benthic habitats according to the EUNIS 2007 habitat classification system. (A, C, E) show changes in precision, recall, and F1-score, respectively. For a closer look, (B, D, F) show zoomed-in views of these graphs, respectively, with the x-axes truncated at 99%.






3.2 Classification errors

As described previously, all off-diagonal elements of the confusion matrices used for model evaluation were considered classification errors. While this is the usual manner of determining misclassifications for the purposes of model evaluation, there are several confounding factors which might result in model performance being underestimated as a result of this. For example, because of its hierarchical structure, habitats can be labelled at different levels of the EUNIS classification, meaning there are multiple labels which could be correctly applied to any given habitat, however this is not considered by any of the metrics calculated to assess model performance. Taking as an example the confusion matrix for model M27 (Figure S3) which shows that ~68% of habitats classified as A5 in the EUSeaMap test dataset were identified as such by the model, with A5.15 accounting for ~15% of model predictions, A5.14 for ~4%, A5.27 for ~3%, and A5.34 and A5.611 for ~1% each. In effect, this means that 92.6% of habitats classified as A5 in the EUSeaMap test dataset were identified by the model as A5 or subsets thereof, however without better testing data (e.g. derived from ground truthing) it would be impossible to determine the true accuracy of these predictions. A similar case exemplifying this issue is that, while ~64% of the instances of A6.611 (Deep-sea Lophelia pertusa reefs) in the test dataset were correctly classified by model M27, ~27% were classified as A6 (Deep-sea bed); while this is not technically incorrect per se, it was considered a misclassification for the purposes of model evaluation. Confusion matrices for models M28, M29, M36, M37, and M38 are also provided in the supplementary material as Figures S4–S8, respectively.

For some habitat classes, the paucity of data available for model training and testing is also a significant limitation. For example, class A3.3, Atlantic and Mediterranean low energy infralittoral rock, was very sparsely represented in the training and test data with only 29 and 7 instances in the respective datasets. As the confusion matrix for model 27 (Figure S3) shows, no instances of A3.3 in the test set were correctly predicted; of the 7 instances of A3.3 in the test set, 4 (~43%) were predicted as A4.33, Faunal communities on deep low energy circalittoral rock, 1 (~14%) was predicted as A4.3, Atlantic and Mediterranean low energy circalittoral rock, 1 (~14%) was predicted as A5.43, Infralittoral mixed sediments, 1 (~14%) was predicted as A3.2 Atlantic and Mediterranean moderate energy infralittoral rock, and 1 (~14%) was predicted as A5.25 or A5.26, Circalittoral fine sand or Circalittoral muddy sand. Model 27 thus correctly predicted a rock seabed substrate in ~71% of cases, but confused the infralittoral and circalittoral zones. The infralittoral zone is defined as being the area of the photic zone which is permanently submerged, while the circalittoral extends from the bottom of the infralittoral to the wave-base (the maximum depth at which there is wave disturbance) (Coggan et al., 2011). In the EUSeaMap, the transition between the infralittoral and circalittoral zones is necessarily delineated by hard thresholds, however given the high spatiotemporal variability of both the photic zone (Lee et al., 2007; Saulquin et al., 2013) and the depth to the wave-base (Roland and Ardhuin, 2014; Henriques et al., 2015), this transition in reality occurs across a gradual environmental gradient, so any model confusion in differentiating between these zones given limited input data is perhaps unsurprising.




3.3 Models for other habitat classification systems

With an optimal modelling strategy identified, two further RF models were developed using the same methodology to classify habitats according to i) the MSFD BBHT classification and ii) the EUNIS 2019 classification. Combining RF models M23 and M25, a large ensemble model (M28) was obtained which predicted MSFD BBHTs in the EUSeaMap test data set with an accuracy of 0.968, a RMA of 0.711, a PMA of 0.734, and a F1MA of 0.719; while these accuracy, RMA, and PMA metrics are between the ranges of values obtained for RF models M23 and M25, the F1MA for M28 is higher than that of either constituent model, as was the case for the combined EUNIS 2007 model, suggesting that this combined model for MSFD BBHT also achieved a more optimal balance between recall and precision than either model M23 or M25 alone. Similarly, combining RF models M24 and M26, a large ensemble model (M29) was obtained which predicted benthic habitats in the EUSeaMap test data set according to the EUNIS 2019 classification system with an accuracy of 0.904, a RMA of 0.654, a PMA of 0.646, and a F1MA of 0.638, and again, these accuracy, RMA, and PMA metrics were between the ranges of values obtained for RF models M24 and M26, with the F1MA for M29 also being higher than that of either constituent model.




3.4 Models built solely with species distribution model outputs

RF models were also developed using only SDM outputs as proxies for habitats. Combining RF models M30 and M33, a large ensemble model, M36, was obtained, which predicted benthic habitats in the EUSeaMap test data set according to the EUNIS 2007 classification system with an accuracy of 0.900, a RMA of 0.514, a PMA of 0.487, and a F1MA of 0.497. Similarly, combining RF models M31 and M34, a large ensemble model, M37, was obtained, which predicted MSFD BBHTs in the EUSeaMap test data set with an accuracy of 0.945, a RMA of 0.644, a PMA of 0.657, and a F1MA of 0.649. And finally, combining RF models M32 and M35, a large ensemble model, M38, was obtained, which predicted benthic habitats in the EUSeaMap test data set according to the EUNIS 2019 classification system with an accuracy of 0.863, a RMA of 0.571, a PMA of 0.563, and a F1MA of 0.611. As observed previously, in all cases the accuracy, RMA, and PMA values observed for the large ensemble models were between the ranges of values obtained for their constituent RF models, however the F1MA scores were always higher than that of either constituent model. Given that RF models had significantly fewer features to use as predictors, some reduction in these metrics would be expected, and as can be seen in Figure 2, the accuracy and macro averaged metrics for models developed with only the SDM output data to classify habitats according to the EUNIS 2007 classification system were lower than those developed using both the SDM input and output data, but only slightly so; in absolute terms, when considering all habitat classes, the accuracy of M36 was reduced by just 0.052 compared to M27, with the RMA, PMA and F1MA reduced by 0.064, 0.083, and 0.079 respectively.




Figure 2 | Comparison of changes in model evaluation metrics based on ordering habitats from highest to lowest prevalence and computing macro-averaged precision, recall and F1-scores sequentially for a model developed using all available data as RF inputs (M27) and a model developed using only SDM outputs as RF inputs (M36) to classify benthic habitats according to the EUNIS 2007 habitat classification system. (A, C, E) show changes in precision, recall, and F1-score, respectively. For a closer look, (B, D, F) show zoomed-in views of these graphs, respectively, with the x-axes truncated at 99%.






3.5 Extending habitat classification systems across ocean basins

As a demonstration of the methodology’s utility, the habitat classification systems used by the EUSeaMap were subsequently extended to the entire North Atlantic Basin using the best performing models for each classification system. Figure 3 shows the EUNIS 2007 habitat classification of the North Atlantic Basin using model M27, while Supplementary Figures S1, S2 show the MSFD BBHT and EUNIS 2019 habitat classifications of the North Atlantic Basin using models M28 and M29, respectively. Due to the scale of the maps and the large number of habitats presented, these maps are intended only to indicate the extents of the areas classified with the legends intended only to indicate the number and variety of habitat classes.




Figure 3 | Maps comparing the EUSeaMap classified according to the EUNIS 2007 habitat classification (top) with the output of RF model M27, which extends this classification across the North Atlantic Basin (bottom).



While the models were shown to have excellent predictive power on the test dataset, it is very important to note the caveat that the North Atlantic Basin comprises many distinct biogeographic regions (Schumacher et al., 2022), and, as the habitat classifications represented in the EUSeaMap were developed for benthic habitats in the North East Atlantic, they may not be applicable outside European waters (Galparsoro et al., 2012), especially if the input data used to train the RF models are not representative of the full range of biogeographic conditions found throughout the basin. To address this issue, it might be necessary to develop separate models for different parts of the North Atlantic Basin and possibly to expand the habitat classification systems used, however, despite these limitations, marine habitats in different biogeographical regions can be highly similar in many ways, and thus can react similarly when subjected to pressures concomitant with human activities. For example, despite their very distinct biogeographies, shallow tropical coral reefs and their deep-sea cold-water counterparts share many similarities in terms of ecosystem function and habitat sensitivity to anthropogenic impacts; both habitats provide important habitat for a diverse array of marine species, and both are sensitive to anthropogenic impacts, such as physical disturbance, pollution, and climate change.

Notwithstanding the caveats above, this study demonstrates that the species composition in a given area (or rather a subset thereof) can serve as a useful indicator of habitat, and this is not solely predicated on the presence or absence of given species in that area, but rather the unique “fingerprint” of modelled relative probabilities of species occurrences therein. Thus, the relative probability of species occurrence whether low or high, provides useful information for the purposes of habitat classification.





4 Conclusions

Knowledge of seabed habitat distribution provides an essential foundation for the conservation and sustainable utilisation of marine resources as well as the effective management of maritime activities. Maps of the areal extents and distributions of benthic habitats allow for informed decision making regarding the management of living and non-living resources present on the seafloor, enabling relevant authorities to 1) optimally manage spatial and temporal overlaps between multiple human activities and habitats/species particularly sensitive to the anthropogenic impacts associated therewith (Andersen et al., 2018; Baker and Harris, 2020), 2) design Marine Protected Areas which are, as recommended by the Convention on Biological Diversity, “ecologically representative and well-connected” (CBD, 2021), and 3) use environmental accounting approaches to integrate the ecological and socio-economic value of natural capital into Marine Spatial Planning processes (Picone et al., 2017; Bouwma et al., 2018). The use of species distribution modelling to develop full-coverage maps of species habitat suitability over wide areas has become ubiquitous, however there is still the need for marine habitats to be classified according to widely used, univocal habitat classification systems. This study presents a globally applicable, easily reproducible supervised machine learning approach by which to use the outputs of species distribution models to extend existing habitat classification systems over larger areas, thus maximizing the potential use of current evidence-based management decision tools.
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The Southern Ocean’s continental shelf communities harbor high benthic biodiversity. However, most census methods have relied on trawling or dredging rather than direct observation. Benthic photographic and videographic transect surveys serve a key role in characterizing marine communities’ abundance and diversity, and they also provide information on the spatial arrangement of species within a community. To investigate diversity and abundance in Southern Ocean benthic communities, we employed photographic transects during cruises aboard the RVIB Nathanial B. Palmer (November 2012) and the ASRV Laurence M. Gould (February 2013). One kilometer long photographic transects were conducted at 8 sites along 6,000 km of Western Antarctica from the tip of the Antarctic Peninsula to the Ross Sea from which epifaunal echinoderms, tunicates, arthropods, cnidarians, poriferans, and annelids were identified and counted allowing estimations of biodiversity. Our results do not support a latitudinal trend in diversity, but rather a decrease in abundance of macrofaunal individuals at higher latitude sites. All communities sampled on the Western Antarctic shelf were primarily dominated by ophiuroids, pycnogonids, holothuroids, and demosponges. However, the most abundant taxon across all sites was Ophionotus victoriae, followed by the symbiotic partners Iophon sp. (demosponge) and Ophioplinthus spp. (ophiuroid). Data also confirm that the Southern Ocean is composed of discretely unique benthic communities. These results provide critical understanding of the current community structure and diversity serving as a baseline as the Antarctic continental shelf changes due to rising ocean temperatures, climate change, and collapse of large ice sheets.
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1 Introduction

Waters surrounding the Western Antarctic region house great faunal abundance, richness, and diversity. Although over 8,000 invertebrate species have been described from the Southern Ocean, an estimated 17,000-20,000 invertebrate species may exist there (Gutt et al., 2004) with the highest diversity reported in the Western Antarctic (Gutt and Starmans, 1998; Grange and Smith, 2013; Pineda-Metz et al., 2019). A similar situation exists on Arctic continental shelves, where species diversity is under described in large part due to inaccessibility caused by ice (Piepenburg et al., 2011). Although the Antarctic marine continental shelf biome is sometimes considered one ecoregion, there is considerable variation in the physical environment which can affect organismal distribution and abundance (Convey and Peck, 2019), ultimately impacting community structure. Through photo/video transects, bottom trawls, and box cores, previous research on the Antarctic shelf has revealed great diversity (Gutt et al., 2013) and abundance of epifaunal invertebrates (e.g. Dayton et al., 1974; Grebmeier and Barry, 1991; Gerdes et al., 1992; Gutt and Starmans, 1998; Sumida et al., 2008; Grange and Smith, 2013; Post et al., 2017; Pineda-Metz et al., 2019; Cummings et al., 2021; Zwerschke et al., 2022). These studies describe high numbers of ophiuroids, holothuroids, sponges, cnidarians, and annelids. Similar to destructive techniques, non-destructive imaging technologies (or SCUBA at shallow depths) can accurately characterize spatial relationships and communities of epifaunal species (Pineda-Metz and Gerdes, 2018; Cummings et al., 2021). Previous work in continental shelf regions of the Southern Ocean has revealed more sea cucumbers, urchins, and anthozoans near the Western Antarctic Peninsula and higher numbers of brittle stars and sponges in the Ross Sea (Barry et al., 2003; Sumida et al., 2008). Unlike the Arctic Ocean, where a latitudinal diversity hypothesis is supported, the Southern Ocean has thus far shown little support for a latitudinal decrease in diversity (Gray, 2001; Clarke et al., 2007; Aronson et al., 2009; Griffiths, 2010).

Around the continent, seawater temperature, salinity, and pH remain relatively constant. Antarctic waters are some of the most thermally stable environments on the planet varying on average roughly 1 °C (Clarke, 1988; Arntz et al., 1994; Pineda-Metz et al., 2020). As a result, many organisms in the region are stenothermic, being only able to live in a narrow temperature range (Clarke, 1988; Arntz et al., 1994; Aronson et al., 2009). Close to the edge of the continental shelf however, there are sources of environmental variation (Hellmer et al., 2012; Isla and Gerdes, 2019), such as regions where relatively warm water from the circumpolar deep water (CDW) currents are pushed onto the shelf (e.g., in the Bellingshausen Sea; see Ruan et al., 2021) resulting in different environmental zones (e.g., increased temperature, decreased oxygen) that might harbor distinct benthic communities. Variations in physical ocean characteristics offer insight to faunal diversity, distribution, and abundance in the Western Antarctic (Halanych and Mahon, 2018). Along with the direct influence of CDW influencing physical water parameters, CDW intrusion is currently understood to be an important driver in accelerated melting rates of sea ice (Jacobs and Comiso, 1997; Stern et al., 2013). In the spring time, CDW intrusion effects coupled with higher temperatures cause an annual melting of sea ice (De Jong et al., 2015). Upon sea ice melt in the spring and summer months, iron is released into the water column leading to an annual influx which is an important trigger for phytoplankton blooms that increases primary production, likely influencing the local benthic community (Jacobs and Comiso, 1997; De Jong et al., 2015). Due to the complex oceanography of the region however, mechanisms that cause variation in CDW intrusions annually and inter-annually are poorly understood (Morrison et al., 2020). In the Ross Sea, strong winds in the spring time can create a large area devoid of sea ice, also known as a polynya, which promotes phytoplankton growth (Smith and Gordon, 1997). Predictions of ocean warming driven by climate change threaten the thermal stability of this region, which may lead to detrimental effects on abundance and fitness of regional benthic fauna (Clarke et al., 2007). The warming and freshening of Southern Ocean waters may stress organisms both thermally and nutritionally. Warmer waters can directly affect organismal homeostasis, but these warmer waters also have the potential to alter the quantity and quality of detrital nutrients reaching the seafloor (Wu et al., 2021; Fernández-González et al., 2022). These potential effects may stress organisms and drastically impact the local diversity and abundance of organisms (Pineda-Metz et al., 2020). In addition, phytoplankton blooms stimulated by upwelling, ice-melt, or iron influx from warm water intrusions have been described in Western Antarctica and result in decreased oxygen levels as the phytoplankton decompose (Deppeler and Davidson, 2017; Tripathy and Jena, 2019). In many cases, these environmental factors are influenced by global climate change (Convey and Peck, 2019), further necessitating study and characterization of benthic communities as they experience such variation.

In this study, our goal was to describe epifaunal communities across 6,000km of the Western Antarctic continental shelf, beginning near the tip of the peninsula continuing west, and correlate potential environmental drivers to benthic macrofauna dominance through the use of benthic photographic transects (Figure 1). We expected to see a higher diversity and abundance of epifauna in sites with harder substrates (pebbles and cobbles) and phytodetritus because they provide a stable point of attachment and sustenance, respectively (Post et al., 2017; Gutt et al., 2019). Additionally, we hypothesized a greater relative abundance of brittle stars and sea cucumbers on softer sediments due to their feeding and burrowing behaviors. Understanding environmental influences on communities gives the scientific community valuable insight into how the Western Antarctic (WA) benthos, and the Antarctic ecosystem as a whole, could react to global climate change. Moreover, studies such as this help fill research gaps in global marine communities so latitudinal trends can be better understood.




Figure 1 | Examples of organismal diversity from each of the sites: (A) Montravel Rock, (B) Recovitza Island, (C) Seymour Island, (D) Bellingshausen, (E) Wright’s Gulf, (F) Eastern Amundsen, (G) Near Ross Sea, (H) Mid Ross Sea. Macrofaunal identifications are: aa = Astrotoma agassizii, ab2 = Abatus sp. 2, bs = Bathyplotes sp. 1, cn19 = cnidarian 19, likely Umbellula sp., cn31 = cnidarian 31, likely Primnoella sp., echinoid 2 = echinoid 2, ho2 = holothurian 2, oi = Ophioplinthus spp. and Iophon sp. symbiosis, op2 =ophiuroid 2, op13 = ophiuroid 13, op14 = ophiuroid 14, ov = Ophionotus victoriae, pk = Promachocrinus kerguluensis, po6 = porifera 6, po13 = porifera 13, py2 = pychnogonid 2, and tu8 = tunicate 8.






2 Materials and methods

During cruise NBP 12-10 aboard the RVIB Nathanial B. Palmer (NBP) and cruise LMG 13-12 on the ASRV Laurence M. Gould (LMG) along Western Antarctica between 2012-2013, photographic transects were conducted via a downward facing camera setup known as the ‘Yoyo’ camera (Smith et al., 2012; Grange and Smith, 2013). The Yoyo camera consists of a steel frame supporting a digital camera (10.2 megapixel, 20mm, Nikon D-80 Camera) and two parallel red lasers 10cm apart (Figure 2A). The unit is fitted with a transmissometer and audible contact that triggers a switch and takes the photo of the seafloor from ~2.5m above (Grange and Smith, 2013) imaging an approximately 3m2 area. The camera unit is repeatedly raised and lowered, hence the yo-yo name, to take multiple images across a transect as the ship moves at approximately 1 knot. Photos were color corrected and white balanced, as well as cropped to the central 135cm x 135cm section, which included the two red laser dots (a scale-bar representing 10 cm on the benthos), to reduce edge effects. Flat and relatively drop stone-free sites were selected based on overall topography to facilitate subsequent organismal collections by Blake Trawl (speed = 1 knot with variable tow durations dependent on tension) to support taxonomic identifications. As a result, sites tended to lack relief and had soft sand and/or pebble bottoms. In this study, photographic data were collected for 1 km long transects between 301-731m depth at 8 sites from the tip of the Western Peninsula to the Ross Sea (Figure 1B). Site position and distance from the mainland were collected via Geographic Positioning System (GPS) to include latitude and longitude as potential factors for analysis.




Figure 2 | (A) Photograph of the Yoyo camera set up entering the water (Photo by Alex Brett). The weight and contact plate hang down ~2.5m so the images are all taken from the same height above the seafloor. (B) Map of sampling sites with community composition shown with pie charts.



For each transect, benthic environmental data was collected via a Sea-Bird CTD system, providing water column information from the sea surface to the seafloor once per site (Data available at https://www.marine-geo.org: NBP 12-10 doi 10.7284/901177 and LMG 13-12 doi 10.7284/901981). We included maximum fluorescence from the CTD cast in the euphotic zone as a proxy for primary productivity. Sea ice cover and lack of fine-scale satellite coverage across the transect prevented obtaining long-term productivity estimates via satellite imagery. Maximum sea ice coverage for each site was gathered from the National Snow and Ice Data Center (NSIDC, 2023). For each cropped and color-corrected photo, the substrate was classified as sandy, sandy with pebbles (stones < 5cm), or sandy with pebbles and cobble (stones 5-50cm) and examined as a parameter to determine community differences between substrate types. If pebbles and cobbles covered more than 5cm2, then the photo was no longer classified as sandy, instead it was classified as 'sand and pebbles' or 'sand, pebbles, and cobbles', respectively. In addition to the substrate characterization, we also scored whether phytodetritus on the seafloor was present (i.e., visibly covered more than 5 cm2: Figures 1E, F). Highly collinear variables (|r| ≥ 0.80: distance from mainland) were removed from analysis, and trends in abiotic data collected were elucidated via principal component analysis (PCA).

During the 1 km transect at each site, 101-323 photos were taken roughly every 5-10 m. Subsequently, photos were filtered to remove images with substantial turbidity, overlap between photos or poor photo quality. Of the remaining images, 50 photos were randomly selected and analyzed per site to represent the 1 km-long transects following the protocol of Grange and Smith (2013) to allow compatibility. Images were analyzed to identify organismal morphotypes and all morphotypes were assigned to the lowest taxonomic classification possible. For purposes of our analyses, species were also binned into higher taxonomic categories including Annelida, Ascidiacea, Malacostraca, Pycnogonida, Anthozoa, Staurozoa, Asteroidea, Crinoidea, Echinoidea, Holothuroidea, Ophiuroidea, Brachiopoda, Cephalopoda, Gastropoda, Demospongiae, and Hexactinellida. Benthic epifaunal invertebrates were assigned to the “Miscellaneous” group if identification was not possible (e.g., due to viewing angle or obstruction). Colonial fauna were included as individuals if substrate was visible between the zooids. Statistical analyses were run both with and without the miscellaneous group to account for all organisms distinguishable on the bottom, but our primary outcomes were not significantly impacted by the presence of the miscellaneous category (Supplementary Data). Species richness (Margalef, 1958), Pielou’s evenness (Pielou, 1966), and diversity indices (Shannon, 1948; Simpson, 1949) were calculated and compared. Infauna, meiofauna, tube-dwelling annelids (such as chaetopterids) and other taxa (e.g., Bryozoa and Hydrozoa) were not included in the study due to the difficult nature of identifying species/morphotypes based on surface evidence and photo resolution.

Rare taxa that were found at only one or two sites were removed from community analysis. Abundance data for remaining taxa in each photo were 4th-root transformed to reduce the impact of species dominance by a few select species. Then, faunal assemblages were visualized with a distance-based redundancy analysis (dbRDA) based on calculations of a zero-adjusted Bray-Curtis similarity matrix in PRIMER version 7 (Bray and Curtis, 1957; Clarke et al., 2014). We performed a cluster analysis to estimate relatedness of communities and to group sites together based on community compositions and utilized a similarity profile (SIMPROF) to find statistically significant groupings. Then we completed a similarity percentage (SIMPER) analysis to identify taxa responsible for the similarities and dissimilarities between sites and regions. Environmental variables were visualized with a principal component analysis (PCA) then superimposed on the dbRDA to illustrate abiotic influences on community composition. To elucidate abiotic-biotic relationships, we conducted permutational analysis of variance (PERMANOVA) and subsequent PERMDISP to characterize dispersion. We used distance-based linear models with DistLM protocol to determine the environmental factors primarily responsible for community differences based on Akaike information criterion (AIC).




3 Results

A total of 400 photos from 8 transects were included in this study, resulting in a total count of 6,947 organisms belonging to 204 morphotypes (or “taxa”) in the 16 taxonomic groups examined (Tables S1, S2). Benthic communities in the Peninsula region had higher organismal density than other regions (Table 1). Images across all 8 sites varied from having just 1 organism present to 89 individuals of multiple species and tended to have a sandy bottom (Figure 1B) as opposed to a sandy bottom containing pebbles (Figure 1D).


Table 1 | Mean values for abundance, number of species, species richness, Pielou’s Evenness, Shannon-Wiener Diversity Index, and Simpson Index for all sites.





3.1 Community assemblage characteristics

Dominant organisms in each site varied between ophiuroids, holothuroids, demosponges, and pycnogonids (Figure 2B and Table 2). Anthozoans, ophiuroids, and ascidians were ubiquitous at all sites, but ophiuroids dominated the Montravel Rock, Seymour Island, and the Bellingshausen Sea sites. Based on the cluster and SIMPROF analysis of benthic communities, we grouped the sites into three regions: the Peninsula region, the Amundsen region, and the Ross Sea region (Figure S1). There were 28 photos (16 Amundsen, 11 Ross Sea, and 1 Peninsula) that did not cluster within the same regions as the rest of the photos from their sites  providing evidence of within group dissimilarity (Figure S2). There were 16 photos from the Amundsen in a deeply branching cluster with 15 photos from the Ross Sea indicating the lack of similarity within this particular group indicating patchiness along the transect. These Amundsen region photos were characterized by reduced numbers of cnidarians, ophiuroids, and echinoids compared to other photos of the region. The 11 Ross Sea photos that clustered within the Amundsen Region had less annelids, holothuroids, and pycnogonids than the rest of the photos in the Ross Sea and Recovitza Island region. Generally, sites cluster by relatives location according to epifaunal community assemblages (Figures 3A, S2): the Amundsen region includes the Eastern Amundsen, Bellingshausen, and Wright’s Gulf sites, the Ross region includes the Mid Ross, Near Ross Shelf, and Recovitza Island sites, and the Peninsula region includes the Seymour Island and Montravel Rock sites (Figure 3A). Pycnogonid sp. 1, pycnogonid sp. 2, Ophionotus victoriae, Sterechinus sp. 1, Ophioplinthus spp., Iophon sp., and the yellow branching sponge (Figures 1A, C) were the primary species that helped differentiate the three regions we define here (Figures S3A, B). Based on the cluster and SIMPROF analysis (Figure S2), Recovitza Island communities were more similar to the Ross Region sites and have been included with them in the remainder of the analysis although we note some degree of within group dissimilarity (Figure S1). We saw a higher prevalence of echinoids (e.g., Sterechinus spp.) and holothuroids (e.g., Rhipidothuria racowitzai and sediment dwelling holothuroid 2) in the Amundsen Region than the other two regions. The Iophon sp. (demosponge), and Ophioplinthus spp. (ophiuroid) symbiont pair dominated the Peninsula Region and was significantly less abundant in all other regions (Table 2). The brittle star Ophionotus victoriae is abundant throughout the Southern Ocean, but it typically dominated softer sediments of the Peninsula region and Ross Sea region. The ophiuroid morphotype of Ophiuroid 4, characterized by small spiny pink-red arms with a darker central disc) was common in the Ross Sea region and is possibly Amphiura sp. We also saw an increase in Hexactinellida (glass sponges) in the Ross region compared to other regions (Figure 2B).


Table 2 | Dominant 5 macrofaunal invertebrates based on SIMPER analysis for each region with average abundance (Av. Abund), average similarity within site (Av. Sim) including standard deviation (Sim SD), and percent contribution to the community (Contrib%).






Figure 3 | (A) Distance-based redundancy analysis (dbRDA) plot based on the calculations of a zero-adjusted Bray-Curtis similarity matrix showing community composition relationships where proximity estimates community similarity with Principal Component Analysis (PCA) aligned and overlain on top to show environmental trends. Asterisk indicates the one image with a drop stone found in Seymour Island. (B) PCA of the environmental variables.



Our three regions had significant heterogenous dispersions with potentially significant differences between communities (Table 3). Our study regions illustrate distinct community compositions (Figure 2B) and a latitudinal trend in abundance (again with exception of Recovitza Island; Figures 4B, S4). Northernmost sites portrayed higher relative abundances of demosponges and ascidians on average (12.5% and 19%, respectively) than southernmost sites (4% and 3%, respectively) which contained higher percentages echinoids and holothuroids (9% and 18%, respectively). Macrofaunal abundances in the Ross region and Recovitza Island were significantly lower than that of the northernmost Peninsula region sites. Based on a SIMPER analysis between sites (Table 2), epifaunal communities in the Ross Sea and near Recovitza Island significantly differed from other communities near the peninsula as they were dominated by pycnogonids (~65%: pycnogonid 1 and pycnogonid 2 - possibly Nymphon spp.), malacostracan crustaceans (~5%: Mysid sp. 1), and anthozoan cnidarians (3%: possibly Hormosoma sp.). These taxa and those listed in Table 2 for each region are the crucial taxa that may be used to discriminate between the Ross (and Recovitza) region, the Peninsula region, and the Amundsen region (Table S3).


Table 3 | PERMANOVA results (no. permutations: 9,999) to compare benthic communities revealing significant differences between substrate type and phytodetritus denoted by bold p values.






Figure 4 | Total number of species (A), Abundance (B), Shannon Diversity Index (C), and Simpson Diversity Index (D) for each region. * indicates significant difference from at least 1 other region based with homogeneous dispersions (Table S4).



The Peninsula region portrayed lower evenness and Simpson diversity values than the Amundsen region as a result of dominance by the yellow rope sponge, brittle stars (Ophioplinthus spp.), and their symbiotic sponge (Iophon sp. [Table 2: Figure 1A]). The Amundsen Region typically had higher Simpson diversity values than the other regions, but there was no difference in this diversity index between the regions. Although the Peninsula region was dominated by a few species (Table 2: Ophioplinthus spp., Iophon sp., and Ophionotus victoriae), it contained the highest species richness and highest Shannon Diversity values, closely followed by the Amundsen region (Figures 4A, C). No significant latitudinal trends can be described here due to the inclusion of the Recovitza Island Site with the Ross region, but there is a discernable decreasing trend when looking at the sites individually (Figure S4). However, species richness, abundance, and Shannon diversity tend to decrease progressing southward (Peninsula region > Amundsen region > Ross Sea region: Figures 4B–D).




3.2 Environmental characteristics

Based on abiotic data (Table 4), sites generally group together based on location along our transect, similar to the assemblages mentioned above. The PCA analysis indicates the strongest driver of differences in PC1 which accounted for 46.8% of the variation (Table S5) was DO content of bottom waters which was negatively correlated with temperature and maximum fluorescence, our proxy for chlorophyll (Table S6). Percent sea ice cover, water depth, latitude, and salinity were the most influential factors for PC2 which accounted for 22.6% of variation in the environmental characteristics (Figure 3B). Phytodetritus presence and pebble substrate were associated with higher chlorophyll, temperatures, and lower oxygen levels near the benthos in the Amundsen region.


Table 4 | Environmental characteristics for each site in each region.



Amundsen region sediments included pebbles and cobble stones whereas other regions were primarily comprised of finer sandy sediments, and Amundsen region benthos was also characterized by the presence of algal detritus. One drop stone (>50cm) was encountered at the Seymour Island Site (denoted with an asterisk in Figure 2A) and was classified as containing sand, pebble, and cobble. Salinity and temperature were positively correlated and displayed an inverse relationship with oxygen. For the localities we sampled, Amundsen region sites were also the warmest (average = 1.13 °CC), but there was no difference in temperature between Peninsula region and Ross Sea region sites. Peninsula region sites had the highest DO of all sites (average = 6.95 ml l-1), while Amundsen region sites had the lowest (average = 4.26 ml l-1).




3.3 Community assemblage relationship to environmental characteristics

Macrofaunal communities were significantly different based on the substrate type and presence of phytodetritus (Table 3 and Figures S4A, B). Sites with phytodetritus, cobbles, and pebbles in the Amundsen region were characterized by a higher abundance of echinoids and holothuroids while the sandier sediments without phytodetritus of the Peninsula region contained more ophiuroids and sponges. Sea spiders were the most abundant group on the finer sediments of the Recovitza Island site. PCA vectors illustrate a significant correlation (Spearman Rank: rho = 0.443, p = 0.001; overlain in Figure 3A) between environmental parameters and epifaunal communities. The Amundsen region and Peninsula region are primarily differentiated based on PC1. Therefore, maximum fluorescence, DO, and temperature emerge as important factors driving community distinctness along the Western Antarctic coast (Table S6). In contrast, the Ross region and Recovitza Island were differentiated from the Peninsula and Amundsen regions based on PC2 whose core factors were pH, water depth, and percent sea ice cover. Distance based linear models show the importance DO, depth, temperature, and sea ice cover in predicting community compositions on the western Antarctic shelf at these sites (Tables S7).





4 Discussion

A trend toward decreasing abundances of macrofauna approaching the South Pole was observed (Figure S5), however, a significant latitudinal trend, due to the Recovitza Island outlier, was lacking. Further, Antarctic communities in close proximity are distinct in nature (Montravel Rock vs Recovitza Island). Faunal abundances from the Western Antarctic shelf presented here (2.44 – 28.14 individuals/m2) are similar to previous studies in the Western Antarctic fjords, and other Antarctic shelf sites (2.6 – 46 individuals/m2), but higher than Western Antarctic shelf community estimates (0.38 – 0.5 individuals/m2; (Barry et al., 2003; Sumida et al., 2008; Grange and Smith, 2013). Cummings et al., (2021) reports evidence of comparable megafaunal abundances on the Ross Sea continental shelf through video transects (0.448 - 3.0 individuals/m2), however, they did not find pycnogonids whereas we found them abundant in this region. All 8 sites had ophiuroids (e.g.Ophionotous victoriae and Ophioplinthus spp.) located at the base of anthozoan cnidarians which supports hypotheses of their shade-seeking behavior (Hendler et al., 1995; Johnsen and Kier, 1999). Similar ophiuroid-anemone associations have been described in the Arctic near faunal islands (Syvitski et al., 1989). Although many O. victoriae were observed in the open, this shade-seeking behavior could bias diversity and abundance estimates as not all of those present in the area may be recorded. Throughout these Western Antarctic sites, crinoids (mainly Promachocrinus kerguelensis), and the filter-feeding ophiuroid Astrotoma agassizii were typically seen atop cobble, sponges, cnidarians, and tunicates (Figure 5B) to collect food from water column (Meyer, 1983), but not always (Figure 1 at Recovitza Island).




Figure 5 | Example of sampling sites (A) Montravel Rock with yellow rope sponge, (B) Mid Ross Sea site, (C) Eastern Amundsen with abundant holothuroids, and (D) the drop stone found at the Seymour Island site.





4.1 Epifaunal communities along the Western Antarctic coast

Echinoderms are one of the most dominant fauna of the Antarctic continental shelf (Dayton et al., 1974; Clarke and Johnston, 2003; Chiantore et al., 2006; Moles et al., 2015). However, cnidarians, sponges, and pycnogonids were abundant enough to influence assemblages along the Western Antarctic Peninsula sites sampled for this investigation. Similar to data presented here from the Peninsula region (Figure 5A), a recent study in the Antarctic peninsula has shown high abundances of ophiuroids, ascidians, and demosponges (Gutt et al., 2019). Within the Bransfield Straight, Gutt et al. (2019) found dominance of varying phyla (e.g. Echinodermata, Hydrozoa, and Bryozoa) which further shows the patchy nature of this region on a relatively small spatial scale (100km). Previous studies on the continental shelf in the Ross Sea denoted high abundances of suspension feeding bryozoans, anthozoans, crinoids, demosponges, and ascidians (Cummings et al., 2021), which is similar to our results except that we also recorded an abundance of pycnogonids which were abundant in the Ross region and dominated Recovitza Island. Further, comparing our Amundsen sites to previous studies is difficult due to lack of data, but the abundance of holothuroids and echinoids at these sites is notable (Figure 5C).

Although we did not see a latitudinal trend in overall diversity across the Western Antarctic benthic communities, we did see a shift in these communities from dominance by a single taxon to a more diverse representation. Previously, higher Shannon diversity was observed on the open continental shelf compared with fjord sites (Grange and Smith, 2013). Communities at similar depths showed higher diversity and evenness on the shelf, but higher species number and abundance in the fjords. Given the proximity of these fjord and shelf sites and the lack of environmental data included, drawing comparisons between these studies is difficult. However, based on our results, predicted changes with climate warming on salinity and temperature in fjords will drastically impact the communities present there (Grange and Smith, 2013).




4.2 Distinct environments driving community composition

Our results indicate Antarctic benthic community variability resulting from abiotic differences on a local scale. Between the Amundsen region and other two regions, differences in maximum fluorescence (>2.3 mg/ml3), temperature (> 1.9 ˚C) and DO (> 1.8 ml/l), compared to salinity (0 PSU at minimum) lead us to emphasize the maximum fluorescence, temperature and DO impacts. The relationships between temperature, salinity, depth, pressure, and DO in marine environments make disentangling singular effects of one factor on a community difficult. Amundsen region sites with higher maximum fluorescence, lower DO, and higher temperature than other regions might have had more echinoids and holothuroids than other sites due to less competition in these zones from organisms that require more oxygen as a result of a higher metabolic rate, such as ophiuroids and crinoids (Woods et al., 2009; Hughes et al., 2011). These environmental characteristics are influenced by decomposition of algal particulates on the seafloor (Iken et al., 2010; Menezes et al., 2017) likely resulting in the community differences observed. These three factors in the Amundsen Sea are typically heavily impacted by algal blooms which was likely occurring during the data collection for this project (Summer 2013). Further, the abundance of holothuroids was higher in the Amundsen region than the Ross or Peninsula region where the maximum fluorescence was highest, potentially indicating a shallower calcium carbonate saturation horizon in this region (Griffiths, 2010). Phytodetritus, higher chlorophyll concentrations in the water column, and a shallower saturation horizon in the Amundsen Sea and Wright’s Gulf would help explain the greater abundance of filter-feeding holothuroids over those organisms more reliant on calcium carbonate exoskeletons, such as ophiuroids or crinoids (Griffiths, 2010). Another important factor in distinguishing communities presented here is the maximum sea ice coverage as it facilitated the differentiation between Peninsula region and Ross Sea regions. Within the Peninsula region, sea ice coverage was increasingly variable as the Montravel Rock site had less than 60% of the sea ice cover than the Seymour Island site, however, these communities present with high abundances of ophiuroids and other filter-feeders (e.g. demosponges, crinoids, and ascidians) as previously described (Sumida et al., 2008; Gutt et al., 2019). Finally, the sea ice coverage for the summer in the Southern Ocean has reached a new historic low (Charctic, 2023) which will likely impact benthic communities.

Because the evidence for algae (maximum fluorescence and phytodetritus absence) was lacking, Recovitza Island’s significantly different community from the Peninsula region sites could be a result of the slight increase in temperature (0.45-0.8 °C) or decreased oxygen (0.6-0.7 ml l-1). Although this site lies within the Bransfield Strait, it is located at the convergence of the transitional waters from the Bellingshausen Sea and water currents from the Weddell Sea (Smith et al., 2012; Deppeler and Davidson, 2017; Tripathy and Jena, 2019). Complexity of the Bransfield water currents leads to environmental fluctuations likely resulting in the community differences presented in our study (e.g., dominance of pycnogonids at Recovitza Island and ophiuroids at Montravel Rock). This distinction in communities on either side of the Bransfield Strait is supported by the clear variation between communities on the northern (mixed assemblage) compared to the southern (more suspension feeders) side of the Bransfield Strait (Gutt et al., 2013). These hydrographic features aid in forming ecoregions in the Southern Ocean which result in these trends in community composition and diversity as shown in the present study (Deppeler and Davidson, 2017). Given impacts of these environmental fluctuations and water currents on the benthic community fluctuations at the local scale, Western Antarctica should be a priority for future climate change studies, especially the Amundsen Region which is the least studied region of all the Southern Ocean (Griffiths et al., 2011).

Although most sites presented in this study were sandy or muddy sediments by design, those that had pebble and cobble substrates in the Amundsen and Peninsula regions, portrayed comparable abundances and Shannon diversity values (Table 1) to those found in other sections of the shelf (Grange and Smith, 2013), the Weddell Sea (e.g. Gutt and Starmans, 1998; Pineda-Metz et al., 2019), and Eastern Antarctica (Post et al., 2017). However, the diversity of benthic communities in the southeastern Weddell Sea were higher than the western Weddell Sea and most of the regions presented in this study (Gutt and Starmans, 1998). Further, in the southeastern Weddell Sea, a greater abundance of holothuroids, bryozoans, and ascidians were found on substrates with less pebbles and a greater abundance of sponges, anthozoans, and other taxa found on finer sandy substrates (Gutt and Starmans, 1998), similar to our Amundsen region and Peninsula region sites, respectively. An increase in arthropods (pycnogonids and others) at the finer sediment sites (Ross Sea and Recovitza region) was found in the Weddell Sea (Gutt and Starmans, 1998) and the Sabrina Coast in Eastern Antarctica (Post et al., 2017). In the Amundsen region and along the Sabrina Coast, on pebble and cobble substrates, there was an increase in brachiopods. Additionally, drop stones and iceberg scour which affect substrate were not accounted for in this study but there was notable abundance and diversity of macrofauna on our one encountered drop stone at Seymour Island (Figure 5D). Drop stones can act as faunal islands in Antarctic and Arctic waters and facilitate dispersal of benthic fauna by serving as steppingstones (Boucot and Carney, 1981; Dale et al., 1989), and in the Arctic, they have been shown to house communities dominated by sponges, ascidians, bryozoans, and crinoids which were found on our one drop stone (Syvitski et al., 1989).

High levels of endemism (Hempel, 1985; Griffiths, 2010; Gutt et al., 2013; Miranda et al., 2021) in the western shelf suggest research is needed to understand how diversity, community composition, and faunal richness will change with climate. Given the higher richness, abundance, and diversity of Peninsula region communities compared to the rest of Western Antarctica, further studies should be employed to better understand changes along the continental shelf and assess regions where benthic community diversity may be of interest (e.g., highly stable or highly variable regions). Diversity trends observed here are similar to those seen in meiofaunal reports from Western Antarctica (Brannock et al., 2018) which show lower richness and diversity in the center of the Bransfield Straight and higher in the Amundsen region. Curiously though, the Eastern Peninsula sites (near our Seymour Island) presented the lowest richness, abundance, and diversity for meiofaunal communities (Brannock et al., 2018) which we believe supports our assertion for localized habitats formed by water currents as seen in the Bransfield Straight. Further microbial diversity was shown to be higher in further west sites (e.g., Bellingshausen Sea and Amundsen Sea) compared to Antarctic Peninsula sites (Learman et al., 2016), however, this might be an artifact of grouping all peninsula sites together.

With predicted decreased sea ice, increased temperature, decreased DO, and algal blooms, polar regions with a dearth of data such as the Amundsen region provide target areas for future research. Studies such as this provide necessary information on benthic communities to aid in characterizing the Southern Ocean’s diverse ecoregions in this remote and isolated habitat without the need for potentially harmful trawling (Konecki and Targett, 1989). The Southern Ocean is a large and diverse habitat with varying benthic communities along the continental shelf. In order to identify economically and ecologically important ecoregions, we must continue to gather more data on biodiversity and spatial relationships in this area.
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Whale carcasses create habitats in the deep sea which are colonized by organisms related to other chemosynthetic environments suggesting that whale falls may act as intermediate refugia for the dispersal and evolution of deep-sea organisms. Such evidence comes mainly from macrofaunal organisms whereas for the smaller meiofauna, data on whalebone assemblages is lacking. In this study, we investigated nematode colonization of whalebones experimentally deployed at 1500 and 3300 m depth and bones from a natural whale carcass found at 4204 m, in the Southwest Atlantic Ocean, off Brazil. By comparing whalebone assemblages to other deep-sea environments, we tested the hypothesis that whale fall nematode assemblages are more similar to those from other cognate chemosynthetic-based habitats, rather than those from sediments surrounding the carcass or other deep-sea habitats. Our results showed that whalebone nematode assemblages resemble those of hydrothermal vents and cold seeps and suggest that organic falls may act as intermediate refugia for meiofauna from chemosynthetic environments. It also showed that oceanographic conditions and the age of the carcasses on the ocean floor could influence nematode assemblage composition and richness. Such findings highlight the importance of organic falls for understanding the connectivity and phylogeny of benthic organisms, including representatives of the meiofauna.
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1 Introduction

Large whale carcasses create habitats in the deep sea which harbor high species richness and abundance of organisms that live on and inside bones and in surrounding sediments (Smith and Baco, 2003; Smith et al., 2015; Alfaro-Lucas et al., 2017). These are dynamic habitats that pass through different ecological successional stages harboring different faunal assemblages during the decaying carcass process (Smith and Baco, 2003). Particularly during the ‘sulfophilic stage’ (Smith and Baco, 2003), when the production of chemically-reduced compounds supports chemosynthesis (e.g., H2S, CH4), whale falls hold similarities in faunal composition with other deep-sea chemosynthesis-based ecosystems, such as hydrothermal vents and cold seeps (reviewed in Smith et al., 2015). Such discovery of chemolithoautotrophic communities as well as some vent/seep species at whale falls suggested a potential ecological role as intermediate refugia for the dispersal and evolution of sulfide-dependent species in the deep sea (Smith et al., 1989; Smith and Baco, 2003, Fujiwara et al., 2010). Under this view, whale falls facilitate dispersal between remote, isolated vent or seep habitats, expanding species geographic ranges and promoting connectivity among deep-sea chemosynthesis-based communities (Smith and Baco, 2003; Smith et al., 2015; Pereira et al., 2020). As a result, faunal overlaps are observed worldwide across whale falls, vents and seeps communities (Smith et al., 2014; Hilário et al., 2015; Sumida et al., 2016; Smith et al., 2017; Shimabukuro et al., 2019; Pereira et al., 2020).

The distribution patterns described for taxa colonizing whale falls are hitherto based mainly on data from macrofaunal taxa such as polychaetes, bivalves, and gastropods (Smith et al., 2002; Hilário et al., 2015; Smith et al., 2015; Sumida et al., 2016; Souza et al., 2021, Shimabukuro et al., 2022). Although smaller taxa such as nematodes also contribute significantly to the standing stock of these communities, data regarding their species composition and assemblage structure is still lacking (Debenham et al., 2004; Pavlyuk et al., 2009; Alfaro-Lucas et al., 2017). The connectivity between populations of macrofaunal taxa inhabiting whale falls and other chemosynthetic environments is mediated by the dispersal of pelagic larval stages (Siegel et al., 2003). Differently from most macrofaunal taxa, free-living marine nematodes lack pelagic larvae (Ptatscheck and Traunspurger, 2020) and exhibit low swimming ability limiting the active dispersal of these organisms. Thus, large-scale dispersal of nematodes is hypothesized to occur mainly passively through ocean currents, which can resuspend sediments and transport juveniles and adults (Palmer, 1988; Boeckner et al., 2009; Van Gaever et al., 2009). Indeed, the distribution patterns of some nematode species support the idea of long-distance dispersal (Ptatscheck and Traunspurger, 2020) and experimental studies have shown nematode active settlement into selected sites, including sulfidic substrates (Ullberg and Ólafsson, 2003; Lins et al., 2013).

In this study, we investigated the colonization by nematodes of whalebones which were experimentally deployed at 1500 and 3300 m depth and bones from a natural whale carcass found at 4204 m, in the Southwest Atlantic Ocean, off Brazil (Sumida et al., 2016; Souza et al., 2021, Shimabukuro et al., 2022). We have further compared whalebone nematode assemblages with those from adjacent sediments and other deep-sea environments, including hydrothermal vents and cold seeps. Specifically, we tested the hypothesis that whale-fall nematode assemblages are more similar to those from other cognate chemosynthetic-based ecosystems, rather than those from adjacent sediments, considering the assumption that whale falls may act as intermediate refugia for the dispersal of nematodes inhabiting chemosynthetic environments. Additionally, if the hydrodynamic conditions are important factors in dispersal and colonization, we expect higher similarity within assemblages from similar depths (i.e., bathyal vs. abyssal).




2 Material and methods



2.1 Study area and experimental design

Experimental whalebones were deployed along the Southwest Atlantic margin between 21° and 28°S at two different depths, 1500 and 3300 meters (bathyal and abyssal, respectively) - Project BioSuOr (Figure 1) (Table S1) using autonomous structures (landers). The landers consisted of triangular metallic structures containing on each face three open boxes covered with 500µm mesh with an open PVC lid, in a prism shape. The vertebrae were removed and frozen at -20°C until the deployment. Each vertebra was cut in two, and one half of the vertebra was placed inside a mesh box and the other half on the inner lid totaling six whalebone samples for each lander. Since the bone processing for endofauna analysis requires a long time, only one quarter of one vertebra from each lander was considered for this study (please see item 2.2. sample processing). The other two boxes on each side of the lander were filled with wood and synthetic substratum in a similar fashion (half in the box, half on the lid) but were also not considered in this study (Saeedi et al., 2019; Souza et al., 2021). Acoustic releasers and glass floats were installed for retrieval (more details about landers and experimental setup can be found in Saeedi et al., 2019 and Souza et al., 2021).




Figure 1 | Study area where landers were deployed at ~1500 and ~3300 m depth, off SE Brazilian continental margin, in front of São Paulo, Rio de Janeiro and Espírito Santo states during the Project BioSuOr. ES = Espírito Santo; RJ = Rio de Janeiro; SP = São Paulo. RJ-1500 lander was lost. The natural whale-fall samples were collected during the Iatá-Piúna Project with the HOV Shinkai 6500 at 4204 m depth.



The deployment cruise was conducted between May 28 and June 6, 2013, aboard the R/V Alpha-Crucis. The lander SP-1500 was recovered after 16 months, on October 9, 2014, aboard the R/V Alpha Delphini, while the remaining landers were sampled after 23 months (between May 18 and 28, 2015) aboard the R/V Almirante Maximiano. The lander RJ-1500 was not recovered due to a battery release failure. After the recovery, the vertebrae were divided in quarters and preserved in 4% formaldehyde. We also analyzed vertebrae from a natural whale fall found at São Paulo Ridge at 4204 meters depth (abyssal), during the Iatá-Piúna Expedition in the SW Atlantic, using the HOV Shinkai 6500. The latter sample was preserved in 99.5% ethanol (Sumida et al., 2016).




2.2 Sample processing

From each site, one quarter of one of the three vertebrae which had been deployed within the lander was processed for meiofauna analysis. Each bone sample (i.e. one quarter of one vertebra) was divided into smaller pieces and washed through a 45 µm sieve. From the retained material, meiofauna was extracted by flotation in a colloidal silica solution (Ludox TM50; density: 1.18 g cm-3), and stained with Rose of Bengal. After the flotation procedure, there was still a great volume of bone remains making the sorting process unfeasible, so that subsampling was necessary. As such, each sample was homogenized in 400 ml of water and then a 1 ml aliquot was sub-sampled for counting and identification of nematode individuals. The process was repeated as many times as necessary until 200 nematode individuals were sampled for identification at the genus level. Total numbers of individuals per sample were estimated from the aliquots considering the total volume of the homogenized sample. The effectiveness of the subsampling method was tested by counting an entire sample and comparing it to the density obtained by subsampling. Results of successive subsampling of the 1 ml aliquots were also compared to check the variation between subsamples. Values from six successive subsamples showed very little variation (mean value: 45 ind.10ml-1; standard deviation: 6 individuals). The same subsampling process was repeated for all experimental whalebone samples analyzed in this study. After subsampling, nematodes were picked out, evaporated to anhydrous glycerol, and mounted on permanent slides for identification to genus level. Data on nematodes densities were standardized to 100 cm3 in order to compare bones from the different stations.

Nematode assemblages from whalebones were compared with those from sediments adjacent to the lander at SP-1500 at the Santos Basin slope (25°S and 45°W), and for this purpose we used data collected by the - Santos Project – Santos Basin Environmental Characterization (Brazil), coordinated by PETROBRAS/CENPES (sites D9 and D10, Gallucci et al. in press) (Table S2). These sediment samples were obtained through box corer and meiofauna was sub-sampled with a 5 cm diameter and 10 cm height corer, and fixed with 10% buffered formalin. Samples were washed through a 45 µm sieve and from each sample, 200 individuals were identified to genus level.




2.3 Data analysis

A similarity matrix was built from multivariate data on genera abundances to test whether the assemblages are more similar within the same depth. We have built a distance matrix on Hellinger-transformed nematode abundances and ran a hierarchical cluster analysis using the Ward algorithm to compare the similarity between nematode assemblages from deployed bones, from different sites, and the natural whale fall. Hellinger is an appropriate transformation for abundance species data because it is an asymmetric distance measure that properly deals with the “double-zeros” in the comparison of pairs of sites and reduces the influence of most abundant taxa (Borcard et al., 2011). The Ward algorithm favors clusters internal coherence while maximizing the dissimilarities between them being an appropriate choice for finding coherent groups (Kreft and Jetz, 2010; Borcard et al., 2011). We computed a heatmap of nematode genera to visualize their contribution to each whalebone assemblage. Distance matrices were computed using the function vegdist (Legendre and Gallagher, 2001), and with cluster analysis using the Ward algorithm, using the function hclust and the argument methods= “ward.D2” (Murtagh and Legendre, 2014). All analyses were performed using vegan package in R version 4.1.3 (Oksanen et al., 2019; R Core Team, 2020). For each sample, data were extrapolated for its bone volume (Table S1).

Similarly, we also compared the average relative abundances of deployed whalebones and natural whale-fall nematode genera to those of adjacent sediments (Santos slope), and other deep-sea environments such as the continental shelf, continental slope, abyss, nodules, corals, canyons, cold seeps, hydrothermal vents, seamounts, and trenches. We used data from adjacent sediments at Santos slope (Gallucci et al. in press) and data reported in Vanreusel et al. (2010). For the Santos slope, we considered data of all genera which showed relative abundance higher than 2%. For all other deep-sea environments, the genera which were dominantly responsible for the similarities within habitats and the dissimilarity between macrohabitats and the slope habitat based on a SIMPER analysis, (see Table 3 of Vanreusel et al., 2010), were considered. Distance matrices were built using Hellinger distance transformation as described previously. Finally, similarity percentage analysis (SIMPER) was performed to identify which genera were most responsible for differences between non-chemosynthetic and chemosynthetic habitats observed in the cluster analysis, using the software PRIMER (version 6) (Clarke and Gorley, 2006).





3 Results

Nematode densities varied between 8.8 ind/100 cm3 (SP 3300) and 1093.8 ind/100 cm3 (ES 1500) in the deployed whale bones, while it was more than twice in the natural carcass when compared to ES 1500 sample (2832 ind/100 cm3) (Table 1). A total of 11 nematode genera were found in all whalebone samples, with four genera in each 1500 m depth lander, and five genera in each ~3300 m depth landers, accounting for six and seven genera at each depth respectively (Table 1). Halomonyhystera was the dominant genus at almost all experimentally sampled stations, representing from 41% to 93.8% of the total abundance per site, except for ES-3300, where Anticoma was the predominant genus (~75%). At the natural carcass, Anticoma and Theristus were the dominant genera (~39% and 56%) respectively (Table 1).


Table 1 | Densities of nematode genera (ind./100 cm3), total nematode density per vertebra sample and genus richness (number of genera per vertebra sample) found at landers and the natural whale fall.



Nematode assemblages clustered according to depth (Figure 2A), except for the bones deployed at SP-3300 that showed an intermediate position between the two clusters. This separation was mainly due to the high dominance of the genus Halomonhystera at 1500 m depth (90% of total nematode abundance) and the exclusive occurrence of the genera Chromadorita, Microlaimus, and Prismatolaimus at 3300 m depth (Figure 2B). ES-1500 and SP-1500 were the most similar assemblages. Surprisingly, SP-3300, was more similar to the 1500 stations, and was also dominated by Halomonhystera (as landers at 1500 m depth), but shared the exclusive genera found in landers at 3300 m (Figure 2B). Assemblages from the natural carcass (4204 m depth) did not group with any of the experimentally deployed bones (Figure 2A), and were dominated by the genus Theristus, which was exclusive to the natural carcass (Figure 2B).




Figure 2 | (A). Hierarchical cluster analysis using Ward algorithm on the Hellinger distance of nematode genera abundances found in landers and the natural whale fall. (B). Heat map of the ordered relative abundance of nematode genera coupled with the cluster analysis. Light colors indicate lower values and dark colors indicate higher values.



When compared to the other deep-sea environments, whalebone assemblages of this study (deployed bones + natural whale fall) clustered with assemblages from hydrothermal vents and cold seeps (Figure 3). Infaunal assemblages from the slope at Santos Basin (Santos slope) were grouped with other non-chemosynthetic-based habitats (Figure 3). Halomonhystera, Thalassomonhystera and Anticoma were the most responsible for the dissimilarity between non-chemosynthetic and chemosynthetic habitats (whalebones, hydrothermal vents and cold seeps) (Table 2).




Figure 3 | Hierarchical cluster analysis using Ward algorithm on the Hellinger distance of relative nematode genera abundances found in this study (lander and whale fall pooled data, “Whalebones”) and sediments samples adjacent from the study area (“Santos Slope”), with other deep-sea environments. Data of different deep-sea environments were obtained from Vanreusel et al. (2010).




Table 2 | SIMPER analysis of the main nematode genera responsible for the dissimilarity between non-chemosynthetic and chemosynthetic habitats, according to Euclidean distance.






4 Discussion

Few studies have assessed the meiofauna associated with deep-sea whale falls (Debenham et al., 2004; Pavlyuk et al., 2009), and even fewer have studied the assemblages colonizing inner bone matrices (Alfaro-Lucas et al., 2017). Our study supports previous findings and shows that free-living nematodes colonize the inner bone matrix showing high densities (up to 1093.8 ind/100cm3, compared to 285 ± 135 ind/100cm3 in adjacent sediments, data not shown). In addition, this study shed light for the first time on whalebone nematode assemblage’s composition and genus richness. In that respect, our results highlight that whale falls shelter less genus richness in comparison with sedimentary deep-sea habitats resembling those assemblages of cognate, chemosynthetic-based environments with dense populations dominated by few species (Vanreusel et al., 2010). Nonetheless, by harboring a distinct nematode community composition compared to surrounding sediments, whale falls increase the turnover of species in deep-sea environments, contributing to the β-diversity of the deep ocean as shown for other taxa (Smith et al., 2015).

In our study, nematode assemblages from whalebones were highly dissimilar between depths (bathyal landers at 1500 vs. abyssal landers at 3300 m depth). Bathymetric variation in nematode assemblages of soft sediments is usually related to sediment characteristics, as well as its physico-chemical properties, physical disturbance, and most importantly, to food availability (Soltwedel, 2000; Rex et al., 2006; Zeppilli et al., 2012; Rosli et al., 2018). At Santos Basin, nematode densities decrease with increasing depth (Gallucci et al. in press), and from the upper to lower slope there is a gradual change in assemblage multivariate structure, although genus composition remains similar within this range of bathymetric change (Yaginuma et al., in prep.). Such bathymetric variations could partly explain the dissimilarity in nematode assemblages from bones deployed at different depths, except from the fact that nematode genera encountered on sediment samples (Table S2; Yaginuma et al., in prep.) were absent from bone samples and vice-versa (Halomonhystera, the dominant genus in the whalebones, was absent in sediment samples). Such results strongly suggest that the colonization of bones takes place by genera that disperse from other habitats, potentially through the water column, rather than the infaunal assemblages from surrounding sediments. If this is true, the observed differences may arise due to the role of the different oceanic currents influencing both depths.

Previous studies suggested that hydrodynamic conditions may influence macrofaunal composition in wood- and whale falls in the deep SW Atlantic Ocean (Saeedi et al., 2019; Shimabukuro and Sumida, 2019; Shimabukuro et al., 2019; Souza et al., 2021; Shimabukuro et al., 2022). The North Atlantic Deep Water (NADW), which is transported southwards by the Deep Western Boundary Current (DWBC), was the main water source at 1500 m depth (Silveira et al., 2020). The abyssal RJ-3300 and ES-3300 landers were most likely in a mixing zone between the NADW and the Antarctic Bottom Water (AABW) associated with a much slower northward transport (Reid, 1989; Mémery et al., 2000; Silveira et al., 2020). The more intense currents influencing the shallow landers may have led to the higher similarity observed at assemblages at 1500 m depth. Such relationships between assemblages and currents give support to the importance of passive dispersal and colonization of new habitats for nematodes (Boeckner et al., 2009). Other depth-related factors, such as the food availability, could influence the different colonization of nematodes on whale bones. However, it is plausible that the establishment of contrasting assemblages between depths, found in this study, may have the influence of passive dispersion through the currents and colonization of specific habitats, such as whale falls.

Assuming the evidence that currents drive nematode colonization on whalebones we should expect a larger similarity between RJ-3300/ES-3300 and SP-3300 than shallower bathyal sites, since the latter site is under DWBC control. However, this study shows that SP-3300 nematode assemblage is more related to bathyal sites than to RJ-3300/ES-3300. This might be related to the presence of the bone-eating worm Osedax at SP-3300 and the bathyal sites (Shimabukuro and Sumida, 2019). Osedax is an ecosystem engineer of bone assemblages controlling whale fall longevity and increasing microhabitat availability within bones (Alfaro-Lucas et al., 2017). Although bones from all sites were colonized by Osedax, it occurred in lower abundances at RJ-3300 and ES-3300, with only a few eroded areas, contrasting with slightly higher density, big animals, and crumbled areas found in shallow bathyal sites and at SP-3300 (Shimabukuro and Sumida, 2019). Nematodes colonize bones either with or without Osedax, but its presence increases the density of fauna living within the bone matrix (Alfaro-Lucas et al., 2017), and our results suggest that they might facilitate the colonization of Halomonhystera which could explain the dominance of this genus in SP-3300, SP-1500 and ES-1500. Moreover, the assemblages present in bones from the natural carcass found at 4204 meters depth were also under the influence of the Antarctic Bottom Water (AABW) and even though they shared some genera with assemblages from experimentally deployed bones, particularly those at 3300 meters depth (Figure 2B), they were grouped separately. This might be partly due to the different colonization stages of experimentally deployed bones (16-23 months) and the natural carcass (estimated at 60-120 months, Sumida et al., 2016) which can influence the composition of whale fall communities (Smith and Baco, 2003; Braby et al., 2007; Lundsten et al., 2010). Furthermore, vertebrae of the natural carcass were smaller, caudal vertebrae belonging to a juvenile minke whale (Balaenoptera bonaerensis) potentially influencing the nematode community composition (Higgs et al., 2011).

The comparison of nematode assemblages inhabiting whale bones with those present in other deep-sea environments highlights whale-fall assemblage’s similarities with those from chemosynthetic-based habitats, such as hydrothermal vents and cold seeps. The similar reducing conditions (low oxygen and the presence of reduced compounds) between chemosynthetic-based habitats, including whale falls during the sulfophilic stage, could lead to convergent community composition (Smith and Baco, 2003). The predominant genus in whalebones was Halomonhystera, which is known to be tolerant to low oxygen and high sulfide concentrations (Van Gaever et al., 2009) and often dominate nematode assemblages at hydrothermal vents and cold seeps (Vanreusel et al., 2010; Zeppilli et al., 2015). This genus was also found in sunken wood and other carcasses where high organic matter degradation occurs (Cuvelier et al., 2014; Zeppilli et al., 2015; Soltwedel et al., 2017). Halomonhystera is usually in association with bacterial mats, typical of these ecosystems (Van Gaever et al., 2006) and, apparently, has important adaptations to these reducing environments such as the ovoviviparity, which is used as a reproductive strategy for securing the survival and development of the brood in anoxic and sulphidic deep-sea habitats (Van Gaever et al., 2006; Grzelak and Kotwicki, 2016). The similarity between whalebone, hydrothermal vent, and cold seep assemblages suggests the same selective forces drive colonization of these environments and whale falls could act as intermediate refugia for dispersal and evolution of deep-sea fauna relying on chemosynthetic production (Smith et al., 1989; Smith and Baco, 2003). Even though marine nematodes lack pelagic larvae, passive dispersion is an important strategy for long-distance dispersal in the deep sea (Palmer, 1988; Boeckner et al., 2009; Lins et al., 2013). Indeed, our results suggest that short-scale active dispersal from adjacent sediments is not important in whalebone nematode colonization.




5 Conclusion

The present study showed that nematodes colonize whalebones in relatively high density and genera composition corroborated our hypothesis that whale-fall nematode assemblages are more similar to those from other cognate chemosynthetic-based habitats, rather than those from adjacent sediments. Considering only the whalebone assemblages, we observed higher similarity within assemblages from similar depths (i.e., bathyal vs. abyssal), as well as within experimentally deployed bones compared to the natural carcass encountered in the abyssal plain. These results suggest that oceanographic conditions and the age of the carcasses on the ocean floor might influence nematode assemblage composition and richness. Our findings highlight the potential importance of organic falls for meiofauna from chemosynthesis-based ecosystems.
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Global warming causes profound environmental shifts in the Arctic Ocean, altering the composition and structure of communities. In the Fram Strait, a transitional zone between the North-Atlantic and Arctic Ocean, climate change effects are particularly pronounced and accelerated due to an increased inflow of warm Atlantic water. Gelatinous zooplankton are known as key predators, consuming a great variety of prey and playing an important role in marine ecosystems. Insufficient knowledge of how gelatinous zooplankton are affected by environmental change has resulted in a notable gap in the understanding of the future state of Arctic ecosystems. We analyzed the diversity and abundance of gelatinous zooplankton down to 2600 m depth and established the first regional baseline dataset using optical observations obtained by the towed underwater camera system PELAGIOS (Pelagic In situ Observation System). Our data estimate the abundance of 20 taxa of gelatinous zooplankton. The most abundant taxa belong to the family of Rhopalonematidae, mainly consisting of Aglantha digitale and Sminthea arctica, and the suborder Physonectae. Using the observational data, we employed a joint species distribution modelling approach to better understand their distributional patterns. Variance partitioning over the explanatory variables showed that depth and temperature explained a substantial amount of variation for most of the taxa, suggesting that these parameters drive diversity and distribution. Spatial distribution modelling revealed that the highest abundance and diversity of jellyfish are expected in the marginal sea-ice zones. By coupling the model with climate scenarios of environmental changes, we were able to project potential changes in the spatial distribution and composition of gelatinous communities from 2020 to 2050 (during the summer season). The near-future projections confirmed that with further temperature increases, gelatinous zooplankton communities in the Fram Strait would become less diverse but more abundant. Among taxa of the Rhopalonematidae family, the abundance of Aglantha digitale in the entire water column would increase by 2%, while a loss of up to 60% is to be expected for Sminthea arctica by 2050. The combination of in situ observations and species distribution modelling shows promise as a tool for predicting gelatinous zooplankton community shifts in a changing ocean.
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Introduction

Arctic regions are experiencing temperature increases approximately four times greater than the rest of the world (Rantanen et al., 2022). Due to this warming, over the past decade the average annual Arctic sea-ice extent has reached its lowest level since 1850 (Fox-Kemper et al., 2021). An increase in sea-ice free areas, as well as a prolongation of open water days, extend the growing season of open ocean type phytoplankton communities (Arrigo et al., 2008). This extension is also obvious from long-term satellite observation data which show an increase in net primary production (NPP) in the Arctic Ocean by ca. 20-25% per decade from 1998 to 2015 (Arrigo and van Dijken, 2015; Kahru et al., 2016). At the same time, the proportion of primary production from sea-ice algae blooms that rapidly falls to the seafloor will decrease (Constable et al., 2022). Open ocean ecosystems may support new pelagic communities of secondary and tertiary consumers (zooplankton and foraging fish) and upper trophic level mammals (Moore and Stabeno, 2015).

Ocean warming and subsequent sea-ice retreat have already caused a northward migration of subarctic and temperate species (Buchholz et al., 2010; Frainer et al., 2017; Geoffroy et al., 2018; Neukermans et al., 2018; Schröter et al., 2019), increased abundance and reproductive success of subarctic species (Kraft et al., 2013), and a decline in abundance and retraction of some Arctic species linked to sea-ice (Wassmann et al., 2011; Ingvaldsen et al., 2021). Zooplankton taxa are propagating toward the poles at a relatively fast average rate of 100 km per decade (Field et al., 2014), making them important indicators for monitoring ecosystem changes due to climate shifts in the Arctic Ocean. This northward shift of subarctic zooplankton species leads to the emergence of new feeding interactions, which in turn increases connectivity and decreases the modularity of the Arctic marine ecosystems (Pecuchet et al., 2020).

Most studies on changes in zooplankton distribution and abundance in the Arctic have focused on hard-bodied forms of zooplankton taxa such as crustaceans (Basedow et al., 2018; Hop et al., 2021). Gelatinous zooplankton (GZ) is a polyphyletic group consisting of zooplankton that often have transparent and fragile bodies. The focus of our study is on cnidarians and ctenophores as representatives of gelatinous zooplankton (GZ). While other organisms, such as larvaceans, chaetognaths and mollusks, are sometimes classified as GZ, they will not be considered in this study. Due to their high water content these pelagic organisms were long considered dead-ends in marine food webs (Verity and Smetacek, 1996). Recent studies, however, show GZ to be pivotal and abundant components of oceanic food webs (Hays et al., 2018). GZ are considered to be versatile predators and consume a great variety of prey (Choy et al., 2017). Despite a typically low nutritional value, GZ are an important food source for various predators including fish, birds, turtles, and various invertebrates (Decker et al., 2014; Hoving and Haddock, 2017; Urban et al., 2022; Yaragina et al., 2022). Under favorable environmental conditions, GZ can become overwhelmingly abundant and form episodic ‘blooms’ (Boero et al., 2008). Over the last few decades, the magnitude of such blooms has been increasing in various parts of the world (Brodeur et al., 2008; Riisgård et al., 2012), and these blooms are believed to be driven by overfishing, eutrophication and changing oceanographic conditions (Purcell, 2012). However, the general hypotheses of global increases in GZ populations have been questioned and are hard to prove (Condon et al., 2012; Condon et al., 2013), as jellyfish blooms are subject to global fluctuations (Condon et al., 2013). The future state of GZ in changing Arctic ecosystems remains particularly uncertain in this context due to a lack of reliable long-term datasets (Mańko et al., 2020).

Our knowledge of the abundance and composition of GZ in polar seas is scarce (Raskoff et al., 2005). One reason for this data gap is the extreme fragility of GZ. Collecting GZ with nets destroys many species or degrades them into fragments, which are subsequently unidentifiable and often excluded from analysis (Raskoff et al., 2003). Various net sampling methodologies have been shown to be biased toward certain groups of GZ (Hosia et al., 2017). Comparative studies of net-based and optical samplers revealed that nets may dramatically underestimate abundances and diversity of GZ (Remsen et al., 2004; Raskoff et al., 2010; Hosia et al., 2017; Hoving et al., 2019). For example, the abundance estimates of Beroidae comb jellies was three to five times higher when using optical methods compared to multinets (Hoving et al., 2019). Net-based systems also under-sample many GZ species, such as Aeginidae spp., Sminthea arctica, Botrynema spp., Atolla spp., lobate ctenophores and siphonophores (Raskoff et al., 2010). Some of the larger GZ taxa are known only from in situ observations and have never been captured in a good state with nets, e.g., Thalassocalyce inconstans (Swift et al., 2009), Kiyohimea usagi (Hoving et al., 2018).

Insufficient knowledge about GZ has led to a notable gap in understanding the structure of the pelagic Arctic ecosystem, particularly in the deep-sea (meso- and bathypelagic) habitats (Raskoff et al., 2005; Neitzel et al., 2021). Only a few studies focused on the changes in the biomass and diversity of GZ in the Arctic Ocean and its marginal seas. Brodeur et al. (1999) observed the increase of the biomass of large medusae from 1979 to 1997 in the Bering Sea. Since the Bering Sea is the Pacific-Arctic gateway, it is likely that the export of GZ from the North Pacific to the Arctic also increased. In the Barents Sea, continued warming may be favorable for cnidarian abundances (Eriksen et al., 2012). A northward shift to a high Arctic fjord (> 78°N) and an abundance increase in the northern Barents Sea since 2014 has been documented for the deep-water scyphozoan Periphylla periphylla (Geoffroy et al., 2018).

In the Fram Strait, the main gateway to the Arctic Ocean, the transfer of heat from the North Atlantic has intensified over the course of decades, a phenomenon referred to as “Atlantification’’ (Beszczynska-Möller et al., 2012; Polyakov et al., 2012; Ingvaldsen et al., 2021) making this region essential for monitoring ongoing changes in ecosystems. Further Atlantification in the Fram Strait is likely to facilitate the expansion of boreal species into the Arctic and may lead to a less diverse but more abundant GZ community in the future (Mańko et al., 2020). To increase large-scale knowledge of GZ species assemblages in the Fram Strait, we obtained baseline data on vertical distribution and diversity of deep-water Arctic GZ with the Pelagic In situ Observation System (Hoving et al., 2019). The data were collected during the cruises to the HAUSGARTEN Long-Term Ecological Research (LTER) site (Soltwedel et al., 2005) in 2019 and 2021. Quantitative estimations of abundance, diversity and vertical distribution of GZ taxa was obtained using a horizontal video transect methodology (Hoving et al., 2020a). In order to understand current and future patterns of vertical species distributions, we fitted Bayesian Joint Species Distribution Models (JSDMs; Ovaskainen and Abrego, 2020) on the obtained abundance data. These trained models were coupled with climate change scenarios, which allowed us to forecast spatial niche range shifts of dominant species of gelatinous zooplankton. Our modelling effort is limited to a rather small section across Fram Strait, with the aim to project the redistribution related to the spatial shift of two distinguishable currents (West Spitsbergen Current and East Greenland Current) of the Fram Strait.

We hypothesized that global warming is affecting the composition of gelatinous zooplankton communities and changing their abundance and habitable niches in the Fram Strait region. To test this hypothesis, we used the JSDM-based assessment with a focus on the mesopelagic and bathypelagic GZ communities in the Fram Strait, with the specific objectives to (1) assess the significance of specific environmental drivers on structuring GZ communities; (2) delineate spatial distribution and vertical zonation of GZ communities; (3) use climate-change scenarios to project future distributions of GZ communities in the Fram Strait.





Materials and methods




Expeditions and deployments

During the expeditions PS121 (Hoving et al., 2020b) and PS126 (Havermans et al., 2021) of the R/V Polarstern (Alfred-Wegener-Institute and Helmholtz-Zentrum für Polar- und Meeresforschung, 2017) to the Fram Strait in August/September 2019 and June 2021 (Figure 1), we deployed the Pelagic In situ Observation System (PELAGIOS; Hoving et al., 2019) at the HAUSGARTEN Long-Term Ecological Research (LTER) stations in Fram Strait. The PELAGIOS is a towed video camera system that collects high definition (HD) videos at 50 frames per second using the 1Cam Alpha camera as well as Conductivity-Temperature-Depth-Optical data. PELAGIOS was towed horizontally through the water column at approximately 1 knot speed over ground. Horizontal transects were conducted at specific depths down to 2600 m based on prior knowledge of the water masses and ecosystem domains in the study area, with the aim of covering a representative range of habitats for gelatinous zooplankton. (Figure S1, Table S1). Seven deployments were performed at four different stations (4 during PS121, and 3 during PS126), resulting in a total of 13.5 hours of pelagic video (Figure 1, Sn; Table S1). PELAGIOS data from the ascent and descent phases of the transects were not used in the analysis due to limitations in their conversion to species abundance values resulting from the direct horizontal projection design of the PELAGIOS system. A total of 50 unique horizontal transects (sampling points) were identified across the seven stations studied, based on their distinct (longitude, latitude, depth) values (Figure 1; Figure S1, Table S1). Species abundance values at these transects were converted from the number of specimens per minute to the number of specimens per cubic meter given that PELAGIOS records an average volume of 0.116 m3 s-1 at a tow speed of 1 knot (= 0.51 ms-1) (Hoving et al., 2019).




Figure 1 | Study area and dive stations of the towed camera PELAGIOS during two expeditions to the HAUSGARTEN LTER in Fram Strait, PS121 (2019, stations in red on the map) and PS126 (2021, stations in green). The map of the Pan-Arctic region uses 'Blue Marble' data from the NASA Earth Observatory (Stöckli et al., 2006). The visualization for the Fram Strait was created using the PlotSvalbard R package (Vihtakari, 2020).







Biological data

The video transects were analyzed using the Video Annotation and Reference System “VARS” (Schlining and Stout, 2006). The VARS annotation program enables the capture of frames from the video with corresponding time codes. It also includes a knowledge base for inputting taxonomic names and hierarchy, and a database search function for easy retrieval of information. We identified the species Botrynema brucei and Botrynema ellinorae based on the presence/absence (respectively) of a sharp knob at the top of the bell. Individuals that could not be distinguished were grouped as Botrynema spp. Other species of Trachymedusae that could not be identified to a lower taxonomic level were assigned to Trachymedusae spp. For the family Aeginidae (Narcomedusae), species identification was based on the number of tentacles, with Solmundella bitentaculata having two tentacles and Bathykorus bouilloni four. Specimens belonging to the order Siphonophorae were divided into two suborders: Calycophorae and Physonectae. The phylum Ctenophora included the genus Beroe spp. and the order Lobata. Rarely occurring GZ taxa (Euplokamis spp., Aulacoctena spp., Bathyctena spp., Dryodora glandiformis, Ptychogena hyperborea) were not incorporated into the modelling section. In addition, unidentified Ctenophora spp. and Trachymedusa spp. were also excluded from further analysis due to lack of ecological significance. During the deployments, identification of species in the epipelagic layer was challenged by high amounts of particulate organic matter and intense light, limiting the quality of video transects. This was particularly true for ctenophores for which diversity in the epipelagic could not be estimated. Each annotated event is presented on the Data Publisher for Earth & Environmental Science (PANGAEA) as a 4-second video clip, with associated metadata (Pantiukhin et al., 2023a; Pantiukhin et al., 2023b). The video clips for each event, with a spread of +/-2 seconds around the actual occurrence, were cropped from the original video using the FFmpeg tool (FFmpeg Developers, 2006).





Environmental parameters

The conductivity-temperature-depth (CTD) data for the PS121 expedition were obtained from the ship’s CTD/rosette system which consists of a Sea-Bird Electronics - Seawater Multi-Parameter - Optical Dissolved Oxygen (SBE37-SMP-ODO) sensor (temperature, salinity, oxygen) and Wetlabs Ecotriplet system (Chlorophyll and colored dissolved organic matter (CDOM) fluorescence plus scattering). For the PS126 expedition, a CTD system was mounted directly on PELAGIOS (temperature, salinity sensors), whereas the oxygen and fluorescence were extracted from the ship’s CTD. The correlation of PELAGIOS CTD data (salinity, temperature) with shipboard CTD data was > 0.95 at depth transects on PS126, thus we used them in combination. For each depth transect of the PELAGIOS, data from the closest ship’s CTD station was used.

Environmental factors used in the models were selected based on their potential importance to the GZ distribution. Temperature, salinity, oxygen and depth are known to affect the distribution of the GZ in the marine environment (Tittensor et al., 2010; Lucas et al., 2014). Moreover, sea-ice is considered as an important driver of Arctic ecosystems, and it has been hypothesized that its reduction will increase the abundance of GZ (Wassmann et al., 2011). The values of temperature (°C), salinity (practical salinity units, or PSU), oxygen saturation (μmol kg-1) were taken from CTD’s (see above) for initial training of the model. Values of sea-ice coverage (%), which were used in the analysis, were obtained from the European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT), Ocean and Sea Ice Satellite Application Facility (EUMETSAT Ocean and Sea Ice Satellite Application Facility, 2017). For the initial training of the model, we used sea-ice concentrations measured 2 weeks prior to the deployment of PELAGIOS at the sampling point. The spatial values were averaged around each sampling point (within a 0.5-degree radius).

To perform spatio-temporal projections of the current and future state of the Fram Strait region, we projected the results of the Joint species distribution model (JSDM) onto environmental grids obtained from the Coupled Model Intercomparison Project Phase 6 (CMIP6). We used the results of the Finite Element Sea Ice-Ocean Model (FESOM; Semmler et al., 2018) as a source of oceanographic data sea in this study for spatial modelling (sea-ice concentrations (%), salinity (PSU), and temperature (°C). FESOM is an ocean-ice model that employs an unstructured grid with a horizontal resolution of 25 km. We projected the JSDM results onto the environmental grids obtained from the FESOM simulations using the shared socio-economic pathway (SSP) scenario SSP245, which represents a medium level emissions scenario (Meinshausen et al., 2020). For the present study, we chose 2020, 2030, 2040, and 2050 (from June to September) as time frames. To avoid spatial bias and ensure consistency with the PELAGIOS camera dives, we considered a vertical resolution of 10 layers (230 m, 410 m, 580 m, 790 m, 1040 m, 1330 m, 1700 m, 1920 m, 2150 m, 2400 m). A polygon with a spatial extent of 77° to 82° lat N and 6° long W to 8° long E served as the study region on which the projections were made. These specific latitudinal and longitudinal coordinates were chosen to cover the deep-sea part of the studied region, while excluding the shelf zones of the Fram Strait where the community structure of GZ is different and was not the target of our study.





Study design and joint distribution modelling

The Joint Distribution Model framework ‘Hierarchical Modelling of Species Communities’ (HMSC; Ovaskainen and Abrego, 2020) was used. This model allows us to link data on species occurrence and environmental covariates with processes of community formation. Environmental filtering is simulated at the species level by analyzing how the occurrences of species vary with environmental variables. Species co-occurrences are expressed as residual species-to-species association matrices, which may be evaluated at various spatial and temporal scales (Tikhonov et al., 2020). The latest version of the HMSC 3.0 model is implemented in the “HMSC” package (Tikhonov et al., 2020) in R (R Core Team, 2022).

As the biotic response variable, we included counts of the 13 different taxa at 50 sampling locations (Figures 2, 3; Figure S1; Table S2). We fitted two different models: first a Poisson model (for count data) to analyze abundance analyses, and second a presence-absence model (presence-absence matrices for this model generated from the count data) to estimate the taxa richness on the predictive gradients. To choose the explanatory variables for the models, we tested temperature (°C), salinity (PSU), oxygen saturation (μmol kg-1), depth (m) (CTD measurements), and concentrations of sea-ice (%) (MODIS sensors) for correlation. The oxygen saturation showed a negative correlation with depth (Pearson’s r = -0.89, Figure S3), and a positive correlation with temperature (Pearson’s r = 0.86, Figure S3). To avoid the risk of over-parameterization, we evaluated the goodness-of-fit of two models with and without oxygen saturation. The models were evaluated according to the Widely Applicable Information Criterion (WAIC; Watanabe, 2013). The models with the lowest WAIC values maximize their predictive power and reduce complexity. In this study, the model excluding oxygen showed WAIC values of 69.03, while including oxygen 72.94. Thus, due to the lower predictive power of the model with oxygen, as well as the difficulty in estimating the influence of oxygen, as it is highly correlated with temperature and depth, the choice was made in favor of a model without oxygen.




Figure 2 | Vertical distribution of gelatinous zooplankton groups encountered with PELAGIOS. The figure displays 13 most dominant taxa that were used for modeling, while the remaining taxa annotated were collapsed into the “Other spp.” category.






Figure 3 | Examples of organisms encountered during pelagic video transects with PELAGIOS: (A) Aglantha digitale, (B) Sminthea arctica, (C) Crossota sp., (D) Botrynema brucei, (E) Atolla tenella, (F) Bathykorus bouilloni, (G) Calycophorae spp., (H) Physonectae spp.



The HMSC model was trained using default prior distributions (Ovaskainen and Abrego, 2020). In order to sample the posterior distribution, we used four Markov Chain Monte Carlo (MCMC) chains and ran each for 375000 iterations. The first 125000 iterations were removed as burn-in and the chains thinned by 1000 to yield 250 posterior samples per chain. In total, we had 1000 posterior samples. To examine MCMC convergence, we looked at the potential scale reduction factors (Gelman and Rubin, 1992) of the model parameters.

We estimated the explanatory and predictive power of the presence-absence model using species-specific area under the receiver operating characteristic curve (AUC-ROC; Pearce & Ferrier, 2000) values and Tjur R2 values (Tjur, 2009), while the explanatory and predictive power of the Poisson model were estimated using pseudo-R2 (Ovaskainen and Abrego, 2020). To calculate the explanatory power (i.e., how well the model predicts the data used for fitting), we used the model trained on all the available data (without partitioning). To estimate the predictive power, we performed a 4-fold cross-validation, partitioning the data into four equal subsets and using three subsets to fit the model and one subset to test its predictive accuracy. We partitioned the explained variation among the predictive variables to quantify the drivers of community structure. To examine how species communities respond to environmental conditions, we estimated species responses to the explanatory variables, counting what proportion of species showed a positive or negative response with at least 95% posterior probability. The figures and maps were produced using the R packages PlotSvalbard (Vihtakari, 2020) and ggplot2 (Wickham, 2016).






Results




Regional oceanography

The PELAGIOS stations were located in the deep part of the Fram Strait, with depths ranging from 2338 m (S3; Figure 1) to 2667 m (N4; Figure 1). The temperature and salinity in the Fram Strait are affected by two main current systems: the warmer West Spitsbergen Current, which is part of the Atlantic water in the region, and the colder East Greenland Current, which brings Arctic water masses into the region. The branch of West Spitsbergen Current recirculates south-westwards as the Return Atlantic Current. To determine the water masses present at each site, we used temperature and salinity data and adapted the characteristic temperature-salinity signatures of each water mass from Beszczynska-Möller et al., 2011; Walczowski et al., 2012 and Mańko et al., 2020 (see Figure S2). The strongest presence of Atlantic water was observed at station N4 (August/September 2019), where transformed Atlantic water extended to a depth of 700 m and intermediate water to a depth of 800 m (Figure S2). This station was also characterized by a high level of mixing between different water masses, as well as the presence of all five distinguished water masses (Figure S2). The largest extent of Arctic water was observed at station S3 (June 2021), where the transition from transformed Atlantic to Arctic water occurred at a depth of 500 m (Figure S2). At stations where an interannual comparison was possible (HG4 and EG4), we found distinguishable interseasonal patterns (Figure S2). In August/September (PS121) at the station EG4, we observed the presence of both Atlantic water and transformed Atlantic water; the latter extended in the water column down to depths of 650 m (Figure S2). In June (PS126, station EG4), we observed only transformed Atlantic water, which spread to a depth of 550 m (Figure S2). Similar changes in water masses were found at station HG4, but here the lower boundary of the transformed Atlantic water varied only slightly, at depths of 600 m (Figure S2). However, in the epipelagic layer in August/September (PS121), the presence of Atlantic water was observed, while in June (PS126) the upper 0-50 m layer was occupied by Arctic water. Sea-ice conditions strengthened in the northwest direction, with maximum sea-ice concentrations found at station EG4 in August/September (PS121) - 62.72%.





General patterns of gelatinous zooplankton on stations

We recorded a total of 20 distinguishable taxa, among the 13 most dominant on horizontal transects were: Aglantha digitale - 706 obs.; S. arctica - 522 obs.; Calycophorae spp. - 375 obs.; Physonectae spp. - 215 obs.; Botrynema spp. - 91 obs.; Atolla tenella - 66 obs.; Bathykorus bouilloni - 64 obs.; Botrynema brucei - 52 obs.; Botrynema ellinorae - 49 obs.; Beroe spp. - 41 obs.; Solmundella bitentaculata - 39 obs.; Lobata spp. - 23 obs.; Crossota sp. - 22 obs (Figures 2, 3; Table S2). The most diverse stations in terms of taxa richness were EG4 and HG4 (17 and 16 taxa present), while the lowest was S3 (11 taxa). The highest abundance was found at station HG4 (PS126; Figure 1) with an average of 549 individuals per 1000 m3, and the lowest abundance was observed at station S3 (PS121; Figure 1) with an average of 183 individuals per 1000 m3. The majority of recorded taxa (12) belonged to the class Hydrozoa (A. digitale ~29% and S. arctica ~22% of all observations), while the class Scyphozoa was represented only by one species - A. tenella. The highest abundance values during the PS121 expedition were recorded at depths of 400-600 m, as well as at 1900 m. In terms of taxon diversity, the highest biodiversity was found at depths of 1300 m (13 taxa; Figure 2). During the PS126 expedition, the greatest abundance was found at depths of 400 and 2000 m, while taxonomic diversity was highest at a depth of 600 m (13 taxa; Figure 2).





Hierarchical modelling of species communities

The convergence of MCMC chains, measured by the potential scale reduction factors (β-parameter; which measure species responses to environmental covariates; Ovaskainen et al., 2017), were on average 1.02 (maximum 1.12) for the Poisson model and 1.001 (maximum 1.004) for the presence-absence model (Figure S4). The 4-fold cross-validation for the presence-absence model showed a mean Tjur R2 (AUC) of 0.29 (0.79). The Poisson model showed the mean pseudo-R2 being 0.43 for explanatory power and 0.29 for predictive power (Figure S5).

Variance partitioning over the explanatory variables showed that temperature and depth explained a substantial amount of variation in both Poisson and presence-absence models, in contrast to the minor explanatory power of sea-ice and salinity (Figures 4A, B). Among the taxa, temperature had the highest explanatory value for S. arctica (0.58 - Poisson; 0.45 - presence-absence), A. digitale (0.38 - Poisson; 0.22 - presence-absence), suborder Physonectae (0.31 - Poisson; 0.32 - presence-absence), and Botrynema spp. (0.32 - Poisson; 0.36 - presence-absence). Depth zonation showed the highest values for B. brucei (0.41 - Poisson; 0.35 - presence-absence), B. bouilloni (0.28 - Poisson; 0.35 - presence-absence), A. tenella (0.25 - Poisson; 0.23 - presence-absence). For the suborder Calycophora, salinity had the major contribution to the explanation of variations was e. In the Poisson model, its contribution was 0.17 and in the presence-absence model - 0.08. Sea-ice did not contribute significantly to the explanatory power of the models (<0.1 for all taxa).




Figure 4 | Variance partitioning among the explanatory variables. The values for the Poisson (A) and presence-absence (B) models are estimated by Tjur R2 and R2 respectively. The mean values of variance for all species are presented in the legends.



No significant response to salinity was found in any of the taxa, however all exhibited responses to temperature (Figures S6A, B). Six taxa in the presence-absence model (A. tenella, B. brucei, Botrynema spp., Crossota sp., S. arctica, S. bitentaculata) responded negatively to the second-order term of temperature while only S. arctica showed a clear negative response in the Poisson model. In other cases, taxa responded positively to the first-order term polynomials of temperature and negatively to the second-order term polynomials. This means that their abundance/probability of occurrence peaked at some intermediate temperature value. The responses of taxa to depth in the Poisson model were mostly characterized by peaks at some intermediate value. The exception was Beroe spp., which had a negative response. In the presence-absence models A. tenella, B. bouilloni, B. brucei, and Crossota sp. showed a clear positive response to the increase of depth. The responses of A. tenella, S. arctica, S. bitentaculata in both models showed a positive association with sea-ice, B. brucei showed the same association only in the presence-absence model. Bathykorus bouilloni showed a negative response to the presence of sea-ice in both the presence-absence and Poisson models.




Prediction gradients

Predictive gradients were constructed for total taxa richness based on the presence-absence model, while the Poisson model was used to construct predictive gradients of abundance for each studied taxon.





Taxa abundance and richness

Predictions over environmental gradients (Figure 5) showed that the abundance of different taxa peaked at the lower end of the mesopelagic zone (700-800 m), while taxa richness peaked in the upper bathypelagic zone (1100-1200 m). Higher taxa diversity was found in colder waters with a peak of taxa richness at 0.3-0.4°C. In contrast, total abundance peaked at mean temperatures of 1.2-1.3°C. At higher salinities, an increase in both total taxa abundance and richness was observed. The same patterns of positive response were found for sea-ice concentrations.




Figure 5 | Predicted gradients of total count (Poisson model; left) and taxa richness (presence-absence model; right) for all taxa.







Atolla tenella

The studied taxa were divided into six distinct taxonomic groups (Figures 6, S6) based on their vertical distribution ranges and responses to the environmental parameters (the family Rhopalonematidae, the order Siphonophorae, the genus Botrynema, the phylum Ctenophora, the family Aeginidae and the species A. tenella).




Figure 6 | Predicted gradients of total count (Poisson model) of the (A) Rhopalonematidae family and (B) the Siphonophorae order.






Rhopalonematidae family

The Rhopalonematidae family, here composed of A. digitale, S. arctica, and Crossota sp., represented the most dominant group in the study area, accounting for 49% of the observations (Figure 2). We observed a clear separation in the preferred environmental conditions for A. digitale and S. arctica, which were found at approximately 800 m depth and 0.8°C (Figure 6A). Aglantha digitale is normally distributed with a peak at 1.8°C and a depth of 250-300 m (Figure 6A). In contrast, S. arctica was most abundant at 0°C and 1250-1300 m depth. Crossota sp. showed its highest abundance values at a depth of 1300 m and a temperature of 0.2°C. Analysis of sea-ice conditions revealed that A. digitale preferred more open ocean areas, while S. arctica and Crossota sp. were more abundant in sea-ice-covered waters (Figure 6A).





Siphonophorae order

The order Siphonophorae, including Calycophorae and Physonectae spp., was the second most dominant group in our study, representing 29% of the total observations (Figure 2). Within this order, we also observed a separation of preferred niche conditions (Figure 6B). The abundances of Calycophorae and Physonectae spp. were normally distributed around 750-800 m and 950-1000 m respectively (Figure 6B). In terms of temperature, Calycophorae spp. showed its peak abundance at 1.1°C, while Physonectae spp. reached its peak at 0.5°C (Figure 6B). The predictive gradient across the sea-ice gradient showed that both sub-orders were more abundant at average sea-ice cover of 25-30%, mainly in marginal sea-ice zones (Figure 6B). Regarding salinity, representatives of the suborder Calycophorae and Physonectae spp. responded positively to an increase in salinity (Figure 6B), with the former showing a stronger response and reaching an abundance of 300 individuals per 1000 m3 at 34.96 PSU, and the latter reaching 70 individuals per 1000 m3 at the same values.





Botrynema genus

The Botrynema genus represented 7% of the observations and included B. brucei, B. ellinorae, and unidentified Botrynema spp. (Figure 2). Both B. brucei and B. ellinorae had a similar depth distribution with a peak at 1250-1300 m, whereas unidentified Botrynema spp. were observed at shallower depths with a maximum distribution at 950-1000 m (Figure S7A). The temperature distribution followed a similar pattern, with B. brucei and B. ellinorae having peaks of abundance at 0.1-0.15°C, while the undetermined Botrynema spp. showed maximum abundance at slightly warmer temperatures of 0.4-0.5°C. All taxa exhibited a moderately positive response to sea ice (Figure S7A).





Ctenophora phylum

The Ctenophora phylum included Lobata spp. and Beroe spp., which accounted for 5% of all observations (Figure 2). These taxa showed distinct unimodal patterns along temperature and depth gradients (Figure S7B). Beroe spp. had a peak of abundance at 550-600 m and 1.4°C, whereas Lobata spp. peaked at 1150 m and 0.5°C (Figure S7B). Within the study area, Beroe spp. preferred sea-ice free conditions, with the highest abundances observed at 13% sea-ice coverage. In contrast, Lobata spp. showed higher abundance in denser sea-ice conditions, with a peak at 40% sea-ice coverage (Figure S7B).





Aeginidae family

The family Aeginidae, comprising B. bouilloni and S. bitentaculata, represented 4.5% of all recorded taxa (Figure 2). Both species showed similar distribution patterns with respect to depth and temperature, with B. bouilloni being most abundant at 1350 m and 0.15°C, and S. bitentaculata at 1300 m and 0.1°C. Both species showed a positive association with dense sea ice (Figure S6C).





Atolla tenella

The only scyphozoan species observed in our study was A. tenella. This species was found at depths between 800 and 2500 m, with a maximum abundance at 1400m. It was found at the lowest temperatures observed in the region, with a peak abundance at -0.2°C, and in areas of high sea ice cover (>50% sea ice cover; Figure S6D).







Spatial patterns and projections




Taxa richness

Based on the results of the presence-absence model, we were able to estimate the richness of taxa in the study area for the years 2020, 2030, 2040, and 2050 (from June to September). The maximum values of taxa richness for all modelled time intervals were observed at a depth of 1700 m (9-11 taxa), and the lowest in the pelagic layer of 230 m (4-6 taxa; Figure 7; Figure S9). Throughout the entire period of simulation, we found a gradual decrease in taxa richness with a maximum richness loss at the year 2050 (-14.06% compared to 2020, for all vertical layers; Figure 7). We observed the greatest loss of taxa richness in the pelagic layer at a depth of 230 m (-31.25%; Figure 7; Figure S9). The loss of taxa richness gradually decreased with depth, in the bathypelagic layer the decline was on average ~10% (Figure 7; Figure S9).




Figure 7 | Current and future values (summer season) of species richness at different depth layers. Species richness values were calculated as the mean for each depth layer.



For the upper 230-410 m layers (in the year 2020), we observe the lowest taxa richness in the northeastern part of the region, where the West Spitsbergen Current dominates (Figure S9). The highest taxa richness in these layers is observed in the convergence zones of the West Spitsbergen and East Greenland Currents (Figure S9). By 2050, there is a decrease in taxa richness in these layers in the western region (Figure S9). Comparing this to oceanographic conditions, we may see an increase in temperature in the western region due to an amplification of Return Atlantic Current. At depths of 580 and 790 (in the year 2020), the greatest taxa richness is observed in the northern part of the region, as well as in the convergence zones of currents. By the year 2050, the northern region will have lost most of its taxa richness on these depths, but it will still persist at the edges of the currents (Figure S9). At depths from 1040 to 2400 m in 2020, the greatest taxa richness is observed in the northwestern part of the region. By 2050, taxonomic diversity at these depths will be reduced throughout the entire region (on average, 8-9 taxa per site), with a slight preponderance (6-7 taxa per site) in the southeastern part (Figure S9).





Individual taxa

Based on the results of the 4-fold cross-validation of the Poisson model, we selected four taxa for spatial projections with the highest predictive power (pseudo-R2 > 0.4; Figure S5). These included two species of the family Rhopalonematidae (A. digitale and S. arctica) and the suborder of Siphonophorae (Physonectae spp.). These taxa were projected onto the most favorable depth layers, based on the information derived from prediction gradients (Figures 6A, B).




Rhopalonematidae family

The vertical niches of A. digitale in Fram Strait will narrow over the period from 2020 to 2050, but overall the abundance in the entire water column will increase by 2% (Figure 8; Figure S8A). By 2050, A. digitale will lose up to a quarter of its abundance in the upper 290 m and also decrease at 790 m, but its abundance will increase in the middle layers of 410 and 580 m by 24% and 18% correspondingly (Figure 8; Figure S8A). The spatial distribution patterns of A. digitale are described by the Arctic and Atlantic water masses convergence zones, with the maximum number of individuals found in these areas (Figure 8). With warming in the northwestern part of the region and the retreat of the sea-ice by 2050, the area of high abundance of A. digitale will disappear at the depth of 290 m (Figure 8). A similar high abundance area at this depth along the entire western section from 6 to 8 west longitude will move to a deeper depth of 410 m, where an increase in the abundance of A. digitale will be observed (Figure 8).




Figure 8 | Current and future distributions of Aglantha digitale in the studied region. The red/green values in parentheses give a comparative measure of the retreat/increase in abundance of the selected taxa (summer season of 2050 compared to 2020).



Another member of the family Rhopalonematidae, S. arctica, will experience a greater reduction in preferred niche conditions compared to A. digitale (Figure S8). Sminthea arctica will lose up to 60% of its abundance at all depths by 2050 (Figure 9; Figure S8B). The highest projected abundance of S. arctica for 2020 was found in the northwestern section of the region where it reaches fairly high numbers of >1000 individuals per 1000 m3 (Figure 9). However, with the retreating of the sea-ice and warming in this part of the Fram Strait, we will observe the loss of the northwestern high abundance area and a shift of the main center of abundance to the southeastern part of the region with much lower numbers of ~300 individuals per 1000 m3 (Figure 9).




Figure 9 | Current and future distributions of Sminthea arctica in the studied region. The red/green values in parentheses give a comparative measure of the retreat/increase in abundance of the selected taxa (summer season of 2050 compared to 2020).







Siphonophorae order

Physonectae spp. will experience a reduction in abundance by 17.62% across all vertical strata by 2050 (Figures S10, S11). The highest abundance of Physonectae spp. is found present in layers of 580 and 790 m in the northeastern part of the region in 2020 (Figure S11). Until 2050, spatial patterns in these depth layers will not undergo strong transformations (Figure S11). In the layers of 1040 and 1330 m, the highest abundances of Physonectae spp. are observed in the southeastern part of the region, which will also not be submitted to strong changes on the temporal scale (Figure S11). However, by 2050, an increase of the Physonectae spp. abundances will be observed in the northwestern part of the region (Figure S11).








Discussion




Gelatinous zooplankton data and modelling

Gelatinous zooplankton in the Fram Strait has previously been studied via multiple-open-and-closing nets in epipelagic and mesopelagic layers (Mańko et al., 2020). Our study is the first survey in mesopelagic and bathypelagic layers of the Fram Strait using a video-transect approach, which in combination with joint distribution modelling allowed us to reconstruct a three-dimensional structure of mesopelagic and bathypelagic GZ diversity and abundance. Monitoring via video-transects with ROVs (e.g., Robison et al., 2010) is a well-established method in the deep sea and has advantages over traditional multiple-open-and-closing nets in that it provides a precise spatial position of the detected object as well as the corresponding environmental data (Robison, 2004; Hoving et al., 2019). Some GZ taxa can only be observed or more reliably identified with in situ surveys as they are damaged or fragmented in nets due to their fragility (Raskoff et al., 2003; Hosia et al., 2017; Hoving et al., 2020a). Despite their many advantages, deep-sea video transects also have their limitations. For some taxonomic groups, the video resolution did not allow identification to the species level (e.g., for the suborders Calycophorae and Physonectae). To enhance the reliability/resolution of the taxonomic data, future surveys in the area could combine the use of ROV and PELAGIOS for close-range observations and subsequent sampling.

Generally, studies identifying preferred niche conditions for some GZ species in the Fram Strait are presented only as part of global species biodiversity distribution projects (e.g., Palomares and Pauly, 2021), with maps based only on presence data obtained from public datasets (e.g., OBIS, GBIF). Due to the lack of traceability and quality control of the data on GZ in these databases, the subsequent modelling is accompanied by a strong bias, and, as a consequence, these results should be treated with care (Lindsay et al., 2017). Such models produce output in a probabilistic form and are mainly done on a two-dimensional scale. Neglecting depth in the modelling process can lead to incorrect and potentially misleading results (Duffy and Chown, 2017). Due to the accurate spatial in situ data on the GZ community obtained with PELAGIOS, we were able to apply a joint species distribution modelling approach (HMSC). Based on this, we were able to project the model results of the three taxa with the highest predictive power (A. digitale, S. arctica, Physonectae spp.) onto three-dimensional oceanographic grids from the FESOM model. Despite good predictive power for some taxa, the predictive curves for the deep-sea taxa A. tenella and B. bouilloni showed a rather weak fit with the raw data. By adding data from upcoming expeditions, the predictive response of less abundant taxa should increase and will allow us to conduct spatio-temporal projections also for these species.





Current state of the knowledge on gelatinous zooplankton in the Fram Strait

The taxonomic composition of the GZ communities in our study area are consistent with previous studies of mesopelagic and deep-water GZ communities in the Arctic Ocean (Raskoff et al., 2005; Raskoff et al., 2010) and in particular in the Fram Strait (Mańko et al., 2020). However, a discrepancy with the previously mentioned studies can be found for the epipelagic layer. Light disturbance and large amounts of particulate organic matter decreased the quality of the video transects in the epipelagic zone. Hence, ctenophore diversity could not be estimated for the epipelagic layer, where this group is known to be abundant (Raskoff et al., 2010). It is likely that the epipelagic ctenophores, recorded and annotated under Ctenophora spp., mainly represented the species Mertensia ovum. The latter is known to be the most common ctenophore species in the epipelagic layer of the Arctic Ocean (Raskoff et al., 2005; Raskoff et al., 2010), particularly in the Fram Strait (Mańko et al., 2020). Due to their similar morphological traits, these ctenophores may consist of different, hitherto undescribed, closely related cryptic species (Majaneva and Majaneva, 2013). Since studies focusing on Arctic GZ connectivity and assessing species status with molecular tools are limited, it is likely that several of the species considered in this study could be complexes of overlooked, or cryptic, species. As an example, recent findings combining molecular and morphological tools have revealed several new species in the genus Atolla in the Pacific (Matsumoto et al., 2022).

Overall, PELAGIOS provided a greater understanding of the diversity and abundance of the mesopelagic and deep-sea GZ communities. We observed the genuine Arctic deep-sea Narcomedusae species B. bouilloni, which was considered to be absent in the Fram Strait (Ronowicz et al., 2015; Mańko et al., 2020). Surprisingly, we recorded a relatively high abundance at the northern and north-western stations. Another representative of the order Narcomedusae, S. bitentaculata, was observed with PELAGIOS at all stations in the depth range 600-2200 m, but it is rarely sampled with nets. These depths were however well sampled in this region using multinets (Mańko et al., 2020; Havermans et al., 2021); such an undersampling with nets may be due to their relatively low density in the water column and active escape reaction.

Our data support the suggested prevalence of Arcto-boreal taxa in the Fram Strait (Table S2). Among all taxa, we recorded only two true Arctic species, B. bouilloni and A. tenella. All other species mainly represented Arcto-boreal or cosmopolitan taxa (according to the classification by Ronowicz et al., 2015). Pronounced niche segregation along the temperature gradient was found among both the true Arctic and cosmopolitan species of the order Narcomedusae. Namely, B. bouilloni, which is a true deep-sea Arctic species, was found in the lowest temperature conditions and deeper depths. In contrast, S. bitentaculata, which is a cosmopolitan species (although it has been suggested it may be actually composed of multiple cryptic species; (Lindsay et al., 2017; Verhaegen et al., 2021), was found across a wider temperature and depths ranges.





The effect of environmental drivers on gelatinous zooplankton

Temperature and depth were the major explanatory variables in the distribution of GZ. This coincides with the results of another community modelling study of GZ by Luo et al. (2014) in the Southern California Bight which revealed similar patterns, with temperature and depth having a large influence on GZ population dynamics in the epipelagic layer. We found that the majority of GZ taxa belong to the class of Hydrozoa (12 out of 20 identified taxa) and their distribution patterns were predominantly explained by the temperature gradient. The high explanatory power of temperature on hydrozoan abundance could be explained by increased respiration and growth rates associated with warmer waters (Ma and Purcell, 2005; Møller and Riisgård, 2007). Although salinity has been stated to clearly affect the distribution of GZ (Mills, 1984), it only had a minor influence on the distribution of GZ in a previous modelling study by Luo et al. (2014). Similarly, in our study, salinity only played a minor role among the explanatory variables. While the overall contribution of salinity to the explanatory power of the models was low, this factor influenced the distribution of the order Siphonophorae in the Poisson model. Similar patterns were observed by Luo et al. (2014); one possible explanation for this may come from the fact that the buoyancy of siphonophores is driven by passive osmotic accommodation in response to changes in the salinity of the medium, rather than active density regulation (Mackie et al., 1988). The explanatory power of the sea-ice on the distribution and abundance of GZ was low, and only had minor importance for taxa that occurred in the upper water column such as Calycophorae spp. A possible explanation is the spatial and temporal mismatch between PELAGIOS sampling stations and data obtained from satellites, as well as the limited number of dives. In addition, sea-ice indirectly affects the abundance and distribution of GZ and alternates more direct proxies such as energy and carbon flux in the water column. The inclusion of more direct proxies, such as values of particulate organic carbon at different depths in combination with sea-ice concentrations, could potentially increase the explanatory power of the models.





Vertical niche segregation and current spatial patterns of gelatinous zooplankton

The total diversity of GZ tends to increase with depth (Kosobokova et al., 2011; Gluchowska et al., 2017; Mańko et al., 2020). Our study corroborated this result: the highest taxa richness was found at 1100-1200 m depth. GZ taxa often aggregate and feed at pycnoclines and convergence zones (Youngbluth and Båmstedt, 2001; Toyokawa et al., 2003; Youngbluth et al., 2008). On the projected spatial grids the highest taxa richness in the mesopelagic layer was found at the convergence zone of Arctic and Atlantic water masses. Similar patterns were found by the spatio-temporal projection of both taxa richness and abundance of selected taxa.

Gelatinous zooplankton tends to occupy relatively narrow depth ranges that often do not overlap between species (Lindsay and Hunt, 2005; Hoving et al., 2020a). Distinctive vertical niche segregation was found within the family of Rhopalonematidae (A. digitale, S. arctica) and the order of Siphonophorae (Physonectae spp., Calycophorae spp.). In addition to the vertical niche segregation of A. digitale and S. arctica, a clear separation was found in the horizontal dimension, in the layers where their vertical niches partially intersect (580 and 1040 m; based on the FESOM grids for the year 2020). Aglantha digitale is mainly occurring in the northeastern parts of the region where the warmer West Spitsbergen Current is present, while S. arctica is occurring in the western and southeastern parts of the region where the colder East Greenland Current is dominant. The most prominent separation is observed at the convergence zone of the warm West Spitsbergen Current and the East Greenland Current, characterized by higher sea-ice coverage, in the northeastern part of the Fram Strait.

Siphonophores are also well known for their mutually exclusive depth distribution ranges among species (Musayeva, 1976), in particular in the Arctic Ocean (Raskoff et al., 2010; Mańko et al., 2020). A study in the Canada Basin of the Arctic Ocean showed a distinctive vertical niche segregation of siphonophores with Physonectae spp. found in the shallower water column, while Calycophorae spp. inhabit deeper layers by (Raskoff et al., 2005). The inverse vertical distribution of these siphonophores was found in Fram Strait (Mańko et al., 2020). The latter is in agreement with our data, as we found Calycophorae and Physonectae spp. peaking in abundances at 750-800 and 950-1000 m, respectively. The difference in vertical distribution with the Pacific sector most likely lies in the fact that Atlantic water in the Beaufort Sea extends deeper into the water column (Raskoff et al., 2005). Moreover, different developmental stages of Calycophorae spp. tend to aggregate in different parts of the water column (Mańko et al., 2020). To clarify the distribution of these suborders, additional information on the species composition and life cycle stages is needed.





Gelatinous zooplankton in a changing Arctic

In recent decades, an increase in the inflow of warmer Atlantic water into the Arctic through the Fram Strait has been recorded (Polyakov et al., 2017), which in turn leads to ecosystem responses, including increased production and poleward expansion of boreal species (Ingvaldsen et al., 2021). Based on the results of the FESOM oceanographic model from CMIP6 (Semmler et al., 2018), the trend of an Atlantification of water masses in the Fram Strait will continue with increasing force in the coming decades, with changes in mean temperature being particularly pronounced in the mesopelagic layer. As a result, the region is expected to harbor more abundant, but less diverse GZ communities (Mańko et al., 2020). Our study supports this hypothesis, the highest richness on the predictive gradient was found at 0.3-0.4°C, which correlates to Arctic water. Moreover, spatial modelling results based on the FESOM model indicate that the average change in total richness in the region will be a decrease of ~ 14% by the year 2050 (during the summer season). This decline will be more pronounced in the mesopelagic zone, compared to a milder decline in the bathypelagic zone. On the other hand, based on the Poisson model, we can hypothesize that GZ may become more abundant in these waters. The most abundant communities were found in the temperature range of 1.2-1.3°C, which corresponds to transformed Atlantic water (Beszczynska-Möller et al., 2011). This type of water mass will be more abundant by the end of 2050 compared to 2020 (based on FESOM data). The recovery of spatio-temporal patterns of GZ abundance from the Poisson model appears rather difficult owing to the model’s high sensitivity to values of environmental variables beyond the limits of the trained data.

Based on the study by Mańko et al. (2020), A. digitale is a likely climate change winner, benefiting from the Atlantification. In our study, we found that despite a slight overall increase in the abundance of A. digitale by 2% by 2050, the preferred niche conditions will narrow from 240-790 m to 410-580 m. In contrast, in a long-term study (Hop et al., 2019), A. digitale abundance in the Fram Strait showed a non-linear trend, with their numbers decreasing at offshore stations while increasing at coastal stations. A possible explanation is that the highest abundance of the A. digitale occurs under marginal sea-ice conditions. As stated earlier, we observed a higher abundance of GZ in marginal sea-ice zones. However, with subsequent warming the sea-ice will further retreat, which will reduce the duration of the sea-ice bloom and, consequently, could cause a potential decrease in productivity. Thus, predicting the future spatio-temporal abundance of A. digitale in the offshore zones of the Fram Strait is difficult and would require further studies, including time series data and the inclusion of additional predictive factors (e.g., proxies for organic matter).






Conclusions

Our approach, combining underwater camera-born observations and Bayesian Joint Species Distribution Modelling, revealed the diversity and abundance of mid- and deep-water GZ communities in Fram Strait. The study showed that temperature and depth are the main explanatory factors influencing GZ abundance and taxon diversity. By coupling the model with climate scenarios of environmental changes, we were able to project potential changes in the spatial distribution and composition of gelatinous communities to the year 2050 (during the summer season). The future projections predicted a decrease in the total richness of GZ species in the Fram Strait of 14% by 2050. The decline of taxa richness will be more pronounced in the mesopelagic layer, while changes in the bathypelagic layer will be less pronounced. The abundance of the A. digitale in the Fram Strait will increase by 2% by 2050, however, its preferred niche conditions will narrow throughout the water column. In contrast, the abundance of S. arctica will decrease across the whole water column with an average decline of 60%. The results of these projections can be used to adjust expeditionary efforts to target those areas that would be considered most susceptible to change. With further automation of such surveys, for example, using autonomous underwater observation systems, as well as models for auto-recognition of taxa from the cameras, we will be able to get the most complete picture of the functioning of GZ communities in the Fram Strait.
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Two of the main drivers of speciation among aquatic vertebrates are physical isolation (e.g., lakes and streams) and micro-niche availability (e.g., tropical reefs). In both regards, the mesopelagic domain of the open ocean, Earth’s second largest cumulative ecosystem (behind only the bathypelagic domain), would seem retardant. Ocean circulation makes isolation rare on both contemporary and geological time/space scales, and the lack of substrate precludes stable micro-niches. Paradoxically, some pelagic taxa demonstrate much higher-than-expected species richness on regional scales. A prime example is the dragonfish family Stomiidae, the most speciose family of mesopelagic fishes, owing largely to the subfamily Melanostomiinae (scaleless black dragonfishes), which contributes 222 of the 320 described species. Within genera, species are differentiated almost solely by form of the jugular-positioned, bioluminescent barbel, a structure putatively linked to feeding (via prey luring). The relationship between diversity (both systematic and morphological) and diet within the Melanostomiinae has not been previously examined, primarily due to sample size limitation. Herein, the diet and morphology of 16 species of melanostomiine dragonfishes from the Gulf of Mexico were examined to ascertain whether the diversification in this fish clade is based on prey specialization, as is the case with many other speciose fish families (e.g., Cichlidae). Gut content analysis revealed a rather small spectrum of prey taxa across a wide spectrum of predators, with most species exhibiting piscivory centered on the most regionally abundant lanternfishes (Myctophidae). Lesser numbers of species preyed upon bristlemouths (Gonostomatidae), oceanic basslets (Howellidae), bigscales (Melamphaidae), and other dragonfishes, while three species selected for cephalopod prey. No dragonfish species consumed macrocrustaceans (e.g., decapod shrimps), despite their numerical prevalence as potential prey. Regarding functional morphology, dissimilarity was driven mostly by barbel length, vertical oral gape, and horizontal maxillary oral gape. There were no robust morphological-dietary relationships amongst melanostomiines, with dietary diversity much lower than morphological diversity. These results suggest that other factors, perhaps conspecific recognition and/or sexual selection related to spawning, may be primary drivers of hyperspeciation in the micro-habitat-poor pelagic environment.
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1 Introduction

With 320 described species, the dragonfish family Stomiidae is the most speciose in the mesopelagic (200 – 1000 m) zone of the World Ocean (Fricke et al., 2022). Stomiidae includes six subfamilies: Astronesthinae (snaggletooths), Chauliodontinae (viperfishes), Idiacanthinae (black dragonfishes), Malacosteinae (loosejaws), Stomiinae (scaly dragonfishes), and Melanostomiinae (scaleless dragonfishes). The Melanostomiinae, the focus of this study, is the most speciose subfamily, comprising 222 of the 320 stomiid species. Moreover, genus Eustomias within the subfamily Melanostomiinae accounts for approximately half of the species within the Stomiidae (Sutton and Hartel, 2004).

Despite the high species number, trophic studies generally pool dragonfish species by genus due to low sample sizes, excepting three dominant species (Chauliodus sloani, Photostomias guernei, and Stomias affinis), none of which are melanostomiines. In order to understand trophic ecological connections amongst taxa, the concept of feeding guilds, and groups within a guild, were established to demonstrate what taxa exploit the same prey resources. Of the three main feeding guilds for deep-pelagic species (i.e., micronektonivores, zooplanktivores, and generalists), dragonfishes are predatory fishes that prey upon micronekton, primarily lanternfishes (Family Myctophidae), which are the primary zooplanktivores in most oceanic food webs (Clarke, 1974; Hopkins and Gartner, 1992; Sutton and Hopkins, 1996a; Gartner et al., 1997). Lanternfishes are among the two dominant micronektonic fish taxa in the mesopelagic zone (Brodeur and Yamamura, 2005; De Forest and Drazen, 2009), the other being bristlemouths (Gonostomatidae) due to the preponderance of the genus Cyclothone. Lanternfishes and dragonfishes both undertake diel vertical migration (DVM), where they migrate to the epipelagic (0 – 200 m) zone at night to feed on the heightened influx of zooplankton and lanternfishes, respectively (reviewed in Drazen and Sutton, 2017). Dragonfishes and lanternfishes both are important mediators of organic carbon transfer between trophic levels within the water column and on continental margin benthic communities because stomiids and lanternfishes vertically migrate (Hidaka et al., 2001; Gartner et al., 2008). In a recent study, bioenergetic models suggested that lanternfishes and dragonfishes contributed greater than 53% and 12% of the active carbon flux for the entire Gulf of Mexico assemblage, respectively (Woodstock et al., 2022). By transporting carbon fixed in the surface waters to deeper depths, dragonfishes aid in deep-sea energy flow regulation and play an essential role in the interzonal energy transfer between the epipelagic, mesopelagic, and bathypelagic zones (Sutton and Hopkins, 1996a).

As vertical migrators, dragonfishes must balance energy consumption and expenditure. One way to maximize energy consumption is to capitalize on the larger prey items available. Certain morphological characters observed in dragonfishes, such as large mouths, fangs, and reduced ossification of anterior vertebrae, align with diet data showing that they do feed on larger prey (Borodulina, 1972; Sutton, 2005; Greven et al., 2009; Schnell et al., 2010; Kenaley, 2012; Schnell and Johnson, 2017). Of the available studies of dragonfish feeding, few can be considered quantitative with respect to prey type, prey size, and consumption rate (Clarke, 1982; Sutton and Hopkins, 1996a; Davison et al., 2013; Eduardo et al., 2020). While maximizing energy consumption is important, dragonfishes also need to minimize energy expenditure during predation to benefit from the energetically taxing process of DVM. Rather than actively pursue prey like many epipelagic predators, most dragonfishes adopt a sit and wait strategy, luring prey by use of a “chin” (mental or jugular) barbel bearing luminescent structures at the terminus. The length, shape and complexity of these barbels are highly conserved within species, but vary widely between melanostomiine species and genera (Figure 1). Morphological specializations for feeding in deep-sea fishes are well-documented in earlier trophic ecology studies (reviewed by Drazen and Sutton, 2017). Dragonfishes are known to be highly selective in their diet (Clarke, 1974; Sutton and Hopkins, 1996a), contrary to previous hypotheses that deep-sea fishes must have a wide range in diet, utilizing a generalist feeding strategy to survive in such a food-poor environment (Beebe and Crane, 1939; Haffner, 1952; Merrett and Roe, 1974). For example, Sutton and Hopkins (1996a) noted a correlation between the barbel structure and diet of dragonfishes, finding that species with reduced barbels preyed on zooplankton or larger invertebrates and species with more developed barbels preyed on fishes.




Figure 1 | Examples of morphological variation in the barbels of dragonfishes. Clockwise from upper left corner to right: Melanostomias biseriatus, Photonectes leaucospilus, Photonectes margarita, Flagellostomias boureei, Melanostomias tentaculatus, Bathophilus pawneei, Echiostoma barbatum, Eustomias lipochirus, Eustomias fissibarbis, Eustomias hypopsilus, Eustomias schmidti, Eustomias bimargaritatus, and Stomias affinis (fish at bottom).



In this paper, we present the results of a detailed, species-specific analysis of the feeding morphology and diets of 16 species (from seven genera) of the dragonfish subfamily Melanostomiinae. A suite of morphological characteristics were analyzed to group species into morphotype clusters. Trophic analyses focused on prey composition and feeding selectivity. The trophic analysis conducted in this study is the most comprehensive to date of the Melanostomiinae. Morphotypes were compared to diet clusters to investigate the hypothesis that diversification in these taxa is driven by feeding specialization.




2 Methods



2.1 Sample collection and specimen processing

Seven research cruises were conducted during the Offshore Nekton Sampling and Analysis Program (ONSAP) in the Gulf of Mexico between 2010 and 2011 (Sutton et al., 2020). Two research vessels, the FRV Pisces and the M/V Meg Skansi, were utilized, each using specific gear types to collect deep-pelagic fishes and invertebrates during day and night. Four cruises on the NOAA FRV Pisces utilized a large, non-opening-closing high-speed rope trawl (HSRT) with a 165-m2 mouth area and graded mesh (3.2-m to 19-mm). HSRT trawls were designated “shallow” (0 to 700 m depth) and “deep” (0 to 1500 m). Three cruise series on the M/V Meg Skansi utilized a 10-m2 mouth area, 3-mm mesh Multiple Opening/Closing Net and Environmental Sensing System (MOCNESS; Wiebe et al., 1985). The MOCNESS comprised six nets that were opened and closed at targeted depths (Sutton et al., 2020). Each MOCNESS deployment produced up to five discrete-depth quantitative samples and one oblique tow from the surface to 1500 m. The HSRT and MOCNESS surveys were designed to catch larger- and smaller-sized pelagic organisms, respectively. Exact time, date, depth, and sampling locations of all samples can be found in Cook et al. (2020).

Collected specimens were formalin-fixed at sea and transported to the Oceanic Ecology Laboratory, Nova Southeastern University (NSU), where they were transferred to 70% ethanol:water, generally within a year of capture. The 16 most abundant dragonfish species were the subject of this study, listed in decreasing order of abundance: Eustomias schmidti, Echiostoma barbatum, Eustomias hypopsilus, Melanostomias melanops, Eustomias fissibarbis, Leptostomias gladiator, Melanostomias valdiviae, Eustomias brevibarbatus, Leptostomias bermudensis, Bathophilus pawneei, Photonectes margarita, Eustomias acinosus, Eustomias filifer, Flagellostomias boureei, Melanostomias tentaculatus, and Bathophilus longipinnis (Table 1).


Table 1 | Counts and standard length (SL) size range (mm) of melanostomiine dragonfish specimens used in this study for morphological analysis.






2.2 Diet analysis

Trophic analysis methods followed Sutton and Hopkins (1996a). Specimens were measured to the nearest 0.1 mm standard length (SL) and wet weights measured to the nearest 0.01 g after blotting dry. For diet analysis, the entire gastrointestinal (GI) tract was removed and the stomach and intestine separated. Only specimens with fully intact digestive tracts (i.e., no or minor trawl damage) were used in diet analysis, resulting in a slightly smaller sample size for diet than morphometric analyses. After stomach removal but prior to stomach dissection, stomach fullness was graded on a scale of 0 – 5, with zero being empty and five being completely full and distended. After dissection, prey items in the stomach and intestine were separated and identified to the lowest taxonomic level possible. Each prey item was measured to the nearest 0.1 mm SL and weighed to the nearest 0.1 g where applicable (Sutton and Hopkins, 1996a) and metrics of average prey size for each dragonfish species were calculated. Instantaneous ration was calculated as the weight of all prey from a single predator specimen divided by the weight of the predator specimen.

Feeding selectivity of dragonfishes was estimated using Ivlev Index (1961). This index has been successfully used to determine the prey selectivity of numerous fishes (e.g., Islam et al., 2006; Ribeiro and Nuñer, 2008), including mesopelagic predatory fishes (Feagans-Bartow and Sutton, 2014). Ivlev’s electivity index is defined as:

	

where r = percentage of a given prey taxon in the diet and p = percentage of that prey item in the environment. Values range from −1 to +1, with all values greater than zero indicating an overrepresentation of the prey relative to environmental abundance, zero indicating ambient representation, and all values less than zero indicating underrepresentation of the prey within the predator’s diet. The relative abundance of prey in the environment was estimated using quantitative catch data from 10-m2 MOCNESS sampling, a trawl best suited for catching prey-sized micronekton (Cook et al., 2020; Sutton et al., 2020).

For each specimen, morphometric analyses were based on standard length (SL), mouth gape size, dentition, head length, barbel length, lure complexity, and eye size. Most of the morphometric characteristics were measured using a Vernier caliper to the nearest 0.1 mm. Standard length was measured from the tip of the longest jaw (upper or lower) to the end of the hypural plate (Howe, 2002). Oral gape was characterized using three morphological measurements: the vertical oral gape, horizontal articular oral gape, and the horizontal maxillary oral gape. All measurements were taken with the mouth open maximally, just shy of head deformation. The vertical oral gape is the vertical distance between the anterior-most upper jaw and lower jaw, the horizontal articular oral gape is the distance between the two articular bones measured at the dorsoposterior margin, and the horizontal maxillary oral gape is the distance between the left and right maxilla-premaxilla complexes (Mihalitsis and Bellwood, 2017). Dentition measurements followed Gibbs et al. (1983), with only the longest premaxillary tooth and mandibular tooth measured. Head length was measured from the tip of the upper jaw to the posterior-most part of the fleshy operculum (Gibbs et al., 1983). Relative mouth size was represented by the ratio of each mouth gape size to head length. Eye size was measured as the diameter from the rostral to caudal ends of the orbit (de Busserolles et al., 2013). The barbels of dragonfishes have structures such as bulbs, filaments, and branching. Barbel length was measured from the barbel origin on the ventral head surface to the distal end of the distal bulb of the lure, excluding the filaments. Lure complexity was assessed by counting and reporting the number of main branches from the main stem of the barbel.




2.3 Statistical analysis

All statistical analyses were performed using the program PRIMER (v. 7.0.13; PRIMER-e (2017), Quest Research Limited). For analyses, a Bray-Curtis similarity index (Bray and Curtis, 1957) was computed after standardizing feeding data as a percentage of all prey items. Two multivariate techniques, (1) an unweighted pair-group method using arithmetic averages (UPGMA; Romesburg, 1990) cluster analysis and (2) non-parametric multi-dimensional scaling (MDS; Kruskal and Wish, 1978), were used to group melanostomiines into feeding guilds. Prey type was analyzed at two levels: 1) Infraclass or higher (Vertebrata, Crustacea, Cephalopoda, Annelida, Chaetognatha, Tunicata, Urochordata, Cnidaria, Ctenophora, and Sipuncula); and 2) Family for teleost consumers. For morphological analyses, a Bray-Curtis similarity index was computed using ratio values of morphological measurements. Similar to the trophic analyses, UPGMA clustering and non- parametric MDS analyses were also conducted to group melanostomiines into morphotypes. Groupings within each treatment (feeding and morphology) were defined by graphical (visual) concordance of the two analyses (UPGMA and MDS) (Sutton et al., 2008). In order to determine the morphological-dietary relationships of melanostomiines, graphical concordance of the treatment groupings was assessed using the same method.





3 Results

A total of 473 specimens were examined in the morphological analyses, representing 16 species from seven genera. Of those 473 specimens, 451 specimens were examined for diet (22 specimens were not included in trophic analysis due to damaged GI tracts).



3.1 Trophic ecology



3.1.1 Diet analysis

Of the 451 specimens examined, 29% were prey-positive (Table 2), with 151 prey items identified. Of the 151 prey items, 81% (n = 123) were identified to major prey taxon only (i.e., Teleostei or Cephalopoda – no other invertebrate taxa were consumed) due to digestion. Most of the dragonfishes displayed strict piscivorous behavior, with 13 of 16 species containing only teleost prey. The remaining three species, Echiostoma barbatum, Eustomias brevibarbatus, and Bathophilus longipinnis, had cephalopod prey items present in their diet, ranging from 8% – 50% of their total prey composition. Despite consumption of cephalopods, fishes comprised over 75% of the diet in both Echiostoma barbatum and Eustomias brevibarbatus. With respect to fishes consumed, 20.3% of fish prey items were identified to family, with a majority (72.4%) identified as lanternfishes (Myctophidae). Other fish families present in the diets were Howellidae (13.8%), Stomiidae (6.9%), Gonostomatidae (3.4%), and Melamphaidae (3.4%) (Table 3).


Table 2 | Summary statistics of melanostomiine dragonfish feeding, including percentage of prey-positive stomachs and intestines and average stomach fullness index (values range from 0 [empty] to 5 [completely full]; see Section 2.2).




Table 3 | The sums of prey items per dragonfish species.






3.1.2 Feeding guilds

Collectively, the multivariate UPGMA and MDS analyses for diet composition of the 16 melanostomiine dragonfishes revealed two major feeding guilds by major prey taxon (Figure 2), with a tentative third guild (Feeding guild “a”) containing one species (B. longipinnis) with unique diet composition (high cephalopod consumption, Tables 3 and 4, Figures 2A, B), but very low sample size (n = 5, two prey-positive individuals). Our following treatment will then focus on the two major feeding guilds. Of these two, one was monospecific (Feeding Guild “b”), comprising Echiostoma barbatum, and was discriminated by UPGMA clustering (Figure 2A) but not MDS (Figure 2B). This guild/species was characterized by a high selectivity for cephalopods, a moderate selectivity for teleosts, and negative selectivity for all other potential invertebrate prey (Table 4). A teleost specialist feeding guild (Feeding Guild “c”) was the largest guild with 14 species in UPGMA and 15 species (including Echiostoma barbatum) in MDS (Figures 2A, B). This guild was highly selective for teleosts (Table 4). With this being the largest guild, a separate feeding selectivity analysis was conducted to establish feeding groups by prey fish family within this piscivorous guild. We note that despite the high relative abundance of mesopelagic macrocrustaceans (decapod shrimps, mysids, large euphausiids) in the Gulf of Mexico (Burdett et al., 2017; Frank et al., 2020), and their similar size to fish prey, this potential prey resource was never consumed by melanostomiine dragonfishes.




Figure 2 | (A) Hierarchical classification and (B) non-metric multidimensional scaling depicting Bray-Curtis similarity of dragonfish diets by major prey taxon. Feeding guilds represented by symbols and ellipses, respectively. Dashed red lines in (A) represent that these species could not be distinguished from one another by major prey taxon consumed and therefore were placed into a feeding guild together.




Table 4 | Ivlev’s indices of prey selectivity by dragonfishes of the Gulf of Mexico.



Within the piscivorous feeding guild, the multivariate UPGMA and MDS analyses for diet composition of 13 species revealed four feeding groups by prey fish family (Figure 3). Two species from this guild were excluded from the analysis due to all prey being only identifiable to major prey taxon. Feeding Group “a” comprised two species, Eustomias acinosus and Eustomias filifer, and was classified as a howellid specialist group due to their high selectivity for Howella atlantica (Table 4). Feeding Group “b,” comprising Bathophilus pawneei was tentatively classified as a dragonfish specialist group (Table 4) due to the only prey item identifiable to family being another dragonfish, a rarity in this study, but low sample size precludes confidence in this assignment. Feeding Group “c” was classified as a lanternfish specialist group due to their high selectivity for that prey family (Table 4) and was the largest group (eight species in UPGMA clustering and 10 species in MDS). An opportunistic group (Feeding Group “d”) was only represented in UPGMA clustering and consisted of two species, Echiostoma barbatum and Melanostomias melanops (Figure 3A). These species had varying selectivity for different prey fish families. For example, E. barbatum was highly selective for melamphaids and strongly selective for lanternfishes. Melanostomias melanops was strongly selective for lanternfishes and only slightly selective against bristlemouths (as opposed to completely selected against as in all other dragonfishes; Table 4). Despite selectivity for certain fish families, the diet composition of both opportunistic predators had no family encompassing over 50% of their diet (Table 3). We note that in all cases of piscivory, the total absence as prey of the numerically dominant meso- and bathypelagic fish taxon in the Gulf of Mexico, Cyclothone spp., which alone comprise ~70% of the total fish assemblage (Sutton et al., 2020), will necessarily return a positive selectivity index for any fish prey other than Cyclothone.




Figure 3 | (A) Hierarchical classification and (B) non-metric multidimensional scaling depicting Bray-Curtis similarity of piscivorous dragonfish diets by prey fish family. Feeding group represented by symbols and ellipses, respectively. Dashed red lines in (A) represent that these species could not be distinguished from one another by prey fish family and therefore were placed into a feeding group together.






3.1.3 Dragonfish meal size

The measurable prey of dragonfishes averaged 7.2% of their own weight and 27.6% of their own length (Table 5), though these estimates should be considered minimal due to the effects of digestion. The largest relative prey weight consumed in one feeding bout was observed in Eustomias brevibarbatus (27.2% of body weight) and the largest relative prey size was observed in Melanostomias melanops (43.1% of body length) (Table 5).


Table 5 | Meal size of dragonfish species in terms of biomass (Instantaneous Ration [IR]; % of predator weight consumed per meal) and body size (% of predator length).







3.2 Morphology



3.2.1 Morphometrics

Seven morphological characteristics were measured on 473 specimens standardized as a percentage of head length. Dragonfish vertical oral gape ranged from 66.3% (E. brevibarbatus) to 125.3% (M. melanops), horizontal maxillary oral gape from 37.3% (Eustomias hypopsilus) to 79.0% (M. melanops), and horizontal articular oral gape from 30.7% (E. hypopsilus) to 67.1% (M. melanops). The longest premaxillary and mandibular teeth ranged from 9.7% (E. brevibarbatus) to 20.1% (Flagellostomias boureei) and 5.8% (Photonectes margarita) to 26.3% (F. boureei), respectively. Dragonfish eye size ranged from 18.5% (B. pawneei) to 26.2% (F. boureei). Dragonfishes barbel lengths ranged from 61.0% (P. margarita) to 997.1% (Leptostomias bermudensis). In terms of barbel branching, over 50% of the dragonfish species had barbels with zero primary branches on the main barbel stem. The number of primary branches on the main barbel stem of the other seven species ranged from 1 – 8 (Table 6).


Table 6 | Average morphometric measurements of 16 melanostomiine dragonfish species.






3.2.2 Morphotypes

Multivariate analyses revealed five morphotypes at an 80% similarity level (a, b, c, d, and e) amongst the 16 species of dragonfishes (Figure 4), with dissimilarity driven mostly by barbel length, vertical oral gape, and horizontal maxillary gape. Morphotype “a,” comprising Leptostomias bermudensis, L. gladiator, and B. pawneei, was defined by a long barbel and relatively small vertical and horizontal gape. Morphotype “b” consisted of E. barbatum, M. valdiviae, P. margarita, E. schmidti, and E. fissibarbis and was defined by a short barbel and large vertical and horizontal gape. Morphotype “c” was the largest cluster and contained E. schmidti, E. barbatum, P. margarita, E. fissibarbis, and M. valdiviae. This morphotype was defined by a short barbel and medium vertical and horizontal gape. Morphotype “d” consisted of M. melanops, E. brevibarbatus, E. filifer, B. pawneei, and M. tentaculatus. This morphotype was defined by a long barbel and large vertical and horizontal gape. Morphotype “e” consisted of E. hypopsilus, E. acinosus, M. tentaculatus, B. pawneei, F. boureei, and L. gladiator. This morphotype was defined by a long barbel and medium vertical and horizontal gape. A comparison of morphotype clusters with dietary clusters revealed no relationships, with dietary diversity much lower than morphological diversity.




Figure 4 | (A) Hierarchical classification and non-metric multidimensional scaling depicting Bray-Curtis similarity values of dragonfish morphotypes. Morphotypes represented by (A) symbols and clusters circled and (B) ellipses. Dashed red lines in (A) represent that these samples could not be distinguished from one another by morphology and therefore were placed into a morphotype together.








4 Discussion



4.1 Diet analysis and feeding guilds

This study represents the most extensive examination of the diet of the hyperdiverse mesopelagic fish subfamily Melanostomiinae. On a broader scale, dragonfishes have been classified as either micronektonivores or generalist feeders (Gartner et al., 1997; Drazen and Sutton, 2017). Congruent with previous studies by Borodulina (1972); Clarke (1982); Hopkins et al. (1996), and Sutton and Hopkins (1996a), the majority of dragonfish species in this study exhibited selective piscivorous feeding. The largest feeding guild, which included 14 or 15 of the 16 species examined, depending on multivariate analysis method, was defined by predation on teleost fishes. Two of the piscivorous species (Echiostoma barbatum and Eustomias brevibarbatus) also consumed cephalopods.

Previous data on dragonfish diets indicate predation primarily on lanternfishes, with a lesser portion of diets consisting of fishes from the families Gonostomatidae, Sternoptychidae, Bregmacerotidae, Argentinidae, the order Beryciformes (Clarke, 1982; Sutton and Hopkins, 1996a; Hopkins et al., 1996), and occasional cannibalism (e.g., Chauliodus sloani; Battaglia et al., 2018; Eduardo et al., 2020). Among the 13 predominantly piscivorous dragonfishes included in the prey fish family analysis, only four groups could be discerned statistically, with the largest being predation on the most common lanternfishes in the study area (Gartner et al., 1997; Sutton et al., 2020). Limited evidence of prey specialization was seen in two Eustomias species, E. acinosus and E. filifer, both of which consumed howellids (pelagic basses) out of proportion to their abundance in the environment. Howellids were also found in the diet of E. brevibarbatus in an earlier study (Sutton and Hopkins, 1996a). The only lack of concordance between the two multivariate analyses was with Echiostoma barbatum and Melanostomias melanops. Cluster analysis placed these two species into their own group, separate from the primarily lanternfish-eating group (Figure 3A). However, E. barbatum and M. melanops were placed into the lanternfish-eating group via MDS (Figure 3B). Echiostoma barbatum appeared to be the most opportunistic dragonfish, with a diet including several fish families (Myctophidae, Melamphaidae, and Stomiidae) as well as cephalopods. This finding agrees with Sutton and Hopkins (1996a), who reported a mixed diet for this species. Melanostomias melanops preyed upon the two numerically dominant fish families in the Gulf of Mexico, Gonostomatidae and Myctophidae, suggesting that M. melanops is a more opportunistic piscivore.

Overall, feeding data indicated that piscivorous dragonfishes are highly selective in their diet in terms of taking one prey fish family (Myctophidae) out of 169 potential prey fish families in the study area, many of which have species as or more abundant than individual myctophid species (e.g., Gonostomatidae, Sternoptychidae, Phosichthyidae) (Cook and Sutton, 2017a; Cook and Sutton, 2017b; Sutton et al., 2017a; Sutton et al., 2017b; Cook and Sutton, 2018; Cook and Sutton, 2019). This selectivity stands in contrast to earlier hypotheses that dragonfishes likely exhibit generalist feeding (Beebe and Crane, 1939; Haffner, 1952; Merrett and Roe, 1974). That said, there was very little evidence to suggest dragonfish specialization between species; taking the same prey across a range of predators was the rule rather than the exception.




4.2 Morphology

The feeding morphology of a species can be used to predict the relative prey size preference of a predator. The absolute mouth size and dentition of dragonfishes dictate how large of a prey item can be ingested (Sutton, 2005; Schnell et al., 2010; Schnell and Johnson, 2017). In the species examined, vertical oral gape was on average 86.0% of the head length, reflecting the capacity of this taxon to take large prey. With such a large mouth gape, dragonfishes have increased their chance at success in prey capture for each of the limited opportunities available to feed. Further, with the ability to ingest large prey, dragonfishes do not have to expend energy in vertically migrating every day (i.e., ‘asynchronous migration,’ where a portion of a species’ population migrates at night while the other portion stays at daytime depths; Sutton and Hopkins, 1996b) as larger prey items can sustain predators for longer than a day.

Dragonfishes typically possess fewer, longer jaw teeth than most midwater fishes. The fang-like teeth are associated with ingestion of large prey. In this study, the longest premaxillary and mandibular teeth were both on average 14.2% of the head length (Table 6). The opportunistic predators Echiostoma barbatum and Melanostomias melanops had larger teeth than most dragonfishes, supporting the notion of opportunistic behavior facilitated by larger teeth, which allow for a larger range in prey size. Two other genera that also possessed larger teeth than most dragonfishes were Flagellostomias and Leptostomias. These genera, unlike most dragonfishes, have dentary teeth that project at large angles (Fink, 1985). In terms of prey size, all prey items for these individuals were well digested, making prey size estimates imprecise. Bathophilus and Eustomias species are described as having smaller teeth closely set on the maxilla (Fink, 1985). Most Bathophilus and Eustomias species in this study possessed smaller teeth, except for B. longipinnis, which did demonstrate a wider range in diet; both teleosts and cephalopods were identified. Summarizing all species, Bathophilus and Eustomias species consumed relatively smaller prey sizes than the opportunistic predators.

Three morphological characters had the most influence in defining dragonfish morphotypes. The most influential character was barbel length, followed by vertical oral gape, and then horizontal maxillary gape. Dragonfishes are thought to use their bioluminescent lure, when present, to aid in their predatory lifestyle (Borodulina, 1972; Gibbs et al., 1983; Partridge and Douglas, 1995; Douglas et al., 1998). Barbel length was highly variable between species, ranging 61% to ~1000% of head length (HL), with an average of about 300% of head length for the entire species assemblage. Barbel length was observed at sizes smaller than the head length in Echiostoma barbatum and Photonectes margarita. Eustomias species had barbel lengths that ranged from just larger than the head length to nearly four times the head length. The largest barbel lengths were observed in Flagellostomias boureei (4.5 × head length), Leptostomias gladiator (5.8 × head length) and L. bermudensis (10 × head length). Barbels of these species may thus reach from midbody to the base of the caudal fin. Barbel diversity was also reflected in the number of primary branches from the barbel main stem. Species had a range in complexity, from no branches to up to eight primary branches, with these branches often bearing numerous secondary branches. Eustomias species possessed barbels that had no branches (one species), one branch (one species), two branches (one species) and three branches (three species). The largest amount of branching was observed in Flagellostomias boureei and Photonectes margarita, which possessed 4 – 5 and 6 – 8 main branches, respectively. These species were on the opposite ends of barbel length measurements; therefore, it is worth noting that there was no trend between barbel length and complexity. With respect to barbels and oral gapes, five morphotypes were distinguished: (1) long barbel with small vertical and horizontal maxillary gapes, (2) long barbel with medium-sized vertical horizontal maxillary gapes, (3) long barbel with large vertical and horizontal maxillary gapes, (4) short barbel with medium-sized vertical and horizontal maxillary gapes, and (5) short barbel with large vertical and large horizontal maxillary gapes. These character combinations did not appear to select for different prey taxa, as all dragonfish species consumed a common prey resource base, a relatively narrow suite of mesopelagic fishes, with no outstanding prey type exceptions (e.g., decapod shrimps, mysids, euphausiids, amphipods, chaetognaths, gelatinous zooplankton) or segregation of fish taxa (abundant fish families in the Gulf of Mexico other than lanternfishes, including other Stomiiformes [Sternoptychidae, Phosichthyidae, Gonostomatidae], Aulopiformes, Bathylagidae, Bregmacerotidae, or any epipelagic fishes). In short, most melanostomiine dragonfishes “do the same thing” trophically. This ecomorphological pattern stands in contrast to the plethora of studies that report that diet specialization is a putative driver of high species richness in other vertebrate taxa (Verwaijen et al., 2002; Santana et al., 2012; Collar et al., 2014; Olsen, 2017; Law et al., 2018).

While the primary function of dragonfish barbel-bulb combinations is thought to be predation, some studies have speculated that these structures could also be used for intraspecific communication. Davis et al. (2014) proposed that myctophids and dragonfishes with species-specific bioluminescent structures have rapidly speciated more than other taxa that use bioluminescence for predation or camouflage. Thus, barbel complexity (or lack thereof) may be as or more involved in mate recognition or selection than for luring specific prey taxa. The evolution of hypertrophied characters has been well documented in association with both mate attraction and in broadcasting cues, such as overall health and/or condition, to same sex rivals. Often, the exaggerated features come at considerable energetic and survivorship costs to the individuals bearing them; this is likely the case in dragonfishes, as extreme elongation (e.g., Leptostomias spp.) or otherwise ornate barbels (e.g., Eustomias spp.) surely impose hydrodynamic drag, hence restrictions, on their owners in what is considered an energy- (food)-limited environment. Yet, hypertrophied characters continue to persist through time and generations owing to the benefits that they confer in either reproductive success and/or successful competition for mates. For example, hypertrophied eyestalks have independently evolved in several fly families (Lande and Wilkinson, 1999), with the eye span of males exceeding their total body length (Wilkinson and Dodson, 1997). In species with strong sexual dimorphism, males with greater eye span are more attractive to females in spite of the fact that the exaggerated feature reduces flying performance in males (Wilkinson and Dodson, 1997; Lande and Wilkinson, 1999; Swallow et al., 2000). Multiple examples in fishes exist. For example, males of many species of the poeciliid genus Xiphophorus, the “swordtails,” often have elongations of the lower caudal fin, the “sword,” that likely increases visibility to predators and decreases swimming speeds – to the detriment of the males with the swords by way of increased risk of predation. However, the ornamentation results in greater female attraction in species with the swords and even (experimentally) in females of related species where males do not have the swords (Meyer et al., 1994; Schartl et al., 2021). Similarly, in other cyprinodontiform killifishes, larger fins decrease swimming performance but play large roles in mate attraction and male-male competition (Sowersby et al., 2022). In freshwater cichlids of the genus Amphilophus, a “nuchal forehead hump” is exaggerated during the breeding season. Larger male forehead humps are more attractive to females even though swimming abilities are decreased in males with larger humps (Rometsch et al., 2021). Given these numerous examples, and the finding here that the extreme morphological variation in the dragonfishes examined here does not scale with diet, we then hypothesize that the overall ‘bauplan’ of melanostomiine dragonfishes (mental barbel, large terminal mouth, large teeth) may allow for large-item piscivory in general, the feeding behavior (‘luring’ at night on vertically migrating fishes; sensu Sutton and Hopkins, 1996a) may select for a narrow range of prey (e.g., lanternfishes in most species), perhaps due to energetic constraints (i.e., cost-benefit ratio), and the exceptional barbel diversity may be tied to mate recognition, selection, and/or reproduction. The large unknown in this hypothesis at this time is vision – can dragonfishes see well enough in a scotopic environment to discern the subtleties of barbel form? All the examples listed previously occur in the photopic, colorized world. The visual acuity of melanostomiine dragonfishes is unknown, but a comprehensive review of deep-sea fish vision (de Busserolles et al., 2020) suggests that resolution is not likely high in dragonfishes (most species have an aphakic gap in the eye, which aids vision in dim light at the expense of image formation), but this is not to say that they cannot distinguish shapes, arrangements, and/or brightness of bulbs (or the lack thereof) when viewed up close to tell conspecifics part from other congeners. One can even imagine the possibility of more extensive behavior involving barbels for reproductive preparation (i.e., gamete synchronization) to increase the odds of successful fertilization when solitary predators in a dimly lit world finally meet a mate of the same species. Such conjecture is the stuff of future research, but herein we lay the foundation that the extraordinary diversity seen in both species number and barbel diversity of this group of deep-pelagic fishes may be driven by reproductive signaling using what has historically been considered a feeding appendage.
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Mesopelagic zones (200–1,000-m depth) are characterized by relatively low light levels, cold waters, and often limited oxygen, forming a stable yet challenging habitat for their inhabitants. To overcome these constraints, mesopelagic fishes have developed several adaptations that enable them to participate in crucial ecosystem processes such as nutrient cycling, carbon transport, and provisioning of harvestable fish stocks. However, our understanding of the functional diversity of mesopelagic fishes remains limited, while it is of particular importance considering the increase in human threats and possible environmental changes in the deep ecosystems. In this context, functional diversity emerges as a powerful tool and can help assess community assembly rules, including species complementary and redundancy. Here, we take advantage of scientific surveys that collected 200 species taxa identified from over 7,000 specimens to determine the functional diversity of mesopelagic fish assemblages across depths and the day–night period. We created a data set of 17 qualitative functional traits related to feeding, survival, and locomotion functions. Based on this information, functional spaces and diversity indices were calculated, and functional groups were established. Furthermore, the influence on the functional diversity of environmental variables and the day–night period was assessed by generalized additive models (GAMs). The hypothesis of functional complementary was tested. Overall, mesopelagic fishes displayed a high functional diversity and could be grouped into 10 major functional groups. Moreover, 107 species exhibited a unique composition of functional trait values, revealing a vast complementarity of functions within the deep-sea ecosystem. We also showed that functional diversity in mesopelagic ecosystems is neither static nor homogeneous, exhibiting higher values in the deepest layers and varying between day and night. We finally discuss processes that may structure mesopelagic fish assemblages and the implications of our findings for the conservation mesopelagic fishes.
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1 Introduction

Functional diversity (FD) plays a crucial role in understanding the relationship between biodiversity and ecosystem processes (Naeem, 2006), complementing taxonomic and phylogenetic diversity analyses. FD takes into account the functional traits of species, which are essential for assessing the impact of environmental changes and human pressures on ecosystems (McGill et al., 2006; Villéger et al., 2010). Moreover, FD contributes to informing conservation and management strategies by identifying areas that require protection (Mouillot et al., 2011). One significant advantage of FD over taxonomic diversity is that it captures the ecological roles and functions that species perform within an ecosystem. This approach allows for identifying species with unique functional traits that may affect ecosystem processes disproportionately (Mouillot et al., 2013b). Taking a functional traits perspective, rather than focusing solely on species, can enhance predictions because ultimately these traits determine the nature and strength of animal impacts on ecosystems (Schmitz et al., 2023). Recent advances in FD research have led to indices that quantify complementary features of the functional space occupied by species, considering both their positions and abundance or biomass (Villéger et al., 2008; Mouillot et al., 2013a). The FD concept involves several components, mainly as follows: functional richness, evenness, divergence, dispersion, originality, specialization, and redundancy. Different indices were developed to quantify these components. They have improved our understanding of community responses to environmental variations and predictions of ecosystem feedback (Gagic et al., 2015; Lefcheck and Duffy, 2015; Dee et al., 2016). However, FD analysis requires detailed information on species distribution and trait data, often limited to poorly known ecological groups, such as those inhabiting the mesopelagic zones.

Mesopelagic zones (200–1,000-m depth) are characterized, for example, by relatively low light levels, cold waters, and often limited oxygen, which create a stable yet challenging habitat for their inhabitants (Fock et al., 2004; Bertrand et al., 2010; Proud et al., 2017; Boswell et al., 2020). To overcome these constraints, mesopelagic fishes developed adaptations such as bioluminescence, complex visual systems, and different patterns of vertical migration that may reach shallow waters (Gjøsæter and Kawaguchi, 1980; Sutton, 2013; Priede, 2017). These adaptations enable their contribution to several ecological processes that underpin oceanic ecosystems and offer numerous benefit to society. Notably, mesopelagic species are essential to nutrient cycling and carbon transportation across depth layers. They also provide food for larger predators in marine ecosystems. Nonetheless, despite their ecological significance, our understanding of mesopelagic species remains limited, while it is of critical importance considering the increase in threats such as climate change, plastic pollution, and exploitation of deep-sea resources (Davison and Asch, 2011; Hidalgo and Browman, 2019; Levin et al., 2019; Drazen et al., 2020; Ferreira et al., 2022; Justino et al., 2022). For instance, there is a significant knowledge gap about the basic biology of many species, including their life history and crucial functional traits. Information such as maximum age, age of first maturity, spawning seasons, distribution of sex ratios across different layers, and variations in feeding based on sex or maturity stage are lacking. This deficit hinders our ability to investigate  ecological patterns and community assembly rules in the context of unprecedented global  changes.

More specifically, in mesopelagic research, a pivotal question revolves around how a zone with such environmental constraints can support important species diversity and biomass (Gjøsæter and Kawaguchi, 1980; Eduardo et al., 2022), challenging the initial supposition of reduced biodiversity in deep-sea ecosystems (Priede, 2017). The remarkable diversity found in these ecosystems may stem from the ecological specialization of species, considering their niche and functional roles (Devictor et al., 2010). In addition, community assembly rules, including stochastic and deterministic processes, aim to explain species coexistence. Two main deterministic processes have been defined: limiting similarity (MacArthur, 1958; Abrams, 1983) and environmental filtering (Van Der Valk, 1981; Weiher et al., 1998; Kraft et al., 2015). Limiting similarity suggests that species with different traits are more likely to coexist. This hypothesis is a corollary of the competitive exclusion principle (Gause, 1932), which states that two species competing for the same resources cannot stably coexist. Thus, the competitive exclusion will result in a pattern where functionally similar species cannot co-occur. Conversely, it leads to the co-occurrence of species that are complementary in resource use and, thus, in niche occupied. In contrast, the environmental filtering hypothesis favors species with traits better adapted to environment requirements and leads to more similar traits among species. In the mesopelagic zone, where photosynthetic primary production is scarce, species may have evolved specific traits and feeding habits to exploit different resources and/or depths and avoid direct competition (Gloeckler et al., 2018; Eduardo et al., 2023). Although their evolutionary processes have not yet been extensively studied, it is plausible to assume that these environmental pressures have influenced their evolution in distinct ways. As a result, mesopelagic fishes may have undergone specific adaptations and developed unique characteristics that contribute to their survival in this challenging habitat. Given the specialized nature of mesopelagic habitat and the unique adaptations of mesopelagic fishes, it is reasonable to assume that functional redundancy among these species may be low.

The main objective of this study is to investigate whether the mesopelagic fish community exhibits high functional diversity due to the presence of species with unique and complementary functions and to investigate functional diversity patterns according to environmental variables. We notably tested the hypothesis of functional complementarity among species. This means that the species perform distinct functions, and there is a relatively low degree of functional redundancy among them. This research contributes to filling knowledge gaps in understanding the functional diversity of the mesopelagic fishes. It provides valuable information to initiate a discussion on the conservation of this understudied community.




2 Materials and methods



2.1 Study area

The study area is located Fernando de Noronha Ridge, north-eastern Brazil (from Rio Grande do Norte to Pernambuco) (Figure 1). This area is classified as an Ecologically or Biologically Significant Marine Area (EBSA) that, by definition, is a unique place of fundamental importance for biodiversity and life cycles of marine species (CBD, 2014).




Figure 1 | Sampling stations of Northeast Brazil are indicated by dots, and the color scheme defines the depth layers.



Several authors recently described the main oceanographic physico-chemical features of this region (Assunção et al., 2020; Dossa et al., 2021; Silva et al., 2021). Overall, south western topical Atlantic is considered to be oligotrophic. However, banks and oceanic islands act as barriers, enriching sub-surface waters and improving mass and energy fluxes in the food web (Travassos et al., 1999; Tchamabi et al., 2017).




2.2 Sampling

Data were collected by the RV Antea during the ABRACOS scientific expeditions, carried out between September 29 and October 21, 2015 (AB 1; Bertrand, 2015), and between April 9 and May 10, 2017 (AB 2; Bertrand, 2017). Environmental profiles were collected using a CTDO SeaBird911+ with temperatures ranging from 4.36°C to 28.82°C, salinity from 34.40 to 37.34, and dissolved oxygen from 3.3 ml/L to 4.7 ml/L.

Mesopelagic fishes were sampled day and night at 62 trawl stations by using mesopelagic (AB1; body mesh 30 mm, cod-end mesh 4 mm, net mouth 16.6 × 8.4 m) and micronekton (AB2; body mesh 40 mm, cod-end mesh 10 mm, net mouth 24 × 24 m) nets. The targeted depth for each layer was defined according to the presence of scattered acoustic layers or patches of organisms. However, in an effort to improve the representativeness of biodiversity, we also conducted trawling in areas where no organism aggregations were observed and even beyond the range of the echosounder. Each trawl lasted approximately 30 minutes. Except for the layers 200–300 and 700–800 at night, where no aggregation of organisms was observed through acoustics, all depth strata were sampled at least once (for further information on sampling procedures, see Eduardo et al., 2022). A total of 7,190 fish specimens were collected, representing 200 distinct species (SI Table S1). All specimens collected were deposited at the fish collection of the Instituto de Biodiversidade e Sustentabilidade, Universidade Federal do Rio de Janeiro (NPM; Macaé, Brazil).

Sampling data were organized as a matrix with the 200 species as variables (i.e., columns of the matrix) and 62 surveyed stations as statistical objects (i.e., lines). This matrix was used to compute the diversity indices in Section 2.4.

All methods were approved and conducted following the regulations of the Brazilian Ministry of Environment (SISBIO authorization number: 47270-5). Operations of the RV Antea were approved by the Brazilian Navy Authority (“Estado-Maior da Armada”) under Ordinances 178 (August 9, 2015) and 4 (January 24, 2017).




2.3 Trait selection

Seventeen qualitative traits were selected to investigate the functions of feeding, locomotion, and survival (i.e., traits used as survival strategy) (Table 1) for 184 species among the 200 species (see Eduardo et al., 2022). Traits values were obtained from bibliographic references and the NPM museum specimens. When possible, missing data were inferred from observation and knowledge of experts in the field.


Table 1 | Selected functional traits of feeding, locomotion, and survival and their respective modalities.



Regarding the skin color trait, fish skin colors were categorized into six modalities (Table 1). Notably, for fishes presenting two skin colors, we coded a predominant dark color as dark-bicolor, and a predominant lighted color as light-bicolor. More specifically, regarding certain anglefish species (Lophiiformes: Ceratioidei) with notable sexual dimorphism (Pietsch, 1976), we opted to focus on females as representatives of the species due to their higher capture frequency and easier identification when compared to males. Furthermore, anglefishes have a unique reproductive strategy in which smaller males rely on females for survival. They merge with the female’s skin as permanent parasitic appendages through a process known as “sexual parasitism”. Consequently, after the reproductive engagement, the female assumes responsibility for feeding, locomotion, and survival functions considered in this study.

From the information provided in Table 1, a functional trait matrix was created, with traits as variables (columns) and species as statistical objects (lines). This matrix was used to compute the functional diversity indices, including the functional space, and the fourth-corner analysis to study the relationship among functional traits and explanatory variables (see below).




2.4 Diversity indices

Taxonomic species richness and the functional space occupied by species, based on the 17 traits associated with three primary functions (feeding, locomotion, and survival, Table 1), were first calculated for each depth layer (gamma diversity) to offer a comprehensive evaluation of the studied zones. Second, species richness and six additional functional diversity indices (Table 2) for each of the 62 sampled stations (alpha diversity) were also determined, and their mean values for each depth layer and day–night period were then computed to compare them (qualitative variables). Third, the alpha diversity values calculated for each station were further utilized to assess the effects of environmental conditions (quantitative variables, see Section 2.5).


Table 2 | Functional diversity indices computed on species data and 17 functional traits (adapted from Brandl et al., 2016).



The functional diversity indices are presented, with related references, in Table 2. In short, functional richness (FRic) quantifies how much niche space species occupy (i.e., convex hull volume). Higher index values indicate a larger volume occupied within trait space (Cornwell et al., 2006). Functional evenness (FEve) indicates how the species and their proportion (here based on abundance) are evenly distributed within the functional volume. Higher index values suggest that species and their proportions are more evenly distributed within the functional volume (Villéger et al., 2008). Functional divergence (FDiv) measures how far relatively highly abundant species with extreme traits are from the center of the functional trait space. It can be related to the levels of resource differentiation and competition among species (Mason et al., 2005). Functional dispersion (FDis) is the mean distance of individual species to the centroid of all species in the functional trait space. A high dispersion value infers a high species spread in the functional niche. Functional originality (FOri) computes the weighted mean distance between each species and the species closest to it in the functional space. Higher values might be interpreted as low functional redundancy (Mouillot et al., 2013b). Functional specialization (FSpe) is the mean distance among each species to the center of the functional space. It indicates the tendency of species to have extreme trait values (Lechêne et al., 2018). Therefore, it is possible to assess how generalist or specialist species are (Villéger et al., 2010; Mouillot et al., 2013b) with higher values indicating a predominance of specialist species.




2.5 Data analyses

We calculated total species richness (gamma) and mean species richness of stations (alpha) by depth layer (epipelagic 0–200 m, upper mesopelagic 200–500 m, and lower mesopelagic 500–1,000 m) and period stocks (day and night). We included all 200 taxa to compute taxonomic species richness since functional traits are not necessary for its calculation. We removed 16 species from the analyses because they had too many missing trait data (Johnson et al., 2021). Sampling stations (n = 15) with only two species were also removed, as calculating functional space is not feasible in such cases (e.g., fewer species than functional dimensions).

We computed pairwise functional species distances with the Gower distance metric between species based on functional trait values (considered as the variables). This metric can consider qualitative traits. As the distance between some species was 0 (i.e., functional redundancy), we also calculated FD based on functional entities (FEs). In this scenario, we grouped species into FEs according to their shared trait values (Mouillot et al., 2014). In addition, we computed functional redundancy FRed and over-redundancy FOr indices (Table 2) (Mouillot et al., 2014). To identify and visualize functional groups, we used the Gower trait-based distances among species in the average linkage clustering algorithm (unweighted pair group method with arithmetic mean(UPGMA)). It is a hierarchical method providing a dendrogram representation. Then, we employed the gap statistic method to determine the optimal number of functional groups (clusters) on the dendrogram (Tibshirani et al., 2001).

We tested the quality of the multidimensional space, representing the functional space built from a principal coordinates analysis (PCoA) considering two to 10 dimensions, using the R package mFD (Magneville et al., 2022) (SI Figure S1). To assess the quality of the representation, we used the lowest deviation between the original Gower trait-based distances among species and their Euclidean distances in the functional spaces from the PCoA (Maire et al., 2015). This index ranges between 0 and 1, with 0 being the lowest deviation. mSD values were very low for every number of dimensions considered (<0.13, Figure S1), and therefore, we kept only two dimensions to create and represent the functional space.

We calculated the six complementary indices of FD (Table 2), using the mFD package, for alpha diversity (i.e., computed for each sampled station, see values in Table S2). The values of the indices were scaled between 0 and 1 by dividing each value by the maximum value computed for a given index, except for FEve and FDiv, for which the values were already set between 0 and 1.

Finally, the empirical pairwise relationships (i.e., complementary/redundancy) among alpha FD indices were investigated using a draftsman plot representing both i) x–y plot fitted by a non-parametric local regression (locally reweighted scatter plot smoothing (LOWESS)) and ii) correlation coefficient (Figure S2). Then, given the non-linear trends among each FD index and some explanatory variables (Figure S2), generalized additive models (GAMs) were used to assess the relationship among each complementary alpha FD index (i.e., non-linearly related and non-correlated) and the environmental variables (oxygen, temperature, and depth), day and nighttime, and interactions among these explanatory variables. GAM analysis assesses the effect of multiple predictors in additive models and has the advantage of not requiring an a priori linear relationship. The models were chosen based on analyses of the multiple variable combinations, which were compared using the Akaike information criterion corrected for finite sample sizes (AICc). The best-fitted models were those with the lowest AICc. All GAM analyses were conducted using the R package “mgcv” (Wood, 2001).




2.6 Traits-environment relationship

We performed a fourth-corner analysis (FCA) (Legendre et al., 1997; Dray and Legendre, 2008; ter Braak et al., 2012) on the three following tables: environmental variables (R), species abundance (L), and functional traits (Q). The fourth corner correlation allows us to quantify the overall amplitude of the association among traits and environmental variables. The square of this correlation is a score test statistic for trait–environment association in a Poisson log-linear model (ter Braak et al., 2017).

The analysis was performed among functional traits and environmental variables (depth and oxygen, but not temperature and salinity being negatively correlated to depth; see Figure S2) separated by period (day/night) to account for the daily movement of species in the water column. For the day period, 33 stations and 143 species were included in the analysis, and for the night period, 29 stations and 145 species were considered. To address multiple comparisons, the conservative Holm method was employed (Holm, 1979), which adjusts the p-values of each test using a threshold. Global hypothesis test model 6 was conducted, which consists of the simultaneous testing of model 2 (permutation of abundances among stations) and model 4 (permutation of abundances among species). Two permutation tests (n = 9,999) considering model 2 and model 4 were computed. Model 2 tests H0, assuming that environmental conditions do not influence species distribution with fixed traits. Model 4 tests H0, assuming that species traits do not influence the species composition of samples with fixed environmental conditions. The FCA used the “ade4” (Kleyer et al., 2012) R package (R Core Team, 2022).





3 Results

A total of 7,190 individuals were collected from 62 sampling stations using trawling techniques during both day and night. These individuals represented 200 different species, belonging to 131 genera and 57 families (Table S1). Detailed results related to gamma diversity according to sampling depth layers and periods (day/night) are included in Table 3. Accumulation curves of species richness (gamma diversity) are provided in Figure S3. These latter highlighted that both observed (when rarefied to a common sampling effort) and estimated total species richness are higher in the lower mesopelagic layer (Figure S3).


Table 3 | Fish community features collected within each oceanographic layer and time period (day, night, and total (day + night)).



Functional diversity was calculated for 184 out of the 200 species, as trait values were lacking for 16 of them (see Data Analyses section). Species were distributed across 47 stations (see above Data Analyses section), including 19 in the epipelagic layer, 7 in the upper mesopelagic layer, and 21 in the lower mesopelagic layer. The FEs were arranged into 134 groups. The largest group, FE1, was composed of seven species (Benthosema suborbitale, Ceratoscopelus warmingii, Diogenichthys atlanticus, Hygophum hygomii, Hygophum macrochir, Hygophum reinhardtii, and Hygophum taaningi). Additionally, two FEs comprised five species, one FE with four species, 10 FEs with three species, and 13 EFs with two species, totaling 77 species distributed in the FEs. No trait values were shared among 107 species (79.85%), thus having no functional redundancy with another species. The family Stomiidae exhibited the highest number of species with unique combinations of traits (n = 15). Likewise, the Myctophidae and Stomiidae encompassed a great number of FE with 10 and eight FEs, respectively.

As previously mentioned, we have identified 134 FEs based on precise combinations of trait values, among which 107 FEs had each only one species, and only 27 FEs had more than two species. Furthermore, the functional over-redundancy FOr index showed low values; each layer had mean values of 0.1, 0.074, and 0.09 for the epipelagic, upper mesopelagic, and lower mesopelagic zones, respectively. In addition, we found low mean values of functional redundancy FRed index of 1.23, 1.1, and, 1.26, for these three zones, respectively. To complement this analysis and provide a broader assessment of species’ functional roles, we also conducted a hierarchical clustering analysis of functional traits. This analysis identified 10 major functional groups of species (Figure 2), which allowed us to better understand the interplay between species and their functional roles within their ecosystem. This dual approach provides a more comprehensive understanding of species complementarity and redundancy.




Figure 2 | Hierarchical clustering of species defined based on their pairwise functional distances and groups identified according to the Gap stat criterion for optimal group partitioning (fish images adapted from Sutton et al., 2020).



These 10 major groups are the following:



3.1 Group 1 (green)

The largest group encompassed a total of 45 species, primarily composed of species belonging to the Stomiidae (86.36%). Key traits displayed by these species include a sagittiform body shape, black or dark-bicolor coloration, light emission, counter-illumination, lure apparatus, spherical eyes, and micronektonivorous feeding habits. Group 1 notably contains the highest number of species exhibiting unique trait combinations (21 species) and eight FEs.




3.2 Group 2 (yellow)

The second largest group, comprising 40 species, predominantly consisted of species of the Myctophidae (34 species), also including similar species of the Phosichthyidae (4), Nomeidae (1), and Howellidae (1). Species in this group exhibited characteristics such as relatively small overall size, vertical migration, zooplanktivorous feeding habits, large spherical eyes, counter-illumination, prey illumination, and dark-bicolor coloration. Group 2 had the highest number of FEs (10).




3.3 Group 3 (dark blue)

The third largest group, encompassing 30 species, primarily included members from the Melamphaidae (11), Chiasmodontidae (5), and Cetomimidae (4) families. These species were mainly characterized by moderate to small spherical eyes and the lack of bioluminescence (except for Pseudoscopelus). This group accounted for five FEs.




3.4 Group 4 (light blue)

This group comprised 17 species, encompassing all members of the Scopelarchidae (five species) as well as 11 species of other families. Species in this group were primarily characterized by bicolored light or silvery coloration, large eyes, and piscivorous habits. Interestingly, this group was composed of just one FE, which includes Scopelarchus analis, Scopelarchus guentheri, and Scopelarchoides danae.




3.5 Group 5 (pink)

This group consisted of 14 species and one FE. It encompassed all nine species of the Sternoptychidae found in our samples, along with five species of the Gonostomatidae. Species in this group displayed counter-illumination, zooplanktivorous feeding habits, and relatively short total body lengths. Most of the Sternoptychidae species exhibited a silvery color and a compressed body shape.




3.6 Group 6 (orange)

This group also consisted of 14 species and one FE. Group 6 predominantly featured species from families of the order Argentiniformes: Opisthoproctidae (three species), Bathylagidae (two species), and Microstomatidae (one species). Moreover, six additional families were part of this group. Most species in Group 6 exhibited relatively short body lengths, lack of bioluminescence, forked caudal fins, and zooplanktivorous feeding habits.




3.7 Group 7 (purple)

This group consisted of 13 species distributed across six families. Six species in this group belong to the order Anguilliformes (three Serrivomeridae and three Nemichthyidae). Most species in Group 7 displayed a filiform body shape, pointed caudal fins, spherical eyes, lack of bioluminescence, silvery coloration, and vertical migration patterns. No FE was identified in this group.




3.8 Group 8 (Red)

This group consisted of nine species from five families. Except for Eurypharynx pelecanoides (Anguiliformes), all species in this group were Lophiiformes. They were characterized by the presence of lure appendages, black coloration, globiform or sagittiform body shapes, and micronektonivorous habits. This group accounted for one FE.




3.9 Group 9 (light green) and Group 10 (brown)

Composed of only two and one species, respectively. Group 9 included two species of the Giganturidae (Gigantura chuni and Gigantura indica), characterized by sagittiform body shape, tubular eyes, and generalist feeding habits. Group 10 consisted of Isistius brasiliensis, the single elasmobranch species collected in our samples, characterized by a sagittiform body shape, spherical eyes, and piscivorous feeding habits. No FEs were identified in both groups.

In terms of functional space, overlaps were observed among depth layers and time periods (gamma-diversity, Figure 3). Nonetheless, the volume of the convex hull occupied by species was substantially greater in the lower mesopelagic layer (alpha mean FRic = 0.58 ± 0.28) compared to the epipelagic layer (alpha mean FRic = 0.19 ± 0.15) and the upper mesopelagic layer (alpha mean FRic = 0.38 ± 0.32, Figure 4). This indicates a broader mean functional range for mesopelagic fish species in assemblages of deeper waters.




Figure 3 | Comparison of functional space in 2-D from each oceanographic layer. The gray dashed line represents the global functional space (i.e., all layers combined). PCoA (Principal Coordinates Analysis) was computed on functional trait values (number of species = 184). Barplots present the mean values with standard deviations (values provided in Table 4) of each functional diversity index (see definitions in Table 2) for each oceanographic layer.






Figure 4 | Barplots present the mean values with standard deviations (values provided in Table 4) of each functional diversity index (see definitions in Table 2) for each oceanographic layer. PCoA, Principal Coordinates Analysis.




Table 4 | Mean and standard deviation values of the complementary functional indices (see Table 2) by oceanographic layer.



In both periods, FRic values were higher in the lower mesopelagic layer, although there was little difference in functional space in the upper mesopelagic layer during the night, with an average of 0.68 ± 0.05 in this layer and 0.70 ± 0.03 in the lower mesopelagic layer (Figure 4; Table S3). In FEve (Figure S4), the epipelagic layer obtained the highest uniformity, with an average of 0.58 ± 0.06 during the day, but this value decreased to 0.40 ± 0.03 during the night (Figure 4; Table S3).

FDiv (Figure S5) reached 417, the highest means value in both periods (Figure 4; Table S3), with a peak in the upper mesopelagic layer at night with 0.76 ± 0.00. However, this layer had the lowest mean value during the day at 0.61 ± 0.04. FDis (Figure S6) showed the highest mean value at the upper mesopelagic layer during the night, with 0.41 ± 0.00 (Figure 4; Table S3). During the day, the lower mesopelagic layer had the highest mean value among the other layers (Figure 4; Table S3).

Likewise, all layers presented relatively low values of FOri; however, during the night period, the mean values between the upper meso- and lower mesopelagic layers approached each other, with values of 0.29 ± 0.03 and 0.31 ± 0.02 (Figure 4; Table S3, Figure S7), respectively. The seven species contributed the most to this index (contribution > 6% obtained with the mFD package from individual species contribution to the overall index value) were Malacosteus niger (8.8%), Melanonus zugmayeri (8.5%), E. pelecanoides (7.9%), Eumecichthys fiski (7.1%), Platytroctidae sp. (7.0%), Chauliodus sloani (6.9%), and Melanocetus johnsonii (6.5%).

Regarding FSpe, the mean values were equal between the layers during the night period, at approximately 0.55 ± 0.01 for all layers, highlighting a moderate average distance of a species to the other species within the functional space (Figure S8). The analysis of the contribution of individual species to the FSpe index revealed that M. johnsonii (45%) contributed the most to this index. Additionally, important contributions (≥40%) were made by three species of the Stomiiformes (Heterophotus ophistoma, 42%; Melanostomias biseriatus, 42%; Grammatostomias ovatus, 41%, one species of Gadiformes (M. zugmayeri, 42%), and three species of Lophiiformes (Oneirodes carlsbergi, 40%; Oneirodes anisacanthus, 40%; Chaenophryne draco, 40%). These results indicate that species of Lophiiformes, including M. johnsonii, which stood out in both indices, played a crucial role in functional specialization and originality.

GAMs, fitting the variation of each index (alpha diversity values) in the function of explanatory variables and their interactions (see raw relationships in Figure S2), revealed that the influence of these variables explained between 40.4% and 83.1% of the deviance, depending on the indices (Table 5). Generally, depth proved to be a crucial variable for functional diversity indices, being significant in four out of the six investigated indices (see Figure 5 for variables having a significant effect, as well as Figure S9 for all graphs of each variable included in the GAMs).


Table 5 | Generalized additive models (GAMs) with Gaussian function on the relationships among functional diversity indices (Table 2) and explanatory variables.






Figure 5 | Generalized additive model (GAM) plots showing associations among functional diversity index (Table 2) and environmental variables (depth, oxygen, depth, time period, and oceanographic layer) with 95% confidence intervals. (A) FRic. (B) FEve. (C) FDis. (D) FDiv. (E) FSpe. (F) FOri. FRic, functional richness; FEve, functional evenness; FDis, functional dispersion; FDiv, functional divergence; FSpe, functional specialization; FOri, functional originality.



FRic exhibited the largest number of significant relationships (Table 5), with notable inverse relationships with depth according to day and night periods. Indeed, during the day, FRic increased with depth, while at night, there was a peak between 400 and 600 m and then a decrease (Figure 5A). In terms of the relationship with oxygen, FRic decreased with depth during the day, but at night, there was a peak at 4.5 dissolved oxygen, followed by a slight decrease (Figure 5A).

Concerning FEve, only a significant relationship with oxygen during the day was observed (Figure 5B; Table 5), with a sharp decrease at 4.5 dissolved oxygen before a rapid increase. Regarding FDiv, depth and the interaction between oxygen and depth were significant (Table 5). FDiv decreased with depth and had different mean values according to depth and the level of dissolved oxygen (Figure 5C). It notably reached an intermediate value of 0.4 at approximately 750–900-m depth and 3.4–3.7 of dissolved oxygen (red line at the bottom right of the interaction plot; Figure 5C).

FDis exhibited opposite trends with dissolved oxygen, depending on the period considered, with a peak at 4.5 dissolved oxygen during the day, while a slight increase occurred at night (Figure 5D; Table 5). Regarding FOri, the interaction between depth and night was significant (Table 5), increasing with depth (Figure 5E; Table 5). Finally, for FSpe, the interaction between depth and day was significant (Table 5), with an increase of FSpe up to 500 m and then a slight decrease (Figure 5F).

The FCA showed positive correlations among some traits and depth according to the period (day and night) considered (Figure S10). The data collected during the day revealed that depth positively correlated with lure apparatus structure, non-migratory behavior, teeth type 01 (long, slender, sharp), and skin color black (Figure S10). During the night, no significant correlations were found between functional traits and environmental variables (Figure S10).





4 Discussion

Our study presents the first assessment of the FD of the mesopelagic fish community across contrasted environmental conditions. Examining the vertical gradient from the surface to 1,000-m depth, we discovered differences in niche occupancy across depth and period (day/night) and high functional diversity of fish in the deepest assemblages. We also observed low sharing of functional traits among species, indicating a wide range of unique trait combinations among major functional entities and groups. Likewise, assemblages of the different depth layers displayed low functional redundancy and over-redundancy among species. Overall, these results indicate that species play complementary functional roles. Our findings suggest that for mesopelagic fish communities, relatively high taxonomic species richness is not a proxy of functional redundancy and related insurance to buffer functions in case of species loss. Finally, we also offer insights into the relationships between traits and environmental factors. Here, we discuss these main results and the implications of our findings in the studied area.



4.1 Vertical variability in functional diversity of mesopelagic fishes

The functional diversity analysis showed high functional diversity, with at least 10 major functional groups identified. Generally, the primary groups exhibit low functional redundancy, indicating that species perform a wide array of functions and ecological roles within the ecosystem. Furthermore, 107 species exhibited a unique composition of functional traits, emphasizing a significant potential for providing distinct contributions to ecosystem functioning. In addition, the functional diversity indices, computed at the station level (alpha diversity), were relatively high for the deepest assemblages, suggesting a higher degree of specialization among the species considered, and a wider range of functions performed by mesopelagic fishes. Furthermore, our analyses took into account the day and nighttime periods and thus the migration, partial, or non-migration behaviors of species, which can explain some patterns discussed below.

Indeed, regarding more specifically the indices analyzed, the alpha mean values of most indices were slightly to highly superior in the upper and lower mesopelagic layers than in the epipelagic layer, except for FEve (day) and FSpe (night). Lower mean alpha values of FEve were observed in the epipelagic layer compared to other layers, indicating potentially more efficient resource use by species with particular traits (Schleuter et al., 2010) during nighttime for species making vertical migration. Moreover, there was an increase in the mean alpha value of FEve during the day, where a regular distribution of species in the niche space and complementary resource use by species is observed that should be associated with the migration behavior of species. The high mean alpha values of FDiv in all analyzed situations (depth strata and time periods) suggest a high degree of niche partitioning (Mason et al., 2005). Furthermore, in all situations, FOri was higher in the lower mesopelagic layer, indicating that species in this depth strata, for those that did not migrate until this layer, are more isolated from each other from a functional point of view. It may indicate lower competition among species with a similar set of trait values in this layer (Brandl et al., 2016). However, we observed an increase in this index in the upper mesopelagic layer during the night period, for which the mean value of FOri became near one of the lower mesopelagic layers. Compared to the three layers, the epipelagic layer exhibits higher functional redundancy, except during the day period, which could potentially lead to higher community resilience (Rice et al., 2013), where only a few species were found, such as Bramma spp., Gempylus serpens, and Zu cristatus. This could be due to the higher migration of species with similar functional features during nighttime at the epipelagic layer. Finally, the mean alpha values of functional specialization (FSpe) found in the mesopelagic community, in particular during the day, may indicate greater ecological stability of the overall assemblages during that timea period, but also greater species vulnerability to environmental changes.

When comparing different depths, the mean alpha functional richness index (FRic) was found to be higher in the lower depths (Figure 4), along with a higher number of species (Figure S3). Eduardo et al. (2022) also observed higher species richness in the lower mesopelagic waters, while Martinez et al. (2021) noted an increase in morphological disparity of deep-sea fish, suggesting the deep sea as a potential hotspot for fish evolution. Tuset et al. (2014) also highlighted a depth effect on the morphospace established from morphological features of mesopelagic fishes. Gluchowska et al. (2017) similarly noted that depth-related variables are crucial in structuring the functional diversity of zooplankton assemblages, with mesopelagic assemblages being more diverse and uniformly distributed than epipelagic ones. Likewise, Mindel et al. (2016) found that for abyssal fishes (1,000–4,000 m), while abundance decreases with depth, there is an increase in functional diversity, with more distinct traits found in deeper layers, probably also because resources are scarcer. Overall, it highlights that the relationship between depth and functional diversity may depend on the type and features of the ecosystem studied.




4.2 Relationships among traits, environment, and time period

This study found a significant correlation among depth (salinity and temperature being correlated with depth), teeth type 1 (long, slender, and sharp), the presence of a lure apparatus structure, non-migration behavior, and black skin color, but only during the day period (Figure S10). Interestingly, the family Stomiidae predominantly has these traits, especially for teeth type 1 (77.5% of species), the presence of a luring apparatus (70% of species), and black skin (41.1% of species).

Teeth type 1 enables these fish to easily hold and pierce prey, which, when combined with a wide jaw opening of some species (e.g., M. niger and E. pelecanoides), increases the likelihood of capturing prey. The black color, in contrast, provides effective camouflage, allowing these species to blend into their dark environment and evade predators or sneak up on prey. It also minimizes bioluminescent reflections, reducing detection by organisms using bioluminescence for communication or hunting. For example, some species found in the lower mesopelagic layer exhibit a coloration recently defined as ultra-black (e.g., Eustomias spp. and Melamphaes spp.), which absorbs most light and make them formidable hunters (Davis et al., 2020b), knowing also that some species have many photophores and silver body.

The presence of lure apparatus and non-migratory behavior related to depth are also notable examples of characteristics associated with species inhabiting deeper waters (other species of Stomiiformes with lure apparatus in the inferior mouth occurred in the upper layer). The non-migratory behavior may be related to preventing species in deeper strata from expending energy to move. While this might limit feeding opportunities, this appears to be counterbalanced by ambush-feeding strategies employed by certain species, such as anglefishes, which utilize bioluminescent lures to attract their prey. These lure apparatuses imitate the bioluminescence of their prey’s food sources or conspecifics, enticing unsuspecting prey toward them and facilitating easier capture (Widder, 2010).

In addition to the traits that exhibit a significant correlation with depth, mesopelagic fishes present other important adaptations that allow them to explore and use deep environments that are important to be mentioned. For example, in some bristlemouths (Gonostomatidae), the eyes are small, yet the relative pupil diameter and aphakic gap are large. This adaptation substantially improves retinal illumination for peripheral targets in low-light environments, such as the mesopelagic zone (Davis et al., 2020a). Moreover, certain species possess multiple rhodopsin genes, which encode the protein crucial for vision in low-light conditions. For instance, Diretmus argenteus has 38 copies of the rhodopsin gene and two other distinct opsins (Turner et al., 2009). This enables the detection of bioluminescence wavelengths, suggesting an advantage in food capture and predator evasion tactics. However, such traits were not correlated with any specific layer, likely due to the movement of species between various layers.




4.3 Hypotheses on processes structuring mesopelagic fish community

The first underlying hypothesis suggested by the observed patterns is that deeper and more stable environments led to more species specialization and thus encompass more different and functional complementary species as we quantified (Table S3; Figures 3, 4, S4–8). Indeed, environmental gradients play an important role in morphological evolution, impacting the nature and pattern of trait variation in organisms (Conover and Schultz, 1995; Goldberg and Lande, 2006; Mullen and Hoekstra, 2008; Juarez et al., 2019). Notably, depth-related factors like light, temperature, and oxygen can act as a barrier for some mesopelagic fishes, for which displacement represents a higher energetic expenditure (Robison, 2004). Some other species can inhabit areas with reduced oxygen levels (Olivar et al., 2017; Assunção et al., 2023). They may use these less oxygenated layers as protection from predators or as an energy-saving strategy during the day, leaving this zone at night. It is also known that environmental heterogeneity generates diversifying selection, so if there are no constraints on the ecological niche evolution, the breadth of adaptation should evolve to match the amount of environmental variation (Via and Lande, 1985). Therefore, ecological specialists should occur more in environments that are relatively homogeneous in space and time, such as in deep zones, whereas ecological generalists should occur more in environments that are heterogeneous in either dimension (Kassen, 2002).

In stable environments where photosynthetic primary production is absent, species specialization can also be an evolutionary advantage (Kassen, 2002). For instance, specialization is one of the primary mechanisms allowing sympatric species to coexist through the division of resources. Lanternfishes (Myctophidae) and hatchet fishes (Sternoptychidae), the two most abundant mesopelagic fish families in our samples, differ in their prey composition, space occupation, and morphology, displaying high specialization and multidimensional niche partitioning (Tuset et al., 2018; Eduardo et al., 2020b; Eduardo et al., 2021).

A second and linked underlying hypothesis suggested by the observed diversity patterns is a “limiting similarity” among species (MacArthur and Levins, 1967), presented in the Introduction section. While environmental filtering may contribute to structuring the fish communities studied (Figure 5; Table 5), our results supported a predominance of the limiting similarity hypothesis. Concurrently, competition theory (Schoener, 1974; Abrams, 1992) could also be an evolutionary process, where shorter trophic chains and fewer alternative resources available may reduce interspecific dietary overlap, leading to greater adaptation and specialization in deep environments. In these areas, where photosynthetic food availability is lower, adaptation and species specialization could minimize competition and functional similarity. Such specialization may, therefore, increase functional diversity, as demonstrated for some coral reef fish (Bender and Luiz, 2019).

Furthermore, environmental stability for mesopelagic fishes can vary across the bathymetric layers. On the one hand, environmental conditions in the epipelagic zone are affected by factors such as solar radiation, wind, and nutrient availability, which can vary on a daily or seasonal basis, leading to fluctuations in temperature, salinity, and nutrient concentrations. On the other hand, the mesopelagic zone is more stable in terms of temperature and salinity, as it is less influenced by surface-related factors (Priede, 2017).

The relationship between environmental variables and functional diversity indices provides insights into possible changes that may occur in functional space due to environmental variations. Our results showed that the variations in the functional diversity of fishes are partly related to environmental variables (Figures 5, S9; Table 5). Therefore, if oceanographic processes and the period of year cause the mesopelagic environment to move closer to the surface, species with unique traits could be exposed to increased anthropogenic interaction, resulting in potential changes to the mesopelagic fish community.

The preservation and management of the deep environment are of particular concern, as human interest in this zone is increasing in different areas worldwide, with potential impacts from fisheries (Hidalgo and Browman, 2019), deep-sea mining, plastic pollution (Drazen et al., 2020; Ferreira et al., 2022; Justino et al., 2022), and climate change (warming, deoxygenation, and acidification, Ramirez-Llodra et al., 2011; Barry et al., 2013). Notably, while the study area is a well-oxygenated zone when compared to other mesopelagic areas in the world (Priede, 2017), the expansion of oxygen minimum zones (Gilly et al., 2013) could be of particular concern. If mesopelagic species are adapted to the stability of deep-sea waters, disturbances may threaten mesopelagic communities. Regarding the mesopelagic fish communities off north-western Brazil, we have highlighted a relatively low sharing of functional trait values among species, with more than half of them having unique trait combinations. It emphasizes a considerable potential for providing distinct species contributions to ecosystem functioning. However, it also underlines the relative functional uniqueness of species and thus the potential vulnerability of fish communities facing threats in cases where some species decrease in abundance or even disappear. Overall, this calls for particular attention to dedicated and accurate management measures for mesopelagic fish communities in the studied area.
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The ocean is threatened by human activities, which undermine the health of its ecosystems. To overcome this scenario, there is a converging understanding that a more encompassing approach, such as Ecosystem-based Management (EBM), is essential to manage human activities. EBM implementation in scenarios of limited knowledge and potentially irreversible impacts, such as deep-sea mining (DSM), is thus highly appropriate, although the translation of this approach into practice is not intuitive and rather challenging. The International Seabed Authority (ISA), the organization with the mandate to award exploration and exploitation contracts for minerals on the international seabed, has recognized the need to incorporate EBM in its instruments but has not specified how to implement it. Through an online survey and in-depth interviews, ISA stakeholders have been inquired about their perception of the understanding, current status, implications, and opportunities of EBM for the deep-sea mining regime. The findings reveal that stakeholders perceive EBM as more related to ecological and impact aspects and less with participation, socio-ecological systems interlinks, and other forms of knowledge that are not scientific. Few respondents recognize EBM within the ISA, reporting its reflection in management instruments such as Regional Environmental Management Plans and Environmental Impact Assessments. No common definition exists, regarded as an obstacle to decision-making and EBM operationalization. According to them, opportunities to improve EBM implementation include collaboration with organizations already familiar with EBM, capacity development activities, workshops, and dedicated side events focusing on the issue. Finally, most of them recognize that a lack of consensus regarding EBM can impact decision-making and EBM operationalization, thus compromising ISA’s mandate. In this context, the clarification on what EBM entails for the seabed mining regime should be a matter of major interest to the ISA and all its stakeholders, as the mineral resources found in the seabed beyond the limits of national jurisdictions (the Area) are the common heritage of humankind, and therefore, its maintenance and benefits must be ensured to future generations.
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1 Introduction

The ocean presently faces many threats from human activities and climate change, which undermines the health of its ecosystems. As recently cautioned by the UN Secretary-General, the levels of threats faced by the ocean are unprecedented (Lisbon, 2022). Indeed, the closely interconnected nature of the ocean and its problems and the need to consider them as a whole have been recognized decades ago in the Preamble of the UN Convention on the Law of the Sea 1982 (UNCLOS). Being the “constitution for the ocean,” UNCLOS plays an important role in ocean governance through the protection of the marine environment and its intricate ecosystems.

Over the years, national and international agendas for the ocean have frequently stressed the importance of adopting an ecosystem approach in line with more holistic and integrative management practices (Gelcich et al., 2018; Warner, 2020), in opposition to managing single species or a specific sector. Ecosystem-based Management (EBM) is advocated in recent global commitments, such as the Agenda 2030 for Sustainable Development (UNGA, United Nations General Assembly, 2015; Diz, 2019). The Agenda 2030, in particular the Sustainable Development Goal 14 - focused on the ocean - should be reconciled among all marine sectors, including emerging industries such as deep-sea mining outside jurisdictional waters, also known as areas beyond national jurisdiction (ABNJ) (ISA, International Seabed Authority, 2018; Singh, 2021a).

EBM focuses on interactions among ecological and social systems, including stakeholder groups and communities interested in maintaining the health of coastal and marine areas (Leslie and McLeod, 2007). EBM practices require redefining the “roles of humans in nature”, in which human activities and uses should be harmonized with natural ecosystems’ spatial and temporal scales (Grumbine, 1994; De Lucia, 2015; Stephenson et al., 2021). Nevertheless, obstacles remain in implementing EBM, primarily due to the different scopes (i.e., time, space, sector) in which its application is required, the diversity of nomenclatures and definitions attributed to it, and due to several challenges encompassing its operationalization.

Several EBM-related nomenclatures exist, including the ecosystem approach, ecosystem approach for management, ecosystem-based management, ecosystem-based management approach, and ecosystem-based approach, among others1. Such terminology is usually used interchangeably (Stephenson et al., 2021); however, some authors have argued that there is a consistent conceptual divergence between them and, therefore, these should not be used as synonyms (Kirkfeldt, 2019).

EBM definitions found in the literature hold some commonalities (Delacámara et al., 2020), and a rough general understanding exists among scientists (ICES, International Council for the Exploration of the Sea, 2016; Marshak et al., 2017) (e.g., an integrative, non-siloed, holistic approach). More frequently, it is defined by a set of principles (CBD, Convention on Biological Diversity, 2000; Long et al., 2015; Long et al., 2017; Delacámara et al., 2020), which can vary depending on the context and scale of implementation (Link and Browman, 2014; Delacámara et al., 2020). In contrast, divergences seem to be centered on the consideration of the human dimension as an intrinsic component of ecosystems (ICES, International Council for the Exploration of the Sea, 2016; Delacámara et al., 2020), as under the logic of socio-ecological systems (Piet et al., 2020). In addition to challenges surrounding a standard definition, a comprehensive ecosystem overview is demanded by EBM, which can be added as a challenge to its implementation. Due to that, the approach can be perceived as aspirational, utopic, or even as a “wicked solution for wicked problems” (Berkes, 2012; Defries and Nagendra, 2017; O’Higgins et al., 2020; Piet et al., 2020). Finally, issues related to EBM operationalization seem to be less related to a lack of mandate (Link et al., 2019; Dickey-Collas et al., 2022) than to the way it is interpreted and implemented for a given set of variable conditions across various jurisdictions (Enright and Boteler, 2020; Link et al., 2019).2

Despite the existence of distinct terminologies, EBM holds the adoption of cross-sectoral approaches at its core (Christiansen et al., 2022). More specifically, cross-sectoral approaches acknowledge and integrate distinct needs, expectations, interventions, trade-offs, and impacts arising from different ocean space sectors and users as part of decision-making (Burt et al., 2017). As an intrinsic component of EBM, cross-sectoral considerations aim to harmonize the broad spectrum of human activities and uses with management and conservation objectives in a determined context.

EBM has been advocated in instruments such as UNCLOS and the United Nations Fishing Stocks Agreement (De Lucia, 2018; Diz, 2019; Guilhon et al., 2020). Moreover, EBM is explicitly mentioned in the recently agreed final text of the future legally binding instrument on marine biodiversity beyond national jurisdiction (BBNJ) and in the regulatory framework for the deep-sea mining (DSM) regime in seabed areas beyond national jurisdiction (known as “the Area”) administered by the International Seabed Authority (ISA), both under the framework of UNCLOS. Established under Article 156 of UNCLOS, the ISA is responsible for the development, implementation, and management of a regime for DSM in the Area, including the establishment of an equitable mechanism for benefit sharing, while ensuring the effective protection of the marine environment from the harmful effects of such operations.

The organizational structure of the ISA comprises several key organs: the Legal and Technical Commission (LTC), the Council, the Assembly, and the Secretariat. The LTC, a subsidiary organ of the Council currently comprising 42 individual experts, is established to provide recommendations to the Council (UNCLOS, 1982 - Articles 163 and 165) and attend to its instructions. The Council is the executive organ of the ISA, comprising 36 member States elected for four-year terms among Assembly members (UNCLOS, 1982 - Articles 161.3 and 162.1; Agreement Relating to the Implementation of Part XI of UNCLOS, 1994 - Section 3.15). Consisting of all State parties to UNCLOS, the Assembly is the supreme organ of the ISA (UNCLOS, 1982 - Articles 160.1 and 156.2) that provides the final approval of recommendations provided by the LTC and regulations approved provisionally by the Council (UNCLOS, 1982 – Article 162.2.o.ii). The Secretariat comprises the Secretary-General and staff (UNCLOS, 1982 – Article 166.3) and fulfills administrative roles at the ISA. Among others, the function of the Secretariat includes producing reports that facilitate deliberation and decision-making, producing publications, organizing meetings, seminars, and workshops, and ensuring compliance with plans of work for exploration and exploitation.3 Moreover, other groups play an important role as ISA observers, influencing the decision-making processes. These include contractors, scientists, NGO members, legal and political experts, civil society members, and members of intergovernmental organizations, among others (Levin et al., 2020).

The regulations that will govern the future commercial extraction of seabed mineral resources in the Area are currently under discussion at the ISA through an instrument called the Draft Regulations for Exploitation (DRE). Preparatory work for the DRE has been conducted by the LTC with the support of the Secretariat since 2014, and an advanced version was presented to the Council in 2019 for negotiations. The Council established several working groups in February 2020 to advance the negotiations of the DRE, namely, on the protection and preservation of the marine environment, inspection, compliance and enforcement, and institutional matters. Due to the Covid-19 pandemic, negotiations at the Council abruptly halted shortly after that. As a result of the invocation of a treaty provision known as the “two-year rule” by the Republic of Nauru in late June 2021, imposing a so-called deadline on the Council to complete the elaboration and adoption of the DRE by July 2023, post-pandemic negotiations at the Council have resumed at an accelerated pace. The deadline expired, and the Authority is now in a new phase fraught with legal uncertainty and political controversy. Following the deadline expiration, an application for exploitation activities can directly be submitted to the Authority for consideration – and can be provisionally approved by the Council – in the absence of the very regulations intended to govern their conduct and ensure compliance (Singh, 2023). Indeed, it has been noted that many key outstanding matters remain unresolved in the negotiation process at the ISA, both within and beyond the DRE, with respect to establishing and implementing a robust and effective exploitation regime for the Area (Singh, 2021b).

While negotiations on the text of the DRE are still ongoing at the Council, exploration activities in the Area have been carried out for over two decades. Up to July 2023, the ISA has granted some 30 exploration approvals to contractors (including private companies sponsored by UNCLOS Member States) to conduct exploratory activities (ISA, International Seabed Authority, 2010; ISA, International Seabed Authority, 2012a; ISA, International Seabed Authority, 2013). Most awarded contracts are for polymetallic nodule fields concentrated in the abyssal plain area of the Clarion-Clipperton Zone (CCZ) on the Northeast Pacific Ocean. Exploration contracts for other mineral resources, such as polymetallic sulfides and cobalt-rich crusts, respectively, have been issued in areas of hydrothermal vents and seamounts ecosystems in the Atlantic and Indian Ocean Basins and the Pacific, respectively (Levin et al., 2020).

An explicit reference to EBM is observed in two different instruments of the ISA regulatory framework. In 2012, the term “ecosystem-based management” first appeared as one of the environmental goals of the Regional Environmental Management Plan (REMP) for the CCZ. According to the document, among other goals, the CCZ-REMP will “Manage the Clarion-Clipperton Zone consistent with the principles of integrated ecosystem-based management” (ISA, 2011 - para. 35.d). The “application of an ecosystem approach” was later described as a sound principle to be applied for “the effective protection of the marine environment from the harmful effects which may arise from Exploitation” in the DRE (ISA, 2019). Although there has been an increasingly visible recognition of EBM principles in the developing seabed mining regulatory framework over time (Guilhon et al., 2020; Warner, 2020), there are as yet no steps toward operationalizing EBM as an integrated concept. Such conduct may restrict wording to empty scientific jargon, compromising an efficient translation and communication to decision-makers (Amon et al., 2022) and resulting in non-existing or failed implementation.

The development of a pathway to clarify what EBM entails and how it can be implemented under the ISA regime could benefit from understanding how stakeholders involved in the process perceive EBM and its influence to effectively manage ecosystems in the Area and the mineral resources therein. The present study was motivated by the assumption that different perceptions may result in conflicting decision-making and frustrated compliance, particularly when several economic and political interests are at stake. More specifically, this article addresses key aspects of stakeholders’ perceptions regarding the ISA regime on (i) what is the importance of EBM for DSM in the Area and how stakeholders define it (Section 3.1 and Section 4.1); (ii) if and where stakeholders perceive EBM implementation at the ISA regime (Section 3.2 and 4.2); (iii) the impacts that a possible lack of a clear definition may have in decision-making and EBM operationalization (Section 3.3 and 4.3) and (iv) what are the opportunities to improve EBM incorporation in the regime including who should lead such changes (Section 3.4 and 4.4). Finally, concluding remarks are provided, evidencing that ecological and impact aspects are EBM’s most commonly relatable attributes, while participants poorly acknowledged socio-economic elements.




2 Methods



2.1 Data gathering

To fulfill its objectives, the study adopted complementary approaches for data collection. An online survey was widely circulated among networks of deep-sea experts to obtain more general impressions. Following this, an interview script was developed and applied to representatives of different stakeholder groups. The latter had the objective of supplementing the information obtained through the online survey and deepening discussions on EBM for the ISA regime. To avoid misinterpretation on which methodological approach resulted in each set of data, we convened to call participants from the online questionnaire “respondents” and in-depth interviews “interviewees.” In both cases, participants were ensured anonymity. An overview of the general objectives (addressed by four sections), questions, and methodology applied for obtaining data are represented in Figure 1.




Figure 1 | Graphic representation of the strategy adopted by the present study. The center circle represents the study’s main objective, which refers to the evaluation of ISA stakeholders’ perception of Ecosystem-based Management (EBM) for the deep-sea mining (DSM) regime administered by the International Seabed Authority (ISA). For that, four aspects were explored through an online survey (S) and in-depth interviews (I): 1) identification of EBM importance and meaning for the DSM regime administered by the ISA; 2) perception regarding current EBM implementation; 3) if a lack of consensus on EBM at the ISA regime could impact decision-making and the operationalization of the approach, and 4) what are opportunities to improve EBM and who should take part on such changes. The respective guiding questions for each aspect are presented externally to the figure. Questions presented at the online survey are accompanied by (S), and inquiries performed during the in-depth interviews are represented by (I).



Before the data gathering, a multidisciplinary expert committee comprised of social, political, economic, legal, and natural sciences from the Research Institute for Sustainability – Helmholtz Centre Potsdam reviewed and discussed the outline for the online survey and in-depth interview script, providing feedback and recommendations on the documents’ structure and content. In addition, the research proposal was evaluated and approved by an ethical committee (please refer to the Ethics Statement section).



2.1.1 Online survey

A survey and a general description of the study were widely distributed by mail to a deep-sea network of specialists and mail lists comprising natural and social scientists, law experts, decision-makers, and other stakeholders involved in the deep-sea science-policy interface. The survey consisted of three sections:

	1. Self-identification.

	2. Four open-ended questions covering respondents’ perception of the importance of EBM for DSM in the Area, reflection of EBM in the regime, opportunities for improvement, and general thoughts about the research.

	3. Fifteen statements addressing if and where respondents perceive EBM in the DSM regime, attached to a five-point Likert scale (categories ranging from strongly disagree to strongly agree). The option “I don’t know” was also available.



The first section included categories to be selected with respect to general area of expertise (e.g. natural scientist, law expert, policy expert, etc.) and examples of roles or work positions that they may self-identify with (e.g. NGO representative, international organization representative, advisory role, etc.). The second section collected general perceptions and previous understanding of EBM and ISA structure. The third was used to refine perceptions assessment. Statements were developed considering the relation between EBM principles described by Long et al. (2015) and the ISA regime. Participants were exposed to the same information (statements) and were able to express their opinions on a specific aspect of the ISA regime independently of their previous knowledge or familiarity with EBM. Using Likert-scale statements provides a valuable opportunity to ensure that potential divergences in stakeholders’ perceptions are captured based on the same assumption (Bryman, 2012).

Thirty-five respondents (35) completed the online survey (Table 1). Natural scientists and legal experts comprised 77% of the total respondents. The low participation of social scientists and economists was expected, as these professionals remain underrepresented in the context of DSM discussions. Six participants self-identified as policy experts, whereas only one indicated being a “policy expert” as its primary role. Only one participant self-identified primarily as a “diplomat.” Four respondents self-identified as members of the Council, three as members of the Assembly (two of which also self-identified as Council), two as members of the LTC, and an additional two as ISA observers. Based on these numbers, the views of members of the ISA (Assembly, Council, LTC, and Secretariat) may be underrepresented in the survey findings. Therefore, the survey results should be carefully examined as they represent a limited view of participants from the organization responsible for regulating and managing DSM activities. As part of the category “others,” two participants have self-identified as “expert” and “environmental consultant.” No participant self-identifies as a student, ISA Secretariat member, or contractor.


Table 1 | Stakeholders’ category (left column) and number of participants per category (right column) based on participants’ self-identification from the online survey.






2.1.2 In-depth interviews

The interviews aimed to complement the online survey and deepen the information regarding the perceptions of what EBM is, its current implementation, its potential impact on decision-making under the ISA, and recommendations for improvement. An interview guideline was prepared to provide the individual interviewees with roughly the same structure while simultaneously opening the conversation for diverging narratives and customized queries. Each interview was recorded, transcribed, and sent back to the interviewee as a register of their participation.

Interviewees were selected based on a list of experts from distinct groups deeply involved with DSM discussions and negotiations at ISA. The list was compiled with the authors’ previous contacts and indications from selected experts (snowballing), aiming at a balanced number of representatives from distinct groups.

Sixteen (16) interviewees participated in the research, including representatives from contracting parties with interests in mining (“contractors”), decision-makers (members of Council and Assembly), the technical and scientific body of the ISA (the Legal and Technical Commission), representatives of civil society with influence powers (“observers”), independent consultant parties, and members recognized by their extensive scientific production and engagement with ISA discussions (natural scientists and legal experts). Members of the ISA Secretariat were also invited to participate in the interviews, but there was no response to our contact.





2.2 Data analysis

Given its exploratory nature and the intent to delve deep into participants’ perspectives, this study adopted a mixed-method approach to data analysis with a focus on qualitative approaches. Such focus is justified by the lack of conceptual consensus on EBM, the inherent complexity of working with perceptions from different stakeholder groups, and the diversity of subgroups within the participant groups.



2.2.1 Open-ended questions

Responses from questions regarding the definition and importance of EBM for DSM were subjected to content analysis and categorized into groups reflecting EBM principles as proposed by Guilhon et al. (2020) (Section 3.3.1): core, ecological, impacts, knowledge, management, participation, socio-economic, and scales (Table 2). Examples of how categories of responses were established based on the content analysis are available as Supplementary Material. The qualitative approach was applied to enable an in-depth examination of participants’ insights and interpretations of the study. It was complemented with quantitative elements describing the number of occurrences and distribution of qualitative categories. Commonalities arising from responses to other open-ended questions originated general categories that were grouped and discussed based on a minimum of two answers on the same topic, also considering the number of occurrences. To incorporate as many views as possible on the subject, both the online questionnaire and the interview structure contained a question on the perception of respondents concerning potential pathways to improve EBM incorporation in the ISA regime. These were only discussed qualitatively to avoid possible double counting from respondents who participated in the online survey (anonymous) and in-depth interviews.


Table 2 | The twenty-six Ecosystem-Based Management (EBM) principles recognized in a literature survey promoted by Long et al. (2015) are represented in the right column.






2.2.2 Likert-scale

Responses to Likert scale statements are presented as percentages to support the qualitative discussion of respondents’ perceptions of EBM implementation in the ISA regime. Whenever available, comments related to respondents’ reasoning for the ranking were also considered to discuss the data.






3 Results



3.1 EBM importance and definition for DSM in the area

When asked why EBM is important in managing DSM in the Area, fourteen general categories resulted from respondents (n=35) (Figure 2A). In contrast, nine categories were obtained from interviewees (n=16) on how they would describe EBM (Figure 2B).




Figure 2 | Responses obtained by participants based on qualitative (categories) and quantitative (number of mentions) analysis of answers provided by respondents from the online survey (N=35) and interviewees (N = 16) on why Ecosystem-based Management (EBM) is important in the context of deep-sea mining (DSM) (A) and what they understand EBM to be (B). The qualitative and quantitative information obtained were classified on EBM principles following Guilhon et al. (2020).



Answers regarding the importance and definition of EBM provided by respondents and interviewees, respectively, included all categories of EBM principles but participation. Interviewees’ responses also lacked mention of knowledge, scales, and sustainability (Core) principles.

Both respondents and interviewees mainly referred to ecological and impact-related principles as justification for the importance of EBM for DSM in the Area and components that take part of EBM definition. Among respondents, the holistic nature and the acknowledgment of cumulative impacts (11 responses each) are the main aspects that explain EBM’s importance in the DSM context. Regarding a definition, interviewees mainly highlighted that EBM recognizes and integrates existing ecosystem interconnections (8 responses) and acknowledges cumulative impacts (6 responses).

When taking into consideration the number of participants for each methodological approach, interviewed experts proportionally referred more to “Ecosystem management,” “Human dimension,” “Interconnections,” “Cumulative Impacts,” “Broad Impacts,” and “Collaboration” than survey respondents. Interconnections between and within ecosystem components, including in relation to adjacent systems or units (both vertically and horizontally), was proportionally the most cited aspect associated with EBM definition or importance, as referred by 50% of the interviewees. Other EBM aspects, such as science-based considerations, the acknowledgment of knowledge gaps (uncertainties), sustainability goals (Core), and scales, were left out by interviewees.




3.2 Recognition of EBM within the ISA regime

Survey respondents expressed their perceptions regarding the recognition of EBM at the ISA regime through an open-ended question and 14 Likert-scale statements. Approximately 83% of respondents did not perceive EBM as sufficiently reflected in the ISA regime. Further justification for such answers included: a lack of definition and clarification on the application of the term (9); issues with environmental requirements (7) - including standards and guidelines; the absence of a plan to assess ecosystem-level responses, insufficient mention of cumulative impacts, absent mention to ecosystem services and inadequate consideration of water column processes; lack of coordination with other institutions/bodies (4); lack of requirements during the exploration stage (4); issues with EIA, REMPs and transparency (3 for each); and others more punctually mentioned (5). The latter included the lack of requirements by UNCLOS, an insufficient application of the precautionary approach, a lack of a final mechanism that reflects the common heritage of humankind, and the rush for exploitation activities to start. Lastly, a participant pointed out that EBM as a requirement may never be sufficiently reflected.

Respondents mostly disagreed that current ISA practices are consistent with EBM. More specifically, more than 60% of respondents disagree that the ISA currently provides clear guidance on how to intend to apply, enforce, and comply with EBM (as provided by the General statement). Following that, disagreement rates above 50% were observed for Ecological, Impacts, Knowledge (Use All Forms of Knowledge), Management (Implement Adaptive Management), Socio-economic, Scales, and Transparency (General). Among those who disagree, respondents appear not to be so convinced about the statements “Acknowledge Uncertainties” and “Consider Interdisciplinarity,” which presented higher rates of “somewhat disagree” than “totally disagree.” Statements with higher agreement rates were observed for the EBM categories concerning Knowledge (Acknowledge Uncertainties – 42,9%; Consider Interdisciplinarity – 34,3%) and Management (Integrated Management – 37,1%). None of the respondents strongly agreed with “Use all Forms of Knowledge.” Approximately 20% of respondents did not know how to answer a statement about “Transparency” (Figure 3).




Figure 3 | Results (percentage) were obtained for the fifteen statements included in the online survey, which aimed to provide a shared background to evaluate to what extent respondents recognize Ecosystem-based Management (EBM) as contained in the current International Seabed Authority regime. Each statement is related to one or more EBM principles, as indicated at the top of each bar. As shown in the figure legend, respondents were presented with five Likert-scale categories of response ranging from “strongly agree” to “strongly disagree.” Respondents were also presented with the option “I don’t know.” EBM general groups, following Guilhon et al. (2020), are described perpendicularly to the respective statements they represent. The content of each statement is available in the Supplementary Material.



Whenever asked if they think that EBM is sufficiently reflected in the current regime administered by the ISA, close to 83% of the survey respondents answered “no,” while 8,6% answered “yes,” and 8,6% did not know or did not respond to it. According to two of those who responded affirmatively, the ISA has been implementing adequate guidelines and environmental requirements, such as the practice of Environmental Impact Assessment (EIA) and Environmental Management and Monitoring Plans (EMMP). A third respondent did not provide any example. The respondent who answered “I don’t know” highlighted that it was too early to speak about EBM and exploitation as no standards or guidelines have been agreed upon.

Interviewees were asked to provide a few examples of where they have seen EBM incorporated into the regime. Most participants related EBM at the ISA regime to developing Regional Environmental Management Plans - REMPs (9). Although perceiving REMP as a management approach compatible with EBM, most of those who mentioned REMPs recognized that it is “not really in practice,” “not enough,” “only partially,” or “not appropriate.” Others situated parts of planning and developing REMPs as evidence that EBM is “behind the thinking.” More specific examples under the REMP process included the development of regional environmental assessments - including aspects of ecosystem functioning and exercises to identify cumulative impacts performed during workshops organized by the ISA. Further, requirements under the ISA regulations, such as assessing impact during test-mining activities and submitting Environmental Plans (EIS, EMMP, and Closure Plans) as part of the application to obtain an exploitation license, have been raised. On this matter, a participant highlighted that the development of Environmental Plans requires the recognition of other uses, a primary step in assessing cumulative impacts. Other two perceived that requirements for EIA/EIS (including for presenting ecosystem services and connectivity aspects, according to one) could be per se understood as acknowledging EBM. Extensive requirements for baseline studies during the exploration phase - including data beyond the seafloor - were also raised as measures in accordance with EBM. In this aspect, two other participants acknowledged an “expansion” in baseline data requirements as actions toward EBM.

Finally, three interviewees responded that they did not recognize EBM as being put into practice by the ISA.




3.3 Decision-making and operationalization under the ISA

Seventy-five percent (75%) of interviewees perceived a lack of consensus regarding EBM as a factor that can impact decision-making. According to them, a lack of common understanding can lead to different interpretations, preventing the setting of standards and leaving room for gaps in compliance. The existence of economic and political interests was also given as a reason for the importance of clarifying an EBM mandate for the deep-sea mining regime. Among those who do not see a lack of EBM consensus to impact decision-making (12,5%), some stated that there is already a general understanding of EBM within the ISA but argued that an alignment between delegations could be beneficial. Others highlighted that the foreseen standards to be adopted should allow to align expectations regarding EBM implementation. The remaining 12,5% did not know how to answer this question.

About two-thirds of interviewees (64%) perceived a lack of consensus potentially impacting EBM operationalization under the ISA regime, and 29% believed there was no impact. According to those who do not foresee an impact, EBM should not be compromised if the necessary expertise is enrolled in the development of the regulatory framework (including standards) and with the elaboration of baseline studies and EIA/EIS. Nevertheless, all participants agreed that it would be important to agree on a definition and scope of EBM under the ISA regime. Among those who do not perceive a lack of understanding as impacting decision-making, they perceive that as long as there is a common understanding within the LTC and between the LTC and Secretary-General, alignment and convergences with Member States can be obtained through side events and/or development of policy-briefs. Other than that, a participant perceived that future exploitation guidelines issued by the LTC should align potential divergences in understanding among stakeholders.

According to respondents, the lack of a common understanding may lead to different interpretations, which can impact the negotiations and EBM operationalization. Among responses, participants considered a challenge to approach aspects other than those related to the natural environment (i.e., social, economic, cultural), especially considering the political and economic stakes intrinsic to the negotiation processes. Other than that, respondents perceived that different understandings might impact the monitoring of compliance and enforcement.




3.4 Opportunities for improvement

The highest number of responses from respondents and interviewees included aspects related to (a) the importance of clarifying an EBM mandate under the ISA and (b) increasing discussions on the subject. According to participants, more clarity is needed from the ISA in terms of what are the elements that encompass EBM, as well as concerning what is expected in terms of compliance with EBM. Among those who perceive the need for further discussions on the topic, capacity development activities, the development of policy briefs, and side events with delegations were raised as possible ways forward. Yet generally, respondents referred to the need for better integration between the ISA and other sectors and organizations (e.g., OSPAR), including the consideration of criteria for identifying areas in need of protection (e.g., EBSAs); improvement in transparency, involvement of stakeholders, incorporation of independent and external science and a better acknowledgment and reduction of uncertainties.

Concerning more specific recommendations, the results were more oriented towards the improvement of management instruments and data collection. The improvement of REMPs substance and procedure was the aspect more frequently mentioned. Additionally, including clearer and comprehensive templates for EIA/EIS/EMMPs and the need for standardization of technologies, data analysis, and dissemination were also mentioned as aspects requiring further attention. The need for data that allows for EBM was also expressly mentioned among interviewees. According to respondents who raised issues with data, the consideration of interconnections with water column ecosystems, acknowledgment of ecosystem functions and services, and the establishment of thresholds and tipping points were referred to as aspects playing a significant role in enabling EBM.

Whenever asked whom they consider the responsible parties in improving EBM implementation in the ISA, most respondents (62%) perceived that such change should be led by the State parties of the ISA, in other words, the signatories’ parties of UNCLOS. Respondents also mentioned the importance of involving the “community” related to and affected by deep-sea mining discussions, including through national population hearings, input from scientists, and conversations with other organizations and actors enrolled in ocean management, such as those involved in discussions taking place under the negotiations of a legally binding instrument on the conservation and sustainable use of marine biological diversity of areas beyond national jurisdiction (BBNJ). Nonetheless, less frequently, the Secretariat and the LTC were also mentioned as parties potentially playing a role in improving EBM implementation. Finally, two respondents perceived the ISA as in the right direction for implementing EBM.





4 Discussion



4.1 EBM definition and its importance for DSM in the area

The findings follow the evidence of other investigations concerning stakeholders’ perceptions of EBM. Views from both respondents and interviewees were mainly related to Ecological and Impacts principles and less focused on social sciences aspects. A similar pattern was observed among participants from an Atlantic Ocean Research Alliance workshop concerning EBM (ICES, International Council for the Exploration of the Sea, 2016; Dickey-Collas et al., 2022). In the present study, participants made references to the Ecological principles of EBM, which included “to take a holistic approach to the ecosystem,” “the consideration of the marine environment as a whole,” and “consider interactions within an ecosystem.” In relation to Impacts principles, mentions mainly included the acknowledgment and consideration of cumulative impacts, together with a broader consideration of impacts both in terms of effects and scale. The consideration of the ecosystem as a whole is part of the paradigm shift represented by EBM, which included the recognition of humans and non-humans alike as entities interconnected by places, processes, individuals, and communities (De Lucia, 2015).

Albeit discreetly, the recognition of a human dimension as an aspect of EBM figured among responses and encompassed the importance of factoring human elements (economic, social, and cultural) as part of management, as similarly observed by Dickey-Collas et al. (2022). As reflected by the lack of mention of Participation principles, it seems that stakeholders generally do not factor it as an intrinsic component of EBM. In that sense, a trend in transitioning from an eco-centric to a more anthropocentric approach regarding EBM (Aas et al., 2020) seems to be restrained to concepts such as ecosystem services (De Lucia, 2015), in which humans are placed as direct or indirect beneficiaries from natural ecosystems, without acknowledging and factoring societal values or shared responsibilities that are linked to participation. These, nevertheless, are already recognized as EBM components in the related literature (Long et al., 2015; O’Higgins et al., 2020; Sardà et al., 2014). Based on the assumption that humans are an integral part of ecosystems – not only by influencing ecosystem dynamics and processes but also as beneficiaries of ecosystem services – the existent diversity of values and voices should be acknowledged as part of management and governance processes.

The lack, insufficiency, or inefficiency of participatory mechanisms by the ISA have been discussed elsewhere. Shortcomings in participation include lack of consultation with a wide diversity of stakeholders, including indigenous peoples and coastal communities (Tilot et al., 2021), acknowledgment and response of stakeholder submissions (e.g., EIA – Guilhon et al., 2022) and engagement of stakeholders when implementing decisions (Ardron et al., 2023). Ignoring such participatory aspects as in line with EBM may ultimately compromise the legitimacy of the process (Jaeckel et al., 2023). Based on that, the importance of participation in the context of DSM in the Area is not questionable; nevertheless, participants do not seem yet to associate it with EBM.

EBM categories were diversified as more respondents participated in the online survey in comparison to the number of interviewees. Survey respondents mentioned in high numbers the existence of uncertainties related to deep-sea ecosystems and processes (lack of scientific knowledge) and the foreseen (yet uncertain) extension of impacts to be caused by future large-scale DSM activities. Conversely, only a few survey respondents spontaneously referred to the importance of scientific knowledge for decision-making, and none of the interviewees referred to scientific knowledge as a component of EBM definition. Adopting a precautionary approach and implementing science-based decision-making are cornerstones of EBM and have great relevance to the context of DSM (Jaeckel, 2015; Guilhon et al., 2020; Christiansen et al., 2022). Additionally, other forms of knowledge, including those provided by indigenous peoples and local communities, should also be included in the context of DSM discussions and decision-making (Tilot et al., 2021; Amon et al., 2022; Guilhon et al., 2022), although not raised by any participant.

Respondents considered establishing collaboration mechanisms as an important EBM aspect to DSM. Political will is required for successful collaboration endeavors, as in consonance with EBM (Enright and Boteler, 2020). According to participants, collaboration efforts should be considered in light of other human activities taking place in the marine realm as well as with the mandate of other management organizations, including the forthcoming BBNJ regime. An important avenue for such collaboration lies under the mechanisms established under the approved text of the BBNJ treaty. As suggested by Christiansen et al. (2022), a contact group between ISA and BBNJ processes, a joint scientific advisory board, and a consolidated clearing house mechanism could feature among such measures.

Concerning the sustainability principle (Core), two different views of sustainability were raised by participants. One considers EBM important to “achieve sustainable use of mineral resources,” whereas others see it as relevant to the “sustainable management of natural resources.” Sustainability is the ultimate objective of adopting EBM (De Lucia, 2015), and therefore it is embedded in it (ICES, 2005). Although the terminology is usually used to relate to the importance of guaranteeing the interests of the current and future generations, especially in the context of the Area’s minerals, which are a “common heritage of humankind” (UNCLOS, 1982 - Article 136; Guilhon et al., 2020), the wording adopted may reflect different expected outcomes, which, in turn, can be primarily based on interests. To “achieve sustainable use of mineral resources” may suggest a prioritization of an exploitation view, potentially implying that the primary objective is to guarantee that the activity (exploitation) is sustainable, ensuring that the mineral resources of the Area are not exhausted for current and future generations. Alternatively, a more conservationist view is reflected in the responses addressing the “management of natural resources” (Le Tisser, 2020), which can be interpreted as a concern focusing on the maintenance of natural resources (ecosystems) over time. In line with EBM, such conservation of marine resources should reflect the latest view and focus on maintaining ecosystem structure, functions, and services (Guilhon et al., 2020). In both scenarios, the view of sustainability is debatable, as minerals on the deep form in the scale of millions of years and considering that deep-sea mining activities are frequently associated with potentially causing irreversible impacts (Levin et al., 2020; Singh, 2021a).




4.2 Recognition of EBM within the ISA regime

Concepts such as the need for assessing and evaluating cumulative impacts and ecosystem services are often linked to EBM terminology. Under the ISA regime, the acknowledgment of cumulative impacts is contained as an express requirement in the DER (Guilhon et al., 2020); however, it remains one of the main scientific gaps in informing DSM decision-making (Amon et al., 2022). The requirement of assessing ecosystem services as part of baseline studies and as part of assessing impacts is absent in the Mining Code (Guilhon et al., 2020) and was also listed as an existing scientific gap (Amon et al., 2022). As mentioned by respondents, the interconnection of ocean ecosystems and processes, both vertically and horizontally, reflects the holistic approach that EBM stands for. Nevertheless, considering the water column aspects as part of baseline information and in assessing environmental impacts for test-mining components during exploration is limited so far4 (Amon et al., 2022).

The importance of better integration between the ISA regime and other organizations and instruments, e.g., the recently agreed BBNJ instrument for the conservation of biodiversity in the high seas, in light of EBM, and steps to improve the coherence between the two regimes have been discussed by Christiansen et al. (2022). Another critical aspect raised is that EBM requirements are missing for the exploration stage. That aspect raises concerns, given that the exploration stage is of utmost importance to collect, analyze, and evaluate data, including assessing impacts and monitoring during and after test-mining (Guilhon et al., 2022). Test-mining activities provide evidence that can help balance trade-offs for exploitation (Ginzky et al., 2020).

Having REMPs as a reference to EBM under the ISA regime is somewhat expected. EBM wording and implicit facets of EBM (Dickey-Collas et al., 2022) are contained within the EMP-CCZ as one of its goals (ISA, 2011 - para. 35.d), facilitating stakeholders relating to it. In the case of the current EMP-CCZ, the Areas of Particular Environmental Interest (APEIs) have a similar role to marine protected areas (MPAs), as they should represent a precautionary measure that safeguards key ecological processes within areas that are biogeographically representative of the location. In practice, APEIs are non-permanent protected areas where no exploration or exploitation activities are allowed (core areas of 200x200 km2) accompanied by buffer areas (100 km) (Wedding et al., 2013; Wedding et al., 2015). In 2012, the ISA Council approved the first network of nine APEIs distributed outside of contract areas (ISA, International Seabed Authority, 2012a; ISA, International Seabed Authority, 2021b). More recently, as a result of scientific workshops and the review process conducted by the LTC, four new APEIs were included in the network of APEIs, taking into consideration internationally accepted criteria (ISA, International Seabed Authority, 2021a).

Shortcomings of REMPs procedure and substance in reflecting EBM hamper their potential to become instruments that effectively enhance coherence for management and conservation in ABNJ (Christiansen et al., 2022). Moreover, it compromises the ISA’s mandate to “ensure effective protection for the marine environment from harmful effects which may arise” from activities in the Area (UNCLOS, 1982 - Article 145). Christiansen et al. (2022) provide an extensive list of recommendations to improve REMPs-related practice, including amendments in the scope and procedure for REMPs that derived from an expert workshop, followed by a formal collective submission from Germany, the Netherlands, and Costa Rica to be appreciated by the Council of the ISA (ISA, International Seabed Authority, 2020a, ISA, International Seabed Authority, 2020b)5. Addressing such recommendations would ensure the REMPs are management instruments aiming for EBM under the DSM regime of the ISA.

Responses obtained for the General statement reinforce the perception that for stakeholders, the application, enforcement, and compliance with EBM are unclear under the ISA regime, standing out as an issue that requires further discussion (Guilhon et al., 2020; Guilhon et al., 2022). For instance, intersessional discussions could be carried out by a dedicated group Council working on the protection and preservation of the marine environment to specifically tackle and how provisions giving effect to EBM should feature throughout the draft regulations. Indeed, there have been recent precedents where intersessional groups have been created by the Council under the informal working group on the protection and preservation of the marine environment to work on specific themes such as the rights and interests of coastal states as well as underwater cultural heritage, among others (Earth Negotiations Bulletin, 2023).

Regarding knowledge, the highest rates of disagreement were obtained for the statement related to the acknowledgment of traditional/local/indigenous knowledge for informing decision-making processes. There is no reference to the use of traditional knowledge as part of the Mining Code (Guilhon et al., 2020; Tilot et al., 2021), despite the evidence that coastal communities can be exposed to the effects of activities taking place in ABNJ (Popova et al., 2019). Conversely, the acknowledgment of uncertainties and consideration of interdisciplinarity as part of the ISA regulatory framework seems to remain uncertain, as observed by more balanced responses obtained among those who agree and disagree with it.

Public and stakeholder participation, which are at the core of EBM, seems to be a controversial issue among ISA stakeholders, as responses to the statements seem to reflect that there is no consensus on whether the ISA presents an adequate strategy for stakeholders’ engagement and communication. Several authors have pointed out issues relating to such aspects at different stages of the DSM process (Ardron et al., 2018; ISA, International Seabed Authority, 2021b; Guilhon et al., 2022; Ardron et al., 2023). Similarly, transparency shortcomings have been reported in relation to numerous aspects of the DSM regime, including concerning plans of work, annual reports, REMPs and EIS (Guilhon et al., 2020; Tilot et al., 2021; Amon et al., 2022; Christiansen et al., 2022; Guilhon et al., 2022) and are largely addressed by the literature (Christiansen et al., 2016; Ardron et al., 2018). With respect to the platform DeepData6, to provide for transparency on the data held by the ISA, stakeholders seem to not have a very clear opinion, although the highest percentage was obtained for the category “disagree.” The DeepData database has the potential to expand access to scarce deep-sea knowledge, as well as to address transparency issues raised with respect to the ISA regime. However, so far, the DeepData is not yet fully operational or interlinked with other global databases (Amon et al., 2022). In addition, some respondents have reported that the platform is not user-friendly and that there are difficulties in extracting data from it. Numerous challenges and opportunities for improvement in the use of DeepData have more recently been reported in the literature. (Rabone et al., 2023).

According to one, “[as exploitation is not in place] there has been no forum where (…) an ecosystem-based management could be showcased”. This statement reinforces the perception of stakeholders who currently perceive requirements compatible with EBM as lacking in the exploration stage. Also, it underlines the view that EBM should only be enacted during the exploitation phase. We argue that EBM must be part of the process from the early stages to make sure that necessary questions are raised, efforts to fill gaps are in place, remaining uncertainties are acknowledged, and the values of those more or less directly involved with the process (and its potential impacts and effects) are appreciated.




4.3 Decision-making and EBM operationalization under the ISA

Challenges remain in establishing a universal operationalization of EBM, and it is not likely nor expected from the ISA to provide a final solution to such a matter. However, as the responsibility of establishing a coherent regulatory framework for DSM falls within the remit of the ISA, determining a clear definition and scope for EBM in the context of DSM is a critical step towards its operationalization and compliance (Guilhon et al., 2020; Christiansen et al., 2022) whereas avoiding its reduction to an abstract, unspecific and jargon-limited terminology (Amon et al., 2022).

Moreover, the debate on a final text to regulate exploitation activities is a timely opportunity to include clear and assertive wording on EBM scope and expected practical implications. Importantly, to be effective, EBM should be reflected throughout the regime of the ISA, including prospecting and exploration regulations. For such, changes can be debated and accommodated during the regular reviews performed by the LTC and approved by the Council.

EBM wording should set the basis for transversal logic to be encapsulated in all procedural steps and substance for the different stages of mining. Practically, such logic should be embedded in the process of planning, elaborating, delivering, and reviewing (if applicable) plans of work, annual reports, EIS, EMMPs, Closure Plans, and REMPs (Guilhon et al., 2020; Guilhon et al., 2022). According to participants, the efforts of determining meaning for EBM under the ISA could be accomplished through different efforts, such as co-designed inter-sessional working groups, side events, and policy-briefs and be largely informed, if applicable, through a guideline document.




4.4 Opportunities for improvement

The issue of capacity development, communication, and EBM is not exclusive to the ISA context (ICES, International Council for the Exploration of the Sea, 2016; Marshak et al., 2017; Dickey-Collas et al., 2022). A suggestion to overcome such challenges includes engagement with other organizations and processes dealing with EBM as a mandate and learning from their expertise. For instance, the ISA could collaborate more closely with BBNJ’s future discussions, which also account for EBM as one of its guiding principles and approaches (BBNJ, 2023). Further, the ISA could exchange (e.g., through workshops) and collaborate with other institutions (e.g., CBD, OSPAR, FAO, NOAA) as reflected in the Strategic Plan 2019-2023 (ISA, International Seabed Authority, 2018; Jaeckel, 2020). Such efforts could increase coherence among international treaties and instruments (Christiansen et al., 2022), which is desirable under the UN Decade of Ocean Science for Sustainable Development, a commitment formalized by the ISA7. Issues related to the improvement of transparency and consideration of inputs from external science by the ISA have mainly been acknowledged and discussed in the literature (Ardron et al., 2018; ISA, International Seabed Authority, 2021b; Christiansen et al., 2016; Markus and Singh, 2016; Ginzky et al., 2020; Guilhon et al., 2020; Willaert, 2020; Craik and Gu, 2021; ISA, International Seabed Authority, 2021b; Amon et al., 2022; Guilhon et al., 2022).





5 Final remarks

Different EBM views exist between ISA stakeholders, reflecting other findings in the literature. More prominently, principles associated with Ecological and Impacts aspects were more frequently perceived as in association with EBM. The narrative of considering the ecosystem holistically does not account for human spheres beyond the concern of impacts resulting from DSM activities and their effects on marine ecosystems. As seen in other studies, the perception of human aspects, such as the inclusion of cultural or social values and knowledge in management objectives and humans as part of one integrated system, as part of EBM, remains limited.

Considering the complexity that permeates EBM structural discussions, it is not expected of the ISA to provide a solution for this entangled question. However, as the regime assigns the concept as part of its regulatory framework, it is expected that the ISA provides enough elements to reach an understanding between stakeholders and the possibility of compliance by contractors. As a recommendation, establishing a task force can be a valuable contribution to boosting discussions on the theme. Such efforts could be optimized, for instance, by establishing closer collaboration and exchange with other international entities and experts with experience in the topic. Based on these inputs, Member States, the LTC, Observers, independent scientists, and other stakeholders can put their values and interests on the table and, together, reach a consensus among the actors on how EBM should be understood and applied within the ISA. Creating spaces to broaden this discussion, such as initiatives on capacity development, workshops, policy briefs, and side events, will ensure that all the interested stakeholders will get sufficiently familiarized with EBM to reflect their expectations when a final text on the topic is discussed at the ISA.

A translation of EBM towards what it encompasses for the seabed mining regime should be a matter of significant interest to the ISA and all stakeholders, especially as the mineral resources found in the Area are the common heritage of humankind, and therefore, its maintenance must be ensured to future generations. For that, we argue that EBM must be part of the process from the early stages to make sure that necessary questions are raised, efforts to fill gaps are in place, remaining uncertainties are acknowledged, and the values of those more or less directly involved with the process (and its potential impacts and effects) are appreciated. Despite requiring complex and often tricky conversations (Dickey-Collas et al., 2022), we echo Delacámara et al. (2020) that there is a need to start somewhere.





Data availability statement

The raw data supporting the conclusions of this are interviews transcriptions and will only be made available upon individual request.





Ethics statement

This study was approved by Brazilian Ethics Committee Plataforma Brasil (Proc. 50513021.8.0000.5464). The study was conducted in accordance with the local legislation and institutional requirements. Participants provided their written informed consent to participate in this study.





Author contributions

All authors contributed to conception and design of the study. MG and LP developed the survey and questionnaire’s frameworks. LYX, PS, SC, and AT reviewed and further collaborate refining the proposed methodological approaches. MG and LYX performed the analysis and developed the figures of the article. MG wrote the first draft of the manuscript. LYX, LP, PS, and AT reviewed and refined the final text. All authors contributed to manuscript revision, read, and approved the submitted version.





Funding

This work is a contribution to the topical research project “Marine ferromanganese deposits – a major resource of E-tech elements (MarineE-tech)” (2014/50820-7), funded by the São Paulo Research Foundation (FAPESP). MG was funded by FAPESP (2016/24677-8 and 2019/14537-2) and by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—Brazil (CAPES)—Finance Code 001. AT was funded by the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) (309697/2015-8 and 310553/2019-9). LYX was funded by FAPESP (2017/21797-5 and 2019/13851-5).




Acknowledgments

The authors thank the group of researchers from the Research Institute for Sustainability – Helmholtz Centre Potsdam for reviewing and providing contributions to the content of the online survey and guideline for in-depth interviews. We also thank all the respondents of the online survey as well as the experts invited to the in-depth interviews for their valuable insights and availability to participate of this study.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2023.1139396/full#supplementary-material



Footnotes

1Other existent terminologies are more focused on a sectoral approach to fisheries and include: ecosystem-based fisheries, ecosystem-based fisheries management and ecosystem approach to fisheries.

2For the present study, we followed a broad EBM definition proposed by Long et al. (2015), which includes: “Ecosystem-based management is an interdisciplinary approach that balances ecological, social and governance principals at appropriate temporal and spatial scales in a distinct geographical area to achieve sustainable resource use. Scientific knowledge and effective monitoring are used to acknowledge connections, integrity and biodiversity within an ecosystem along with its dynamic nature and associated uncertainties. EBM recognizes coupled socio-ecological systems with stakeholders involved in an integrated and adaptive management process where decisions reflect societal choice”

3https://isa.org.jm/secretariat

4Considerations regarding the current lack of considering adjacent ecosystems (e.g. water column) in Environmental Impact Statements submitted by contractors for the performance of activities with impact to cause harm to the marine environment were also raised during stakeholder consultations, which can be found here: https://www.lbeg.niedersachsen.de/startseite/bergbau/offshore/aktuelle_projekte/aktuelle-projekte-offshore-124111.html ; https://economie.fgov.be/en/themes/enterprises/deep-sea-mining/workshops-and-public/environmental-impact-statement; https://www.dosi-project.org/wp-content/uploads/DOSI_Submission_MoESEIS.pdf; https://www.pewtrusts.org/-/media/assets/2020/05/code-project-comments-regarding-eis.pdf

5As of August 2022, there was no reaction from the ISA regarding this submission.

6Six https://www.isa.org.jm/deepdata

7https://www.isa.org.jm/un-ocean-science-decade/
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Name

16th Deep-Sea Biology Symposium
Annual Meeting of the Association for Information

Science and Technology

International Conference on Biodiversity, Ecology
and Conservation of Marine Ecosystems

2022 Conference on General Education, Pedagogy,

and Assessment

2022 Conference on Diversity, Equity, and Student
Success

American Educational Research Association

2022 World Aquaculture and Fisheries Conference

World Biodiversity Forum 2022
16™ World Congress on Bioethics

24" Biennial Conference on the Biology of Marine
Mammals

Dates

12.09.21-
17.09.21

30.10.21-
02.11.21

03.01.22-
07.01.22

10.02.22-
12.02.22

17.03.22-
19.03.22

21.04.22-
26.04.22

18.05.22-
19.05.22

26.06.22-
01.07.22
20.07.22-
22.07.22

01.08.22-
05.08.22

Onsite
registration

380-600 EUR

311-745 EUR
(350-850 USD)
139-276 EUR
(161-321 USD)
386-582 EUR
(75-675 USD)

386-582 EUR
(75-675 USD)

83-846 EUR
(95-590 USD)

648-911 EUR
(739-1039
USD)

312-768 EUR
(325-800 CHF)
210-577 EUR
(225-620 CHF)
131-701 EUR
(150-800 USD)

Online
registration

100-375 EUR

22-439 EUR
(25-495 USD)

70-139 EUR
(81-161 USD)

110-241 EUR
(50-275 USD)*

110-241 EUR
(50-275 USD)*

57-605 EUR
(65-485 USD)

385-560 EUR
(439-639 USD)

144-240 EUR
(150-250 CHF)

210-577 EUR
(225-620 CHF)
88-351 EUR
(100-400 USD)

Online speakers

yes; interspersed (live
or pre-recorded)

yes (live or pre-
recorded)

yes (format not
specified)

yes; single day
(format not specified)

yes; single day
(format not specified)

yes; dedicated
sessions (format not
specified)

yes (live or pre-
recorded)

yes (format not
specified)

no

yes; dedicated
sessions (pre-
recorded)

website

https://wwz.ifremer.fr/16dsbs/

https://www.asist.org/lam21/

https://www.become2022.com

https://www.aacu.org/events/2022-
conference-general-education-pedagogy-
and-assessment

https://www.aacu.org/events/2022-
conference-diversity-equity-and-student-
success

https://www.aera.net/Events-Meetings/

Annual-Meeting

https://www.worldaquacultureconference.
com/

https://www.worldbiodiversityforum.org

https://iab2022.0rg/

https://www.smmconference.org/

Ranges include all rates from the highest discounts, generally for students, society members, and low-income countries, to the maximum costs for onsite registration. All registration costs have
been converted to euros to simplify comparisons (the original prices are in brackets). Conference information last accessed on 22 February 2022.
“Online includes a single day of virtual conference and live streaming of plenary on the remaining days.
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Conference name 15DSBS ISDSC7 eDSBS 16DSBS

Conference format In-person In-person Online Hybrid

Country USA Colombia N/A France

Number of participants 388 169 352 581

Sex ratio (female/male) N/A N/A N/A 1.66
Participant career stage

Students 98 42 157 218

Post-PhD but pre-tenure 19 70 106

Other 290 108 125 257
Presentations

Students 86 46 34 146 (106 online + 40 onsite)
Post-PhD but pre-tenure 25 32 73 (52 online + 21 onsite)
Other 280 76 32 166 (115 online + 51 onsite)

Participant affiliation

Low and middle-income 27 67 49 59 (55 online + 4 onsite)
High income 361 102 303 522 (367 online +155 onsite)
Number of participating countries

Low and middle-income 8 11 12 18

High income 25 16 26 28

Sex ratio estimates excluded non-binary, or those that chose not to disclose sex. Students include PhD candidates too, while tenure includes any equivalent permanent position. For 15DSBS, no
separation was made between students and post-PhD but pre-tenure. Number of participating countries was identified from participants’ institutional affiliations. Country categories based on
the 2021 classification by the World Bank (last accessed on 16 February 2022). N/A, Not applicable.
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Onsite-only

Advantages

Extensive
opportunities
for networking
and social
interactions

Visiting a new
city or country;
learn about a
new culture

Disadvantages

High registration and
travel costs limits
accessibility

High carbon footprint
due to travel

Incompatibilities with
other commitments
(e.g., teaching,
fieldwork, lab work,
personal life)

Typically, no recording
of presentations

Online-only

Advantages

Reduced registration costs
and absence of travel/
accommodation expenses
enhances accessibility

Low carbon footprint

Recorded presentations
can be available post-
conference for a given
time

Limited schedule delays if
pre-recorded
presentations are
broadcasted

Adding subtitles to pre-
recorded talks may aid
non-native speakers and/
or people with impaired
hearing

Disadvantages

Limited
opportunities for
networking and
social interactions

Screen fatigue

Potential time zone
issues

Without subtitles,
might be more
exclusive for
people with
impaired hearing

Advantages

More flexibility for delegates
implies an overall higher
participation

Extensive opportunities for
networking and social
interactions (onsite participants)

Recorded talks can be available
after the conference for a given
time for all participants

Reduced international travel for
online participants: decreased
carbon footprint

Adding subtitles to pre-recorded
talks from online speakers may
aid non-native speakers and/or
people with hearing
impairments

Hybrid
Disadvantages

Overall higher organization costs
compared to online-only meeting may
lead to higher registration fees for online
participants compared to online-only
conferences

Online participants may feel excluded
from networking and social activities

Increased workload for the organizing
committee (e.g., general organization;
program scheduling; communication
with online and onsite attendees)
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Taxonomical category

Community

Total area (TA) %o°
Standard ellipse area (SEA) %o”

SEA niche overlap between non-seep and seep categorical
groups (%)

Polychaeta  Echinodermata Mollusca Other benthos Pelagic
Non- seep Non- seep Non- seep Non- seep Non- seep
seep seep seep seep seep
148 60.2 218 61.5 434 304 355 302 18.2 28.1
7.9 160 8.1 14.8 113 75 113 72 9.1 116
38 19 52 45 2

Calculated SEA proportion shows the niche overlap between categorical groups from respective community, presented here as percentage of overlap.
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Area Station  Characteristics  Latitude N  Longitude E  Salinity (psu) T (°C)  Depth (m)

Bjornoyrenna BRC Non-seep 75°09' 28°35" 35.1 14 334
Bjornoyrenna Crater field BR Seep 74°54° 27°33 35.1 17 337
Central Barents Sea P1 Non-seep 75°%0" 31°13" 35.0 1.3 325
Central Barents Sea P2 Non-seep 77°50” 34°00” 349 0.8 190
Central Barents Sea P3 Non-seep 7875 34°00” 349 0.8 305
Northern Barents Sea P4 Non-seep 79°45" 33°59’ 34.8 -0.2 334
Northern Barents Sea P5 Non-seep 80°50 34°00° 346 -02 163
Hinlopen North HLF Seep 80°29 16°10° 350 35 339
Prins Karls Forland PKF Shallow Seeps 78°33 10°10” 35.1 338 85-157
Prins Karls Forland PKF C Non-seep 78°34 10°09° 35.1 14 88
Storfjordrenna GHM C Non-seep 76°05 15°58" 350 24 385
Storfjordrenna SRC Non-seep 75°52 16°39’ 35.1 24 350
Storfjordrenna Gas Hydrate Mounds GHM Seep 76°06 16°00° 349 20 383
Storfjordrenna seep field SR 1 Seep 75°50 16°35° 35.1 24 353

mperature (T) and salinity is given for bottom water.
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Epipelagic

Upper
‘mesopelagic

Lower
mesopelagic

Period and Species Individuals

stations (n) richness (S) ()
Day (12) 17 80
Night (19) 65 1.396
Total (31) 71 1.476
Day (8) 46 714
Night (2) 63 329
Total (10) 82 1.043
Day (13) 142 2271
Night (8) 124 2.400
Total (21) 180 4671
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Model R* Parameters

I: SID*Season*FG 0.766 SID
Season
FG
SID : Season
SID : FG
Season : FG
SID : Season: FG

2:SID*Season 0.691 SID
Season
SID : Season
Comparison Model 1 vs Model 2

DF

86

Sum Sq.

134.281
4.533
6.368
17.248
6.886
2434
4.185
53.729
134.281
4.533
19.815
71.033

Mean Sq.

134.281
4.533
1.593
17.248
1.721
0.608
1.395
0.757
134.281
4.533
19.815
0.826

F-value

177.445
5.990
2.104

22.792
2275
0.804
1.843

162.574
5.488
23.990

P-value

<0.001
0.017
0.089

<0.001
0.070
0.527
0.147

<0.001
0.021

<0.001

0.120

DE, Degrees of freedom; Sum $q., Sum of squares; Mean $q., Mean square. Model shows the covariates included: SID is sea ice duration; G is feeding guild. Interaction between covariates is
shown with a colon in Parameters. Comparison shows the result of a comparison of the model residuals using an ANOVA. P-values in bold are significant.
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Indices

Functional richness
(Cornwell et al., 2006; Villeger
et al,, 2008)

Functional evenness (Villeger
et al,, 2008)

Functional divergence (Villéger
et al,, 2008)

Function dispersion (Laliberté
and Legendre, 2010)

Functional originality (Mouillot
et al,, 2013b)

Functional specialization
(Villeger et al., 2010)

Functional entities (Elton,
1927)

Functional redundancy
(Mouillot et al., 2014)

Functional over-redundancy
(Mouillot et al., 2014)

All indices range from 0 to 1, except FE and FRed.

Acr

FRic

FEve

FDiv

FDis

FOri

FSpe

FE

FRed

FOr

finition

The proportional volume of the synthetic niche space is encompassed by the outermost vertices species of the
community.

The abundance-weighted regularity of species in functional niche space along a minimum spanning tree.

The proportion of abundance at the periphery of the synthetic niche space represents species with extreme trait
combinations, based on the average distance from the center of the niche space.

The abundance-weighted mean distance from the center of the synthetic niche space.

The abundance- weighted mean distance to the nearest species from the species community. It is thus the mean
isolation of a species in the functional space of a given community.

The abundance- weighted mean distance among each species to the center of the functional space of a community.
Species from the overall pool that share the same trait values.
The ratio between species richness and functional entity richness (FEr). It represents the average number of species in

FE present in a given assemblage.

The ratio of the species in the FE with more species than average redundancy.





OPS/images/fmars.2022.1009303/table2.jpg
Model R* Parameters

I: SID*FG 0.782 SID
FG
SID : FG
2: SID 0.754 SID
Comparison Model 1 vs Model 2

DF

77

85

Sum Sq.

316.630
6.670
4.980

91.560

316.630

103.210

Mean Sq.

316.630
1.670
1.240
1.190

316.630
1.210

F-value

266.272
1.403
1.046

260.760

P-value

<0.001
0.241
0.389

<0.001

0.296

DF, Degrees of freedom; Sum Sq. - Sum of squares; Mean Sq., Mean square. Model shows the covariates included: SID is sea ice duration; FG is feeding guild. Interaction between covariates
is shown with a colon in Parameters. Comparison shows the result of a comparison of the model residuals using an ANOVA. P-values in bold are significant.





OPS/images/fmars.2023.1117806/table1.jpg
unct

Feeding

Locomotion

Survival

Tra
Lure apparatus

Prey
illumination

Trophic guild

Eye structure
Eye position
Eye size
Vertical
migration

Caudal fin
shape

Teeth type

Bioluminescence

Oral position
Body shape
Caudal fin
shape
Aggregation
Body size
Skin color

Counter-
illumination

Structure used to glow light and attract prey

Structure used to illuminate or induce fluorescence in prey

Group of species to explore the same class of resources similar

Eyes shape
Eye position relative to the head

Ratio of eye size to head depth

Movement of fish between mesopelagic and epipelagic waters over a period
of the day

Lateral shape of caudal fin

Basic patterns of marginal teeth

Organ producing light

Orientation of the mouth

Lateral body shape and cross-section

Lateral shape of caudal fin

Pair/school formation
Maximum total length recorded in cm

Predominant skin color

Camouflage that involves the use of ventral photophores to match the dim
light coming from the surface

Trait categol

Presence/absence

Presence/absence

Zooplanctivores, micronektivores, generalists, and
piscivores

Tubular/spherical
Top/mid

Small (< 35%), moderate (35%-65%), and large (>
65%)

Presence/absence

Forked, round, truncated, lunate, pointed, heterocercal,
emarginate, and fan

0, without teeth; 1, long, slender, sharp; 2, numerous
small, needlelike, villiform; 3, flat-bladed, pointed,
triangular; 4, recurved, conical, caniniform; 5,
cardiform dentition

Presence/absence

Elongated, inferior, superior, terminal, tubular, and
ventral

Anguilliform, compressiform, elongated, filliform,
globiform, sagittiform, and taeniform

Forked, round, truncated, lunate, pointed,
heterocercal, emarginate, and fan

Presence/absence
Class (10 cm)

Dark-bicolor, light-bicolor, black, silver, red, and other
colors

Presence/absence
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Station

NL1
NL1
NL1
NL1
PRI
PRI
NL2
PR2
NL3
PR3
NL3
NL3
PR3
NL4
NL4
NL5
NL5
NL5
NL5
NL6
NL6
PR4

Date (dd/mm/yy)

09/08/2018
09/08/2018
08/08/2019
13/12/2019
09/01/2018
28/06/2018
11/12/2019
28/06/2018
10/12/2019
09/01/2018
11/08/2019
11/08/2018
27/06/2018
13/08/2019
12/08/2018
14/08/2019
09/12/2019
15/08/2018
14/08/2018
16/08/2019
15/08/2018
17/06/2018

Latitude (dec °N)

76.009
76.024
76.048
76.085
76.497
76.503
76.849
76.998
77.486
77.497
77.516
77.520
77.546
78.732
78.823
79.552
79.739
79.754
79.754
80.502
80.514
81.269

Longitude (dec °E)

31.235
31.141
31.099
30.846
29.978
29.988
32,579
29.974
33.961
30.016
33.934
33.964
29.995
34.010
34251
34.569
34.004
34.007
33.735
34.017
34.030
31.319

Sampling gear

Beam trawl
Campelen trawl
Campelen trawl
Campelen trawl
Beam trawl
Agassiz trawl
Campelen trawl
Agassiz trawl
Box core

Beam trawl
Campelen trawl
Campelen trawl
Agassiz trawl
Campelen trawl
Campelen trawl
Campelen trawl
Box core
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Equation 3
Logit () = log 7=
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Sympagic OM % = 101.8 - 1.02 x H-Print  Equation 2
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Species Barbel HA oral HM oral Longest Eye  Primary

length gape gape size  barbel
branches

Eustomias schmidti 83 107.9 77.8 39.1 444 10.5 8.9 214 3
Echiostoma barbatum 87 714 1148 52.7 64.5 145 184 189 0
Eustomias hypopsilus 53 369.5 76.4 30.7 373 11.0 9.1 237 0
Melanostomias 34 259.2 1253 67.1 79.0 17.5 224 18.7 0
melanops
Eustomias fissibarbis 30 136.3 66.3 319 40.0 10.6 9.5 19.7 3
Leptostomias gladiator 22 5823 68.9 42.3 482 19.8 17.5 221 0
Melanostomias 17 111.6 104.9 48.6 57.7 17.1 18.9 18.6 0
valdiviae
Eustomias 12 2111 80.1 38.1 42.5 9.7 89 217 2
brevibarbatus
Leptostomias 16 997.1 75.8 428 46.6 14.6 153 20.1 0
bermudensis
Bathophilus pawneei 8 359.1 763 39.0 439 12.6 10.1 18.5 0
Photonectes margarita 13 61.0 119.4 53.6 63.0 9.9 58 225 6-8
Eustomias acinosus 14 276.6 70.4 334 39.6 11.2 8.5 218 1
Eustomias filifer 10 286.9 711 35.0 40.5 11.6 125 20.1 3
Flagellostomias boureei 2 450.9 812 43.4 46.7 20.1 263 262 4-5
Melanostomias 6 315.8 914 54.3 64.3 18.8 194 19.1 0
tentaculatus
Bathophilus longipinnis 3 140.3 764 43.3 52.3 17.1 16.3 204 0

Measurements (barbel length, vertical oral gape [VOJ, horizontal articular gape (HA), horizonal maxillary gape (HM), longest premaxillary (PM) tooth, longest mandibular (MDB) tooth, and eye
size) were all transformed and shown as a percentage of head length. Primary branches on the main barbel stem listed as counts.
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Stomiid Species n+ Tele Ceph Howe Mela Myct

Eustomias schmidti ‘ 88 21 1 -1 -1 -1 -1 1

Echiostoma barbatum 83 22 029 059 -1 -1 0.91 0.6 0.50
Eustomias hypopsilus 61 15 1 -1 -1 -1 -1 1 -1
Melanostomias melanops 40 10 1 -1 -0.17 -1 -1 0.6 -1
Eustomias fissibarbis 32 11 1 -1 -1 -1 -1 1 -1
Leptostomias gladiator 17 3 1 -1 -1 -1 =1 =1 =1
Melanostomias valdiviae 19 1 1 -1 -1 -1 -1 -1 -1
Eustomias brevibarbatus 17 8 035 025 -1 -1 -1 1 -1
Leptostomias bermudensis 14 5 1 -1 -1 -1 -1 1 -1
Bathophilus pawneei 15 4 1 -1 -1 -1 -1 -1 1
Photonectes margarita 15 | 2 1 -1 -1 | -1 -1 1 -1
Eustomias acinosus 13 9 1 -1 -1 1 -1 -1 -1
Eustomias filifer 12 14 1 i1 -1 1 -1 -1 -1
Flagellostomias boureei 10 3 1 -1 -1 -1 -1 1 -1
Melanostomias tentaculatus 10 4 1 -1 -1 -1 -1 -1 -1
Bathophilus longipinnis 5 3 0.06 0.82 -1 -1 -1 -1 -1

Selectivity for major prey taxa occurring in diets (Teleostei [Tele] and Cephalopoda [Ceph]) are listed left of the center line and selectivity for fish families occurring in diets of piscivores are listed
at right. Prey fish families are abbreviated as follows: Gono = Gonostomatidae, Howe = Howellidae, Mela = Melamphaidae, Myct = Myctophidae, and Stom = Stomiidae. The “n+” column
represents the number of prey-positive gastrointestinal tracts found.
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Stomiid Species Cy Howe (VEE] Myct Bo Ce Di Le \[¢}

Eustomias schmidti 27 - - - - 2 - - 1 - = = -
Echiostoma barbatum 21 - - - 1 2 - - - 1 - 1 5
Eustomias hypopsilus 17 - - - - 5 2 - - - = = =
Melanostomias melanops 13 1 1 - - 1 - - - = = = =
Eustomias fissibarbis 12 - - - - 2 - - - = 1 = =
Leptostomias gladiator 3 - = = - = = i = = = = =
Melanostomias valdiviae 1 - - - = = = 2 = = = = s
Eustomias brevibarbatus 11 - - - - 5 - - - 2 = = 1
Leptostomias bermudensis 9 - - - = 1 - - - - - - -
Bathophilus pawneei 4 - - - - - - - - - - 1 -
Photonectes margarita 2 - - - - 1 - 1 - - - - _
Eustomias acinosus 9 = - 3 - - - - - - - - -
Eustomias filifer 4 - - 1 - - - - = - - - -
Flagellostomias boureei 4 - - - = 1 - - - - - - -
Melanostomias tentaculatus 4 - - - = 1 - - - - - = -
Bathophilus longipinnis 2 - - - - - - - - - - = 2
Total 143 1 1 4 1 21 2 1 1 3 I 2 8

Fish prey identified to lower taxonomic level is included in major prey taxon count “Teleost.” Prey species are abbreviated as followed: Tele = Teleost, Gono = Gonostomatidae, Cy = Cyclothone,
Howe = Howellidae, Mela = Melamphaidae, Myct = Myctophidae, Bo = Bolinichthys, Ce = Ceratoscopelus, Di = Diaphus, Le = Lepidophanes, No = Notoscopelus, Stom = Stomiidae, and Ceph =

Cephalopoda. Counts of prey genera are included in the counts for the same family (e.g. Cyclothone and Gonstomatidae). A “-” represents that this prey item was not found in the diet.





OPS/images/fmars.2023.1056094/table2.jpg
Species Specimens Empty Stom- Percent Positive Avg. Stomach Full- Empty Intes- Percent

( achs (n=) Stomachs (n+=) ness Index tines (n=) Positive Intes-
tines (n+=)
Eustomias 88 71 193 0.6 79 10.2
schmidti
Echiostoma 83 64 229 0.6 76 8.4
barbatum
Eustomias 61 47 229 0.7 58 4.9
hypopsilus
Melanostomias 40 32 20.0 0.7 37 7.5
melanops
Eustomias 32 22 312 0.7 31 3l
fissibarbis
Leptostomias 17 14 17.6 0.5 17 0.0
gladiator
|
Melanostomias 19 19 0.0 0.0 18 5.3
valdiviae
Eustomias 17 7 58.8 0.7 15 11.8
brevibarbatus
|
Leptostomias 14 9 35.7 0.7 10 28.6
bermudensis
Bathophilus 15 12 20.0 0.6 14 6.7
pawneei
Photonectes 15 12 143 1.0 15 0.0
margarita
Eustomias 13 6 538 0.7 11 154
acinosus
Eustomias filifer 12 8 333 0.7 12 0.0
Flagellostomias 10 7 30.0 0.7 9 10.0
boureei
Melanostomias 10 6 40.0 0.7 10 0.0
tentaculatus
Bathophilus 5 3 40.0 0.7 3 40.0
longipinnis
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Species Specimens examined SL Size Range (m

Eustomias schmidti 91 72-275
Echiostoma barbatum 89 40 - 315
Eustomias hypopsilus 62 81 - 142
Melanostomias melanops 41 63 -223
Eustomias fissibarbis 33 56 - 170
Leptostomias gladiator 23 61 - 403
Melanostomias valdiviae 19 55 - 200
Eustomias brevibarbatus 18 70 - 112
Leptostomias bermudensis 16 86 - 420
Bathophilus pawneei 15 49 - 126
Photonectes margarita | 15 » 49 - 290
Eustomias acinosus 14 59 -174
Eustomias filifer 12 74 - 131
Flagellostomias boureei 10 66 - 286
Melanostomias tentaculatus 10 46 - 214
Bathophilus longipinnis 5 65 - 112
Total 473 ‘

‘Twenty-two individuals were excluded from the subsequent diet analysis due to damaged gastrointestinal tracts.
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Species IR % body size

Eustomias schmidti 7.0 27.9
Echiostoma barbatum 42 35.8
Eustomias hypopsilus 9.0 27.5
Melanostomias melanops 6.7 43.1
Eustomias fissibarbis 105 311
Leptostomias gladiator 13 -

Eustomias brevibarbatus 272 40.2
Leptostomias bermudensis 09 -

Bathophilus pawneei 05 -

Photonectes margarita 02 117
Eustomias acinosus 37 153
Eustomias filifer 113 26.8
Flagellostomias boureei 7.7 16.9
Bathophilus longipinnis 10.4 -

-” indicates that prey were unable to be measured accurately.
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16S-rDNA (bp)

Haliscera | 32 | H. bigelowi na [ [ATGAT AATTA AMAG AAT ABA AAQAA TABMTT AAAAA TTTTTTTT. TTATTAT ATABITET T TRT TTAAA
Halitrephes | 34 | H. maasi na [o|aT@laT AalBlcT AflAc AAaA ATA AAlAA TA TA GAAAA TAC--TAT- TTTTTAT ATAATIMTTTHAIC TTAAA
Halicreas |29 | H. minimum na |O|ATBIAT AGHETT AMMAA AAA TIMA AAMMIAA TA AT AAAAT TTT--TTT- TTATTGT TAAATEMTTAM- TTAAA
Halicreas | 30 | H. minimum na |O|aTl@laT AGMTT AAA AAA AMMA AAfMAA TA AT AAAAT TTC--TAT- TTATTAC TTAATEGITTAM. TTAAA
Halicreas | 31 | H. minimum na [O|atl@lar aAcllitt AlMlAr Aaa AlllA AnlllAA Ta AT AAAAT TTC--TAT- TTATTAC TTAATEITTAM- TTAAA
5 | B brucei v ATREAT ARSNTT AfdaA GAT ARNA AAfAA T A TT AA H ~ TTl- T AT AR TINT T AL TAAA

< 8 | B. brucei v ATREAT ARWSTT AFSAA GAT AENA AAESAA TA TT AA TR TTRY- TT AT A TEST T ARN - TENA A A

O] 9 [ B brucei v ol THAT ARENTT ARAA AT ARIA AARYAA T A TT AA T TTRY- TT AT AIEESTEST T ARN- TENA A A

& | 6 | B brucei v ATREIAT AQESTT afSaa caT AfdA AAfdAA T A TT AA T Tl T AT A[RESTINT T ALY TENA A A

4 | B. brucei v ATRIAT AclNTT aAfSaa caT AlA Aafl¥aa T A TT AA i ~ TTT TT AT ARSI TINT T ARY . TENAAA

7 | B. brucei v ATERAT AGENTT AfdAA GAT AJNA AAJNAA TA TT AA T Tyt T AT ARESTINT T ALY TE§AAA

- 1| B brucei V JO|ATIBIAT AGEBITT ARBAA GAT ABIA ATBIAA TA TT AA A TT P TR AT ATATTIATTARG- TTAAA

- 2 | B brucei vV [OfaTEAT AclTT AfMlaA GAT AMA AAMAA TA TT AA T TTT- AT TT ATATTMTTAB- TTAAA

- 3 | B brucei v [OfaTl@laT acl@ltT Afflaa AT AlBlA AABAA TA TT AA T TTTG TA AT ATATTINTTAB- TTAAA

15 | B. brucei ellinorae comb. nov. | v ATAT aclaTT Aldaa Gt AldA AafgAaA T A TT AA T TTV TT AT ATATTETTAR- TTAAA

© 25 | B. brucei ellinorae comb. nov. [ X ATERAT AGEITT ARBAA GEIT AfdA AAfHBAA TA TT AA T TTT- TT AT ATATTEITTALN- TTAAA
g 19 | B. bruce ellinorae comb. nov. | X ATl AT aclTT aAfdaa ot AA Aaldaa TAEMTT Aa T TTT.oTT AT ATATTTTA[- TTAAA
g 24 | B. brucei ellinorae comb. nov. [ X ATIRAT AGEITT ARBAA GEIT AfdA AAfHAA TA TT AA T TAT- TT AT ATATTEETTALL- TTAAA
26 | B. brucei ellinorae comb. nov. [ X ATIHAT AGEITT ARSAA cfT AfdA AAfdAA TA TT AA T TET o T AT ATATTEERTTA[N- TTAAA

s‘ 11 | B. brucei ellinorae comb. nov. | v ATIAT AcldTT Aldaa cfdT AldA AAfSAA TA TT AA T T T T AT ATATTETTA[- TTAAA
o 14 | B. brucei ellinorae comb. nov. | v ATERAT AGEITT ARBAA GEIT AfA AAfBAA TA TT AA T TTT- TT AT ATATTEITTAEI- TTAAA
Q w |23 B bruceiellinorae comb. nov. X ATIRAT AGEITT ARBAA GEIT AfA AAfHAA TA TT AA T TTT- TT AT ATATTEETTALR- TTAAA
g |28 B brucei ellinorae comb. nov. [ X - ATIHAT AGEETT ARBAA cfRT AfdA AAfdAA TA TT AA T TTT- TT AT ATATTEETTA[R- TTAAA

& |22 B brucei elinorae comb. nov. | X ATEAT acfdtT aAfdaa cfdT Alda aafdaa TA TT AA T TTITe TT AT ATATTETTA- TTAAA

12 | B. brucei ellinorae comb. nov. | v ATIAT AcldTT AlfaA T AldA AAfdAA TA TT AA T TT T T AT ATATTETTA[- TTAAA

13 | B. brucei ellinorae comb. nov. | - ATERC T AGEITT ARRAA GEIT AfdA AAfHAA TA TT AA T TTT- TT AT ATATTEITTA[R- TTAAA

18 | B. brucei ellinorae comb. nov. | X ATIHAT AGEITT ARBAA GET AfA AAfHAA TA TT AA T TTT- TT AT ATATTEETTA[L- TTAAA

20 | B. brucei ellinorae comb. nov. [ X ATEIAT AcfdTT afdaa cfdt Afda aafdaa TA TT AA T TTT- TT AT AaTATTETTA[. TTAAA

21| B. brucei elinorae comb. nov. [ X ATIIAT AclaTT Alfaa cfdT AldA AAfSAA TA TT AA T TTT- TT AT ATATTETTAE- TTAAA

17 | B. brucei ellinorae comb. nov. | v ATEIAT AGEITT ARBAA GEIT AlA AA[EAA  TA TT AA T TTT- TT AT ATATTEETTA[N- TTAAA

10 | B. brucei elinorae comb. nov. | v atTAaT acfdTT Affaa ot Afda Aadaa TABMTT an T VY - B AT ATATTETTA[. TTAAA

27 | B. brucei ellinorae comb. nov. [ X ATIIAT AcldTT ARdAA T AldlA AAfAA T A TT AA T ATT = TT AT ATATTIITTA[]- TTAAA
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General Groups EBM Principles

Core Sustainability

Account for Dynamic Nature of Ecosystems
Ecological Consider Ecosystem Connections
Consider Ecological Integrity and Biodiversity

Acknowledge Ecosystem Resilience

Impacts Consider Cumulative Impacts

Consider Effects on Adjacent Ecosystems

Acknowledge Uncertainty
Apply the Precautionary Approach
Knowledge Consider Interdisciplinarity

Use of All Forms of Knowledge

Use of Scientific Knowledge

Implement Adaptive Management

Conduct Appropriate Monitoring
Management Develop Long Term Objectives

Explicitly Acknowledge Trade-Offs

Integrated Management

Decision Reflecting Societal Choice

Participation Promote Organizational Change
Promote Stakeholder Involvement
Commit to Principles of Equity

Consider Economic Context
Social-economic

Recognize Coupled Social-Ecological Systems

Use of Incentives

Spatial and Consider Appropriate Spatial and Temporal Scale

Temporl beales Recognize Distinct Boundaries

The principles have been divided into general categories (left column) in a previous analysis of
the Mining Code proposed by Guilhon et al. (2020).
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Stakeholder category Number of participants

Natural scientist 14
Legal expert 13
Policy expert 2

Economist 2
Social scientist 1
Diplomat 1
Others | 2
Total | 35

The numbers indicated in the table reflect the primary type filled in by respondents, without
considering other categories related to occupation also present in the survey (e.g., delegates of
the Assembly, Council, LTC, ISA Observers, NGO members, international organization
representatives, contractors) were not accounted in the table.
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Index Mean Sq. AIC Dev_expl
s(depth) 1.89987 1.89987 53.0519 -9.7268 72.28%
s(oxygen) 031073 031073 8.6769 0.00587 | **

FRic Period 049342 049342 13.7783 0.00076 | ***
Layer 009 0.045 1.2566 0.29788
Residuals 1.18179 003581
s(depth) 002344 002344 0.8388 036602 ~22.608 28.65%
s(oxygen) 0.10101 0.10101 36137 0.06556
FEve
Period 0.04791 004791 1714 0.199
Residuals 0.9783 002795
s(depth) 0.121 0.12101 9.0065 0.00509 | ** ~55.805 42.73%
s(oxygen) 0.04643 004643 3.4558 0.07197
EDis Period 0.0228 00228 1.6972 0.20167
Layer 015335 007667 5.7069 0.00744 | **
Residuals 0.44337 001344
s(depth) 0.00005 0.00005 0.003 0.9569 —40.751 51.50%
s(oxygen) 0.09616 0.09616 5.1957 0.02924  *
FDiv Period 0.15654 0.15654 84579 0.00646 [ -
Layer 1.16457 058229 31462 226E-08 | ***
Residuals 061076 001851
s(depth) 1.8E-05 1.8E-05 0.0042 0.94849 -110.45 41.99%
s(oxygen) 0.00289 000289 0.6877 04129
FSpe Period 0.00212 0.00212 05042 0.48264
Layer 0.036 0018 42846 002217 | *
Residuals 013862 00042
s(depth) 0.40993 0.40993 21.479 539E-05 | ** ~39.306 48.49%
s(oxygen) 0.02587 002587 1.3553 02527
FOri period 0.09932 0.09932 52041 002912 *
layer 002613 001307 0.6846 051133
Residuals 0.62982 001909

No interactions among variables were found (i.e., p > 0.05) and are thus not presented.
AIC, Akaike information criterion; FRic, functional richness; FEve, functional evenness; FDis, functional dispersion; FDiv, functional divergence; FSpe, functional specialization; FOri, functional

originality.
Significance codes: **** 0.001 *** 001 *** 0.05.
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FRic FEve FDiv FDis FOri FSpe

Epipelagic 0.19 £0.15 0.44 £ 0.16 0.74 £ 0.14 0.27 £0.12 0.14 £ 0.13 0.54 +0.05
Upper meso. 038 +0.32 0.50 + 0.14 0.66 + 0.21 0.35 £0.14 0.23 + 0.10 0.62 +0.07
Lower meso. 0.58 +0.29 0.50 + 0.14 0.76 + 0.17 0.36 £ 0.12 033+ 0.16 0.56 + 0.08
Total 039 +0.13 0.48 + 0.17 0.74 + 0.17 032 £0.13 0.24 + 0.16 0.56 + 0.07

ERic, functional richness; FEve, functional evenness; EDiv, functional divergence; FDis, functional dispersion; FOri, functional originality; FSpe, functional specialization.
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Track 1 Track 2

Date 10/07/2021 11/07/2021
Latitude start 36°54'41.49” N 36°55'01.42" N
Longitude start 15°11/35.69” E  15°11'40.78" E
Depth range (M) 72-79 70-72
Transect length (m) 468 188
Useful SU (no.) 160 72
Colony number (no.) 78 93

D. ramea occupancy (%) 24.4 38.9

D. ramea density (colonies m~2 + se) 017 £0.04 0.88 £0.24
Litter number (no.) 27 3

Litter density (items m~2 =+ se) 0.05 + 0.01 0.01 +£0.01
Entangled D. ramea colonies (no.) 8 0

Total entangled D. ramea colonies (%) 10.2 -
Entangled D. ramea colonies 20-30 cm (%) 23.0 =

Entangled D. ramea colonies > 40 cm (%) 100.0 .
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Locality Nomenclature

Alarcén Rise AV_1
Alfonso Basin ZM_1
Alfonso Basin ZM_2
Pescadero Basin PV_1
Pescadero Basin PV_2
Pescadero Basin PV_3
Pescadero Transform Fault FI_4

HT, high temperature; LT, low temperature.

Ecosystem

HT hydrothermal vents
Oxygen minimum zone
Oxygen minimum zone
HT hydrothermal vents
HT hydrothermal vents
HT hydrothermal vents
LT hydrothermal vents

Latitude

23°21.17
24°37.99
24°37.99
23°57.42
23°57.43
23°57.23
23°38.51

Longitude

108°33.57
110°36.00
110°36.77
108°61.72
108°561.75
108°61.77
108°23.60

Depth (m)

2,176
409
409

3,680

3,680

3,654

2,383





OPS/images/fmars-09-838274/cross.jpg
3,

i





OPS/images/fmars-09-838274/fmars-09-838274-g001.jpg
15°15'0"E 15°20'0"E 15°25'0"E
P il
~ Siracusa
A "*.'
.7

15°5'0"E 15°10'0"E

37°5'0"N

Dendrophyllia ramea abundance per size class

g o0 <0.3col.m? ® small colonies with one or two polyps, <10 cm wide
5 O 0.6-2.3col.m? medium size colonies, 10-20 cm

O 2.3-43col.m?2 @ large colonies, 2040 cm

() >4.3col.m? ® very large colonies, > 40 cm

36°55'0"N

~ Mud
— Boulders on mud
= Rocky shoal with Corallium rubrum

36°50'0"N

— — Footage discarded

36°45'0"N

T1

36°40'0"N

Mediterranean Sea

15°11"36"E 15°11"39"[

36°55'0"N

36°54'48"N
1

0 5 10m 0 25 5 10m
L EE—






OPS/images/fmars-09-838274/fmars-09-838274-g002.jpg
100%

80%

60%

40%

20%

0%

Substrate type
100 - HBTln=78
a0 o mT2n=093
¥ 60 -
w)
k.
S 40 -
(o}
o
20 -
O —
T1 T2 <10 10-20 20-40 >40
W Rocky shoal  mBoulderson mud ™ mud Size class (cm)






OPS/images/fmars-09-802634/fmars-09-802634-g008.jpg
o

(°662792)LVOd

0.5

1

ZM_1
@

PV 2

Fl_4

0.0 -==-=-===-=-=--=----

1.0

0.5
PCA2 (37.22%)

0.0

“0.5





OPS/images/fmars-09-802634/fmars-09-802634-g009.jpg
304 29
LTVent
204
wn
g 16 16
(]
o
(p)
104
8
7
4
8
2 2
1 1 1 1 1 1 1 1 1 1
0 IIIIIIIIIIIIIII
PV_3

o
|E|<
_\I\)A-‘

=

T NN
|2|<§z
=5 NS

T - + -
40 30 20 10
Set Size

o





OPS/images/fmars-09-802634/fmars-09-802634-g010.jpg
Relative abundance

1.00

0.75

0.5

o

0.25

0.00

PV _1 PV_2
Samples

Assigned

Unassigned

Functional groups

Animal Endosymbiont-Animal Pathogen-Endophyte-Plant Pathogen-Undefined Saprotroph
Animal Pathogen

Animal Pathogen-Endophyte-Epiphyte-Fungal Parasite-Plant Pathogen-Wood Saprotroph
Arbuscular Mycorrhizal

Dung Saprotroph-Endophyte-Plant Pathogen-Undefined Saprotroph

Dung Saprotroph-Plant Saprotroph

Dung Saprotroph-Undefined Saprotroph

Ectomycorrhizal-Fungal Parasite-Plant Pathogen-Wood Saprotroph

Endophyte

Plant Pathogen

Plant Pathogen-Undefined Saprotroph

Plant Pathogen-Wood Saprotroph

Soil Saprotroph

Undefined Saprotroph

Wood Saprotroph





OPS/images/fmars.2023.1038192/fmars-10-1038192-g005.jpg
ARCHAEANTE





OPS/images/fmars.2023.1038192/fmars-10-1038192-g004.jpg
10

05

CAP2
0s 10 -0 05

00

-05

Migtcap HS | MIONTE

Fe e R

MIENTE
MI7,CAP MITNTE
MI6CAP | MI6NTE

£

= )
CAPL

MISCAP S | MIONTE

MISNTE
G

MIGCAP | MIENTE

MIT,CAP | MITNTE

-2

- 0 T
CAP1






OPS/images/fmars.2023.1038192/fmars-10-1038192-g003.jpg
NMDS2

M2ONTE
o [MIONTE

000025 !

.

MISNTE

0.00000 (M20.CAP
o (MI9CAl

-0.00025  3(MI7.CAP;

NMDS2

MIS.CAP
o (MI6CAP.
0.00

MIGCAP
2004 (MIZCAP

1e:04  «(MIS.CAI

i
5
S
5

000
[ MI9NTE)
-le04 o MIENTE

et .
<[MINTE)

3e04 *(MIGNTE]
-0.25 0.00

025 0.50
NMDS1

025
NMDS1

050

MIGNTE) ®

075

M20.CAP)






OPS/images/fmars.2023.1038192/fmars-10-1038192-g002.jpg
<

@] 0zoz 2 ZE
83k 5Oz
£a} 9]
B g - f 6102 * :
.8 3
< St
= P g o *I810z |5 1 .
2 E i .
m
A~ Ay
L L S — B ) L10T -
r M 910T | - 9
2 3 3 2 3 2 3 4 3 3§ 3 3 3 3
amseopy Ansdai(] eyd[y amsesy Ans1oAl(] eydy amseaN Ans1oAl( eydry QINSBIAl AISIoAI( eyd]y






OPS/images/fmars.2023.1038192/fmars-10-1038192-g001.jpg
Elisabeth
i

Manhattan
Helene Yi .
Nufio. Cypress
Pico
1 Sapin - Isabspy Tour Eiffel .. _
White g
Eakils Cimendef ¢

Montsegur






OPS/images/fmars.2023.1038192/crossmark.jpg
©

2

i

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		16th deep-sea biology symposium



		Editorial: 16th deep-sea biology symposium



		Introduction



		Zoology and systematics



		Biodiversity



		Ecology



		Conservation & policy



		Conclusion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Fungal Diversity in Sediments From Deep-Sea Extreme Ecosystems: Insights Into Low- and High-Temperature Hydrothermal Vents, and an Oxygen Minimum Zone in the Southern Gulf of California, Mexico



		INTRODUCTION



		MATERIALS AND METHODS



		Sampling Sites



		Sample Collection



		DNA Extraction, Amplification, and Sequencing



		Bioinformatics



		Alpha and Beta Diversity Estimates



		Functional Guilds









		RESULTS



		Sequence Analysis



		Fungal Taxonomic Diversity



		Fungal Alpha and Beta Diversity Indexes



		Functional Guilds









		DISCUSSION



		Fungal Taxonomic Diversity



		Alpha Diversity Estimates



		Pescadero Basin



		Pescadero Transform Fault



		Alarcón Rise



		Alfonso Basin









		Beta Diversity Estimates



		Functional Guilds









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		A Dendrophyllia ramea Population in the Ionian Sea (Central Mediterranean Sea) Threatened by Anthropogenic Impacts



		INTRODUCTION



		MATERIALS AND METHODS



		Study Area



		Sampling Design









		RESULTS



		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES









		The Multi-Ocean Distribution of the Hadal Amphipod, Hirondellea dubia Dahl, 1959 (Crustacea, Amphipoda)



		INTRODUCTION



		MATERIALS AND METHODS



		Amphipod Recovery and Morphological Identification



		DNA Extraction and PCR Amplification



		Molecular Dataset Assembly and Species Delimitation









		RESULTS



		Presence Records and Morphological Taxonomy



		Species Delimitation









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Hadal Biodiversity, Habitats and Potential Chemosynthesis in the Java Trench, Eastern Indian Ocean



		INTRODUCTION



		MATERIALS AND METHODS



		Sampling Equipment



		Study Site



		Operations



		Species Density Estimates









		RESULTS



		Environmental



		Geology and Habitat-Heterogeneity



		Potential Chemosynthetic Bacterial Mats



		Anthropogenic and Terrestrial Signatures



		Benthic Megafauna









		DISCUSSION



		Diverse Hadal Community



		Habitat Heterogeneity and Species Distribution



		Evidence of Chemosynthetic Bacterial Mats









		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Species Delimitation of Hexacorallia and Octocorallia Around Iceland Using Nuclear and Mitochondrial DNA and Proteome Fingerprinting



		INTRODUCTION



		MATERIALS AND METHODS



		Sampling



		DNA Extraction and Sequencing



		Phylogenetic Analyses



		Species Discrimination



		MALDI-TOF MS Analysis









		RESULTS



		Coral Assemblages



		Alignments



		Species Discrimination



		Phylogenetic Trees



		MALDI-TOF MS Analysis









		DISCUSSION



		Genetic Species Delimitation



		Proteome Fingerprinting









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Diversity of Deep-Sea Echinoderms From Costa Rica



		Introduction



		Material and Methods



		Results



		Discussion



		Historical Perspectives



		Deep-Sea Echinoderm Fauna



		Regional Comparison



		Threats for Conservation



		Future Perspectives









		Data Availability Statement



		Author Contributions



		Acknowledgments



		References









		Hybrid conferences: opportunities, challenges and ways forward



		1 Introduction



		2 Hybrid meeting logistics



		2.1 Pre-meeting considerations



		2.1.1 How to choose a venue for onsite attendance?



		2.1.2 Which platform(s) to choose for online attendance and communication?



		2.1.3 Which format to choose for presentations?



		2.1.3.1 Talks



		2.1.3.2 Posters









		2.1.4 What additional considerations does the hybrid format entail from an organizational perspective?



		2.1.4.1 More communication, flexibility and file handling



		2.1.4.2 More complexity to design the program



		2.1.4.3 More support personnel















		2.2 Case study



		2.2.1 Pre-meeting organization



		2.2.2 Online access to the conference



		2.2.3 Budget















		3 Participants’ perspective



		3.1 Participation in comparison with previous meetings



		3.2 Questionnaire for participants



		3.2.1 Meeting format and technical considerations



		3.2.2 Networking



		3.2.3 Overall experience and moving forward















		4 How to organize a hybrid conference?



		4.1 Summary



		4.2 Advantages and disadvantages of in-person, virtual and hybrid meetings



		4.3 Recommendations for future hybrid meetings









		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Supplementary material



		References









		Chemosynthetic and photosynthetic trophic support from cold seeps in Arctic benthic communities



		Introduction



		Material and methods



		Study area



		Sampling



		Stable isotope analyses



		Sediment analysis









		Data analysis









		Results



		Trophic structure at seep versus non-seep sites



		Intra-species variation in isotopic composition



		Chemosynthesis-based carbon end-member contributions



		Environmental conditions









		Discussion



		Community comparisons of trophic structure at seep and non-seep sites



		Photosynthetic production at seeps



		Footprint of carbon sources derived via chemosynthesis and assimilation to benthos









		Closing remarks



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		“There and back again” - Ultrastructural changes in the gills of Bathymodiolus vent-mussels during symbiont loss: Back to a regular filter-feeding epidermis



		Introduction



		Material and methods



		Specimen collections



		Maintenance of the mussels at the laboratory



		Fluorescence in situ hybridization



		Transmission electron microscopy









		Results



		Symbiont loss visualized with FISH



		Ultrastructural modifications of the bacteriocytes during starvation









		Discussion



		The apico-basal journey of the symbionts into the bacteriocytes



		The baso-apical return triggered by apoptosis/necroptosis



		Epidermis renewal: Back to a regular filter-feeding type of epidermis









		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Borderless conservation: Integrating connectivity into high seas conservation efforts for the Salas y Gómez and Nazca ridges



		1 Introduction



		2 The Salas y Gómez and Nazca ridges



		3 Connectivity in the Salas y Gómez and Nazca ridges region



		3.1 Natural connectivity



		3.1.1 Biodiversity and oceanography



		3.1.2 Genetic and larval connectivity



		3.1.3 Animal connectivity









		3.2 Human connectivity



		3.2.1 Human and cultural connectivity



		3.2.2 Connectivity in governance arrangements









		3.3 External threats to connectivity



		3.3.1 Plastic pollutants and marine debris



		3.3.2 Fishing



		3.3.3 Deep-sea mining



		3.3.4 Climate change















		4 Integrating connectivity into management and conservation



		4.1 Tools for understanding connectivity



		4.1.1 Baseline studies



		4.1.2 DNA-based analyses



		4.1.3 Acoustic monitoring



		4.1.4 Underwater vehicles



		4.1.5 Machine learning methods



		4.1.6 Animal borne devises



		4.1.7 Modelling



		4.1.8 Metrics for connectivity criteria



		4.1.9 Interdisciplinary and international collaboration









		4.2 Management approaches to include connectivity in decision making









		5 Discussion



		6 Recommendations and conclusion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Sexual dimorphism in the methane seep-dwelling Costa Rican yeti crab Kiwa puravida (Decapoda: Anomura: Kiwaidae)



		Introduction



		Material and methods



		Sampling



		Morphological measurements and sex determination



		Statistical analyses









		Results



		Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Uptake of sympagic organic carbon by the Barents Sea benthos linked to sea ice seasonality



		1 Introduction



		2 Methods



		2.1 Sample collection and preparation



		2.2 Lipid extraction and purification



		2.3 HBI analysis



		2.4 Sea ice cover duration



		2.5 Numerical analysis









		3 Results



		3.1 Overall summary



		3.2 Effect of sea ice duration on sympagic OM assimilation



		3.3 Seasonal differences in assimilation of sympagic OM









		4 Discussion



		4.1 Effect of sea ice duration on assimilated sympagic OM



		4.2 Effect of season on assimilated sympagic OM



		4.3 Is sympagic OM overestimated in consumers?









		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Food falls in the deep northwestern Weddell Sea



		Introduction



		Material and methods



		Results



		Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Heterogeneity in diagnostic characters across ecoregions: A case study with Botrynema (Hydrozoa: Trachylina: Halicreatidae)



		Introduction



		Methods



		Results



		Discussion



		1 Introduction



		2 Material and methods



		2.1 Sample collection



		2.2 Video records



		2.3 Genomic DNA extraction



		2.4 PCR amplification and sequencing



		2.5 Phylogenetic analyses









		3 Results



		3.1 Specimen distribution



		3.2 Phylogenetic analyses



		3.3 Systematics



		3.3.1 Genus Botrynema Browne, 1908



		3.3.2 Species Botrynema brucei Browne, 1908



		3.3.3 Subspecies Botrynema brucei ellinorae (Hartlaub, 1909) comb. nov.















		4 Discussion



		4.1 Heterogeneity of diagnostic characters in Genus Botrynema



		4.2 Phylogeny of the Family Halicreatidae



		4.3 Phylogeny of the Genus Botrynema



		4.4 Points to be aware of for future studies









		5 Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		From basalt to biosphere: Early non-vent community succession on the erupting Vailulu’u deep seamount



		Introduction



		Materials and methods



		Bathymetry analyses



		ROV deployment



		Video analyses



		Anemone size analysis









		Results



		Bathymetric changes



		ROV deployment



		Biological assemblages



		Animal sizes









		Discussion



		Eruptive dynamics



		Successional model



		Broader implications









		Data availability statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Macrofauna-sized foraminifera in epibenthic sledge samples from five areas in the eastern Clarion-Clipperton Zone (equatorial Pacific)



		Introduction



		Study areas



		Methods



		Sample collection and processing



		Laboratory methods









		Data treatment



		Results



		Composition of EBS assemblages



		Species richness and diversity



		Abundance and relationship to species distributions



		Spatial patterns in the eastern CCZ









		Discussion



		Reliability of data



		Comparison with assemblages in core samples



		Abundance and species ranges



		Controls on distributions and the distinctive character of APEI-3



		Xenophyophores









		Conclusions and final comments



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Spatial comparison and temporal evolution of two marine iron-rich microbial mats from the Lucky Strike Hydrothermal Field, related to environmental variations



		Introduction



		Materials and methods



		Site description



		Sample collection



		Hydrothermal fluids chemical analyses and data processing



		DNA extraction



		16S rRNA gene sequencing and sequence processing



		Phylogenetic analyses



		Alpha and beta diversity analyses



		Influence of environmental parameters



		Quantitative PCR









		Results and discussion



		Sites with distinctive chemical signatures over time



		Site effect on the diversity of iron-rich microbial mats’ communities



		Environmental-related trends on the taxonomic composition of each microbial community



		Influence of hydrothermalism on the development of iron-rich microbial mats



		Temporal evolution of iron-rich microbial mats over five years



		Hydrothermalism vs current tidal-seawater influence on the temporal scale



		Regional LSHF influence at the temporal scale









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Ophiotholia (Echinodermata: Ophiuroidea): A little-known deep-sea genus present in polymetallic nodule fields with the description of a new species



		Introduction



		Methods



		Result and discussion



		1. Introduction.



		2. Materials and methods.



		2.1. Specimen collection and processing.



		2.2. Morphological analysis.



		2.3. Molecular analysis.



		2.4. Putative species delimitation and genetic distances.









		3. Results.



		3.1. Taxonomy.



		3.2. Species delimitation and genetic divergence.









		4. Discussion.



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Geographical subdivision of Alviniconcha snail populations in the Indian Ocean hydrothermal vent regions



		Introduction



		Methods & materials



		Sampling & DNA extraction



		Phylogenetic analyses and molecular analyses



		Relative abundance and phylogenetic analysis of symbiotic bacteria









		Results



		Phylogenetic relationship



		Population structure



		Gill-associated symbiotic bacteria









		Discussion



		Biogeographical discontinuity



		Gene flow and effect of environmental and ecological factors on the divergence



		Alviniconcha snail gill-associated bacteria









		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Extending regional habitat classification systems to ocean basin scale using predicted species distributions as proxies



		1 Introduction



		2 Materials and methods



		2.1 Seabed habitats data – EUSeaMap 2021



		2.2 Species distribution model outputs



		2.3 Species distribution model inputs



		2.4 Modelling habitat



		2.4.1 Preparing model training and testing datasets



		2.4.2 Random forest seabed habitat classification



		2.4.3 Model performance assessment















		3 Results and discussion



		3.1 Identification of optimal benthic habitat modelling strategy



		3.2 Classification errors



		3.3 Models for other habitat classification systems



		3.4 Models built solely with species distribution model outputs



		3.5 Extending habitat classification systems across ocean basins









		4 Conclusions



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Community structure along the Western Antarctic continental shelf and a latitudinal change in epibenthic faunal abundance assessed by photographic surveys



		1 Introduction



		2 Materials and methods



		3 Results



		3.1 Community assemblage characteristics



		3.2 Environmental characteristics



		3.3 Community assemblage relationship to environmental characteristics









		4 Discussion



		4.1 Epifaunal communities along the Western Antarctic coast



		4.2 Distinct environments driving community composition









		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Whale falls as chemosynthetic refugia: a perspective from free-living deep-sea nematodes



		1 Introduction



		2 Material and methods



		2.1 Study area and experimental design



		2.2 Sample processing



		2.3 Data analysis









		3 Results



		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Optical observations and spatio-temporal projections of gelatinous zooplankton in the Fram Strait, a gateway to a changing Arctic Ocean



		Introduction



		Materials and methods



		Expeditions and deployments



		Biological data



		Environmental parameters



		Study design and joint distribution modelling









		Results



		Regional oceanography



		General patterns of gelatinous zooplankton on stations



		Hierarchical modelling of species communities



		Prediction gradients



		Taxa abundance and richness



		Atolla tenella



		Rhopalonematidae family



		Siphonophorae order



		Botrynema genus



		Ctenophora phylum



		Aeginidae family



		Atolla tenella















		Spatial patterns and projections



		Taxa richness



		Individual taxa



		Rhopalonematidae family



		Siphonophorae order





















		Discussion



		Gelatinous zooplankton data and modelling



		Current state of the knowledge on gelatinous zooplankton in the Fram Strait



		The effect of environmental drivers on gelatinous zooplankton



		Vertical niche segregation and current spatial patterns of gelatinous zooplankton



		Gelatinous zooplankton in a changing Arctic









		Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Ecomorphology of a predatory deep-sea fish family: does trophic specialization drive hyperspeciation?



		1 Introduction



		2 Methods



		2.1 Sample collection and specimen processing



		2.2 Diet analysis



		2.3 Statistical analysis









		3 Results



		3.1 Trophic ecology



		3.1.1 Diet analysis



		3.1.2 Feeding guilds



		3.1.3 Dragonfish meal size









		3.2 Morphology



		3.2.1 Morphometrics



		3.2.2 Morphotypes















		4 Discussion



		4.1 Diet analysis and feeding guilds



		4.2 Morphology









		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Living in darkness: functional diversity of mesopelagic fishes in the western tropical Atlantic



		1 Introduction



		2 Materials and methods



		2.1 Study area



		2.2 Sampling



		2.3 Trait selection



		2.4 Diversity indices



		2.5 Data analyses



		2.6 Traits-environment relationship









		3 Results



		3.1 Group 1 (green)



		3.2 Group 2 (yellow)



		3.3 Group 3 (dark blue)



		3.4 Group 4 (light blue)



		3.5 Group 5 (pink)



		3.6 Group 6 (orange)



		3.7 Group 7 (purple)



		3.8 Group 8 (Red)



		3.9 Group 9 (light green) and Group 10 (brown)









		4 Discussion



		4.1 Vertical variability in functional diversity of mesopelagic fishes



		4.2 Relationships among traits, environment, and time period



		4.3 Hypotheses on processes structuring mesopelagic fish community









		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Ecosystem-based Management through the lenses of International Seabed Authority stakeholders: current status, implications, and opportunities for the deep-sea mining regime in the Area



		1 Introduction



		2 Methods



		2.1 Data gathering



		2.1.1 Online survey



		2.1.2 In-depth interviews









		2.2 Data analysis



		2.2.1 Open-ended questions



		2.2.2 Likert-scale















		3 Results



		3.1 EBM importance and definition for DSM in the area



		3.2 Recognition of EBM within the ISA regime



		3.3 Decision-making and operationalization under the ISA



		3.4 Opportunities for improvement









		4 Discussion



		4.1 EBM definition and its importance for DSM in the area



		4.2 Recognition of EBM within the ISA regime



		4.3 Decision-making and EBM operationalization under the ISA



		4.4 Opportunities for improvement









		5 Final remarks



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		Footnotes



		References























OPS/images/fmars.2022.1059616/table6.jpg
Average

Taxa most contributing to the similarity (more than 50% overall)

similarity:

GERMAN 29.14 Edgertonia argillispherula, Edgertonia floccula, Rhizammina sp. 1, Rhizammina sp. 2

IOM 40.86 3-D Lattice, Mudball with radiolarians, Globipelorhiza sp. 1, Baculella hirsuta, Rhizammina-like sp. 4, Edgertonia floccula, Edgertonia
tolerans, Ipoa spp., Mudball big chambers, Normanina conferta, Reticulum conical, Lana spp. 1 & 2, Rhizammina sp. 1, Rhizammina
sp. 2, Saccorhiza ramosa, Septuma brachyramosa, Septuma ocotillo + komokiformis, Branched muddy structure A

BELGIUM 39.19 Mudball with radiolarians, Aschemonella ramuliformis, Aschemonella tubulosa-like tube, Baculella globofera, Baculella hirsuta, Chain
sp. 2, Lobed, organic-walled test with filaments, Catena sp., Ipoa-like chain, Chain sp. 1, Rhizammina-like sp. 3, Baculella sp.,
Crithionina hispida, Edgertonia argillispherula, Edgertonia floccula, Ipoa spp., Mudball B, Mud-walled astrorhizid, Reticulum conical,
Lana spp. 1 & 2, Rhizammina sp. 1, Saccorhiza ramosa, Septuma brachyramosa, Septuma ocotillo + komokiformis, Distinctive tube
type 1, Storthosphaera albida, Testulorhiza sp.

FRENCH 34.55 Rhizammina-like sp. 2, Baculella-like chain, Baculella globofera, Rhizammina-like sp. 3, Edgertonia argillispherula, E. floccula,?
Globulina sp., Yellow tubes with spicules, Normanina conferta, Lana spp. 1 & 2, Septuma ocotillo + komokiformis, Tangled tube C,
Testulorhiza sp., Tube with transparent wall and small dark stercomata, Reticulum pad-like, Reticulum ragged, Xenophyophore sp. 2

APEI3 45.09 Dichotomously branching tube,? Edgertonia sp. 5, Baculella-like transparent, Ipoa spp., Mudball twisted tubules A, Reticulum rigid A,
Komokia-like sp., Septuma ocotillo + komokiformis, Septuma small dark form, Reticulum small tightly reticulated, Indeterminate
Komokiidae, Reticulum aff. reticulata

Groups Average Taxa most contributing to dissimilarity

dissimilarity:

GERMAN 64.16 Mudball B, Testulorhiza sp., Crithionina hispida, Thurammina spp., Aschemonella sp. 3, Lobed organic-walled test with filaments,

& Baculella-like chain

1OM Globipelorhiza sp. 1, Edgertonia tolerans, Reticulum conical, Mudball with radiolarians, Branched muddy structure A, Rhizammina-
like sp. 4, Spiky chain C, Chain sp. 4, Karreriella bradyi, Mudball twisted tubules B, Large Reticulum pad, Tufted mudball,
Nodosariid, Opthalmidium sp.,2 Ammobaculites, Pyrgo, Mudball smooth, Mudball rounded, cf. Abyssalia

GERMAN 68.14 3-D Lattice

& Aschemonella ramuliformis, Chain sp. 1, Rhizammina-like sp. 3, Reticulum conical, Distinctive tube type 1, Bush of wide tubes,

BELGIUM Yellow tube unbranched

1OM 65.78 3-D Lattice, Aschemonella tubulosa-like tube, Baculella globofera, Lobed organic-walled test with filaments, Catena-like chain,

& Crithionina hispida, Mudball big chambers, Globipelorhiza sp. 1

BELGIUM Aschemonella ramuliformis, Edgertonia tolerans, Mudball B, Mud-walled astrorhizid, Distinctive tube type 1, Testulorhiza sp., Yellow
tube unbranched

GERMAN 76.69 Rhizammina sp. 1, 3-D Lattice, Mudball big chambers, Mudball B, Globipelorhiza sp. 2

& Rhizammina-like sp. 2, Baculella-like chain, Mudball B, Rhizammina-like sp. 3, ?Globulina sp., Yellow tubes with spicules, Tangled

FRENCH tube C, Tube with transparent wall and small, dark stercomata, Reticulum ragged

IOM 73.67 3-D Lattice, Mudball with radiolarians, Globipelorhiza sp. 1, Mudball big chambers, Reticulum conical, Rhizammina sp. 1,

& Storthosphaera albida

FRENCH Rhizammina-like sp. 2, Baculella-like chain, Baculella globofera, Mudball B, ?Globulina sp., Yellow tubes with spicules, Tangled tube
C, Testulorhiza sp., Tube with transparent wall and small, dark stercomata, Stannoma-like

BELGIUM 68.75 Mudball with radiolarians, Chain sp. 2, Crithionina hispida, Mudball B, Mud-walled astrorhizid, Reticulum conical, Rhizammina sp.

& 1, Distinctive tube type 1, Storthosphaera albida, Bush of wide tubes, Yellow tube unbranched

FRENCH Mudball B, ?Globulina sp., Tube with transparent wall and small, dark stercomata

GERMAN 86.91 Rhizammina sp. 1, Rhizammina sp. 2, 3-D Lattice, Mudball big chambers, Mudball B, Testulorhiza sp., Globipelorhiza sp. 2,

& Crithionina hispida, Storthosphaera albida, Thurammina spp.

APEI3 Dichotomously branching tube, ?Edgertonia sp. 5, Baculella-like transparent, ?Komokia sp., Mudball twisted tubules A, Reticulum
rigid A, Komokia-like, Septuma small dark, Reticulum small, tightly reticulated, Indeterminate Komokiidae, Reticulum aff. reticulata,
Lana-like tubes

1OM 85.00 3-D Lattice, Mudball with radiolarians, Globipelorhiza sp. 1, Mudball big chambers, Reticulum conical, Rhizammina sp. 1,

& Rhizammina sp.2, Septuma brachyramosa, Branched muddy structure A, Storthosphaera albida

APEI3 Dichotomously branching tube, ?Edgertonia sp. 5, E. tolerans, Baculella-like transparent, 2Komokia sp., Mudball twisted tubules A,
Komokia-like, Septuma small dark, Reticulum small, tightly reticulated

BELGIUM 82.67 Mudball with radiolarians, Aschemonella ramuliformis, Chain sp. 2, Lobed organic-walled test with filaments, Rhizammina-like sp. 3,

& Baculella sp., Crithionina hispida, Mudball B, Reticulum conical, Rhizammina sp. 1, Septuma brachyramosa, Distinctive tube type 1,

APEI3 Storthosphaera albida, Testulorhiza sp., Bush of wide tubes, Yellow tube unbranched
Dichotomously branching tube, ?Edgertonia sp. 5, Baculella-like transparent, ?Komokia sp., Mudball twisted tubules A, Reticulum
rigid A, Komokia-like, Septuma small dark, Reticulum small, tightly reticulated, Indeterminate Komokiidae, Reticulum aff. reticulata

FRENCH 8427 Baculella-like chain, Mudball B, Rhizammina-like sp. 3, ?Globulina sp., Yellow tubes with spicules, Tangled tube C, Testulorhiza sp.,

& Tube with transparent wall and small, dark stercomata, Reticulum ragged, Xenophyophore sp. 2, Stannoma-like

APEI3 Dichotomously branching tube, ?Edgertonia sp. 5, Baculella-like transparent, 2Komokia sp., Mudball twisted tubules A, Reticulum

rigid A, Komokia-like, Septurna small dark, Reticulum small, tightly reticulated, Indeterminate Komokiidae, Reticulum aff. reticulata

Most of the species that contribute to similarity are included in the Supplementary Taxonomic Appendix.
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pecies Area Complete Fragments tal
Rhizammina sp. 1 8 3 0 253 253 Figure S4A
Septuma ocotillo + komokiformis 11 5 142 0 142 Figure S13B,C
Edgertonia floccula 11 5 104 8 112 Figure S9A,B
Komokia-like sp. 3 1 93 14 107 Figure 4
Rhizammina sp. 2 7 4 0 101 101 Figure S4B
Indeterminate Komokiidae 3 1 32 11 43 Figure 5
Reticulum pale pad-like 9 5 33 8 41 Figures 2D, 14A, B
Baculella hirsuta 9 5 21 19 40 Figure S8A, B
Ipoa spp. 10 5 36 4 40 Figures S12A-C
Septuma brachyramosa 7 4 35 4 39 Figure 2E; S13A
Edgertonia argillispherula 10 5 34 2 36 Figure 2A; S9C, D
Rhizamminia-like sp. 1 1 1 0 26 26 Figure $4C, D
Lana spp. 1 & 2 10 5 8 24 32 Figure S14E-H
Baculella globofera 6 4 19 6 25 Figure S8C
Chain sp. 1 6 4 18 6 24 Figure $2D, E
Baculella sp. 6 4 14 8 2 Figure SSE, F
Rhizamminia-like sp. 3 5 3 0 20 20 Figure S5A, B
Mud-walled astrorhizid 4 3 20 0 20 Figure $3G
Rhizamminia-like sp. 4 6 5 0 17 17 Figure S5C
?Edgertonia sp. 5 3 1 16 0 16 3F; S9E, F
Globipelorhiza sp. 1 3 2 15 0 15 Figure S3A, B
Normanina conferta 7 5 15 0 15 Figure S12E
Storthosphaera albida 6 3 15 0 15 Figure S2B
Saccorhiza ramosa 8 5 3 11 14 Figure S5D
Reticulum small, tightly reticulated 3 1 13 0 13 Figure S14D
Branched muddy structure 5 4 9 4 13 Figure S3E, F
Chain sp. 2 4 3 4 9 13 Figure S2G
Ipoa-like chain 6 5 6 6 12 Figure S12D
Yellow tubes with spicules 3 2 0 12 12 Figure S2C
Staphylion 5 3 12 0 12 -
Lana-like with wider tubules 3 3 5 7 12 Figure S$14C
Crithionina hispida 4 2 12 0 12 Figure S1IA
Tangled tube A 2 1 5 6 11 Figure S6C, D
Whitish knobbly sphere 3 2 11 0 11 Figure S2A
Lana sp. 3 3 1 2 8 10 Figure S5E, F
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Metric Observed Estimated Increase Standard Error 90% confidence

Lower limit Upper limit
GERMAN . Species richness 81.00 ‘ 162.38 ‘ 2.00 ‘ 34.73 117.73 ' 262.85
GERMAN Shannon index 34.51 46.39 1.34 4.937 36.71 56.07
GERMAN Simpson index 14.25 14.96 1.05 2.202 14.25 19.73
IOM Species richness 57.00 126.5 222 2371 96.55 196.1
oM Shannon index 32.12 40.33 1.26 3.458 33.55 47.11
oM Simpson index 16.42 17.31 1.05 1714 16.42 20.67
BELGIUM | Species richness 90.00 193.5 215 27.13 156.3 267.8
BELGIUM Shannon index 36.24 43.96 121 3.629 36.85 51.07
BELGIUM Simpson index 10.36 10.54 1.02 1.192 10.36 12.87
FRENCH Species richness ‘ 60.00 176.5 294 34.70 ‘ 130.8 274.8
FRENCH Shannon index 41.11 54.34 1.32 5.055 44.43 64.25
FRENCH Simpson index 19.74 19.74 1.06 ‘ 2094 2.768 19.74
APEI-3 Species richness 76.00 ‘ 131.1 172 22.64 102.0 198.6
APEI-3 Shannon index 32.76 37.84 116 2.849 32.76 43.42
APEI-3 Simpson index 14.18 14.58 1.03 1.491 14.18 17.50
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Belgium French APEI-3 TOTAL % Fragments

S (N) S (N) S (N)

Multichambered taxa

Globothalamea 1(1) 2(2) 5(6) 4(5) 0 11 (14) 214
Tubulothalamea 0 2(2) 5(6) 2(2) 0 7 (10) 100
Lageniida 0 1(1) 0 1(2) 0 2(3) 0
Monothalamid groups

Vanhoeffenella 0 0 2(2) 1(1) 0 2(3) 0
Spheresl 7 (21) 3(11) 5(12) 0 0 8 (44) 227
Hyperamminidae 2(7) 2(4) 5(12) 2(2) 2(2) 7 (27) 74.1
Unbranched tubes 4(6) 3(3) 8(17) 5(8) 2(3) 14 (37) 56.8
Branched tubes” 6(6) 5(14) 11 (33) 15 (48) 17 (81) 33 (179) 70.7
Rhizammina 2(91) 2(48) 2 (176) 3(53) 0 3 (368) 100
Chain-like 4(9) 7 (12) 15 (34) 7 (10) 12 (19) 33 (84) 226
Xenophyophoroidea I 9 (13) 4(6) 10 (15) 8 (20) 1(4) 21 (58) 100
Astrorhiziidae 7 (13) 5(18) 3(21) 1(2) 1(1) 11 (55) 27.3;
Komokioidea - Komokiidae 13 (48) 16 (72) 14 (96) 11 (85) 20 (285) 36 (586) 167
Komokioidea - Baculellidae 13 (48) 6 (74) 17 (87) 18 (58) 13 (57) 37 (324) 16.6
Komokioidea - Normaninidae 1(2) 1(8) 1(1) 13) 2(8) 2(22) 0
“Komoki-like’ 9 (11) 11 (19) 10 (28) 4 (11) 4(2) 32(91) 187
Unassigned 3(8) 4(5) 8(17) 7(9) 6 (10) 21 (49) 184
TOTAL 81 (281) 74 (299) 121 (563) 90 (319) 88 (492) 280 (1954) 41.5

!Crithionina, Storthosphaera, Thurammina.

2Including Rhizammina-like tubes.

The numbers of specimens (fragments and complete combined) are shown in brackets.
The bold entries in the final row are totals for the numbers of species and specimens.
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Deptl POC Flux oC CPl O
m mgCD,gmzd 1 Wet wt.% ug mL' cm kyr ! uM
German-RA 4330 ~6.9 043 + 012 020 + 0.09 ~0.53 320 £4.23 1121 £ 0.89
German-PA 4093 199 058 + 0.08 028 +0.11 065 - 21.80 £ 1.15 21.21 £ 0.65
oM 4346-4401 154 053 +0.12 017 + 0.03 115 147 0.70 + 0.44 10.74 + 0.47
Belgium 4496-4513 151 047 +0.11 011 + 0.05 021 144 26.15 £ 110 15.64 + 1.66
French® 4946-5030 147 040 + 0.07 0.08 + 0.02 064 153 19.97 + 4.05 1541 £ 1.77
APEL-3 4700-4805 107 029 +0.02 0.06 + 0.00 020 156 3.65 +2.34 3548 +540
Data source 1 3 4 4 3 2 4 4

* IFREMER I site (with nodules) of Volz et al. (2018).
Data sources: 1 = Martinez Arbizu & Haeckel (2015); 2 = Volz et al. (2018); between '1 = Martinez Arbizn & Haeckel (2015)' and '4 = Harquier et al. (2019) 3 = Volz et al. (2020); 4 =

Hauquier et al (2019).
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Station Latitﬁde o Long\i;lude : Latiwde" Longvi\tlude" Dfnp&h Distance (m) = Volume (cm?)
On bottom Off bottom
German PA 20 11° 49.74 117° 047 11° 49.99 116° 59.54' 4144-4093 2769 413
German PA 2 11°51.51° 117° 118’ 11°51.76 117° 0.16' 4137-4118 2619 505
Ezm'a" 50 11°49.6' 117° 3081 11°49.8' 117° 2081 4360-4328 2469 226
10M 81 11° 3.900° 119°37.812 11° 4171 119° 36.661' 4365-4346 2739 102
10M 99 11° 2.296' 119° 40.825' 11° 2,612 119° 39,512 4398-4402 2529 563
Belgium 118 13° 52317 119° 40.825 13° 52.622' 123°14.263 1498-4521 3129 878
Belgium 133 13° 50.751" 123° 15.649' 13° 51126 123° 14131 4516-4427 2289 605
French 157 14° 3.411° 130° 7.989' 14° 3813 130° 6.481° 14946-4978 3789 624
French 171 14°2.687 130° 5.951° 14° 3205 130° 4.606' 5024-5017 2979 37
APEI-3 192 18° 44.807' 128° 21.874' 18° 45.338' 128° 20418 4821-4820 2799 295
APEL3 197 18° 48.659 128° 22,753 18° 49.088' 128° 21.289' 4805-4823 2529 353
APEI-3 210 18° 49.271' 128° 25.804' 18° 49.926 128° 24.401° 4700-4740 3399 791

The depths and distances are those across which the EBS was towed. Volume refers to the volume of EBS residue from each sample that was sorted for foraminifera.
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Clavularia cf.  Desmophyllum Gersemia sp. 1 Madrepora Paragorgia Paramuricea Primnoa cf. Class

borealis pertusum oculata arborea placomus resedaeformis error
C. cf. borealis 2 0 0 0 0 0 0 0
D. pertusum 0 6 0 0 0 0 0 0
Gersemia sp. 1 0 0 2 0 0 0 1 0.3
M. oculata 0 0 0 4 1 0 0 0.2
P, arborea 0 0 0 0 8 0 0 0
P, placomus 0 0 0 0 0 12 0 0
P. cf. resedaeformis 0 0 0 0 0 0 4 0

It shows how many specimens of a species were correctly assigned to the corresponding species (diagonal), and how many specimens were assigned to another species.
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Primer reverse
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Values in brackets indicate PCR conditions for Touch-up PCR.
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94°C
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30/
50-65°C
30-90 s/
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35 (5)
(80s/
94-95°C)
80/
55°C)
4090/
72-75°C)
30

5 min/
72°C

Col

LCO-JJ
HCO-JJ
3 min/
95°C
35s/
95°C
1.5 min/
45°C
1 min/
72°C
45
35 s/
95°C)
(1 min/
51°C)
(1 min/
72°C)
35

4 min/
72°0

Col

LCOF
Lobo R
3 min/
94°C
30s/
94°C
45 s/
45°C
1 min/
72°C
45

3 min/
72°C

28S

28S-Far

28S-Rar
2 min/
94°C
30 s/
94°C
30 s/
§8°C
40 s/
72°C

35

5 min/
72°C

28S

28S-Far
28S-Rab
2 min/
94°C
30/
94°C
30/
50-58°C
40-90 s/
72-75°C
35 (5)
(80 s/
94°C)
(80s/
55°C)
(1.5 min/
75°C)
30

5 min/
72°C

ITS2

[TSc2-5
R28S1
1-2 min/
94°C
30s/
94°C
30s/
50-563°C
7590 s/
72-75°C
40 (5)
(80 s/
94°C)
(80s/
55°C)
(1.5 min/
75°C)
30

5 min/
72°C
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Primer

ND42599F
MUT3458R
LCO1490-JJ F
HCO02198-JJ R
jgLCOF
LoboR1 R
28S-Far F
28S-Rar R
28S-Rab R
ITSc2-56 F
R2851 R

Gene

mtMutS

mtMutS
COl
COl
COl
COl
28S
28S
288
ITS2
ITS2

Subclass

Octocorallia
Octocorallia
Hexa- and Octocorallia
Hexa- and Octocorallia
Hexa- and Octocorallia
Hexa- and Octocorallia
Hexa- and Octocorallia
Hexa- and Octocorallia
Hexa- and Octocorallia
Hexa- and Octocorallia
Hexa- and Octocorallia

Sequence

GCCATTATGGTTAACTATTAC
TSGAGCAAAAGCCACTCC
CHACWAAYCATAAAGATATYGG
AWACTTCVGGRTGVCCAARAATCA
TITCIACIAAYCAYAARGAYATTGG
TAAACYTCWGGRTGWCCRAARAAYCA
CACGAGACCGATAGCGAACAAGTA
TCATTTCGACCCTAAGACCTC
TCGCTACGAGCTTCCACCAGTGTTT
AGCCAGCTGCGATAAGTAGTG
GCTGCAATCCCAAACAACCC

References
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Hou et al., 2007
Geller et al., 2013
Lobo et al., 2013
McFadden and van Ofwegen, 2013
McFadden and van Ofwegen, 2013
McFadden and van Ofwegen, 2013
Flot et al., 2006
Flot et al., 2006
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mmol/l  mmol/l mmol/l  umol/l  pmol/l mmol/l | pmol/l  pmoll  pmol/l ;

7
' mmol/

d-
CAPELINHOS | 2015 o i 0.00 17.05 12.62 214 2494 594 13.00 267 -033 35.1 18.9 415 120 0.83
member
+ 0.12 0.03 0.6 44 12 0.05 0.7 0.09 0.2 53 2 70 0.10
end-
2016 0.00 17.76 9.92 220 2131 537 14.73 288 0.61 46.1 12.6 463 308 1.08
‘member
+ 0.52 0.29 12 242 45 121 24 229 6.1 36 35 33 0.05
d-
2017 £ 0.00 19.42 11.62 254 2294 539 12,57 277 0.05 359 4.3 447 168 0.88
‘member
+ 0.15 0.03 3 50 4 0.12 2 0.25 1.0 09 5 4 0.10
end-
2018 0.00 19.80 11.27 245 2600 666 12.94 268 -0.07 354 21.0 508 138 1453
member
T
+ 0.14 0.07 1 92 24 0.07 5 0.13 0.6 49 71 12 3.85
end-
2019 0.00 24.98 13.95 238 1768 492 13.12 293 0.98 4.2 22 525 177 5.99
member
+ 072 0.24 12 235 29 0.55 16 2,04 29 05 46 8 0.46
TOUR 2015 end- 0.00 35.85 20.96 341 584 269 14.24 428 0.08 74.1 8.2 680 335 0.97
EIFFEL member
+ 0.06 0.005 0.4 18 7 0.05 04 0.16 0.5 42 5 2 0.06
end-
2016 0.00 35.06 16.84 331 382 190 15.20 443 -0.03 73.6 142 689 442 0.85
member
+ 0.40 0.14 3 10 5 0.39 4 0.01 31 07 5 17 0.17
end-
2017 0.00 37.50 19.25 369 599 269 15.37 427 0.10 77.3 18.9 645 481
‘member
+ 0.10 0.08 2 17 7 0.28 1 0.17 18 48 2 19
2018 ends 0.00 39.08 18.67 336 478 234 14.55 398 147 66.1 10.7 635 294 0.70
member
+ 047 0.13 1 19 4 0.42 17 0.46 L1 40 29 6 0.03
end-
2019 0.00 42.66 2233 345 391 159 13.95 433 0.01 712 120 725 266 10.51
member
+ 129 0.48 8 12 4 0.41 04 0.02 0.7 09 il 4 0.55

Chemical composition of black smoker samples can be found on Table S1 of the Supplementary Information.
The values in bold represent the element concentrations in the end-member hydrothermal fluids while the values that are not in bold are the standard deviations.
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Description
Conference website

Conference email
address

Streaming channel/
website

Private page on
conference website

Private YouTube
Channel

Zoom
Slack
Twitter conference

account

Gather Town

Access

Open

Open

Password-
protected

Password-
protected

Private link

Password-
protected

Invitation via
email

Open

Open

Alm
General information; registration; abstract submission
Pre-conference communications
Live and pre-recorded talks; talks on replay; live chat from online audience
for questions to speakers
Access to posters in pdf format; links to short video pitches of the posters
Access to short poster videos
Live talks from online speakers; Online poster session; online-only events
Communication before and during the conference; sharing of different
passwords; asking non-live questions

Communication and public engagement before and during the conference

Networking and social events

Cost

Supported by organizing institution Ifremer — not
in conference budget

Supported by organizing institution Ifremer - not
in conference budget

46% of total budget; see Figure 2

Supported by organizing institution Ifremer - not
in conference budget

Free

Supported by the DSBS - not in conference
budget

Free

Free

Free
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Class Order

Crinoidea Comatulida

Hyocrinida

Asteroidea Spinulosida

Paxillosida

Notomyotida

Valvatida

Velatida

Ophiuroidea  Euryalida

Ophiacanthida

Ophioscolecida

Ophioleucida

Ophiurida

Amphilepidida

Holothuroidea Apodida

Dendrochirotida

Elasipodida

Holothuriida

Molpadida

Synallactida

Persiculida

Echinoidea  Cidaroida

Camarodonta

Echinothurioida

Aspidodiadematoida

Pedinoida

Salenioida

Clypeasteroida

Spatangoida

Family

Antedonidae

Bathycrinidae
Bourgueticrinidae
Comasteridae
Thalassometridae
Zenometridae

Hyocrinidae

Echinasteridae
Astropectinidae

Porcellanasteridae

Pseudarchasteridae
Benthopectinidae

Asterinidae?
Goniasteridae

Caymanostellidae

Asteronychidae
Euryalidae

Gorgonocephalidae

Ophiacanthidae

Ophiotomidae

Ophioscolecidae
Ophioleucidae

Ophiuridae

Ophiopyrgidae

Ophiomusaidae

Ophiosphalmidae
Amphilepididae
Amphiuridae

Ophiothamnidae
Hemieuryalidae

Ophiolepididae
Ophiacanthidae
Chiridotidae

Cucumariidae
Psolidae

Ypsilothuriidae
Elpidiidae

Laetmogonidae

Pelagothuriidae

Psychropotidae

Mesothuriidae

Caudinidae
Molpadiidae

Deimatidae

Synallactidae

incertae sedlis

Gephyrothuriidae

Pseudostichopodidae

Cidaridae
Histiocidaridae

Strongylocentrotidae?
Echinothuriidae

Aspidodiadematidae

Pedinidae

Saleniidae
Clypeasteridae
Asterostomatidae

Brissidae
Loveniidae

Macropneustidae
Aeropsidae

Scientific name

cf. Antedon sp.
Fariometra parvula
Bathycrinus mendeleevi
Bourgueticrinus sp.
Neocomatella pulchella

Thalassometra agassizii
Psathyrometra fragilis?

Psathyrometra sp.
Calamocrinus diomedae

Calamocrinus sp.
Hyocrinus sp.

Henricia sp.

Astropecten benthophilus .

Leptychaster inermis
Persephonaster armiger
Tethyaster canaliculatus
Thrissacanthias penicillatus
Thrissacanthias sp.
Porcellanaster ceruleus

Eremicaster pacificus

Pseudarchaster spp.

P C PC DepthrangeCR new CA new Reported References
CostaRica report report depthrange

x X

X X X X X X

>

X X X X x

>

Cheiraster (Cheiraster) planus X

Pectinaster agassizi

X

Benthopecten acanthonotus X

Benthopecten spinuliger

cf. Patiria
Bathyceramaster elegans

cf. Ceramaster sp.
Evoplosoma claguei?
cf. Hippasteria cf. phrygiana

Nymphaster diomedeae
Pillsburiaster ernesti
Belyaevostella sp.

Caymanostella sp.

Astrodlia plana
Asteroschema sp.
Asteroschema sublaeve
Ophiocreas sp.
Gorgonocephalus cf.
chilensis
Gorgonocephalus
diomedeae
Gorgonocephalus sp.
Ophiacantha quadrispina
Ophiacantha similis
Ophiacantha sp.
Ophiochondrus sp.
Ophiambix sp.

Ophiomitra sp.
Ophiotoma paucispina
Ophiotreta sp.
Ophiolycus sp.?
Ophioleuce gracilis
Ophiocten hastatum
Ophiura flagellata
Ophiura sp.

Ophiura (Ophiura) nana

Amphiophiura abcisa

Amphiophiura paucisquama
Ophiuroglypha irrorata
irrorata

Ophiuroglypha sp.
Stegophiura sp.
Ophiomusa faceta?
Ophiomusa lymani
Ophiosphalma glabrum
Amphilepis patens
Amphiura koreae
Amphiura serpentina
Amphiura seminuda
Histampica duplicata
Ophiozonella alba

Ophiolepis sp.

Ophiolimna bairdi
Chiridota?

Abyssocucumis abyssorum
Psolus aff. diomedeae
Ypsilothuria bitentaculata
Achlyonice sp.

cf. Peniagone sp.
Peniagone vitrea
Benthogone? sp.

Pannychia sp.
Pannychia moseleyi

Psychronaetes sp.
Pelagothuria natatrix .

Benthodytes sanguinolenta

Mesothuria multipes .
Zygothuria lctea
Molpacdiia granulata .
Molpadia musculus
Deima validum pacificum
Deima validum validum
Orphnurgus vitreus
Oneirophanta setigera
Bathyplotes natans

Bathyplotes sp.
Oloughlinius macdonaldi

Synallactes cf. chuni

Synallactes sp.
Benthothuria funebris

cf. Hadalothuria sp.
Hansenothuria sp.

Paroriza pallens

Paroriza sp.
Pseudostichopus mollis
Pseudostichopus peripatus
Pseudostichopus sp.
Centrocidaris doederleini
Histocidaris variabilis
Araeosoma leptaleum
Tromikosoma cf. tenue
Tromikosoma hispidum
Aspidodiadema hawaiiense

Plesiodiadema?
Plesiodiadema horridum .

Caenopedina hawaiiensis

Caenopedina diomedeae
Salenocidaris miliaris

Clypeaster euclastus
Phrissocystis aculeata

Brissopsis elongata
Araeolampas hastata

Argopatagus aculeata
Aeropsis fulva
TOTAL

X
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n.d

4-900

1271

nd.
183-549
717-1097
0-5203
nd.

nd., ETP
new report
n.d., ETP
new report
1643-4082

n.d., ETP
new report
nd., ETP
new report
n.d., ETP
new report
1159-2877

128-2014
nd.
1650

245-3714

nd.
405-5869

0-5869
nd.

nd.
51-2906

878-5203

304-4087
nd.
770-1865
9-4096
125-2870
1408-2487

0-230.

n.d.

nd.
3241-4000

13-302
255-4082
nd.

nd.
1160-4507

nd., ETP
new report
n.d
199-2599

3852-4289
0-4505

SIO; Summers
etal, 2014
Hartlaub, 1895; AH.
Clark, 1917

SIO

SIo

Cambronero-
Solano et al., 2019
SIo

Slo

SIO

SIO; Roux, 2004
SIo

Slo

Sie]

USNM; MCZ;
Ludwig, 1905
Ludwig, 1905;
Fisher, 1928
Ludwig, 1905

Slo

slo

MZUCR

USNM; Ludwig,
1905

USNM; Ludwig,
1905

MZUCR
Cambronero-Solano
etal., 2019
USNM; Ludwig,
1905

slo

USNM; Ludwig,
1905

slo

USNM; Ludwig,
1905

slo

SIO

Slo

SIO; USNM; Ludwig,
1905: Fisher, 1928
USNM; Ludwig,
1905

slo

sSlo

sio
Sio
MZUCR
sio
slo

slo

sSlo
MZUCR
sSio
Sio
Slo
slo

slo

Lutken &
Mortensen, 1899
Sie]

Sie]
slo

USNM; SIO; Liitken
& Mortensen, 1899
sio

slo

USNM; Litken &
Mortensen, 1899
USNM; MCZ; Liitken
& Mortensen, 1899
MZUCR

USNM; Litken &
Mortensen, 1899
slo

slo

slo

USNM; SIO; Liitken
& Mortensen, 1899
USNM; SIO; Liitken
& Mortensen, 1899
sio

slo

slo

slo

MZUCR

USNM; Litken &
Mortensen, 1899

Slo

SIO

SIo

USNM; Ludwig,
1894

USNM; SIO
SIo

SIo

SIo

USNM; Ludwig,
1894

SIO

Sio

USNM; Ludwig,
1894

SIo

SIO; Ludwig, 1894;
Selig et al., 2019

P=078-2323;USNM; SIO; Ludwig,
C=914-3100 1894; Cambronero-

725-4064

484-5100

0-2850
2690-5869
37-6134
1618-2487

914-2780

nd., ETP
new report
3667-4088

210-1644

n.d.
1644

nd., ETP
new report
nd.

nd.

nd., ETP
new report
n.d.

nd.

nd., ETP
new report
100-5203

1168-3667
n.d.
87-550

n.d., ETP
new report
0-1200
740-1046
n.d., ETP
new report
1820-3375

n.d., ETP
new report
n.d.
1625-3381

n.d., ETP
new report
723-850
1159-3376

36-530

nd., ETP
new report
3-270
1785-3376

1952
1455-5200

SOlano et al., 2019
USNM; Ludwig,
1894
Cambronero-Solano
etal., 2019

SIo

Ludwig, 1894
USNM

USNM; Ludwig,
1894
Cambronero-Solano
etal., 2019

USNM

USNM; Ludwig,
1894
Cambronero-Solano
etal., 2019

USNM; SIO

USNM; Ludwig,
1894

SIo

SIo
Cambronero-Solano
etal, 2019

SIo

Cambronero-Solano
etal, 2019
Cambronero-
Solano et al., 2019
USNM

USNM, Ludwig,
1894

USNM

USNM

SIO; Cortés & Blum,
2008

slo

Sio
SIo
Slo

SIO; USNM; A.
Agassiz, 1904
SIo

Slo

USNM, A. Agassiz,
1898; 1904

slo

slo

A. Agassiz, 1898;
1904
Cambronero-Solano
etal.,2019

USNM; A. Agassiz,
1898; 1904

USNM

MCZ; A. Agassiz,
1898; 1904

A. Agassiz, 1898
A. Agassiz, 1898

CR, Costa Rica; CA, Central America; R, Pacific; C, Caribbean; PC, Pacific and Caribbean; n.d, no data; ETF, Eastern Tropical Pacific; CAS, California Academy of Sciences; SIO,
Scripps Institution of Oceanography; NMHN, National Museum of Natural History, Smithsonian Institution; MCZ, Museum of Comparative Zoology, Harvard University; MZUCR,
Museo de Zoologia, Universidad de Costa Rica. + = deeper depth range; * = shallower depth range. €: Eastern Tropical Pacific endemic.
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Class Orders Families Genus Species Morphospecies Caribbean Pacific

Crinoidea 7 9 5 5

2 1 10
Asteroidea 5 8 21 14 10 1 23
Ophiuroidea 6 17 25 22 15 0 37
Holothuroidea 7 15 25 19 16 9 27
Echinoidea 8 13 13 15 3 2 16
Total 28 60 93 75 49 13 112
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Class

Crinoidea

Asteroidea

Ophiuroidea

Holothuroidea

Echinoidea

Species

cf. Antedon sp.

Fariometra parvula
Bathycrinus mendeleevi
Bourgueticrinus sp.
Neocomatella pulchella
Thalassometra agassizii
Psathyrometra fragilis?
Psathyrometra sp.
Calamocrinus diomedae
Calamocrinus sp.
Hyocrinus sp.

Henricia sp.

Astropecten benthophilus
Leptychaster inermis
Persephonaster armiger
Tethyaster canaliculatus
Thrissacanthias penicillatus
Thrissacanthias sp.
Porcellanaster ceruleus
Eremicaster pacificus
Pseudarchaster spp.
Cheiraster (Cheiraster) planus
Pectinaster agassizi
Benthopecten acanthonotus
Benthopecten spinuliger
cf. Patiria
Bathyceramaster elegans
cf. Ceramaster sp.
Evoplosoma claguei?

cf. Hippasteria cf. phrygiana
Nymphaster diomedeae
Pillsburiaster ernesti
Crossaster borealis?
Belyaevostella sp.
Caymanostella sp.
Astrodia plana
Asteroschema sp.
Asteroschema sublaeve
Ophiocreas sp.
Gorgonocephalus cf. chilensis
Gorgonocephalus diomedeae
Gorgonocephalus sp.
Ophiacantha quadrispina
Ophiacantha similis
Ophiacantha sp.
Ophiochondrus sp.
Ophiambix sp.

Ophiomitra sp.

Ophiotoma paucispina
Ophiotreta sp.

Ophiolycus sp.?
Ophioleuce gracilis
Ophiocten hastatum
Ophiura flagellata

Ophiura sp.

Ophiura (Ophiura) nana
Amphiophiura abcisa
Amphiophiura paucisquama
Ophiuroglypha irrorata irrorata
Ophiuroglypha sp.
Stegophiura sp.
Ophiomusa faceta?
Ophiomusa lymani
Ophiosphalma glabrum
Amphilepis patens
Amphiura koreae
Amphiura serpentina
Amphiura seminuda
Histampica duplicata
Ophiozonella alba
Ophiolepis sp.

Ophiolimna bairdi
Ophiomitra sp.

Chiridota®?

Abyssocucumis abyssorum
Psolus aff. diomedeae
Ypsilothuria bitentaculata
Achlyonice sp.
cf.Peniagone sp.
Peniagone vitrea
Benthogone? sp.
Pannychia sp.

Pannychia moseleyi
Psychronaetes sp.
Pelagothuria natatrix
Benthodytes sanguinolenta
Mesothuria multipes
Zygothuria lactea

Molpadia granulata
Molpadia musculus

Deima validum pacificum
Deima validum validum
Orphnurgus vitreus
Oneirophanta setigera
Bathyplotes natans
Bathyplotes sp.

Oloughlinius macdonaldi
Synallactes cf. chuni
Synallactes sp.
Benthothuria funebris

cf. Hadalothuria sp.
Hansenothuria sp.
Paroriza pallens

Paroriza sp.
Pseudostichopus mollis
Pseudostichopus peripatus
Pseudostichopus sp.

Centrocidaris doederleini

Histocidaris variabilis
Araeosoma leptaleum
Tromikosoma cf. tenue
Tromikosoma hispidum
Aspidodiadema hawaiiense
Plesiodiadema?
Plesiodiadema horridum
Caenopedina hawaiiensis
Caenopedina diomedeae
Salenocidaris miliaris
Clypeaster euclastus
Argopatagus aculeata
Brissopsis elongata
Araeolampas hastata

Argopatagus aculeata
Aeropsis fulva

Biogeographic distribution

4,3,5,9,11,13,15,16,17,18,19,20,21,23,28,30

7,9,10,12,17,20,26,28
12,26

12,26

712,22

worldwide

3,11,12,13,16,17,18,20,23,26,28
712,137

worldwide

11

712

712

12

7,10,12,20,29

12

worldwide

712
3,4,7,10,11,12,18,20,21,24,28,29,30
12

7,12,28,11,13,16,26

12
7,10,11,12,13,15,16,18,25,28
7,12
11,13,15,16,17,21,26,27,28
24,25,28,30

12
7,6,11,12,13,16,18,20,21,22,24,25,28,29
12

12

wordlwide

5,11,16,21,24,30
11,13,18,20,22,28
3,11,12,13,16,18,20

12
11,12,13,15,16,17,19,20,22,23,26,28,29
3,4,13,16,24,26,28,30,4,3
n.d
3,7,11,12,18,20,21,26,28,30
7,12,13,16,20,26,27,28,30
worldwide

3,7,10,11,12,16,18,19,20,22,26,27,28
worldwide
3,4,7,8,12,13,16,17,18,20,25,26,28,29
13
3,7,8,11,12,13,15,16,20,22,23,26,27,28
7,10,12,13,15,16,22,28

7,12,20

20,29

7,12

10,12

3,9,11,12,13,15,16,17,18,28

12
3,9,11,12,13,15,16,17,21,23,27,28
3,7,12,11,16,18,20,26,28
11,12,13,16,18,20

worldwide

3,7,12,18,25,26,28,30

12
3,5,7,10,12,13,16,18,20,21,25,26,28
3,12,20,21,26,28,30
3,7,10,12,16,18,19,20,22,23,26,28,30
7,12,22,26,28

3,13,16,18,21,27,28
6,7,9,10,12,13,20,26,28,30
6,7,9,10,12,13,20,26,28

11,1222

3,11,18

12
3,4,5,6,7,8,11,12,13,16,18,21,23,26,28,30
nd.

3,11,12,13,18,22,23,26,27,28

9,12,13

12,17,22,28
3,4,9,11,12,13,18,21,26,28
3,4,7,9,10,12,13,16,17,18,20,21,24,25,26,2
8,30

12

20
3,7,10,11,12,13,20,21,22,24,26,27,28
3,8,11,18

13,20

11,12

3,18,21,27

3,5,11,13,18,21,22
7,10,12,18,25,26,28,30
38,7,9,11,12,13,18,20,21,22,26,28,30
3,7,9,10,11,12,13,20,22,23,26,27,28,30
12

9

7,12

7,13,15,20

10,12

9
11,12,13,21,22,26,27
12

9,28

7,12

7,10,12,20

Realms: 1) Inner Baltic Sea; 2) Black Sea; 3) NE Atlantic; 4) Norwegian Sea; 5) Mediterranean; 6) Artic; 7) North Pacific; 8) North American Boreal; 9) Mid-Tropical North Pacific
Ocean; 10) South-east Pacific; 11) Tropical W Atlantic; 12) Tropical E Pacific; 13) Tropical Indo-Pacific and Coastal Indian Ocean; 14) Red Sea; 15) Tasman Sea and SW Pacific;
16) Tropical Australia and Coral Sea; 17) Mid South Tropical Pacific; 18) Offshore and NW Atlantic; 19) Offshore Indian Ocean; 20) Offshore W Pacific; 21) Offshore S Atlantic; 22)
Offshore mid-E Pacific; 23) Tropical E Atlantic; 24) Argentina; 25) Chile; 26) South Australia; 27) South Africa; 28) New Zealand; 29) North West Pacific; 30) Southern Ocean; n.d.,

no data





OPS/images/fmars.2022.902772/crossmark.jpg
©

2

i

|





OPS/images/fmars.2022.918878/fmars-09-918878-g003.jpg
Total

Asteroidea

Holothuroidea

Ophiuroidea

Echinoidea

Crinoidea

0 20

m S|IO

40 60 80 100
“"NMNH mMZC mMZUCR = Literature

120

140





OPS/images/fmars.2022.918878/fmars-09-918878-g004.jpg
Class

A Crinoidea

WV Asteroidea

M Ophiuroidea
@ Holothuroidea
© Echinoidea

Stress level: 0.11

7 North Pacific

11 Tropical W Atlantic
12 Tropical E Pacific

13 Tropical Indo-Pacific & coastal
Indian Ocean

20 Offshore W Pacific
26 South Australia





OPS/images/fmars.2022.918878/fmars-09-918878-g005.jpg





OPS/images/fmars.2023.1094283/table1.jpg
site # of Species Richness Evenness Shannon Simpson
Amundsen
Belingihausen s sn 16t 093 s o8
Easters Amundscn 85 166 200 o0 150 oss
Wright's Gl 152 1208 235 093 L7 089
Peninsula
Montrant Rock x4 s0s 20 s ™ os0
Sopmour and 13 216 2w 075 L9 06
Ross and Recovitza
Sid s Sea sss s 198 o 151 os0
Near Ros Shef s 055 u 3
Recvia ond w052 1 o L a6






OPS/images/fmars.2023.1094283/fmars-10-1094283-g005.jpg





OPS/images/fmars.2023.1094283/fmars-10-1094283-g004.jpg
Shanmon Oversty ()

NmberofSpe

Amundien

Rossand
o vyl

Peninsuia

Amundsen






OPS/images/fmars.2023.1094283/fmars-10-1094283-g003.jpg
I
H
5
I

o ) 5 % £ I 3

E ]
GbROAT (13.9% of filed, 16.7% of total variation)

[
PC1 (46.8% of vrieion)





OPS/images/fmars.2023.1094283/fmars-10-1094283-g002.jpg
Montravel Rock
‘ ¥ seymour Island

O

Recovitza
Island

ellingshausen

.

-y y MidRoss

Amundsen e
NearRoss ‘
i ice shelf






OPS/images/fmars-09-856992/fmars-09-856992-g004.jpg
5760m

6146m

6439m

6737m

Upper Slo_pé?

(v iy ¢

'
SHONS

oA A 3
; i ta

. - ‘
: -

il S -
B e R o

T
o .
N

6957m

Logvé

o - r~s o}_
A e 1
. h? “
)

A

7168m

"

f SRS -

r Slope 5

LA
445 &7
¥ \
o~ - "
. o
<7 WA
. i
k. y . R
'& o_‘?‘,‘,NW
a . AT
R e ¢ i Pl DTS
- 41‘ .ﬂ\u‘. -
» N | 2 .
5 . - " -\
A * » ™~ . g
- P B P TS '\
Ay
N
L N
0
.n‘ s
> -
o
v »

T

LA

A ¢«

" o\ "
\\‘_‘.-'
{o o>
\P",

s i

: e - . v i .-, .
i . : < A-
’ .






OPS/images/fmars.2023.1094283/fmars-10-1094283-g001.jpg





OPS/images/fmars-09-856992/fmars-09-856992-g005.jpg
8T |

(AN ¢
91
ST
vl
A
Ul
01

E6o0

@ 80

m w.o |

2 L0
90
90
$0

S0 |

vo
€0
1o
00

7000

(w) yadag

7200

o o o m o o w o
o M o0 o~ < o0
O () . o — — —
r~ r~ ~ ~ ~ r~ r~ ~ r~

8\

c

O

ol

(-

Q

>

@)

7000

7020

7120

7140

7000

81
(AN ¢
91
ST
vt
'l
't
0t
60
80
80
L0
90
90
S0
S0
vo
€0
o

00

8’1
e ¢
98
St
vl
't
|9 ¢
0t
60
80
80
Lo
90
90
S0
S0
vo
€0
o

00

(w) yadag
OMWMIIMImZ
. v shw'y N S s SN SN s s

-
Q
=
—
o
(0 0]
Q
Qo
-
o
|
wy
Q
ot
-

R

(&)

& B8 8 &S E WS
Nt SBwW AP I SN WYY e WL sl AN

(w) yadag

Distance (km)

Distance (km)





OPS/images/fmars.2023.1094283/crossmark.jpg
©

2

i

|





OPS/images/fmars.2023.1139425/table1.jpg
Initial Model Ref. IDs
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S E S
Biozone M - M2 -
Substrate M2 M7 M1z Mg
EUNIS Il M3 M8 M4 M9
EUNIS 12 M4 M9 M5 | M20
EUNIS 13 Ms MO | M6 M21
EUNIS M6 M1 M7 M2
B) Additional Model Ref. IDs
F (w/o SCUT) F (w/ SCUT)
MSFD BBHT M23 M25
EUN IS 2019 M24 M26
Q Combined model Ref. IDs
EUNIS 2007 M27 (M6 +M17)
MSED BBHT M2 (M23 + M25)
EUNIS 2019 M29 (M24 + M26)
With only SDM output layers
F (w/o SCUT) F (w/ scum
EUNIS 2007 M30 M33
MSED BBHT M31 M34
EUN IS 2019 M32 M35
D) Combined model Ref. IDs
EUNIS 2007 M36 (M30 + M33)
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EUNIS 2019 M38 (M32 + M35)

Flat Classification; § = Successive Classification.
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mtCOI/Geo* ‘Wocan 0 468 1920 1921 2079 3500 3668
Tianxiu 0.008 0 1528 1529 1698 3122 3289
Onnare 0.220 0.240 0 3 182 1595 1762
Onbada 0.159 0.142 0.109 0 180 1593 1760
Onnuri 0.155 0.128 0.037 -0.010 0 1425 1592
Edmond 0.886 0.923 0.858 0.922 0.881 0 167
Kairei 0.897 0.922 0.876 0.921 0.889 -0.013 0
ATPSo/EF1o ‘Wocan 0 0.000 0.073 0.087 0.011 0.037 0.007
Tianxiu 0.025 0 0.058 0.067 0.001 0.021 -0.002
Onnare -0.017 0.034 0 -0.055 -0.003 0.057 0.039
Onbada 0.007 0.019 -0.034 0 -0.014 0.041 0.025
Onnuri 0.011 0.026 -0.022 0.013 0 0.040 0.030
! Edmond 0.724 0.833 0.517 0.666 0.512 0 -0.015
Kairei 0.826 0.880 0.645 0.768 0.610 0.021 0

*The unit of geographic distance is km.
Bold values are statistically significant (¢ = 0.05).
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2 A. aff. marisindica Tianxiu 022

3 A. aff. marisindica Onnare 022 0.00
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10 A. hessleri 12.85 12.57 12.57 12.85 12.85 12.26 12.26 15.68 14.59
‘ 11 A. kojimai 12.85 12.57 12.57 12.30 1230 13.91 1391 16.56 14.30 4.56
‘ 12 A. strummeri 13.88 13.61 13.61 13.61 13.61 13.84 14.40 15.94 12.82 10.52 9.73
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cor561 IceAGERR 561 Desmophyllum pertusum*
100 corl3 IceAGE3 980 Desmophyllum pertusum*
1 100 cor37 IceAGE3 1649 Desmophyllum dianthus*
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ocality N* Year
DVI129 Wocan 11 2,920 2017
JL216 Tianxiu 11 3,300 2022
R2166 Onnare 13 2,984 2021
R2167 Onbada 12 2,523 2021
R2160 Onnuri 2 1,993 2021
GTV1809 ‘ Onnuri 9 2,022 2018
GTV1904 Onnuri 8 2,015 2019
GTV1906 Onnuri I 4 2,023 2019

“Number of samples collected in this study.
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Ridge Region Abbreviation Vent Field References
Carlsberg Ridge CR Daxi (Wang et al,, 2021; Zhou et al,, 2022)
‘ ‘Wocan (Wang et al,, 2017; Zhou et al., 2022)
Tianxiu (Zhou et al., 2022; Qiu et al., 2023)
‘ Central Indian Ridge North nCIR Onnare Unpublished data
Onbada Unpublished data
Onnuri (Kim et al., 2020)
South sCIR Dodo (Nakamura et al., 2012)
Solitaire (Nakamura et al., 2012)
|
Edmond (Van Dover et al., 2001)
‘ Kairei (Hashimoto et al,, 2001)
Southeast Indian Ridge SEIR Pelagia (Gerdes et al., 2019)
Site21 (Scheirer et al., 1998)
Southwest Indian Ridge North nSWIR Tiancheng (Tao et al., 2014; Zhou et al., 2018; Sun et al,, 2020)
South SSWIR Duangiao (Tao et al., 2014; Zhou et al., 2018)

Longgqi

(Tao et al,, 2012; Copley et al., 2016; Zhou et al., 2018)
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96/1.00 A. marisindica symbiont (AB205405)

A. boucheti symbiont (MT137388)
Sulfurovum lithotrophicum (AB091292)
Sulfurovum riftiae (NR149787)
Alviniconcha aff. marisindica symbiont (OQ198964)
Sulfurovum aggregans (AB889689)
Nautilia abyssi (NR042690)
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Station
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07-Apr
07-Apr

Year

2019
2019
2019
2019
2019
2019
2019
2019

Gear

SKAFF
SKAFF
CLOSP
CLOSP
SKAFF
CLOSP
SKAFF
LF

Latitude

—11.1289
—11.1283
—11.1566
—11.2483
—11.2516
—11.1050
—11.1200
—11.1218

Longitude

114.9418
114.9416
114.8950
114.8800
114.9233
114.9906
114.9283
114.9262

Depth (m)

7,168
7,176
6,439
5,760
6,146
6,737
6,957
7,180

Bottom time

4 h 00 min
6 h 37 min
6 h 57 min
6 h41min
6 h6 min
3 h47 min
4 h 59 min
1 h 56 min*

Temp. (°C)

1.64
1.64
1.43
1.34
1.39
1.47
1.61
1.64

Salinity

34.7
34.7
34.7
34.7
34.7
34.7
34.7
34.7

LF, DSV Limiting Factor (submersible). * indicates bottom time where seafloor was visible. For location see Figure 2B noting the corresponding label comprises only the

central part of the station name.
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Habitat Description

1

Fine-grained sediment.

Angular talus deposit of mixed sizes, including
boulders, with a veneer of fine-grained sediment found
at base of bedrock terraces/cliffs.

Angular talus deposit with a veneer of fine-grained
sediment.

Near vertical exposures of bedrock separated by areas
of ponded sediment and talus deposits.

Bedrock cropping out at seabed, some talus deposits.
Veneer of fine-grained sediment. Putative
chemosynthetic deposits becoming more prevalent.
Overall reduction in general slope angle with smaller
exposures of thinly stratified bedrock with frequent
observed putative chemosynthetic deposits and some
potential burrows in softer strata. Larger areas of
fine-grained sediment blanketing the sea floor.

Poor visibility.

Terrain

Trench axis,
Plateau

Lower slope,
Upper slope
Lower slope
Lower slope,

Upper slope
Upper slope

Upper slope

Plateau
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