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Seamounts are abundant features on the seafloor that serve as hotspots and barriers for the dispersal of benthic organisms. The primary focus of seamount ecology has typically been on the composition and distribution of faunal communities, with far less attention given to microbial communities. Here, we investigated the microbial communities in the water column (0-3400 m depth) and sediments (619-3883 m depth, 0-16 cm below seafloor) along the ice-covered Arctic ridge system called the Langseth Ridge. We contextualized the microbial community composition with data on the benthic trophic state (i.e., organic matter, chlorophyll-a content, and porewater geochemistry) and substrate type (i.e., sponge mats, sediments, basaltic pebbles). Our results showed slow current velocities throughout the water column, a shift in the pelagic microbial community from a dominance of Bacteroidia in the 0-10 m depth towards Proteobacteria and Nitrososphaeria below the epipelagic zone. In general, the pelagic microbial communities showed a high degree of similarity between the Langseth Ridge seamounts to a northern reference site. The only notable differences were decreases in richness between ~600 m and the bottom waters (~10 m above the seafloor) that suggest a pelagic-benthic coupling mediated by filter feeding of sponges living on the seamount summits. On the seafloor, the sponge spicule mats, and polychaete worms were the principal source of variation in sedimentary biogeochemistry and the benthic microbial community structure. The porewater signature suggested that low organic matter degradation rates are accompanied by a microbial community typical of deep-sea oligotrophic environments, such as Proteobacteria, Acidimicrobiia, Dehalococcoidia, Nitrospira, and archaeal Nitrososphaeria. The combined analysis of biogeochemical parameters and the microbial community suggests that the sponges play a significant role for pelagic-benthic coupling and acted as ecosystem engineers on the seafloor of ice-covered seamounts in the oligotrophic central Arctic Ocean.




Keywords: Arctic, seamount, water column, sediments, porewater, microbes




1 Introduction

Seamounts are abundant topographical features that rise at least 100 m to many 1000 m above the seafloor as isolated or clustered underwater mountains (Yesson et al., 2011). There are an estimated 100,000 to over 25 million seamounts in the ocean (Kitchingman and Lai, 2004; Wessel et al., 2010). As obstacles to ocean currents, seamounts can modify the physical oceanographic conditions, including vertical mixing, internal waves, the local current system in the form of Taylor caps, and trapping mesoscale ocean eddies (Royer, 1978; Roden, 1987; Roden, 1991; Chapman and Haidvogel, 1992; Beckmann and Mohn, 2002; Lavelle and Mohn, 2010).

Several decades of observational research have shown that seamounts are “hotspots” of marine life. The physical oceanography at seamounts can enhance biomass, species diversity, and production in the water column, which is referred to as the “seamount effect” (Dower and Mackas, 1996). For example, the Cobb Seamount enhances the phytoplankton composition but not its biomass (Dower and Mackas, 1996), at Great Meteor Seamount repeated surveys showed a high degree of temporal and spatial variability in phytoplankton response (Mouriño et al., 2001), and Senghor Seamount revealed a substantial effect of several-fold particulate matter export suggesting a possible phytoplankton response (Turnewitsch et al., 2016). Each seamount presents a unique case study with some that show a response by pelagic microbial communities (here, bacteria and archaea), while other seamounts do not (Mendonça et al., 2012; Djurhuus et al., 2017a; Djurhuus et al., 2017b; Zhao et al., 2022). The role of seamounts in ocean productivity is still in its infancy, but seamount summits as habitats for sessile epifauna like deep water corals, sea anemones, and sponges has been well-documented (Genin et al., 1986; Consalvey et al., 2010; Miller and Gunasekera, 2017; Morganti et al., 2022). The volcanic origin of many seamounts creates a steep topography, allowing a high proportion of hard substrata to settle compared to other deep-sea ecosystems (Rogers, 2018). If seamounts remain hydrothermally active, the chemical exchange between crust and ocean (Villinger et al., 2002; Harris et al., 2004; Fisher, 2010; Villinger et al., 2017) and hydrothermal fluids support chemosynthesis-based food webs with vent fauna (e.g., tube worms) and hydrothermal-vent-associated microbes (e.g. Epsilonproteobacteria) (Emerson and Moyer, 2010). At inactive hydrothermal seamounts, hydrothermal circulation can be driven by the cooling of the lithosphere with oxygenated and nitrogen-rich seawater (Fisher, 2010; Klügel et al., 2020). In particular, systematic analyses and multidisciplinary studies on biogeochemical parameters and microbes at inactive seamounts are still lacking, although seamounts offer an ideal study system with steep environmental gradients across narrow spatial scales.

The Gakkel Ridge in the Arctic Ocean has very few, small volcanic seamounts in the west and seamount clusters near the large magmatic centers in the east (Cochran, 2008). Small volcanic seamounts are a dominant morphologic feature of slow-spreading mid-ocean ridges, ranging between 6.5 mm yr−1 to 12.8 mm yr−1 along the Gakkel Ridge (Karasik, 1968; Taylor et al., 1979; DeMets et al., 1994; Brozena et al., 2003; Cochran, 2008). Bathymetric surveys separated the Gakkel Ridge into three sections: the Western Volcanic Zone extends from 7°W to 3°E, the Sparsely Magmatic Zone extends from 3°E to 29°E, and the Eastern Volcanic Zone extends from about 29°E eastwards. In particular, the Eastern Volcanic Zone suggests recent volcanism and two distinct changes in the ridge axis in the form of perpendicular bathymetric ridges at 30°E and 62°E that are possibly tectonic rather than volcanic origin. (Cochran et al., 2003; Michael et al., 2003). The aim of this study was to characterize the seamount cluster at the 62°E axial ridge with three individual peaks, called the Langseth Ridge. We investigated current dynamics, benthic biogeochemistry, the pelagic and benthic microbial diversity (based on 16S rRNA gene sequencing). The study explores the effect of the seamount on local seawater stratification and whether the trophic status or the substrate are the major drivers in shaping benthic microbial communities. We hypothesized that differences in organic matter deposition influence the Langseth Ridge microbial communities but also that organic matter deposition varies substantially with substrate nature across the heterogeneous surface of the seamount (Morganti et al., 2021; Morganti et al., 2022).




2 Materials and methods



2.1 Study area

Water column and benthic samples were collected between 16th September and 9th October 2016 as part of the RV Polarstern expedition PS101. The sampling focused on the Langseth Ridge, which extends over 60 km in length and 600 m to 4860 m below sea level. Specifically, eight locations along Langseth Ridge were sampled: Northern Seamount, Central Seamount, Seamount Saddle (sediment only), Karasik Seamount, Southern Slope (sediment only), Polaris Vent (sediment only), “N-Reference”, and “S-Reference” (Figure 1; Tables 1, 2, S1). The seamount summits were partially covered by large sponges and their silica needles that formed mats on the seafloor, biological remnants from worm tubes and shells, further referred to as “biological debris”, and some sedimented material (Morganti et al., 2022).




Figure 1 | Bathymetric maps showing the Arctic Ocean with the Gakkel Ridge and the perpendicular Langseth Ridge. The (A) regional bathymetric map shows the location of the Langseth ridge with respect to the major landmasses in the Arctic. The Gakkel Ridge is intersected by a perpendicular bathymetric ridge, called the (B) Langseth Ridge, characterized by (C) three seamounts. We sampled the three seamounts, the Seamount Saddle, and the Southern Slope, with the nearby Polaris Vent, N-Reference (water), and S-Reference (sediment) using a Conductivity, Temperature, and Depth (CTD) sampler (circle), stationary acoustic Doppler current profilers (ADCP; diamond) and lowered ADCP (LADCP; triangle), and multi-corer (MUC; square). Images in (C) show the heterogeneity of the sediment cores along the Langseth Ridge from (a) Polaris Vent PS101/187-1, (b, c) Northern Seamount PS101/195-1 and PS101/196-1, and (d) Karasik Seamount PS101/104-1.




Table 1 | Water column samples were acquired along Langseth Ridge locations during the RV Polarstern (PS101) in the fall of 2016 (Boetius and Purser, 2017).




Table 2 | Sediment samples along Langseth Ridge locations during the RV Polarstern (PS101) in the fall of 2016 (Boetius and Purser, 2017).






2.2 Sample collection

In situ current data was recorded during PS101 using a TRDI 300 kHz Workhorse Monitor as a Lowered acoustic Doppler current profiler (LADCP) system (Boetius and Purser, 2017). The LADCP was mounted to the CTD/rosette where the abundance of scatters in the water column was sufficient to return good quality acoustic data. The raw data were post-processed using an inverse method (Visbeck, 2002), resulting in an accuracy of ±0.03 m s-1. Additionally, long-term current information was retrieved from a mooring near the N-Reference (PS101/113-1, Table 1). The mooring was equipped with three current meters: two ADCPs (one upward-looking, one downward-looking) and one single point recording current meter (RCM7, Aanderaa) (von Appen et al., 2017).

Discrete water samples were collected at four locations using a CTD/rosette (SBE911plus, Sea-Bird Electronics, Inc.). The CTD was equipped with two temperature probes, two conductivity probes, a Digiquartz pressure sensor, an oxygen sensor (SBE 43), a fluorometer (WET Labs ECO-AFL/FL), a transmissometer (WET Labs C-Star), and an altimeter, attached to a rosette carousel with 12-L Niskin bottles (Boetius and Purser, 2017). Water column samples were acquired at the surface (0-50 m), 200 m, 400 m, 600 m, and 10 m above the seafloor at each site (here “bottom water”, Table 1). After CTD/rosette recovery, 8-10 L of seawater was filtered through 0.22-μm pore-sized STERIVEX filters (Merck-Millipore, USA) using a peristaltic pump and stored frozen at -40°C until further processing.

Discrete sediment samples were collected using a multi-corer (MUC) from all eight locations (Table 2). The MUC was deployed three times at each location that served as biological replicates and most deployments were camera-guided (TV-MUC), which allowed for local seafloor imaging (Figure 1; Table S2). In total, 24 undisturbed sediment cores were retrieved for biogeochemical and genetic analysis (Boetius and Purser, 2017). After the MUC recovery, the cores were transferred into a temperature-controlled laboratory (+2°C) for further processing. If present, biological debris above the sediment (i.e., sponge and/or polychaete worm debris) was removed prior to pore water sampling and sediment slicing (Table S2). Then, porewater extractions were performed on one core from each location, with the exception of two cores at the Polaris Vent (PS101/140-1A and PS101/187-1) and Karasik Seamount (PS101/101-1 and PS101/123-1), using Rhizons extractions in 1 cm intervals (SMS type MOM, 19.21.21F; mean pore size: 0.15 µm; Rhizosphere Research Products; Böer et al., 2009) and were stored (+4°C) until analysis. Finally, cores were sliced into sections (0-1 cm, 1-2 cm, 2-3 cm, 3-5 cm, and 14-16 cm), stored in 50 mL falcons, and frozen (-20°C) until further analysis.




2.3 Sample and data analysis



2.3.1 DNA extraction, sequencing, and pipeline

DNA was extracted from the water filters and sliced sediment. For the water samples, 27 STERIVEX filters were extracted using the PowerWater® DNA Isolation Kit (Qiagen, Germany). For the sediment, 62 samples from 0-1 cm, 3-5 cm, and 14-16 cm were extracted using the MoBio FastDNA™ Spin kit (MP Biomedicals, USA). 0.5 g of homogenized sediment was used for the kit, according to the manufacturer’s instructions. The concentration and purity (absorption ratio: 260 nm/280 nm; inclusion threshold >2) of the extracts was measured using the infinite200TM Nanoquant (Tecan, Crailsheim, Germany).

Illumina Miseq library preparation and paired-end tag sequencing (2 x 300 bp) were performed in triplicate at the Center for Biotechnology, University of Bielefeld, Bielefeld, Germany according to the standard instructions of the 16S Metagenomic Sequencing Library Preparation protocol (Illumina, Inc., USA). In addition to the samples, ultrapure Milli-Q water (Thermo Fisher Scientific, USA; Product 10977049) was amplified and sequenced to serve as a negative control and identify sequencing contaminants. The 16S rRNA genes were amplified using three primers: water column bacteria and archaea using v4v5 region with primers 515F (GTGYCAGCMGCCGCGGTAA) and 926R (CCGYCAATTYMTTTRAGTTT) (Parada et al., 2016), sediment-bacteria using v3v4 region using primers S-D-Bact-0341-b-S-17 (CCTACGGGNGGCWGCAG) and S-D-Bact-0785-a-A-21 (GACTACHVGGGTATCTAATCC) (Klindworth et al., 2013), and the sediment-archaea using v3v5 region with Arch349F (GTGYCAGCMGCCGCGGTAA) and Arch915R (CCGYCAATTYMTTTRAGTTT) (Amann et al., 1990; Klindworth et al., 2013) (Figure S1).

Illumina raw reads were processed using a modification of the pipeline of Hassenrück et al. (2016). The full pipeline and scripts are available at https://github.com/anabelvonjackowski/Publications. In brief, sequence adaptors and primers were clipped using cutadapt (Martin, 2011), allowing a mismatch proportion error of 0.16. The water column and sediment-bacteria FASTQ files were trimmed using trimmomatic (v0.35; Bolger et al., 2014) with a sliding window of 4 and quality threshold of 10 (4:12 for v3v5) and a minimum read length of 100 base pairs. Thereafter, paired-end reads were merged using PEAR (v0.9.6; Zhang et al., 2014) with a minimum overlap of 10 and a minimum length of 350. The sediment-archaea FASTQ files were first merged and thereafter clipped. Finally, reads were clustered using swarm (v2.2.2; Mahé et al., 2014) and classified against the SILVA SSU Reference dataset (release 132, 2018) reference database using the SINA aligner (v1.2.11; Pruesse et al., 2012). Operational Taxonomic Units (OTUs) matching chloroplast and mitochondrial sequences were excluded from further analyses. The sequences were deposited at the European Nucleotide Archive (ENA) under accession number PRJEB34976, with data submission brokered by the German Federation for Biological Data (GFBio; Diepenbroek et al., 2014).

Data were imported, stored, and analyzed using the phyloseq package (v1.42.0; McMurdie and Holmes, 2013) and ggplot2 package (v3.4.2; Wickham, 2016) with aesthetic modifications of figures using Adobe Illustrator. Absolute singletons, OTUs with a single sequence in the whole data set, were removed prior to statistical analysis. Negative controls were removed from the datasets, except for the v4v5 primer since negative controls were not available (Supplementary Methods). For each sample in our OTU matrix, we calculated the richness, estimated richness (chao1), Shannon-Wiener, and Inverse Simpson diversity indices. Chao1 indices were calculated with 999 random re-sampling runs to account for differences in sequencing depth between samples. Non-metric multidimensional scaling (NMDS) was applied using phyloseq in combination with compositions package (v2.0.6, function “clr” method central-log transformed) based on euclidean distances. An ANalysis Of SIMilarity (ANOSIM) was performed on the clr transformed dissimilarity matrix and euclidean distances (phyloseq package function “phyloseq::distance”) using vegan package (v2.6-4; function “anosim”).

The fold-change (FC) in the water column and sediment was analyzed following the script by Fadeev (2018). The abundance of each OTU was calculated using the DESeq2 package (v1.38.3), followed by a taxonomic enrichment test using GAGE package (v2.48.0), and corrected for multiple testing (Benjamini and Hochberg, 1995). For the water column, FC was tested on depth based on the four NMDS clusters: 0-10 versus 50 m, 50 m versus 200 m-400 m-600 m-bottom waters (seamount), and bathypelagic depths (only N-Reference). In the sediment, FC was tested on the location and layer depth based on NMDS clusters: surface and subsurface sediment layers at the seamount versus Polaris Vent and S-Reference, and deep sediment layers at the seamount versus Polaris Vent and S-Reference. The FC was reported for differential abundances at the class and genus level absolute values higher than 1 or -1 and an adjusted p-value < 0.05.




2.3.2 Sediment biogeochemistry

The extracted porewater was analyzed for inorganic nutrients, dissolved inorganic carbon (DIC), total alkalinity (TA), sulfate, and sulfide. Inorganic nutrients (NO2−, NO3−, PO43−, SiO4, NH4+) were measured using a Continuous Flow Nutrient Analyzer (QuAAtro 39, Seal Analytical) (Hansen and Koroleff 2007). DIC was measured using a flow injection system equipped with a Spark Optimas Auto-Sampler Model 820 (Böer et al., 2009). TA was measured using the Metrohm 794 Basic Titrino pH electrode (Dickson, 1981). Sulfate (SO42-) and sulfide (S2-) reacted with the 2% zinc-acetate solution and were quantified in a spectrophotometer (Cline, 1969).

The sliced sediment samples were analyzed for chloroplastic pigment equivalents (CPE) and organic matter concentration. CPE was extracted using acetone and measured as fluorescence (Trilogy, Turner Designs, USA) (Lorenzen, 1967), which allowed differentiation between chlorophyll-a (chl-a) and phaeopigments. Chl-a contribution was calculated from the ratio of chl-a-to-CPE. The total organic carbon (TOC) and total organic nitrogen (TON) were measured using an elemental analyzer (Flash EA 1112 coupled to Mas 200, Thermo Scientific, USA) (Kirsten, 1979).




2.3.3 Interpreting environmental conditions on community composition

All statistical tests were conducted in Rstudio running R (v4.2.1). Mann-Whitney tests were performed to test for significant differences for multiple profiles from the same location, e.g., two porewater cores at Polaris Vent (PS101/140-1A and PS101/187-1). Principal components analysis (PCA) was performed using FactoMineR package (v2.8) for porewater and sedimentary data to explore the relationships between “location”, “layer”, and “substrate”. Analysis of variance (ANOVA) and permutational multivariate ANOVA (PERMANOVA) using vegan package (function “adonis2”) tested the effect of “location”, “layer”, and “substrate” on environmental conditions within standardized (function “decostand”) porewater data and sedimentary data. A mixed-effects model with “sediments core” as a random factor and ANOVA were applied to test the significance of the “location”, “layer”, and “substrate” with lambda transformed to achieve a normal distribution for each sedimentary variable using nlme package (v3.1-162, function “lme”). Multifactorial ANOVA (MANOVA) was performed on “location”, “layer”, and “substrate” with the layer nested in the substrate. The interacting design was chosen to consider the presence of biological debris on top of sediments at some stations of Langseth Ridge, which depending on the thinness of the debris deposit, may prevent/reduce the exposure of sediments to the bottom water. Redundancy analysis (RDA) and ANOVA were performed to investigate to what degree sedimentary variables may explain variance in bacterial and archaeal community structure. In preparation for the RDA analysis, variables were assessed for collinearity using variance inflation factors (VIF) in usdm package (v.1.1-18, function “vif”). Variables with VIF<4 were retained, namely: CPE, chl-a contribution, TOC, and C:N ratio. The RDA was performed in vegan package (function “rda”) for all layers (0-1 cm, 3-5 cm, and 14-16 cm) and repeated independently for the surface layer (0-1 cm).






3 Results



3.1 Water column



3.1.1 Oceanography

The water column was highly stratified with cold water at the surface, transformed Atlantic water (TAW) between 200-600 m, and deep-water masses below 600 m (Figures 2, S2; Tables 1, S1). Stratification was driven by salinity that formed polar halocline waters with gradually increasing salinities below the surface to 200 m depth. In this depth range, the mean temperature was -0.76 ± 1.03°C and had a mean salinity of 33.86 ± 1.20. Between 200 and 400 m depth, relatively warm water with a mean temperature of 1.25 ± 0.19°C and high salinity of 34.86 ± 0.03 are indicative of a TAW layer (>-1.5°C and ~34.97 g kg-1). Below the TAW, a temperature mean of -0.08 ± 0.56°C and salinity of 34.90 ± 0.02 suggest mixing with the Arctic deep water below and gradually transforming into an Arctic deep water mass.




Figure 2 | Oceanography in the upper 1000 m of the Langseth Ridge. The (A) temperature and (B) salinity were measured during the Conductivity, Temperature, and Depth (CTD) sampler casts at the Northern Seamount, Central Seamount, Karasik Seamount, N-Reference, and S-Reference. The (C) currents were measured using two stationary acoustic Doppler current profilers with one single point recording current meter at the N-Reference mooring (*) and lowered ADCPs (LADCP) at the Northern Seamount, Seamount Saddle, Karasik Seamount, and the Southern Slope. The arrowheads indicate the positions of the upward and downward-facing ADCPs on the mooring and the colors correspond to the location.



The local currents at the time of the observations were not influenced by the presence of the Langseth Ridge. The velocities are highest close to the surface (Figure 2), decreasing with depth, and generally lower than in the ridge valley to the north (not shown). For context, we also show the September monthly average of the mooring (PS101/113, close to N-Reference), positioned slightly northwest of the study area (87°0.97’N, 59°15.52’E). During September 2016, the time of the synoptic observations, the recorded average was 0.04 ± 0.02 m s-1 in a net westward direction, which indicates that the profile at the Northern Seamount (PS101/202) is fairly representative of the conditions north of the Langseth Ridge during the time of observations.

On the other side of the Gakkel Ridge rift valley, the surface currents increased from the north to the south. The ADCP profile velocities were highest at Seamount Saddle (PS101/213), exceeding 0.2 m s-1 at 30 m in a northwesterly direction (Figure 2). Within the TAW between 200 and 400 m, current speeds weakened to below 0.1 m s-1 at all stations. The flow in the TAW layer was generally westward (not shown), indicating a recirculation branch of the Atlantic Water (Schulz et al., 2021), and therefore “older” water that had been advected east in the boundary current closer to the continental slope along the Siberian shelf, and then detached at the Laptev Sea and returned west topographically steered by the Gakkel Ridge (Smith et al., 2021). Closer to the seafloor, the observed current speed increased at the Northern Seamount, while current speeds decreased at the Southern Slope (Figure 2).




3.1.2 Pelagic microbial community

The microbial community of the water column was targeted by the universal primer set (v4v5). The observed richness increased with water depth showing the highest richness in the 600 m samples, while evenness was highest in the 600 m and bottom water samples (Figures S3, S4). The non-metric multidimensional scaling (NMDS) ordination plot, based on euclidean distances and central-log transformed data, with 60% dissimilarity clusters indicated that communities clustered by water depth (ANOSIM R= 0.69 p=0.001) but not by location (ANOSIM R= 0.04, p=0.24; Figure 3A).




Figure 3 | Microbial structure by location and depth along the Langseth Ridge. The non-metric multidimensional scaling (NMDS) is based on central-log transformation and euclidean distances for the (A) water column and (B) sediment-bacteria. The bottom water samples were taken at 10 m above the seafloor at each site and therefore differ in depth. Clusters represent (A) 60% dissimilarity in the water column and (B) 80% dissimilarity in the sediment.



The pelagic microbial community was dominated by Alphaproteobacteria ~16.5%, Gammaproteobacteria ~16.2, Bacteroidia ~12.9%, Deltaproteobacteria ~11.3%, Nitrososphaeria ~9.0% (Figure 4). To deal with the complexity of the dataset, we applied differential abundance tests at the class and genus level for all shared OTUs with absolute values higher than 1 or -1 and an adjusted p-value<0.05. Testing the dominant classes (>1% relative abundance) showed that unclassified Marinimicrobia (0.1% vs. 6.5% respectively, log2FC=12.5), Nitrososphaeria (0.1% vs. 8.0% respectively, log2FC=6.0), Nitrospinia (0% vs. 1.8% respectively, log2FC=3.4), Phycisphaerae (0.2% vs. 1.7% respectively, log2FC=2.4), Planctomycetacia (0.1% vs. 2.9% respectively, log2FC=2.9), and Thermoplasmata (0% vs. 2.6% respectively, log2FC=7.3) significantly increased between the 0-10 m and 50 m. The 50 m versus the cluster of 200, 400 m, 600 m, and bottom waters, we observed a significant increase in BD2-11 terrestrial group (3.4% vs. 5.6% respectively, log2FC=2.7), Dehalococcoidia (3.4% vs. 5.6% respectively, log2FC=5.6), unclassified Marinimicrobia (6.5% vs. 10.1% respectively, log2FC=12.5), Nitrospinia (1.8% vs. 1.9% respectively, log2FC=2.8), and Acidobacteria subgroup 6 (1.1% vs. 1.6% respectively, log2FC=2.9). The cluster 200, 400 m, 600 m, and bottom waters versus the bathypelagic samples from the N-Reference showed a significant decrease in unclassified Marinimicrobia (10.1 vs. 10.0% respectively, log2FC=-4.7) and Nitrospinia (1.9% vs. 0.9% respectively, log2FC=-5.3) as well as an increase in Dehalococcoidia (5.6% vs. 6.0% respectively, log2FC=7.4), Phycisphaerae (1.4% vs. 2.5% respectively, log2FC=2.7), and Planctomycetacia (3.9% vs. 2.9% respectively, log2FC=3.9). Further testing the dominant genera (>1% relative abundance) showed that Polaribacter 1 (27.9% vs. 1.7% respectively, log2FC=-6.4) and SAR11 clade Ia (13.5% vs. 6.4% respectively, log2FC=-3.4) were significantly enriched in the upper 10 m, whereas the ammonia-oxidizing archaea Candidatus Nitrosopumilus (0.1% vs. 7.9% respectively, log2FC=5.2), Nitrospina (0% vs. 1.1% respectively, log2FC=3.1), and Sva0996 marine group (0.1% vs. 1.0% respectively, log2FC=2.1) became dominant in 50 m (Figures 5, S5). Comparing 50 m versus the cluster of 200 m, 400 m, 600 m, and bottom waters showed that NS4 and NS5 marine groups decreased (~1.5% vs. <0.6% respectively, log2FC<-3.7), while Nitrospina increased slightly (1.1% vs. 1.4% respectively, log2FC=3.1; Figure 5). The cluster 200, 400 m, 600 m, and bottom waters versus the bathypelagic samples from the N-Reference showed a significant decrease in ammonia-oxidizing archaea Candidatus Nitrosopelagicus (1% vs. 0% respectively, log2FC=-4.3), Nitrospina (1.4% vs. 0% respectively, log2FC=-6.7), and SAR11 clade Ib (2.0% vs. 1.1% respectively, log2FC=-3.5; Figure 5).




Figure 4 | Microbial community composition along the Langseth Ridge. Relative read abundances of the top 10 classes in the water column and sediment- bacteria with the remaining grouped as “Other Archaea and Bacteria”. Average relative abundances are based on OTUs above three counts in over three percent of samples.






Figure 5 | Enriched bacteria genera between sampling depths. In the water column the taxonomic enrichment analysis was performed between (A) Surface (0-10 m) and 50 m, (B) 50 m and seamount (200 m-400 m-600 m-bottom water), and (C) seamount (200 m-400 m-600 m-bottom water) and bathypelagic (2000 m-3000 m-bottom water). In the sediment the taxonomic enrichment analysis was performed between the seamount versus the Polaris Vent and S-Reference in (D) surface and subsurface sediments and (E) deep sediments. Each point represents the log2fold change of each statistically significant genus (adjusted p-value < 0.05) with the color corresponding to the taxonomic classes and the number associated with each point represents the number of OTUs in the genus.







3.2 Sediment



3.2.1 Sediment and porewater biogeochemistry

The sediment cores occasionally had centimeter-thick biological debris overlaying the sand that consisted of sponge spicules and polychaete worms (Table S2). Given the variability in substrate type and thickness, we tested whether the CPE and organic matter concentration varied across the Langseth Ridge. CPE ranged from 0.02 and 1.66 µg mL-1 (n=107) and did not differ across the Langseth Ridge (Figure 6A). CPE significantly decreased with sediment depth in the 16 cm core replicates remaining close to the detection limit in almost all the samples (ANOVA F(8,28)=9.28; p<0.0001). As a derivative of CPE, chl-a showed similar trends with depth and usually contributed around 12% to the total CPE pool, except at S-Reference (PS101/061) with contributions that were up to 100% (Figures 6B–D). In contrast, TOC contents ranged from 0.40 to 12.02 μg mg-1 (n=107) and TON contents from 0.11 to 1.38 μg mg-1 (n=107) decreased with sediment depth and varied across the Langseth Ridge (Figures 6E, F). Additionally, C/N ratios ranged between 3 and 16 and significantly decreased with sediment depth at all stations (ANOVA F(8,28)=4.25; p=0.002). C/N were highest at the Polaris Vent (e.g., PS101/140-1A) and S-Reference (e.g., PS101/061-1) (ANOVA F(2,18)=26.72; p<0.0001; Figure 6G)




Figure 6 | Pigment and organic matter concentrations in the sediment along the Langseth Ridge. The (A) chloroplastic Pigment equivalents (CPE) were differentiated into (B) phaeopigment and (C) chlorophyll-a resulting in the (D) relative chlorophyll-a contribution for all sediment cores. The (E) total organic carbon (TOC) and (F) total organic nitrogen (TON) were used to calculate the (G) C:N ratio. The colors correspond to the three to six biological replicate cores from each location are specified in (A) but applicable for a-g.



Porewater profiles generally showed near-constant concentrations with sediment depth, with some exceptions. DIC ranged from 1.90 to 2.75 mmol L-1 (n=94; Figure 7A), TA ranged from 1.95 to 2.93 mmol L-1 (n=94; Figure 7B), and NH4+ ranged from below the detection limit to 7.1 µmol L-1 (n=94; Figure 7C) showed near-constant concentration with sediment depth except for the S-Reference, where a distinct increase of these constituents was observed. NO3− concentrations stayed near constant with sediment depth, except for the Polaris Vent (PS101/140-1A) where concentrations ranged from 6.04 to 15.15 µmol L-1 (n=13; Figure 7D) and showed a distinct decrease in NO3− with sediment depth. PO43− concentrations ranged between 0.11 and 0.98 µmol L-1 (n=94; Figure 7E) and showed near-constant concentrations at most stations, while the S-Reference exhibits downcore variability. SiO4 concentrations ranged from 6.55 to 156.06 µmol L-1 (n=94; Figure 7F) and gently increased up to a plateau at all sites, except for the Polaris Vent (PS101/140-1A) that showed a steeper increase in concentrations. Sulfate concentrations ranged from 25.09 and 31.02 mmol L-1 (n=94; Figure 7G) and fluctuated at all sites without any distinct trends. Similarly, sulfide concentrations ranged from below the detection limit to 3.03 µmol L-1 (n=94; Figure 7H) and showed no clear trends along the seamount cluster.




Figure 7 | Porewater concentrations in the sediment along the Langseth Ridge. The (A) dissolved inorganic carbon, (B) total alkalinity, (C) ammonium, (D) nitrate, (E) phosphate, (F) silicate, (G) sulfate, and (H) sulfide were collected at one or two biological replicate cores from each location. The colors correspond to the biological replicates are specified in (A) but applicable for a-h. Porewater data is not available for the Northern Seamount.






3.2.2 Benthic microbial community

The microbial community of the sediment was targeted by the bacterial primer (v3v4) and an archaeal primer (v3v5). The observed richness and evenness within those OTU detected with the bacterial primer were highest in the surface sediment (Figures S3, S4). The observed richness and evenness of OTU detected with the archaeal primer were highest in the surface and subsurface sediments (Figures S3, S4). The NMDS ordination plot, based on the euclidean distance matrix of central-log transformed bacterial data, with 80% dissimilarity clusters suggests that the bacterial community clustered by location and depth (Figure 3B). The bacterial community was significantly different by location between the seamount versus Polaris Vent (PS101/140-1 and PS101/187-1) and S-Reference (ANOSIM R=0.54 p=0.001) but also surface (0-1 cm) and subsurface (1-5 cm) versus deep layer (14-16 cm; R=0.17 p=0.001) that could be even further differentiated by nesting the substrate into sediment layer (ANOVA F(8,61)=3.16; p<0.001). For example, Northern Seamount cores PS101/195-1A consisting of sand clustered separately from PS101/196 covered by polychaete worms in close proximity to surface and subsurface samples that were also covered by biological debris. The NMDS, based on the euclidean distance matrix of central-log transformed archaeal data, with 80% dissimilarity clusters also suggests that the archaeal community clustered by location and depth (Figure S6). The archaeal community was significantly different by location between seamount versus Polaris Vent (PS101/140-1 and PS101/187-1) and S-Reference (ANOSIM R=0.61 p=0.001) and sediment layer (ANOSIM R=0.17 p=0.002) that could be further differentiated by nesting substrate into layer since the surface and subsurface sediment layers while the deep layer clustered separately regardless of substrate (ANOVA F(11,58)=3.87; p<0.001).

The benthic bacterial community was dominated by Alphaproteobacteria ~21.5%, Gammaproteobacteria ~16.0%, Dehalococcoidia ~15.5, Acidimicrobiia ~7.5%, and Deltaproteobacteria ~6.2% (> 60% OTU; Figures 4, S5). To deal with the complexity of the dataset, we applied differential abundance tests at the class and genus level for all shared OTUs with absolute values higher than 1 or -1 and an adjusted p-value<0.05. Testing the dominant classes (>1% relative abundance) showed that BD2-11 terrestrial group (1.1% vs. 2.2% respectively, log2FC=3.04), JG30−KF−CM66 (1.0% vs. 2.4% respectively, log2FC=3.72), and Nitrospira (1.6% vs. 1.9% respectively, log2FC=3.90) significantly changed between the seamount versus Polaris Vent (PS101/140-1 and PS101/187-1) and S-Reference in the surface and subsurface sediments. In the deep sediment layer, Bacilli (2.5% vs. 0.1% respectively, log2FC=3.54), JG30−KF−CM66 (1.1% vs. 2.0% respectively, log2FC=4.55), Nitrospira (2.2% vs. 0.9% respectively, log2FC=2.72), and unclassified Schekmanbacteria (1.6% vs. 0.5% respectively, log2FC=3.93) significantly changed between the seamount versus Polaris Vent and S-Reference. Further testing the dominant genera (>1% relative abundance) showed that three unclassified groups and Nitrospira (1.6% vs. 1.8% log2FC=3.27) significantly changed between the seamount versus Polaris Vent and S-Reference in the surface and subsurface sediments (Figures 5, S5). In the deep sediment layer, four unclassified groups, Colwellia (1.5% vs. 0% respectively, log2FC=-3.53), and Mesorhizobium (0.1% vs. 6.4% respectively, log2FC=5.99) significantly changed between the seamount versus Polaris Vent and S-Reference (Figures 5, S5). Since seamounts can select for chemolithotrophic bacteria, we specifically screened for Arcobacter, Sulfurimonas, and Sulfurovum but these genera were <0.1% read abundance in the surface sediments, <0.3% read abundance in subsurface samples, and < 0.01% read abundance in the deep sediment layers, therefore not contributing to the dominant community.

The benthic archaeal community was dominated by Nitrososphaeria (formerly MG-1) and Woesearchaeia. Additionally, taxa in the low abundance fraction included Marine Benthic Group A, Iainarchaeia, Nanohaloarchaeia, Thermococci, and Thermoplasmata. The differential abundance tests did not identify any significant differences between any set of our samples, possibly due to the dominance of Nitrososphaeria.




3.2.3 Environmental drivers of the microbial community in the sediment

Incorporating the metadata, porewater, and sediment biogeochemistry in the analysis allowed us to determine the sources of variation between groups. For both bacteria and archaea, the layer-nested-substrate was the primary source of variation, explaining 17% of differences between groups (PERMANOVA, p<0.001; Table S3). The biogeochemistry explained part of the variability in the benthic microbial community. In the surface sediments (0-1 cm), CPE was the single environmental variable with the most explanatory power and explained up to 8% of the variability in the bacterial community, while it explained 11% of the variability in the archaeal community structure (Table S4). TOC explained up to 6% of the variance in the bacterial and 8% in the archaeal community structure (Figure S7, Table S4). Furthermore, “location” and “substrate” both explained between 16% and 19% of the group variation (PERMANOVA, p<0.001; Table S5).






4 Discussion



4.1 Pelagic microbes in the Central Arctic Ocean

In the fall of 2016, sea ice reached one of the lowest minimum extents with only 4.17 million km2 (NSIDC, 2022) but covered the Langseth Ridge and contributed to the stratified water column (Figures 2A, B). The epipelagic communities were enriched in Alphaproteobacteria and Bacteroidia, particularly, the genus Polaribacter that has been tightly associated with phytoplankton bloom dynamics in the Arctic (Wilson et al., 2017 Fadeev et al., 2021; Wietz et al., 2021; von Jackowski et al., 2022). Yet, we measure a fluorescence below 0.13 mg m-3 and Boetius (2016) reported low abundances of phytoplankton in the surface waters, including Melosira arctica a species that can significantly alter the magnitude and composition of organic matter seafloor (Ambrose et al., 2005; Boetius et al., 2013). Additionally, Boetius (2016) reported high abundances of zooplankton, which indicate post-bloom conditions in September. Albeit the absence of a bloom to locally exudate organic substrates, 75% of the organic matter in the central Arctic Ocean can originate from inflowing Atlantic Water and could continue to supply microbes in the epipelagic waters well after the productive season has ended (Piontek et al., 2021). Compared to the epipelagic waters, the meso- and bathypelagic waters increased in richness and evenness, enriched in Proteobacteria and archaea like Nitrososphaeria. The high degree of similarity in the microbial community between 200 m, 400 m, and 600 m (Figures 3, 4) along with slow currents suggest that recirculating water masses do not significantly alter the bacterial community. In general, there are very few datasets on pelagic microbial communities (e.g., Rapp et al., 2018, this study) or standing stocks (e.g., Nöthig et al., 2020a; Nöthig et al., 2020b) from the central Arctic Ocean. The lack of data is directly tied to the logistical barriers associated with high Arctic research and make any observations highly valuable, especially in light of the potential system changes associated with climate change.




4.2 Exploring the drivers of pelagic-benthic coupling

Seamounts have the potential to modify the hydrodynamic processes within the water column, but the slow currents and pelagic microbial community are not indicative of seamount-specific circulation dynamics at the Langseth Ridge. Theoretically, the Langseth Ridge could generate a Taylor cap according to the calculated Rossby number of 0.07 and a fractional height of 0.8 for Langseth Ridge (Chapman and Haidvogel, 1992). A Taylor cap would generate an anticyclonic gyre and isolate the flow at the seamount (Chapman and Haidvogel, 1992). Despite this theoretical potential, the current velocities at the Langseth Ridge are approximately 10 cm s−1 and resemble those rather sluggish currents typical of the central Arctic Ocean (Woodgate et al., 2001; Nikolopoulos et al., 2009; Håvik et al., 2017). In contrast, current velocities at those seamounts with locally enhanced matter fluxes can approach 35 cm s−1 or more (Dower et al., 1992; Mouriño et al., 2001; Wilson and Boehlert, 2004; Mohn et al., 2013). Additionally, the net westward flow and accelerations at local seamount summits, such as the Northern Seamount (Figure 2), do not suggest a circulating current around the ridge. Instead, the net westward flow appears to be responsible for fast-core erosion at the Northern Seamount and slow-core erosion at the Southern Slope (Hernández-Molina et al., 2006), while depositional trails are created on the western flank of the ridge based on the bathymetry (Figure 1).

The seamount topography did not affect the pelagic microbial community but dense aggregations of large sponges might contribute to the pelagic-benthic coupling of microbes. The water column was shaped by the common pelagic groups in midwater communities including Proteobacteria, particularly SAR11 cluster representatives, Marinimicrobia, and Nitrososphaeria. Although the composition wasn’t significantly different between stations, we observed differences in microbial richness (Figure S4). The richness was lower in the bottom waters compared to 600 m at the Northern Seamount and Central Seamount where we observed sponges using the TV-MUC (Table S2), while the richness was higher in the bottom waters compared to 600 m at the northern flank of the Karasik Seamount and N-Reference where sponges could not be observed. The decreased richness in the bottom waters could be due to the dense Geodiia sp. sponge grounds (Morganti et al., 2021; Morganti et al., 2022), similar to observations at Schulz Bank seamount (Roberts et al., 2018; Meyer et al., 2019; Busch et al., 2020). Sponges, including Geodiia sp., are efficient filter feeders that can move large volumes of water and retain particles, microbes, and dissolved organic matter (Reiswig, 1971a; Reiswig, 1971b; Vogel, 1977; Frost, 1980; Willenz et al., 1986; Maldonado et al., 2012; Tjensvoll et al., 2013; Soetaert et al., 2016). Our data suggests that benthic-pelagic coupling mediated by sponges on pelagic microbes might explain the slightly reduced microbial richness of the water residing above sponge grounds in the central Arctic along Langseth Ridge (McMurray et al., 2016; Van Oevelen et al., 2018; Busch et al., 2020).




4.3 Benthic microbial diversity on inactive Arctic seamounts

The substrate variability from bare sand to centimeter-thick biological debris likely explains the range of TOC and TON contents across the Langseth Ridge. Sponge locomotion left centimeter-thick spicule mats (Morganti et al., 2021; Morganti et al., 2022) that trapped polychaete tubes shielding the benthic microbes from potential sinking organic matter. The decreasing TOC and TON contents with sediment depth would support microbially mediated active organic matter degradation along the Langseth Ridge and at S-Reference, but the near-constant porewater profiles of the degradation products DIC, TA, and NH4 + suggest limited microbial activity in the sediment at Langseth Ridge sites. Given that dissolved NO3 − is utilized by microbes during redox processes, near-constant or only gently increasing NO3 − concentration profiles further imply low microbial activity. Therefore, the solid phase and porewater contradict each other. If we hypothesize that low sedimentation rates due to a limited pelagic biological production and slow burial rates as a consequence of the sponge spicule mats acting as a physical barrier, then increased residence time of the organic matter would result in gently decreasing concentrations in the solid phase profiles over long-time scales. We strongly encourage future research to investigate the solid phase and porewater profiles under ice-covered conditions in Arctic sediments.

Although the sponge spicule mats act as a barrier for phytoplankton-derived organic matter, the spicules might provide sponge-derived chitin and proteinaceous matter to the microbial community in the surface sediments. A taxon with the potential to grow on proteinaceous matter from organic remnants in oxygenated deep-sea sediments are Woeseia (Figure S5) (Hoffmann et al., 2020). Woeseia has the genomic repertoire to catabolize putative peptidases and cycle detrital proteins in sediments (Hoffmann et al., 2020). However, Woeseia has a high functional variability and has been widely observed within deep sea sediments (Mußmann et al., 2017; Meier et al., 2019; Soltwedel et al., 2023). To fully understand the degree of influence the biological debris has on the microbial community, future research should focus on the interactions between sediments and sponges (e.g., Busch et al., 2020). Sponges, especially those in polar regions, host a low diversity of sponge-specific microbes that may be similar to those detected in sea ice or sediments (Webster et al., 2004; Pape et al., 2006).

Aside from the possible sponge-derived matter degradation, the benthic microbial communities at the Langseth Ridge resemble taxa associated with deep sea sediments like Alphaproteobacteria, Gammaproteobacteria, Acidimicrobiia, Dehalococcoidia, and Nitrospira (Cerqueira et al., 2015; Zhang et al., 2015; Zhang et al., 2016; Adam et al., 2019; Varliero et al., 2019). Additionally, Nitrososphaeria is an abundant member in marine sediments (Wuchter et al., 2006; Roussel et al., 2009; Durbin and Teske, 2010) and in Arctic sediments (Park et al., 2012; Pester et al., 2012). Thus, these findings indicate that Langseth Ridge sediment communities reflect typical heterotrophic communities present in the deep sea of oligotrophic ocean biomes in the absence of proximal hydrothermal activity. If the Langseth Ridge seamounts were hydrothermally active, we would expect mesophilic Epsilonproteobacteria, thermophilic Aquificales, and archaea to contribute to the dominant fraction of the microbial community (Teske et al., 2002; López-García et al., 2003; Nakagawa et al., 2005; Wei et al., 2013; Teske et al., 2014; Cerqueira et al., 2015; Cerqueira et al., 2017; Meier et al., 2017; Møller et al., 2018). Instead, Epsilonproteobacteria contribute to the rare fraction of the microbial community in the deepest sediment layer. The only station to suggest some degree of suboxic and potentially advective flux was the Polaris Vent (PS101/140-1A) but without any significant shift in the microbial community.





5 Conclusion

Our study explores the hydrodynamics with ties to the pelagic-benthic coupling of the microbial community in the context of sediment geochemistry at a seamount cluster with three individual peaks in the central Arctic Ocean. The water column was stratified from the N-Reference across the Langseth Ridge and towards the S-Reference, characterized by common pelagic microbes and slow current dynamics that were not influenced by the topography of the seamounts. The seamounts were covered in giant sponge grounds that influence the microbial diversity in bottom water and suggest that the sponges might play a role in pelagic-benthic coupling at the Langseth Ridge. Simultaneously, the dense sponge spicule mats covered the sediment and reduced the availability of settling phytodetritus but possibly acted as a source of other trophic resources (e.g., refractory protein and chitin) amidst a typical microbial community in the deep sea of oligotrophic ocean biomes. We observed dead tube worms inside the upper few centimeters of the sediment cores and combined with the absence of hydrothermal-indicator microbes, e.g., Epsilonproteobacteria, suggest that the Langseth Ridge had no active hydrothermal activity at the time of sampling, whereas it may have had in the past. Overall, these findings expand our current knowledge about the effect of inactive seamounts on microbial community dynamics all the while stimulating future research to explore the deep sea biodiversity and ecosystem functioning of polar regions.
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OEBPS/Images/table2.jpg
Location Device Station Latitude N Longitude E MUC Sampling Depth ~ MUC Core length

(DD) (DD) (m) (cm)
Southern- MUC PS101/061-1 85.24 59.96 3883 16 *
Reference MUC PS101/062-1 85.23 60.01 3880 16*
MUC PS101/063-1 85.21 60.01 3880 22
Northern TV-MUC PS101/195-1A 86.86 61.58 639 14*
Seamount TV-MUC PS101/195-1B 86.86 61.58 639 16*
TV-MUC | PS101/196-1 86.86 61.62 657 16 *
Central TV-MUC | PS101/151-1 86.83 61.77 860 8
Seamount TV-MUC | PS101/152-1 86.83 61.65 903 6"
TV-MUC = PS101/205-1 86.83 62.01 1183 16 *
Seamount Saddle | TV-MUC = PS101/210-1 86.76 61.74 888 6%
TV-MUC PS101/211-1 86.76 61.81 909 16
TV-MUC PS101/212-1 86.77 61.77 957 6"
Karasik TV-MUC PS101/123-1 86.74 61.63 651 7
Seamount TV-MUC PS101/125-1A 86.73 61.61 656 6*
TV-MUC | PS101/125-1B 86.73 61.61 656 6%
TV-MUC | PS101/101-1 86.71 61.61 635 11
TV-MUC | PS101/102-1 86.71 61.30 643 6%
TV-MUC = PS101/104-1 86.71 61.32 637 16 *
Southern Slope TV-MUC | PS101/218-1 86.68 59.94 1852 23
TV-MUC | PS101/219-1 86.66 59.92 2049 16 *
TV-MUC PS101/220-1 86.64 59.95 2002 16 *
Polaris Vent TV-MUC PS101/140-1A 86.96 55.79 3263 13
TV-MUC PS101/140-1B 86.96 55.79 3263 16 *
PS101/187-1 86.96 55.78 3410 25

The multi-corer (MUC) was used to sample the sediment, with an additional glass fiber cable (TV-MUC) that supplied images at most stations. (*) Samples were not processed for
porewater analysis.
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OEBPS/Images/table1.jpg
Location Device Station Longitude E (DD) Sampling Depths (
Northern-Reference CTD PS101/175-1 87.10 61.61 1.4, 50.2, 200.0, 1000.0, 2000.0, 2998.7, 3342.4
ADCP-1 PS101/113-1 87.02 59.26 0-220
ADCP-2 PS101/113-1 87.02 59.26 270-420
RCM PS101/113-1 87.02 59.26 773
Southern-Reference CTD PS101/055-1 85.29 60.16 no DNA samples collected
Northern Seamount CTD PS101/172-1 86.87 61.59 1.3, 200.3, 391.2, 604.1, 618.7
LADCP PS101/202-1 86.86 61.48 0-730
Central Seamount CTD PS101/097-1 86.82 61.73 51.4, 200.0, 400.3, 600.4, 853.1
CTD PS101/149-1 86.80 61.84 1.7, 202.2, 401.2, 600.0, 750.7
Seamount Saddle LADCP PS§101/213-1 86.77 61.84 0-550
Karasik Seamount CTD PS101/126-1 86.74 61.86 12.3, 2004, 394.3, 600.6, 715.5
LADCP PS101/192 86.74 6145 0-510
Southern Slope LADCP PS101/224 86.61 59.96 0-1610

‘The max sampling depth was 10 m above the seafloor. Conductivity, Temperature, and Depth sampler, CTD; Acoustic Doppler Current Profiler, ADCP; Lowered Acoustic Doppler Current

Profiler, LADCP; Recording Current Meter, RCM.
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