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Hydrothermal vents have been recognised as isolated islands of productivity in the deep sea, but very little is known about the transport and export of chemoautotrophic produced organic carbon to vent surrounding habitats. Here, we investigate vent carbon export and its influence on benthic food webs in sediments at the Rainbow (RB) vent field at the Mid Atlantic Ridge in ~2200 m water depth. Two sites were considered along the dispersal direction of the RB vent plume for sample collection: the close vicinity at about ~30-100 m (“near-vent”); and at 4 km distance (“off-vent”) to the nearest venting area. At both sites, box corers were used to sample sediments and their fauna. A turbidity sensor mounted on a CTD/Rosette provided data on the presence of a vent fluid plume in the water column. Niskin bottles were used to sample suspended particulate organic matter (SPOM) from the plume, as well as from surface waters at 75 m depth. SPOM, sediments and fauna were analysed for nitrogen and carbon stable isotopes. Carbon derived from in situ chemoautotrophy, characterised by depleted δ13C, was taken up by infauna close to the venting area as the main nutrition source, while fauna at the off-vent site showed less depleted δ13C with a signature more typical for photosynthetic- derived material. Nematodes were the most abundant faunal taxon. Their abundance and biomass were variable and not different at the two studied sites. In situ derived organic matter was traced back in the food web in the close vicinity of the venting area. The connectivity of vent and non-vent habitats should be taken appropriately into account when designing future spatial management plans with regard to deep-seabed mining at hydrothermal vents.
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1 Introduction

It has only recently been recognized that deep-sea vents are not isolated ecosystems, but also influence the surrounding areas (Levin et al., 2016). Deep-sea vent plumes transport vent larvae (Adams et al., 2012; Kim et al., 2015) and export nutrients and trace metals to the vent surroundings, influencing the microbial community composition in the water column (Haalboom et al., 2020). Faunal communities on hard substrates in the vent surroundings harbor a mix of typical “vent” meiofaunal species (e.g. Dirivultid copepods) and of species/genera known from coastal areas and deep-sea sediments (Gollner et al., 2010; Gollner et al., 2015; Gollner et al., 2020), and show increased functional diversity (Alfaro-Lucas et al., 2020). Benthic species composition in sediments surroundings Rainbow is different compared to control deep-sea sediments and highly influenced by the vent plume’s fall out (Klunder et al., 2020). Nematode community composition in sediments in the surroundings of Snake Pit and TAG vent fields on the Mid-Atlantic Ridge is hypothesized to be influenced by geochemical setting and food availability (Spedicato et al., 2020). A study in the northern West-Pacific, suggested that the effect of in situ derived organic matter as a food source near vents may be limited to at most several 100 m away from the venting area (Nomaki et al., 2019). Overall, very little is known about the role of vent in situ derived organic matter on food web and community composition in the vent surroundings.

The importance of understanding the interactions of vents with their surroundings is growing, as the potential for disturbances in the form of deep-seabed mining rises. Hydrothermal vent ecosystems are typically rich in seafloor massive sulfides and there is globally a growing interest to mine these minerals in the future (Dover, 2011; Boschen et al., 2013; Dover et al., 2018). Some countries have already tested mining or plan mining-tests in their national waters (Collins et al., 2013; Boschen et al., 2015), and to date, 7 exploration contracts for seafloor massive sulfide mining have been issued by the International Seabed Authority (ISA) in areas beyond national jurisdiction (www.isa.org.jm). Mining will have impacts on the environment, including for example removal of habitat or the creation of sediment plumes (Gollner et al., 2017). The ISA is currently working on the development of Regional Environmental Management Plans, which shall include mitigation actions, such as areas to be protected from seabed mining (ISA, 2019). Understanding the extent of vent influence and ecological connectivity to the surrounding environment are needed to ensure proper mitigation actions for human disturbances, and to border marine protected areas in the deep sea.

One form of determining the geographical size or “footprint” of an ecosystem includes the detection of trophic links within and between ecosystems. Food web studies can use stable isotopes of carbon and nitrogen to detect the sources of the production, and define the trophic level, by comparing the ratio of the heavier to lighter isotopes (Griffin and Valiela, 2001; Govenar, 2012). Analyzing nitrogen and carbon stable isotopes allows the establishment of trophic interactions between species (Pinnegar and Polunin, 2000). At hydrothermal vents, there are different potential food sources with different δ13C ratios including (1) photosynthetically derived organic matter from the sea surface (-24‰ to -22‰), (2) chemo-autotrophs that fix carbon through sulfide oxidation based on Calvin-Benson-Bassham (CBB) cycle (-36‰ to -30‰), (3) chemo-autotrophs that fix carbon through sulfide oxidation based on reductive tricarboxylic acid (rTCA) cycle (-15‰ to -10‰) and (4) methanotrophs (-19 ± 3.5‰ at Rainbow (RB) vent) (Portail et al., 2018 and references therein). Therefore, the δ13C signature can be used to identify which organic carbon sources (chemo- or photosynthetic) fauna in the vent surrounding rely on.

The RB vent produces one of the most persistent and strongest plumes on the Mid-Atlantic Ridge (MAR, German et al., 1996; Thurnherr and Richards, 2001), making it a good location to explore the extent of in situ produced organic matter export to vent surroundings. The RB vent field (36°149N, 33°549W, ~2250 m depth) was discovered in 1996 on the Azores triple junction (ATJ) along the MAR (German et al., 1996) (Figure 1A). It is located at a slow-spreading ridge with a spreading rate of approximately 21.5 mm yr-1 (Andreani et al., 2014). At least ten black smokers eject the plume that is rising up to 200 m above the vent field and is dispersed predominantly to the north and east of the source with an average current speed of 5-6 cms-1 (Thurnherr and Richards, 2001; Thurnherr et al., 2002; Edmonds and German, 2004). The vent fluid dispersal is controlled by the variation of vent emission and deep-sea current direction which is following the contours of the rift valley and can be detected up to 50 km away from the vent site (Khripounoff et al., 2001; Edmonds and German, 2004; Haalboom et al., 2020). The plume is enriched in trace metals in which the composition changes as it is aged and dispersed, it has very low concentrations of organic carbon and is characterized by the presence of chemoautotrophic microbial communities (Khripounoff et al., 2001; Edmonds and German, 2004; Haalboom et al., 2020).




Figure 1 | (A) The Mid-Atlantic Ridge and Rainbow vent field location, (B) Location of the Rainbow vent field on the Azores triple junction, (C–E) Locations of active black smokers (red triangles), and of sedimented near-vent and off-vent sites. Samples were taken at both sites. Sediment samples were taken with a video-guided box corer (yellow square), and water samples were taken by a CTD (green circles) during the RV Pelagia expeditions in 2018 (64PE441) and 2019 (64PE454). Red triangles: black smoker structures (coordinates and names as given in Dyment et al., 2009); yellow squares: Box Corer (BC) samples; green circles: CTD (FB) in which FB near-vent comprises samples 1,4,7,10 and 13 and FB off-vent samples 16,19,22,25and 28. Map with QGIS 3.18.



The fauna living on/very close to black smokers at the RB vent field is relatively well known and characterized by small mussel beds and shrimp swarms, with associated species such as Amathys lutzi or spionid polychaetes (Desbruyères et al., 2000; Desbruyères et al., 2001; Portail et al., 2018). Portail et al. (2018) studied the food web complexity at the RB vent. However, there is no knowledge of food webs in vent surrounding areas, and very limited knowledge on the taxonomic composition of sediment infauna, with metabarcoding revealing that their composition is influenced by the RB vent plume’s fall out (Klunder et al., 2020). Here, we investigate the ecological “footprint” of the RB vent field, i.e., the export of in situ produced organic carbon and its importance as a potential food source for faunal communities living in the sediments in the vent surrounding areas. Along the dispersal direction of the plume, water column and sediment samples were collected at two sites: near-vent (~30-100 m distance from RB black smokers) and off-vent (4 km away from RB). We analysed the organic matter content, carbon and nitrogen stable isotopes of suspended particulate organic matter (SPOM) in the water column, and of sediments and fauna living in the sediments. In addition, we analysed faunal abundance and biomass of nematodes, the dominant taxon in the sediments.



2 Material and Methods


2.1 Sampling

The sampling sites were chosen based on preliminary studies of plume dispersal by Haalboom et al. (2020), and based on exact coordinates of RB vent smokers by Dyment et al. (2009). Samples were obtained during two research expeditions with RV Pelagia during cruise 64PE441 (16th to 25th of June 2018) and 64PE454 (24th of June to 4th of July 2019). Sediment cores and water samples were collected at two sites downstream of the plume: very close to the vent at approximately 30-100 m distance from the nearest black smoker (near-vent) and at ~4 km distance from the vent (off-vent) (Figures 1B–E and Table S1). A NIOZ-designed video-guided stainless steel cylindrical box corer (inner diameter 50 cm and 55 cm height), a trip valve sealing the box, was used to obtain quantitative sediment samples. The camera was used to avoid sampling hard substrates. In practice, the box corer was (1) lowered towards the bottom until the bottom became visible, (2) the ship with the box corer was moved into position, (3) the box corer was lifted several meters upwards to gain enough speed, (4) the box corer was deployed, resulting in ~30 cm deep penetration into the sediment with ~10-20 cm of overlying bottom water in the box corer. After the box corer was on deck, it was inspected for sampling success (i.e. enough overlying bottom-water; no leaking due to underlying rocks in sediments that had caused deformation of the box corer or incomplete closure). Only successfully retrieved box corers were subsampled with push cores. For all meiofaunal analyses, push cores with a ~5 cm diameter (area of 19.63 cm2) were used. For higher taxon diversity and nematode biomass analyses, the top 10 cm of each push core was fixed in a 4% buffered formaldehyde solution. For faunal stable isotope analyses, the top 10 cm of the push cores were frozen at -20°C, but only the top 5 cm have been analysed. One retrieved box corer (23BC) contained only a 7 cm thick sediment layer due to the hard substrate below. In addition to 5 cm diameter push cores, plastic syringes with 3 cm diameter (area of 7.07 cm2) were pushed into the sediment and frozen at -20°C for bulk sediment stable isotope analyses back in the lab.

Water samples were collected with a CTD/Rosette, at the same locations as the sediment samples. 12-liter Niskin bottles were closed at approximately 2000 m water depth, with 4 samples collected at different depths in the maximum deep-water turbidity layer, indicative for the presence of the hydrothermal plume. In addition, one sample was collected in the chlorophyll maximum layer at 75 m water depth (Figure 2). For SPOM analyses, 2x10 L of water from each water depth were filtered over pre-weighed and pre-combusted GFF filters on board, rinsed with a minimum amount of MilliQ water to remove salt, and stored at -20°C (Table S1).




Figure 2 | Turbidity and fluorescence profiles in near-vent site (64PE545-02) and off-vent site (64PE545-12) water column. The maximum turbidity in deep water represents the vent plume. The sampling depths are marked with a red line at 75 m water depth, and red squares around 2000 m water depth.





2.2 TOC, δ13C and δ15N Analyses of Water and Sediment Samples

The SPOM filters were decalcified before C and N stable isotope analyses. In total 10 SPOM filters were analysed; 5 from near-vent and 5 from off-vent. One sample (FB10) from the near-vent plume did not have enough material to measure the N stable isotope signature, even though the complete filter was analysed. The filters were moistened with some drops of double-distilled water (bidest) and were placed in a chamber filled with HCl gas overnight, followed by drying in an oven at 60°C. Each SPOM filter was manually folded and compacted in a tin capsule. The C and N isotope ratios for SPOM filters were measured in a single analytical run, and certified isotope standards acetanilide (0.3-0.6 mg), casein (0.2-0.5 mg) and urea (0.3-0.8 mg) were used as reference standards.

A total of 7 sediment cores, 4 from near-vent and 3 from off-vent, were analysed at 1 cm intervals until 5 cm core depth (Table S1). The sediment samples were freeze-dried and ground to a fine and homogeneous powder. This powder was used for δ15N and δ13C analyses. For δ13C analyses, the powder was decalcified to remove inorganic carbon. Sediments were decalcified in Borosilicate glass culture tubes with 2M HCL added in drops until no reaction (bubbling) was visible. The tubes with sediments were shaken for 500 minutes in a table shaker and were afterward centrifuged at 2000 RPM for 5 minutes. After centrifugation, to remove acid from the decalcified samples, the liquid above the sediment was carefully removed with a pipet, and 1 ml doubly distilled water (Bidest) was added to the sediments in the tubes and vortexed until the sediments were resuspended and mixed well with water; followed by adding approximately 10 ml Bidest water to fill up the tube. The centrifugation and removing liquid process were repeated until the pH of the remaining liquid above the sediment in tubes was higher than 5, after which the decalcified samples were freeze-dried. All sediment samples were weighed precisely in tin capsules to carry out stable isotope analysis (SIA). The capsules were crimped and manually compacted to minimize internal air space. Great care was made to avoid any contamination with solvents, fingers and dust. Certified standards comprised 0.05-0.12 mg Benzoic acid and Acetanilide to measure δ13C, and Acetanilide (0.5-0.8 mg), Casein (0.3-0.8 mg) and Urea (0.3-0.8 mg) to measure δ15N.

All values for stable isotope analyses are expressed in δ (‰) notation with respect to the PeeDee Belemnite (δ13C), and Air (δ15N) because of the constant average abundance of 15N (Kendall and Caldwell, 1998), in which δHX = [(RSAMPLE/RSTANDARD − 1)] ×103, where R is 13C/12C or 15N/14N (Fry, 2006). The stable isotope composition (δ13C and δ15N) of all samples was measured using a Flash 2000 (Organic Elemental Analyzer) MAS 200 autosampler that was connected via CONFIO IV to DELTA V ADVANTAGE (isotope ratio mass spectrometer (IRMS)) and ISODAT 3.0 Gas Ratio MS Software was used. The total organic carbon (TOC) was measured along with carbon and nitrogen stable isotope ratios and the TOC (%) calculation was based on the MS-signal. To test the relationships of TOC, δ13C and δ15N, biplots of linear regression were created and the Pearson’s correlation coefficient r and p-values calculated.



2.3 Stable Isotope Analyses of Meiofauna

We used 4 box cores (12 push cores) from near-vent and 3 box cores (9 push cores) from off-vent to measure stable C and N isotope values of meiofauna (Table S2). For meiofauna extraction, sediment samples were unthawed and rinsed with 32 µm-filtered tap water through 1 mm and 32 µm mesh sieves. The remaining sediments on the 32 µm sieve were put into centrifugation tubes. For centrifugation of sediments, colloidal silica polymer was used as the flotation medium (H.C. Stark, Levasil 200/40%, q = 1.17) and kaolin was used to hold back the heavier particles during decantation (Holme and McIntyre, 1971). Each sample was centrifuged 3 times for 6 minutes at 3500 rpm. The flotation medium with animals was passed through a 32 µm sieve, rinsed with Milli-Q water, and meiofauna transferred into petri dishes. A stereomicroscope was used to identify meiofauna to higher taxonomic levels (i.e. nematodes, copepods, polychaetes) based on Higgins and Thiel (1988) and Giere (2009). For reliable detection of C and N compositions, the minimum required weight for meiofauna is 0.1 mg (Portail et al., 2018) which is estimated around 300 copepods or nematodes (Lebreton et al., 2012). Meiofaunal individuals were hand-picked under a stereomicroscope and pooled per higher taxon directly into a tin capsule. The total number of individuals per taxon extracted from near-vent was 502 nematodes, 121 copepods, 12 polychaetes and 711 nematodes and 80 copepods for off-vent. No polychaetes were found at this site. Although meiofauna was completely sampled from the sediment samples, there was not enough material to reliably measure δ15N values of meiofauna and for the off-vent site, not even enough for a δ13C value for copepods. Tin capsules with animals were freeze-dried, weighed and measured on the Flash 2000 (Organic Elemental Analyzer; see above). Certified isotope standards acetanilide (0.01-0.1 mg), casein (0.015-0.12 mg) and urea (0.03-0.3 mg) were used as the reference standards for δ13C.



2.4 Abundance and Biomass Analyses of Nematodes

In addition to the higher meiofaunal taxa counts obtained whilst picking fauna for stable isotopes analyses (from 21 push cores; see Meiofauna Abundance, Biomass and Isotope Values), we analyzed higher meiofaunal taxa, and nematode biomass from additional 9 push cores (Table S2). In total, 30 push cores (from 12 box corers) were compared for meiofaunal abundance, 16 push cores from near-vent and 14 push cores from off-vent. Biomass data were based on 4 push cores from near-vent and 5 push cores from off-vent (see Table S2).

Biomass was only calculated using non-damaged individuals (81% of specimens near-vent and 79% of specimens off-vent) as required in the formula described by Andrassy (1956). The statistical analysis is based on standardized data for a 10 cm2 area. The difference in the abundance and biomass of meiofauna near-vent and off-vent was analyzed by applying Welch’s t-test (unequal variances t-test).

To extract meiofauna used for biomass analyses from the sediments, formaldehyde from sediment samples was removed, and sediments were centrifuged as described in 3.3. to extract fauna. A stereomicroscope was used to count and identify meiofauna to higher taxonomic levels (i.e. nematodes, copepods, polychaetes) based on Higgins and Thiel (1988) and Giere (2009). Nematodes were mounted on glass slides, by placing them first into a solution of water/ethanol/glycerol (61/35/4) followed by evaporation for 2 days in a 40°C oven. Afterwards, nematodes were placed into a drop of glycerin on a glass slide, covered with a glass slip and sealed with lacquer (Higgins and Thiel, 1988). The biomass of nematodes was calculated by measuring individual’s dimensions and according to WW (µg) = (L×W2)/Cf (Andrassy, 1956), where L (µm) is the nematode’s length, W (µm) is its width at the widest point and Cf is 1.6×106 as the conversion factor.




3 Results


3.1 δ13C and δ15N of SPOM

The δ13C signature of SPOM collected in the plume was depleted and similar at the near-vent (-26.33 ± 1.12‰) and off-vent (-26.22 ± 0.31‰). δ13C signatures of SPOM from surface water samples (75 m water depth) at near-vent and off-vent were -23.14‰ and -22.60‰, respectively (Table 1 and Figure 6). Samples from the near-vent had a lower δ15N value (average 2.4‰), compared to the off-vent sample (average 6‰).


Table 1 | The δ13C and δ15N of SPOM filters within the plume close to Rainbow vent (near-vent; between 2190 and 2291 m depth) and at 4 km distance to the vent (off-vent; between 1933 and 2202 m depth).





3.2 TOC, δ13C and δ15N in Sediment Samples

Surface sediment TOC concentrations of near-vent sediment samples (0.50% ± 0.16) were ~2.5 times higher than off-vent samples (0.16% ± 0.03). Figure 3 shows the vertical profile of TOC, δ13C and δ15N based on the mean and two standard deviations. Near-vent, the top 2 cm had an average TOC content of 0.50%, which was decreasing to 0.26% in 2 to 5 cm depth. Off-vent, no variation in TOC (average 0.16%) was observed with depth. The average δ13C value in the first cm in near-vent sediments (-24.6‰) was lower than for the first cm in off-vent sediments (-21.1‰). δ13C values in near-vent sediments increased with depth (-20.8‰ at 5 cm depth), but remained rather similar off-vent (-20.4‰ at 5 cm depth). A similar trend was observed for δ15N with values increasing with depth from 4 to 5.4 ‰ near-vent and rather similar δ15N values from 6.1 to 6.3‰ off-vent. In the sediment samples at the near-vent site, C and N isotopes showed a heterogeneous pattern: the δ13C varied between -26.7‰ to -20.2‰, and δ15N from 3.2‰ to 5.9‰, while there was little variation in the sediments from off-vent, for both δ13C value (-21.7‰ to -19.6‰) and δ15N (5.6‰ to 6.7‰) (Figures 3B, C, 4). However, a significant correlation was found between δ13C and TOC (r2 = 0.84, p<0.001), δ15N and TOC (r2 = 0.84, p<0.001) when considering all sediment samples (Figure 5).




Figure 3 | Vertical profiles of (A) total organic carbon (TOC) concentration, (B) δ15N and (C) δ13C (mean ± 2SD) of sediment samples (1 cm slices) from surface up to 5 cm core depth in sediments “near-vent” (~30-100 m distance to RB vent, red triangles) and “off-vent” (~4 km distance to RB vent; blue circles).






Figure 4 | Carbon (δ13C) and nitrogen (δ15N) signatures (mean ± SD) in the first 5 cm of sediments at “near-vent”(~30-100 m distance to RB vent; red triangles) and “off-vent” (~4 km distance to RB vent, blue circles).






Figure 5 | Correlation of δ13C and TOC (A), and δ15N and TOC (B) concentrations in sediments near-vent and off-vent.





3.3 Meiofauna Abundance, Biomass and Isotope Values

Meiofaunal abundance was similar near-vent (mean 35.69 ± 28.78 per 10 cm2) and off-vent (mean 33.20 ± 16.20 per 10 cm2) (p-value: 0.86). Nematodes dominated the communities with 13 to 83 ind. 10 cm-2 near-vent and with 14 to 51 ind. 10 cm-2 off-vent. Mean individual nematode biomass was very variable and no statistic difference was detected between “near-vent” (0.50 ± 3.93 µg) and off-vent (0.93 ± 4.35 µg) (p = 0.72) (Table 2). Mean biomass per 10 cm-2 was also variable (30.68 ± 25.81µg near-vent; 20.05 ± 16.31 µg off-vent; p = 0.22). The second most abundant taxon were copepods with <1 to 8 ind. 10 cm-2 near-vent, and 1 to 7 ind. 10 cm-2 off-vent. Polychaetes, the only macrofaunal taxon observed, were only detected near-vent (Table 3).


Table 2 | Biomass of nematodes.




Table 3 | Density of meiofauna from sediment samples.



Comparing the δ13C values of nematodes living in the near-vent (-28‰) and the off-vent (-22‰) sediments, depleted values were found in near-vent sites (Figure 6). Near the vent, different δ13C values were detected for nematodes (-28.2‰), copepods (-26.1‰) and polychaetes (-24.9‰). The δ13C values of meiofauna measured in our study and other studies are provided in Table 4.




Figure 6 | Schematic illustration showing mean δ13C of sea surface waters, vent plume, sediments and sediment infauna “near-vent” (~30-100 m distance to RB vent; illustrated by black smoker) and “off-vent” (~4 km distance to RB vent). Main plume direction was directly towards the selected off-vent site. Illustration not to scale. POC (Particulate Organic Carbon).




Table 4 | δ13C values of meiofauna from near-vent and off-vent measured in this study in comparison with other studies at and around the Rainbow vent field (MAR).






4 Discussion


4.1 Vent Fluid Associated Organic Carbon Input to the Surrounding Sediments

The hydrothermal plume supplies a potential carbon source in addition to the photosynthetically derived organic matter in the vicinity of the RB vent, which is supported by depleted stable carbon isotope values of SPOM collected within the plume and in the surface sediments near the vent. Plumes are typically rich in free-living sulfur oxidizing and methanotrophic microbes and represent biogeochemical hotspots for carbon fixation in the dark ocean (Mattes et al., 2013). Concentrations of dissolved and particulate organic carbon are elevated in buoyant plume samples (Bennett et al., 2011), and the primary carbon production (chemosynthetic organic carbon) in hydrothermal plumes has been estimated to be at least 2.0 mg C l-1 at EPR 21° N vent fluid (McCollom, 2000). The high fluid fluxes and higher concentration of chemoautotrophic microbes within the plume in the direct vicinity of the vent and to a limited extent also further away may thus provide chemosynthetic TOC to the vent surrounding pelagic environment (Portail et al., 2018; Haalboom et al., 2020).

Total organic carbon in surface sediments was higher near-vent (0.49% ± 0.16) than off-vent (0.15% ± 0.03), suggesting that plume fall out and impact is higher in near-vent areas. Our results are in accordance with findings at vents near Japan located in the Izu-Ogasawara Arc of the western North Pacific, where TOC in sediments at the direct base of the chimney was higher compared to sediments further away from the vent (Nomaki et al., 2019). The reduction of TOC with distance to the RB vent may be closely linked to the observed reduction of plume intensity with distance as shown by a decrease in turbidity with increasing distance to the vent plume source, the chimneys (Haalboom et al., 2020) (Figure 2).

Near-vent, δ13C sediment values were very variable and more depleted (~-25‰) at the sediment surface (0-1 cm) and less depleted at 5 cm sediment depth (~-21‰), showing prominent input of chemosynthetically derived organic carbon from the plume (~26‰) to the surface sediments. The heterogeneity in δ13C values between samples may be related to vent plume dynamics which are variable in space and time (Haalboom et al., 2020). The high correlation of δ13C and relative TOC content in sediments (see Figure 5) suggests the input of fresh in situ derived organic carbon to the sediments near-vent and degradation with depth.

Off-vent, δ13C sediment values were ~21‰ at the surface and ~-20‰ at 5 cm core depth, pointing to a dominant input of photosynthetically derived OC from the surface ocean (~-22 to -23‰). The discrepancy between δ13C from surface waters and deep-sea sediments may be explained by a higher proportion of fresh, non-degraded algae, in the surface-waters. While sinking to 2000 m water depth, this algal material is reworked and mixed at the seabed with other carbon pools, which causes a positive shift in carbon isotopes. For instance, algal material being consumed by higher trophic levels would result in an increase of ~0.5 to 1‰ per trophic level (DeNiro and Epstein, 1981; Gearing, 1991).

The δ13C values and TOC percentage in sediments reflect a mixture of different carbon sources for consumer communities, including fresh chemosynthetically-derived OC and photosynthetically derived OC from the surface ocean. Our data indicate that there is approximately 0.15% TOC in the open ocean sediment with a carbon isotope value of roughly -20.5‰ which represents photosynthetically derived OC. Close to the venting area, in addition to the photosynthetically derived carbon source, fresh in situ chemosynthetically derived OC is present, which is reflected by higher TOC and more depleted δ13C values. Fauna close to vents uses this fresh organic matter as a food source. The contribution of chemosynthetic organic matter decreases with both sediment depth and distance from the vent (Figures 3, 4).



4.2 Chemosynthetic-Derived Organic Carbon as a Food Source for Fauna in Sediments

The δ13C values of fauna near-vent ranged from ~-25 to -28‰ and were similar to SPOM within the vent plume (-26‰; this study), suggesting selective feeding of (fresh) in situ derived organic carbon by near-vent fauna. The variability in stable isotope values may mirror the multiple chemosynthetic pathways of carbon production, such as methanotrophy versus autotrophy based on CBB or rTCA cycles according to the varying concentrations of reduced compounds (e.g. CH4, H2S) at vent systems (Portail et al., 2018), as well as differences in the relative contribution of photosynthetic and chemosynthetic material at different sampling locations. The isotopic signatures from vent copepods (-26‰ to -29‰) from Portail’s study were very similar to the isotopic signatures from copepods in this study living near-vent (-26‰), while the vent nematode signatures (-22‰ to -25‰) were less depleted than our near-vent nematodes (-28‰) (see Table 4).

The distinct δ13C values of meiofauna near-vent (nematodes, copepods and polychaetes) suggest that these taxa may have different feeding strategies these groups may harbour several different species with different feeding strategies as well and/or ecological niches and rely on different food sources. Copepods and nematodes in sediments near-vent may selectively feed on chemosynthetic-derived organic carbon, similar to what was observed for copepods in chimney-based sediments at vents near Japan (Nomaki et al., 2019). Less depleted polychaete δ13C signatures may point to a more mixed diet (photo- and chemosynthetically derived OC), a trophic increase, or a feeding niche in deeper sediment layers. However, Nomaki et al. (2019) detected no depletion in nematodes near-vent, indicating that only copepods may selectively feed on organic matter produced through chemoautotrophy at the studied vent near Japan. In the RB sediments, nematodes showed high depletion and thus ingestion of in situ produced organic carbon.

The δ13C values of fauna off-vent were relatively similar to SPOM from the sea surface waters, suggesting that off-vent nematodes may feed on phytodetritus (Figure 6). Our findings are similar to the study of Nomaki et al. (2019), showing that fauna outside of the caldera and at caldera non-vent sites was less depleted in δ13C relative to fauna at the base of the chimney (Table 4). A similar trend of decreasing depletion with distance from the active vents, although at a smaller scale (from at vent to 90 m to vent) was also observed for copepods at Lucky Strike (Alfaro-Lucas et al., 2020) (Table 4). Data thus suggest that the effect of in situ derived organic matter uptake by fauna may be limited to at most several 100 m (Nomaki et al., 2019). However, to precise the extent of influence of organic matter of chemosynthetic origin, future studies at RB vent field should consider samples between 100 and 4000 m distance from the vent.



4.3 Faunal Abundance and Biomass

The additional in situ derived food source (chemosynthetic OM) at near-vent did not result in enhanced overall abundance or biomass of nematodes, as similar abundance and biomass were observed near-vent and off-vent. Vanreusel et al. (2010) reviewed biomass data from nematodes living in chemosynthetic environments and showed that vent nematodes can be larger in comparison to reference sediments as an adaptation to low oxygen conditions (Vanreusel et al., 2010). In this study, nematodes’ biomass (off-vent: 20.05 μgC 10 cm-2, near-vent: 30.68 μg C 10 cm-2) ranged in between the biomass of nematodes from two abyssal sites in the NE Atlantic in which one is oligotroph (EUMELI, 8.52 μgC 10 cm-2) and the other characterized by a high input of organic matter (Porcupine Abyssal Plain, 54.16 μgC10 cm-2) (Vanreusel et al., 1995). Future studies should incorporate the abundance and biomass of all fauna in order to better understand the full impact of enhanced productivity on sediment communities near vents.




5 Conclusion

Our study shows that active vents are not isolated systems, but that in situ chemosynthetic-derived organic matter is traced back in the food web in near-vent areas. The degree of connection of active vent ecosystems to their non-vent surroundings may depend on the direction, composition and volume of the vent plume. Future studies may explore in greater detail the change of food web and community structures along vent plume gradients and geographical distance to the active vent. Determining the true footprint of active vent systems is necessary in order to be able to determine the geographical size of any future area-based management tool.
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