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This study assesses the impact of local iron enrichment on the small benthic biota (bacteria, meiofauna) at the deep seafloor. To evaluate the hypothesis that abundance, distribution, and diversity of the small benthic biota varies in relation to a local input of structural steel at the seabed, we analyzed sediment samples and the associated infauna along a short transect (~1.5 m in length) with increasing distance to an iron source, i.e., corroding steel weights (30 cm in length and width, and 6 cm in height) of a free-falling observational platform (bottom-lander), lying on the seafloor for approximately seven years. Bacterial and meiofaunal densities and biomasses in iron-enriched sediments were significantly lower than those in unaffected sediments. Moreover, bacterial and nematode community structure between iron-enriched sediments and unaffected sediments differed strongly; taxonomic richness as well as diversity was lowest closest to the iron source. The presence of iron fostered the establishment of specialized iron oxidizers and other chemolithoautotrophic bacterial members, which were rare or absent in the unaffected sediments, within which opportunistic heterotrophs predominated. Nematodes comprised >90% of the total metazoan meiofauna and were therefore studied in more detail. A total of 26 genera from 16 families occurred in iron-enriched sediments (three genera were found exclusively in these sediments), while 65 genera from 27 families occurred in the unaffected sediments (39 genera and 12 families were found exclusively in these sediments). Nematode genera number (S), estimated genera richness (EG(51)) and heterogeneity (H’(log2)) were significantly lower in iron-enriched sediments than in unaffected sediments. Our results confirm that the local enrichment of deep-sea sediments by metallic and corroding structures (e.g., by ship hulls, containers, scientific equipment) strongly affects the diversity of the small benthic biota at short distances from these sources.
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Introduction

According to the latest Allianz Global Corporate and Specialty (AGCS) Safety and Shipping Review (Allianz Global Corporate & Specialty, 2022), the number of total shipping losses (sunken ships and constructive total losses) is continuously declining; driven by improved regulation and the development of a more robust safety culture, large shipping losses have dropped by more than 57% over the past decade. Still, in 2021, the maritime industry registered 54 large ship losses (vessels of ≥100 gross tons), locally introducing huge quantities of iron and steel to the seabed. Cargo vessels account for 27% of 2021’s losses, with containers transported by these vessels and lost at sea in bad weather conditions representing another source for the local input of large quantities of structural steel. Recently, the World Shipping Council (WSC) estimated that there were on average 1,629 containers lost at sea each year for the period 2008-2021 (WSC, World Shipping Council, 2022), while environmental associations estimate a much higher number of up to 20,000 lost containers per year. Regardless of their load and exterior coatings, which may be toxic to organisms, all these large steel structures will take centuries to degrade at the deep seafloor (Kuroda et al., 2008; Melchers, 2019).

Like natural structures (sessile organisms, sunken wood, dropstones), sunken ships and/or their load introduce habitat heterogeneity at the soft-bottom seafloor, creating artificial reefs and potentially increasing biodiversity (Buhl-Mortensen et al., 2010; Meyer et al., 2016). Taylor et al. (2014), studying deep-sea faunal communities associated with a lost shipping container at 1,281 m water depth in Monterey Bay off NW America, could show that after seven years at the seafloor, macro- and megafaunal assemblages on the container and in the immediate vicinity (≤ 10 m) differed significantly from those found at distances of up to 500 m from the box. However, to our knowledge, the impact of human iron and steel debris on the small benthic biota, in the size range from bacteria to meiofauna has so far never been investigated.

Compared to huge metal structures like sunken ships or lost containers, bottom-weights of freefalling scientific platforms, so-called bottom-landers (Tengberg et al., 1995), left at the seafloor after recovery of a research platform, represent a comparably minor impact on seafloor communities, but are well suited to study the reaction of benthic bacteria and meiofauna to corroding steel structures that have reached the seabed.

Corrosion is caused by complex chemical, physical and biological processes (Kip and Veen, 2015). Primary factors that affect the rates and mechanisms of corrosion in seawater rarely vary and include the surrounding seawater’s salinity, dissolved oxygen concentration, pH, temperature, and bottom currents, which in turn affect the prevalence of other parameters (Moore III, 2015). However, especially in anoxic marine environments, activities of sulfate-reducing bacteria inhabiting the upper sediment layers can significantly promote the formation of corrosion products, if an appropriate organic food source is present (Castaneda and Benetton, 2008). Consequently, corroding iron at the seafloor should most probably affect the composition of bacteria in adjacent sediments, with cascading effects on meiofauna assemblages feeding on sediment-inhabiting bacteria.

To study the impact of iron enrichment on the small benthic biota (bacteria, meiofauna) at the deep seafloor, we retrieved sediment samples along a short transect (~1.5 m in length) with increasing distance to an iron source, i.e., the corroding steel weights (30 cm in length and width, and 6 cm in height) of a free-falling observational platform (bottom-lander) lying at the seafloor for about seven years. With our study we evaluate the hypothesis that the abundance, distribution, and diversity of the small benthic biota varies in relation to a local input of structural steel at the seabed.



Material and methods

Iron-enriched surface sediments formed in the vicinity of a bottom-weight left in summer 2008 after a short-term deployment of a bottom-lander in 2,433 m water depth at the LTER (Long-Term Ecological Research) observation HAUSGARTEN (Soltwedel et al., 2016) on the eastern flank of the Fram Strait were sampled on 28th July 2015 from on board of RV Polarstern (Alfred-Wegener-Institut Helmholtz-Zentrum für Polar- und Meeresforschung, 2017). The block-shaped steel bottom-weights (30 x 30 x 6 cm; Figure 1) were sitting with roughly half of the 6 cm height sunken into the seafloor and thus, the weights would have a negligible effect on near-bottom currents. During sampling in 2015, the bottom-weights were largely corroded in the high saline (~34.8 ‰) and oxygen saturated (~310 µmol L-1) bottom waters. Surface sediments around the weights had an orange-red color that gradually decreased in color intensity with increasing distance from the source, i.e., the bottom-weights (Figure 1). Sediment sampling was carried out using push-corers (PC) handled by the Remotely Operated Vehicle (ROV) QUEST 4000 (MARUM Center for Marine Environmental Sciences, Germany). A total of eight push-corer samples (PC1-8) were taken at approx. regular distances (on average every 18 cm) along a short transect (about 1.5 m) crossing the iron gradient. Push-corers PC1-4 retrieved sediment from heavily iron impacted sediments, whereas samples taken from push-corers PC5-8 were visually indistinguishable from background sediments in the wider area. After recovery of the ROV, sediment cores (8 cm in diameter, and 20-25 cm in height) were sub-sampled for various parameters (see below) using plastic syringes with cut-off anterior ends.




Figure 1 | Block-shaped steel weights of a bottom-lander (above) and sediment sampling along a gradient with decreasing iron concentrations in the vicinity of corroding bottom-weights (below) using push-corers (PC1-8) handled by a Remotely Operated Vehicle QUEST 4000 (© MARUM).




Sample processing for sediment-inhabiting bacteria

Two 5-ml syringes (1 cm in diameter) from each core were taken for determining bacterial numbers and biomasses. Subsamples were sectioned in 1-cm layers down to 5 cm sediment depth and analyzed individually. Bacterial cells were counted by epifluorescence microscopy after staining with acridine orange according to Meyer-Reil (1983). Volumetric determinations were conducted with the Porton grid as described by Grossmann and Reichardt (1991). Bacterial biomass was estimated using a conversion factor of 3.0 x 10-13 g C µm-3 (Børsheim et al., 1990).

One 20-ml syringe from each push-core was taken for DNA sequencing. Prior to DNA extraction, sediment subsamples were sliced into 1-cm sections down to 5 cm sediment depth. For each depth, total community DNA was extracted from 1 g of wet sediment using the PowerSoil DNA Isolation Kit (MoBio Laboratories, Solana Beach, CA, USA) according to the manufacturer’s instructions. For PC1-4, where a thick crust of iron oxides covered the sediment, 1 g of wet iron crust fragments was used for extraction. DNA extracts were stored at -20°C until sequencing.

Amplicon sequencing was performed on an Illumina MiSeq machine at the CeBiTec laboratory (Center for Biotechnology, Bielefeld University). The bacterial primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 785R (5′-GACTACHVGGGTATCTAATCC-3′) were used generate of 16S rRNA gene libraries targeting the v3–v4 hypervariable region (fragment length 400-425 bp) (Klindworth et al., 2013). Libraries were sequenced with MiSeq v3 chemistry in 2 bp×300 bp paired runs according to the 16S Metagenomic Sequencing Library Preparation protocol (Illumina, Inc., San Diego, CA, USA). A total of ~86,000 - 203,000 raw reads per sample were obtained (Supplement Table S1) and archived in the European Nucleotide Archive (ENA) under project accession number PRJEB57769.

For sequence processing, a modularized workflow was applied that combines multiple software tools and custom scripts1. In a first step, primers were clipped using cutadapt v1.9.1 (Martin, 2011), allowing an error rate of up to 16% and no indels. Subsequently low-quality sequences were removed using trimmomatic v0.32 (Bolger et al., 2014) with SLIDINGWINDOW:4:15 MINLEN:100. The remaining paired reads with a minimum overlap of 20 bp were merged using PEAR v0.9.6 (Zhang et al., 2014). Only merged sequences of 350-500 bp in length were used for further analysis. The remaining sequences passed the quality control in FastQC v0.11.4 (Andrews, 2010), with a mean sequence quality (phred score) of >36.

For the clustering of sequences into operational taxonomic units (OTUs) we used the swarm algorithm v2.1.1 (Mahé et al., 2015) in the fastidious mode with default settings. Representative sequences of each OTU were submitted for taxonomic classification to the NGS analysis pipeline of the SILVA rRNA gene database project (SILVAngs 1.3) (Quast et al., 2013), skipping the internal clustering and using the SSU Ref NR99 132 for classification.

Absolute singletons, i.e., OTUs represented by only a single sequence across the full dataset (Gobet et al., 2014) as well as all OTUs classified outside the bacterial domain, i.e., chloroplast, mitochondrial or archaeal sequences, were removed from the dataset. An overview of the number of sequences retained after each processing step is given in Supplementary Table S1.



Sample processing for sediment-inhabiting meiofauna

One 20-ml syringe (2 cm in diameter) from each core was taken for meiofauna analyses, including foraminiferans and metazoans. As for bacterial investigations, sediment cores were sectioned in 1-cm layers down to 5 cm sediment depth. After staining in Rose Bengal for 24 h, single sediment layers were passed through a set of sieves with various mesh sizes (1000, 500, 250, 125, 63, and 32 µm) to facilitate further processing (see Pfannkuche and Thiel, 1988). All organisms that passed through the 1.0 mm sieve, were enumerated under a low-power stereo microscope. Organisms were identified to major taxonomic groups. For statistical analyses (see below), all taxa appearing in minor quantities (e.g., harpacticoids, polychaetes, ostracods, kinorhynchs, bivalves, gastropods, tanaidaceans, and tardigrades) were pooled into one category, classified as “Others”. Meiofaunal densities were standardized to individuals per 10 cm2.

Nematodes comprised >90% of the total metazoan meiofauna and were therefore studied in more detail. All nematodes found in the samples were transferred to anhydrous glycerol and mounted on permanent slides for further studies (De Grisse, 1969). Nematodes were identified to genus level (Schmidt-Rhaesa, 2014). The classification into different feeding types was done according to 1960; Wieser (1953). Groups IA and IB describe selective and non-selective deposit feeders without teeth. Groups IIA and IIB comprise epigrowth feeders as well as predators and omnivores with teeth. The groups of deposit feeders (IA and IB) mainly consume bacteria and small-sized (IA) or larger-sized organic particles (IB). Epigrowth feeders (IIA) use their teeth to tap objects or scrap off surfaces for food. Predators and omnivores (IIB) also tap plant objects, but the most important feeding mode is predation or scavenging by using their buccal armature to feed on nematodes or other small invertebrates (Soeteart and Heip, 1995).

In addition, each nematode specimen was assigned to certain life-history characteristics. The Maturity index MI (Bongers, 1990; Bongers et al., 1991) is represented by a colonizer-persister (c-p) value that ranges from a colonizer (c-p = 1) to a persister (c-p = 5) with the index values representing life-history characteristics associated with r- and K-selection, respectively (Bongers et al., 1995; Bongers and Bongers, 1998; Bongers and Ferris, 1999).

Nematode biomasses were estimated from digital microscope images of individual nematodes using the cellP software (Olympus®). The length (excluding filiform tails) and width (at the widest part of the body) of each nematode specimen was measured using the software’s Polygon measurement tool. With this tool, any number of (anchoring) points can be set to trace curves and body twists of the nematode specimen with the mouse pointer. Nematode wet weight (WW) was calculated following Andrassy (1956): WW(µg) = (LxW²)/Cf, with L [µm] = nematode’s length, W [µm] nematode’s width at the widest point and Cf = conversion factor that equals 1.6 x 106.

The taxonomic identification and measurements (length and width) of the nematode specimens was done using light microscopy (up to 100-times magnification, with Nomarski optic). Nematode diversity was quantified using the rarefaction method (Hurlbert, 1971) for a sample of 51 individuals (EG(51)), Pielou (1969) evenness measure J’ and by combining aspects of species richness and evenness as heterogeneity, based on the Shannon-Wiener index H(log2) (Shannon and Weaver, 1963).



Sample processing for sediment parameters

One 5-ml syringe (1-cm in diameter) from each core was analyzed for iron concentrations; the subsample from push-corer PC1 was lost during analyses. The bulk metal composition of the sediments was determined after total acid digestion as described in Nöthen and Kasten (2011) and Volz et al. (2020). Approximately 75 mg of freeze dried and powdered sediment was dissolved in a mixture of 65% distilled HNO3 (3 ml), 32% distilled HCl (2 ml) and 40% HF of suprapur® grade (0.5 ml) by use of a CEM Mars Xpress microwave system. The acids were subsequently fumed off and the residue was re-dissolved in 5 ml 1M HNO3. The solution was then topped up with 1M HNO3 to a volume of 50 ml and analyzed on an iCAP 7400 ICP-OES instrument. Yttrium was applied as an internal standard to correct for physical differences of samples.

Sediment samples taken from each push-corer with 20-ml syringes were split vertically into equal parts. One half was analyzed for the water content as a proxy for the porosity of the sediments and to determine the organic matter content. The second half was used to determine chloroplastic pigments, indicating food/energy availability from phytodetritus sedimentation. Water contents (H2O) were determined by measuring the weight loss of wet sediment samples dried for 48 h at 60°C. The total organic matter content of the sediments was estimated as ash-free dry-weight (AFDW) after combustion of sediment samples for 2 h at 500°C. Chloroplastic pigments (chlorophyll a [CHL] and its degradation products, i.e., phaeopigments) were extracted in 90% acetone and measured with a TURNER fluorometer (Shuman and Lorenzen, 1975). The bulk of pigments, defined as chloroplastic pigment equivalents, CPE (Thiel, 1978).



Statistical community analyses

For the bacterial community analyses, we performed all statistical analysis and visualization of results in R v3.6.1 (R Core Team, 2017). For alpha-diversity analysis, we used the estimateR and diversity functions implemented in the vegan package v.2.5.6 (Oksanen et al., 2019) on random, rarefied subsamples (n=100) to the smallest sample size (13,280 sequences). We used ampvis2 v.2.5.8 (Andersen et al., 2018) to visualize community composition and for the creation of the two-dimensional non-metric multidimensional scaling (NMDS) ordination of sample dissimilarities. The underlying dissimilarity matrix was calculated using the Bray-Curtis distance measure on the basis of OTU relative abundances. To test whether between-group differences in community structure were larger than within-group differences, we performed an Analysis of Similarity (ANOSIM) with 999 permutations. We performed Welch t-tests using the stats4bioinfo R package to identify differences in alpha-diversity and community composition between sample means of iron-impacted (PC1-4) and visually unaffected sediments (PC5-8), and used multiple testing correction to identify significant differences, which passed the false discovery rate (FDR) correction with a corrected P value <0.05 (Benjamini and Hochberg, 1995). We used the ggplot2 package v3.3.2 (Wickham, 2016) for plotting of results.

For the nematode community analyses, non-metric multidimensional scaling (NMDS) plots were used to visualize multivariate patterns. Similarity matrices for the nematode community structure analysis based on square root-transformed abundance data were built using Bray-Curtis similarity (Clarke and Gorley, 2015). Significance tests for differences in nematode community structure between ferrous and non-ferrous sediments were performed using the one-way ANOSIM test. The SIMPER routine was used to identify which nematode genera were responsible for observed differences in nematode community structure.

Relationships between environmental/food-related variables and nematode community structure were analyzed using distance-based linear models (DistLM) with specified regression as selection procedure, using adjusted R² as selection criterion (McArdle and Anderson, 2001; Anderson et al., 2008). The resemblance matrices (Bray-Curtis similarity) of bacterial and nematode community data were based on square-root transformed abundance data of the taxa. The predicting environmental variables incorporated into the distanced-based model were iron concentrations (Fe), bacterial numbers (BN), chlorophyll a concentrations (CHL), ash-free dry-weights (AFDW) and water contents (H2O); for the analysis of the bacterial community, the variable BN was excluded from the model. Normality and collinearity of the predictor variables were assessed using a draftsman plot (Anderson et al., 2008). No pair of variables was correlated by R > 0.6 and hence all variables were retained for possible inclusion in the model. Results of the DistLM were visualized by distance-based redundancy plots (dbRDA), overlaid with normalized predictor variables (Anderson et al., 2008). We used the seriation test of the RELATE routine for comparing resemblance matrices of environmental/food related data with bacterial and nematode community data. A permutation test (9,999 permutations) was used to evaluate significance. If |0.8 ≤ ρ ≤ 1.0| (where, ρ is the Spearman’s correlation), there is a clear trend in the trajectories of the community composition. Welch t-tests were applied in order to test differences in univariable measures of meiofauna communities and environmental/food related variables from ferrous and non-ferrous sediments.

Nematode community taxonomic structure, c-p classes and MI, ITD, and H’ values were selected as environmental quality indicators in the present study. Environmental quality was ranked (High > Good > Moderate > Poor > Bad) according to the thresholds proposed by Moreno et al. (2011); Semprucci et al. (2014a; 2014b) and Hua et al. (2021). The thresholds are listed in Table 1.


Table 1 | Thresholds of nematode community descriptors as environmental quality indicators.



All multivariate analyses of the nematode community attributes were conducted using statistical routines in the multivariate software package PRIMER-e version 7.0.13 with PERMANOVA (Anderson et al., 2008; Clarke et al., 2014; Clarke and Gorley, 2015) and R v3.6.1 (R Core Team, 2017). Univariate statistical analyses were performed with the TIBCO Statistica 13.3 software (TIBCO, 1984–2017).




Results


Iron concentrations, porosity, organic matter contents, and pigment concentrations

Concentrations of iron in the uppermost 5 cm of the sediments in PC2-4 (mean value for 0-5 cm: 625 ± 142 mg Fe g-1; sediments from PC1 lost during analyses) were significantly higher (t-test: t(33) = 3.9602, p = 0.0004) than those in PC5-8 (mean value for 0-5 cm: 187 ± 6 mg Fe g-1) and sharply decreased from 528 ± 79 mg Fe g-1 to 178 ± 5 mg Fe g-1 between PC4 and PC5 (Figure 2). As expected, Fe concentrations in unaffected deep-sea sediments showed almost no differences with increasing sediment depth, while sediments influenced by the corroding bottom-weights exhibited pronounced gradients, with iron concentrations close to the ambient at the deepest sediment layer investigated in this study (4-5 cm); the steepest gradient with approx. 8-times higher values in the uppermost centimeter was found in PC3 (Figure 3; Supplement Table S2).




Figure 2 | Sediment characteristics (upper panel) and densities of the small benthic biota (lower panel) along the push-corer transect. Fe: iron concentrations (no data for PC1), H2O: water contents (porosity), AFDW: organic matter contents, CPE: chloroplastic pigment equivalent concentrations, BN: bacterial densities, FORAM: Foraminifera, NEMA: Nematoda, and OTHERS: all other metazoan meiofauna. Grey shading: visually iron-impacted sediments.






Figure 3 | Gradients in iron concentrations (Fe; top left), water contents (H2O; top right) and organic matter contents (AFDW: bottom left; CPE: bottom right) in surface sediments along the transect with increasing distance from the corroding bottom-weights (no data for iron concentrations at PC1).



Water contents (H2O) along the push-corer transect (Figure 2) were almost constant with slightly (non-significantly) higher values in iron-enriched sediments at PC1-4 (mean value for 0-5 cm: 54.2 ± 2.9%), compared to unaffected sediments at PC5-8 (mean value for 0-5 cm: 51.4 ± 0.7%). Total organic matter contents (AFDW; Figure 2) were non-significantly higher (p = 0.434) at PC1 (mean value for the uppermost 5 cm of the sediments: 198.1 µg cm-3), compared to AFDW in sediments of PC2-8 (range: 76.6 - 102.8 µg cm-3; mean: 92.5 ± 10.8 µg cm-3). Gradients of H2O and AFDW in the uppermost 5 cm of the sediments were generally rather variable (Figure 3) with overall decreasing values with increasing depth for water contents and slightly increasing values for organic matter contents, except for PC1 where higher AFDW were found at the surface compared to deeper sediment layers (Figure 3). Lowest total pigment concentrations (5.8 µg CPE cm-3) were found at PC1, while highest CPE concentrations were registered at PC4 (12.8 µg CPE cm-3) and PC5 (11.0 µg CPE cm-3); all other sediment cores exhibited intermediate values of approx. 9.5 µg CPE cm-3 (Figure 2; Supplement Table S2). While at PC5-8, pigment concentrations in the uppermost five centimeters of the sediments showed gradually declining values with increasing depth, PC1-4 exhibited subsurface maxima at 3-4 cm sediment depth (Figure 3).



Bacterial densities and biomasses

Bacterial numbers in iron-enriched sediments PC1-4 (mean value for 0-5 cm: 0.89 x 108 ± 0.11 x 108 cells cm-3) were significantly lower (t-test: t(38) = -6.6833, p =0.0001), compared to those in visually unaffected sediments (PC5-8; mean value for 0-5 cm: 1.96 x 108 ± 0.24 x 108 cells cm-3), but generally decreased with increasing sediment depth (Figure 4; Supplement Table S2). Bacterial biomass followed the same trend with 2-times higher values in unaffected sediments (PC5-8; mean value for 0-5 cm: 52.96 ± 7.82 µg C cm-3), compared to iron-enriched sediments (PC1-4; mean value for 0-5 cm: 25.40 ± 5.35 µg C cm-3; Figure 4; Supplement Table S2). Intriguingly, bacterial densities and biomasses in PC5 showed the highest values compared to all other samples in the uppermost 2 cm of the sediments, while at deeper sediment depths cell numbers were comparable to those found for PC4.




Figure 4 | Gradients of bacterial numbers (BN; top left) and nematode densities (NEMA; top right) as well as bacterial biomass (BB; bottom left) and nematode biomass (NB; bottom right) in surface sediments along the transect with increasing distance from the corroding bottom-weights.





Bacterial communities

Bacterial community structure between iron-enriched sediments (PC1-4) and visually unaffected sediments (PC5-8) (ANOSIM: R = 0.63, p = 0.001) differed strongly; taxonomic richness, both observed (nOTU) and estimated (chao1), as well as diversity (inverse Simpson and Shannon diversity indices) were significantly lower in iron-enriched sediments than in unaffected sediments, and particularly low in the uppermost centimeter of PC1-3 (Supplement Figure S1 and Table S3). However, communities in PC1-4 were more heterogeneous in structure across the five sampled depth horizons, resulting in a wide scatter of individual samples when visualized in a non-metric multidimensional scaling (NMDS) plot (Figure 5A). Differences in structure appeared most pronounced between the upper layers of the iron-enriched sediments and the more homogenous cluster of unaffected sediments (PC5-8), while communities in the deeper layers of PC1-4 plotted closer to PC5-8.




Figure 5 | Non-metric multidimensional scaling (NMDS) based on similarity matrix (square-root transformed data, Bray-Curtis similarity) of bacteria (A) and nematode genera (B) abundance in iron-enriched (PC1-4) and unaffected (PC5-8) sediments.



The classes Gammaproteobacteria, Alphaproteobacteria, Bacteroidia, Deltaproteobacteria, and Acidimicrobiia dominated bacterial communities in both iron-enriched and visually unaffected sediments, yet with significant variability in the relative distribution of Bacteroidia and Acidimicrobiia. The strongest significant discrepancy in relative abundance, however, was apparent for the classes Zetaproteobacteria (5% in PC1-4, 0% in PC5-8) and Campylobacteria (2% in PC1-4, 0% in PC5-8), which were dominant in the iron-enriched sediments, but mostly absent from the rest.

More refined insights into taxa distribution at the resolution of individual genera revealed a clear division of dominant members between iron-impacted and visually unaffected sediments (Table 2; Supplement Figure S2). Genera that were dominant in PC1-4, i.e., genera of >0.5% mean relative abundance, and differentially abundant included Colwellia, Cycloclasticus, Gallionella, and Oleiphilus from the Gammaproteobacteria, Geopsychrobacter from the Deltaproteo bacteria, Lutibacter from the Bacteroidia, Roseobacter clade NAC11-7 lineage from the Alphaproteobacteria, as well as Mariprofundus from the Zetaproteobacteria and Sulfurospirillum from the Campylobacteria (Supplement Figure S2).


Table 2 | Bacterial community composition at genus resolution. Heatmap of the dominant community members along the sampled transect. Displayed are average values (%) per push-core, integrating the surface sediment from 0-5 cm depth. Only genera with a minimum relative abundance of 0.1% are shown (all values below 0.1% but above 0.01% still show pale colours). Asterisks indicate significant variance between means of iron-impacted (PC1-4) and unaffected (PC5-8) sediment communities (FDR adjusted p-values: *p>0.05, **p>0.01, ***p>0.001).



Several dominant members were identified in visually unaffected sediments, whose relative abundance was significantly reduced under the influence of iron, including AqS1, Nitrosomonas and Woeseia from the Gammaproteobacteria, Nitrospina from the Nitrospinia, Nitrospira from the same-named class, Pelagibius from the Alphaproteobacteria, Subgroup 10 from the Thermoanaerobaculia, Sva0996 marine group from the Acidimicrobiia and Urania-1B-19 marine sediment group from the Phycisphaerae (Supplement Figure S2). With the exception of Woeseia, few genera in the visually unaffected sediments exceeded 3% relative abundance, and overall community composition was more even compared to PC1-4. Here, several instances were observed, where individual genera contributed >20% to total community composition, i.e., Mariprofundus, Gallionella and Lutibacter (Table 2), in line with the lower observed diversity in iron-enriched sediments (Supplement Figure S1).

Heatmap of the dominant community members along the sampled transect. Displayed are average values (%) per push-core, integrating the surface sediment from 0-5 cm depth. Only genera with a minimum relative abundance of 0.1% are shown (all values below 0.1% but above 0.01% still show pale colours). Asterisks indicate significant variance between means of iron-impacted (PC1-4) and unaffected (PC5-8) sediment communities (FDR adjusted p-values: *p>0.05, **p>0.01, ***p>0.001).



Meiofauna major taxa

Total meiofauna densities (including Foraminifera) in iron-enriched sediments (PC1-4) were significantly (t-test: t(38) = 2.7631, p = 0.0088) lower (mean value for 0-5 cm: 514 ± 205 ind. 10 cm-2), compared to those in visually unaffected sediments (PC5-8; mean value for 0-5 cm: 2,021 ± 717 ind. 10 cm-2; Figure 2). This result was primarily due to huge differences in the abundance of foraminiferans and especially nematodes, while all other meiofauna taxa (grouped in the category “Others”) showed only slightly (non-significantly) lower values in iron-enriched sediments (6 ± 3 ind. 10 cm-2 in PC1-4 compared to 9 ± 3 ind. 10 cm-2 in PC5-8).

Meiofauna numbers generally decreased with increasing sediment depth, however, surface layers (0-1 cm) in unaffected sediments (PC5-8) exhibited on average 14-times higher meiofauna densities compared to the deepest sediment layer investigated (4-5 cm), while meiofauna densities in iron-enriched sediments (PC1-4) showed only 3-times higher values. Meiofauna taxa grouped in the category “Others” showed the steepest gradient in all push-cores (independent of the iron-concentration in the sediments), while foraminiferans exhibited a conspicuous subsurface maximum at 1-2 cm sediment depth in iron-enriched sediments and a regular decrease in relative abundance in unaffected sediments.

The relative abundance of Foraminifera, Nematoda, and the bulk of all other metazoan meiofauna (OTHERS) in the different sediment layers (1. - 5. cm) showed higher proportions of foraminiferans (52 - 87%) compared to the nematodes (7 - 40%) in the uppermost two centimeters in PC1-4, and reverse conditions with greater proportions of nematodes (48 - 75%) compared to foraminiferans (24 - 51%) in PC5-8. At deeper sediment layers (3. - 5. cm), the relative abundance of foraminiferans increased from PC1 to intermediate PCs along the transect and decreased again towards PC8; nematodes showed an inverse trend. The proportion of OTHERS was highest in the uppermost centimeter of PC1-4, ranging between 8% and 16% of the total meiofauna.



Nematode densities and biomasses

The number of nematodes largely followed the trend also observed for bacterial numbers, with significant (t-test: t(38) = 2.8440, p = 0.0071) lower numbers of nematodes in the iron-enriched sediments (PC1-4; mean value for 0-5 cm: 93.11 ± 50.42 ind. 10 cm-2) than in the non-iron-affected sediments (PC5-8; mean value for 0-5 cm: 1,136.36 ± 451.21 ind. 10 cm-2; Figure 2). Nematode numbers generally decreased with increasing sediment depth; this trend was more pronounced in the unaffected sediments compared to within the iron-enriched sediments (Figure 4; Supplement Table S2). Nematode biomass showed the same pattern as nematode numbers, with biomass values peaking at seven times higher in sediments unaffected by iron (PC5-8; mean value for 0-5 cm: 47.37 ± 37.30 µg C 10 cm-2) compared to iron-enriched sediments (PC1-4; mean value for 0-5 cm: 6.47 ± 9.37 µg C 10 cm-2) (Figure 2; Supplement Table S2). PC5 exhibited the highest values in the uppermost centimeter of the sediment and the steepest gradient in nematode density and biomass decrease with increasing sediment depth (Figure 4). In deeper sediment layers, the values for nematode density and biomass from the visually unaffected sediments increasingly decreased to the level of the values for iron-enriched sediments; in the deepest sediment layer investigated (4-5 cm), the values showed almost no differences between influenced and uninfluenced sediments (Figure 4).



Nematode communities

Nematode community structure between iron-enriched sediments (PC1-4) and visually unaffected sediments (PC5-8) (ANOSIM: R = 0.26, p = 0.0001) differed strongly. A total of 26 genera from 16 families occurred in iron-enriched sediments (PC1-4, 0-5 cm), three genera were found exclusively in sediments from PC1-4. 65 genera from 27 families occurred in the unaffected sediments (PC5-8, 0-5 cm), 39 genera and 12 families were found exclusively in the sediments of PC5-8.

Genera number (S), estimated genera richness (EG(51)) and heterogeneity (H’(log2)) were significantly lower in iron-enriched sediments than in unaffected sediments (t-tests: S: t(38) = 4.3563, p = 0.000097; ES(51): t(38) = 4.4428, p = 0.000074; H’(log2): t(38) = 3.3976, p = 0.001607), while evenness (J’) was significantly lower in the iron-enriched sediments (t-test: t(38) = 3.720, p = 0.000642), with lower values in the uppermost centimeters and increasing values with increasing sediment depth (Supplement Table S4).

As already described for the bacteria, the NMDS plot also showed a more heterogeneous structure for the nematode community in the sediments from PC1-4. The PC5-8 samples plotted clearly closer together, with the exception of the samples from the deepest sediment layer (PC5-8, 4-5 cm). These samples were markedly dissimilar to those from the upper sediment layers (0-4 cm) and plotted closer to the samples from PC1-4 (Figure 5B).

The SIMPER analysis showed that in the nematode community from the iron-enriched sediments, only two genera already explained 70% of the average similarity within the community (Thalassomonhystera: 48% and Tricoma: 22%). While in the unaffected sediments ten genera were needed to explain roughly 70% of the similarity within the community (Thalassomonhystera: 15%, Sabatieria: 12%, Acantholaimus: 10%, Tricoma: 8%, Leptolaimus: 6%, Halalaimus: 6%, Amphimonhystera: 5%, Desmoscolex: 5%, Amphimonhystrella: 3%, and Cervonema: 3%).

Already at the family level, there were clear differences in the dominance structure of the nematode community from the sediments of the iron-enriched cores (PC1-4) compared to the unaffected sediments (PC5-8). In the sediments of cores PC1-4, three families occurred in a dominance of more than 5%: Desmoscolecidae (39%), Monhysteridae (19%) and Oxystominidae (6%). These three families were also dominant in the sediments from cores PC5-8 (Desmoscolecidae: 25%, Monhysteridae: 16%, Oxystominidae: 5%), but in addition, four more families occurred with a dominance ≥ 5% (Chromadoridae: 9%, Comesomatidae: 13%, Microlaimidae: 6%, Xyalidae: 9%). On genus level, three genera occurred in the iron-enriched sediments with dominance ≥ 5% (Desmoscolex: 15%, Thalassomonhystera: 17%, Tricoma: 25%). In the unaffected sediments six genera dominated the nematode community with ≥ 5% (Acantholaimus: 7%, Desmoscolex: 5%, Microlaimus: 6%, Sabatieria: 8%, Thalassomonhystera: 13%, Tricoma: 18%). A more detailed view of the distribution of the individual genera between iron-enriched and visually unaffected sediments is provided by a heatmap (Table 3).


Table 3 | Nematode community composition at genus resolution. Heatmap of the dominant community members along the sampled transect. Displayed are average abundances for individual taxa per push-core, integrating the surface sediment from 0-5 cm depth. Only genera with a minimum relative abundance of 2% are shown.



Members of genera Desmoscolex, Tricoma and Thalassomonhystera also constituted a significant fraction of the community in both iron-enriched and unaffected sediments. Nevertheless, the heat map also showed that the nematodes found in the ferrous sediments were more evenly distributed among a clearly lower number of genera than in the non-ferrous sediments.

Approximately 80% of all nematodes found in both the iron-enriched (81%) and unaffected sediments (79%) belonged to the selective (1a) or non-selective (1b) particle feeding types. The proportion of nematodes described as epigrowth feeders (feeding type 2a) was lower in the iron-enriched sediments (11%) than in the unaffected sediments (18%). Predatory/omnivorous nematodes (feeding type 2b), on the other hand, were more abundant in PC1-4 sediments (8%) than in PC5-8 sediments (3%).

Roughly half of all nematodes (49%) in the ferrous sediments had a c-p value of 4, while in the non-ferrous sediments, approximately half of all nematodes (51%) had a c-p value of 2. The proportion of nematodes with a c-p value of 3 was about the same in the PC1-4 and PC5-8 sediments (14% and 18%, respectively).

The environmental conditions from the nematodes’ point of view within the uppermost centimeter in the ferrous (PC1-4) and non-ferrous sediments (PC5-8) were classified from bad to high based on the percentage of c-p classes and the total values for MI, ITD, and H’. Different classifications were found depending on the indicators used (Table 4). The indicators for assessing the environmental conditions did not clearly indicate worse conditions for the nematode community within the ferrous sediments than within the non-ferrous sediments. However, it is striking that all indicators for the sediments from PC1, the push corer taken closest to the iron source and therefore probably containing the highest iron content, showed bad environmental conditions. In addition, most indicators showed worse (in some cases equal) environmental conditions for the sediments in the transition area from ferrous to non-ferrous sediments (PC4) compared to the sediments from all other push cores (apart from PC1). According to the H’ values, the environmental quality of the ferrous sediments was ranked from bad to moderate; the environmental quality of the non-ferrous sediments from moderate to good. Based on the ITD, environmental quality could be ranked from bad to good in the ferrous sediments and from moderate to good in the non-ferrous sediments. The classification results based on MI and the percentages of classes c-p 2 and 4 were very consistent (good to high), except for sediments from PC1 (rated as bad). Environmental conditions were assessed as bad to good in the ferrous sediments and poor to moderate in the non-ferrous sediments according to the proportions of the other c-p classes.


Table 4 | Results of the environmental quality assessment within the uppermost centimeter of ferrous (PC1-4) and non-ferrous sediments (PC5-8) according to different nematode community descriptors as quality indicators.





Relation of environmental and food-related variables to bacteria and nematode community structure

RELATE analyses demonstrated a significant relationship between the bacterial community structure (OTUs) and the full set of environmental/food-related variables (Rho = 0.431, p = 0.0004). The relationship between the nematode community structure and the environmental/food-related variables was less strong in comparison but also significant (Rho = 0.274, p = 0.0045). Results from DistLM analysis on the relationship between environmental parameters on nematode community structure (Table 5) revealed that total variation explained by all five explanatory variables (Fe, BN, CHL, AFDW, H2O) was 26%, which was also given as ‘Specified solution’ (adjusted R² = 0.13). P-values associated with sequential tests to add environmental/food related variables showed that after fitting the first two variables (Fe, p = 0.0276 and bacterial numbers, p = 0.0001) the addition of the remaining three variables (CHL, AFDW, H2O) to the model was not statistically significant. However, when considering each variable alone (i.e., ignoring all other variables), marginal tests showed also a significant p-value for porosity (H2O; p = 0.0402). For the bacterial community the DistLM showed that total variation explained by all four explanatory variables (Fe, CHL, AFDW, H2O) was 32%, which was also given as ‘Specified solution’ (adjusted R² = 0.24). P-values associated with sequential tests were only for the variable Fe statistically significant (p = 0.0001), adding the remaining three variables to the model was statistically not significant. When considering each variable alone, ignoring all other variables, marginal tests showed also a significant p-value for porosity (p = 0.0142).


Table 5 | DistLM (distance-based linear model) results showing the relationship between environmental (iron content, food availability and sedimentporosity) parameters on variation in nematode and bacteria community structure (Bray-Curtis similarity of square-root transformed abundance ofnematode and bacteria taxa).



Marginal test: explained proportion of each parameter alone, ignoring all other parameters. Sequential test: indicates the increase of explained proportion with each parameter added in a combined model (all specified selection procedure with adjusted R² selection criterion). Prop: proportion of total variation explained; Prop (cumul.): running cumulative proportion total; R²adj.: adjusted R²; Fe: iron content; BN: bacterial numbers; CHL: chlorophyll a; AFDW: total organic matter measured as ash-free dry-weight of the sediments; H2O: sediment porosity indicated by the water content of the sediments.

DistLM results visualized by dbRDA plots demonstrated for both bacterial (Figure 6) and nematode communities (Figure 7) a clear break between the samples from iron-enriched and unaffected sediments. The first two axes of the dbRDA plots explained 76% of the fitted bacterial and 74% of fitted nematode community variability. Fe was most strongly related to bacterial community structure (23% of total variation in community assemblage structure) and bacterial numbers to nematode community structure (12% of total variation in community assemblage structure).




Figure 6 | Distance-based redundancy analysis ordination to investigate relationship between the environmental variables and bacteria communities in ferrous and non-ferrous sediments. CHL: chlorophyll a; AFDW: total organic matter measured as ash-free dry-weight of the sediments; H2O: sediment porosity indicated by the water content of the sediments.






Figure 7 | Distance-based redundancy analysis ordination to investigate relationship between the environmental variables and nematode communities in ferrous and non-ferrous sediments. CHL: chlorophyll a; BN: bacterial numbers; AFDW: total organic matter measured as ash-free dry-weight of the sediments; H2O: sediment porosity indicated by the water content of the sediments.






Discussion

To better assess the changes in the bacterial and meiofaunal communities along the ~1.5 m transect, variations should be assessed in relation to the size of the organisms observed. For a 0.5 mm long nematode, the average distance of 18 cm between two push cores corresponds to a distance of ~750 m for an average human of 1.8 m, while the total length of the push corer transect corresponds to 5-6 km for a human; for typical sediment-dwelling bacteria ~0.1 µm in size, these distances increase to ~3.5 km between push cores and more than 26 km for the entire transect.

These insights should be kept in mind when considering that all organisms in focus of this study have a rather limited operating range within the sediments. In fact, the thick layer of iron deposits and the compacted sediments closest to the iron source (i.e., the corroding bottom-weights) may have further reduced the dispersal ability of the sediment-inhabiting bacteria and meiofauna. Consequently, differences in environmental conditions on the scale of millimeters to meters can strongly influence microbial distribution and function, and may even affect spatial organization on a submillimeter scale (Nunan et al., 2003). Indeed, bacterial communities often exhibit clear biogeographic patterns in their distribution, with many studies reporting significant distance–decay in bacterial community composition (Lear et al., 2014).

For nematodes (and probably also for other meiofauna taxa), local hydrodynamics play a major role in promoting large-scale dispersal, sometimes in the range of several hundred meters (Bell and Sherman, 1980; Thomas and Lana, 2011). Species-specific feeding, body morphology, and mobility/swimming behaviors modulate absolute nematode dispersal ranges on the scale of centimeters or meters (Thomas and Lana, 2011). For example, Jensen (1981) documented a swimming speed of up to 5 cm min-1 for one epistrate-feeding nematode genus. These dispersion mechanisms may of course complicate the interpretation of the small-scale distribution patterns of nematodes along the short transect investigated within our study. Yet, our results support our hypothesis that the local input of structural steel at the seabed strongly affects the abundance, distribution, and diversity of the small benthic biota at a sub-meter scale.


Bacterial communities along the iron gradient

The oxidation of iron, likely both abiotically and biotically, created a dense layer of iron deposits that deprived the underlying sediments in PC1-4 of oxygen, creating diverse microbial niches distinct from the ambient fully oxygenated sediments. This distinction was most pronounced in the higher relative abundance of Zetaproteobacteria and Campylobacteria in the sediments closest to the iron source. Zetaproteobacteria, here entirely composed of the genus Mariprofundus (Supplement Figure S2), are chemolithoautotrophs that couple iron oxidation to oxygen respiration, producing reactive iron oxides that can adsorb or coprecipitate nutrients and metals (Laufer et al., 2017). They are microaerophiles that live in oxic-anoxic transition zones of iron-rich marine habitats, e.g., hydrothermal vents or steel corrosion biofilms (McAllister et al., 2019). Similarly, Campylobacteria, represented here primarily by Sulfurospirillum (Supplement Figure S2), are found under microaerophilic to anaerobic conditions often associated with hydrothermal-vent habitats (Campbell et al., 2006). Sulfurospirillum members are metabolically diverse, often involved in sulphur and nitrogen cycling. Experimental work also revealed an involvement of Sulfurospirillum in iron reduction via sulfur cycling, utilizing sulfur or thiosulfate as an electron acceptor (Lohmayer et al., 2014). Other dominant genera involved in iron cycling are the iron oxidizing Gallionella and iron reducing Geopsychrobacter, both known from low-oxygen habitats (Anderson and Pedersen, 2003), which built up to very high relative abundance in PC1-4, but were mostly absent from PC5-8 (Supplement Figure S2). Interestingly, several of the taxa enriched in iron-affected sediments have been linked to the degradation of different types of hydrocarbons, including Cycloclasticus, known for its ability to degrade polycyclic aromatic hydrocarbons (PAHs) (Cui et al., 2008), Oleiphilus, growing on aliphatic hydrocarbons, alkanoates and alkanoles (Toshchakov et al., 2017), as well as Colwellia, potentially degrading gaseous and aromatic hydrocarbons (Mason et al., 2014). Hydrocarbons, both from natural sources and anthropogenic activities, are thought to accumulate in marine sediments (Duran and Cravo-Laureau, 2016). The higher relative abundance of specialized degraders in the iron-impacted sediments could point towards a chemical interaction between iron oxides and organic matter potentially affecting solubility, bioavailability and composition of carbon sources for microbial degradation (Adhikari and Yang, 2015). The encountered high relative abundances of specialist taxa and chemolithoautotrophs suggest that sunken metal structures can have a significant impact on local microbial community structure and biogeochemistry, and further could serve as stepping stones for the dispersal of specialized microbial consortia in the deep sea, similar to the proposed role of whale or wood falls (Bienhold et al., 2013; Levin et al., 2016; Varliero et al., 2019).

Bacterial communities in the ambient sediments of PC5-8 were characterized by the presence of primarily heterotrophic taxa adapted to periodic and variable input of organic matter from the surface ocean (Jørgensen and Boetius, 2007). Many of these taxa have been reported for various other deep-sea regions (Bienhold et al., 2016), including the genus Woeseia, ubiquitous in marine surface sediments around the world (Hoffmann et al., 2020) and among the most abundant taxa in the sediments analyzed here. Members of the Woeseiaceae family have been attributed a high metabolic versatility: Genomic analyses of representatives from oxygenated deep-sea sediments suggested a role in the degradation of proteinaceous matter, possibly derived from deposited detrital matter (Hoffmann et al., 2020), but also have indicated a potential for denitrification and chemolithoautotrophic growth via sulfur oxidation (Mußmann et al., 2017). The ability to switch from one lifestyle to the other depending on oxygen availability (Buongiorno et al., 2020) may explain their relatively high relative abundance in both iron-affected and ambient sediments. Several other taxa known for their key roles in nitrogen cycling at the seafloor were also significantly more abundant in ambient sediments than in the sediments affected by the iron deposit, including the ammonium oxidizing Nitrosomonas, and nitrite oxidizing Nitrospina and Nitrospira (Zhao et al., 2019), which consume and transform ammonia freed by the mineralization of organic matter.



Nematode assemblages along the iron gradient

Tolerance to metal pollutants has been shown to vary widely among nematode species (e.g., Vranken et al., 1991; Kammenga et al., 1994; Moens et al., 2014; Zeppilli et al., 2015). Some species, such as Enoplus communis, show low tolerance to metals (Howell, 1983), while others, such as Diplolaimella dievengatensis and Halomonhystera disjuncta (Vranken and Heip, 1986; Vranken et al., 1991; Gyedu-Ababio and Baird, 2006) can be tolerant to high levels of heavy metals (Zeppilli et al., 2015). Large-scale observations (at hundreds of meters and kilometers) assessing nematode community compositions influenced by multiple metal pollutants have shown that shifting meiobenthic compositions may indicate the presence of metal-tolerant as well as metal-intolerant nematode species (Bastami et al., 2017; Stark et al., 2020).

Generally, studies on how metal pollution affects nematode assemblage composition report lower species diversity and lower abundances of community members (Nasira et al., 2010; Sedano et al., 2014; Bastami et al., 2017; Ridall and Ingels, 2021). This is also evident in the present study: nematode density as well as diversity of the nematode community were significantly lower in the iron-enriched sediments compared to the visually unaffected sediments. In addition, the SIMPER analysis showed a lower within-group similarity for the nematode community from the iron-enriched sediments compared to the unaffected sediments, which was most pronounced in the upper sediment layer (22% in PC1-4, 50% in PC5-8). It seems that the thick layer of iron deposits within the upper sediment layers reduced the dispersal or settling ability of the nematodes from the iron-enriched sediments compared to the unaffected sediments.

Nevertheless, the DistLM approach indicated that the Fe concentration was a stronger predictor of bacteria community structure than of the nematode community structure, with the composition of the nematode community more accurately determined by the number of bacteria; the nematode community thus seems to be influenced more indirectly by the iron concentration via its influence on the number of bacteria (see below). Deep-sea nematodes are mainly dominated by deposit feeders, with small buccal cavities which feed selectively (feeding type 1a) or non-selectively (feeding type 1b) on bacteria and other detrital particles (Giere, 2009; Zeppilli et al., 2014). This is also evident in the nematode communities from both iron-enriched and unaffected sediments. Both communities are dominated by genera belonging to feeding types 1a or 1b.

In general, free-living nematodes are described as the last to disappear from heavily polluted bottom sediments (Heip et al., 1985; Davydkova et al., 2005). High heavy metal resistance in nematodes (Cu, Zn, Pb, Cd, Hg) has been reported (Davydkova et al., 2005 and citations therein), where non-selective deposit-feeders and omnivores seem to be extremely non-sensitive (Davydkova et al., 2005). However, the higher dominance of non-selective deposit feeding nematodes within metal polluted sediments is not confirmed by our results, as the proportion of non-selective deposit feeders in the non-ferrous sediments is clearly higher. In contrast, the comparatively higher proportion of selectively feeding nematodes in the iron-enriched sediments underscores the DistLM result on the importance of bacteria as a potential food source (e.g., compared to phytodetritial matter) for nematode community structure. Selective feeding nematodes, represented here mainly by genera of the Desmoscolecidae, have minute buccal cavities that can only feed on very small (bacterial-sized) prey. Intriguingly, the proportion of genera belonging to feeding type 2b, which is described as predatory and omnivorous, is clearly higher in the iron-enriched sediments (8%) than in the visually unaffected sediments (3%). This becomes particularly clear when considering the uppermost centimeter of the sediments, with the strongest influence of iron (10% vs. 2%).



Interactive relationships in bacteria and nematoda

In deep-sea sediments, bacteria and nematodes dominate benthic biomass and play key roles in nutrient cycling and energy transfer (Rzeznik-Orignac et al., 2018). However, information on the relationships of co-occurring bacterial and nematode communities in deep-sea sediments is rather limited (Ingels et al., 2011). Understanding the biogeochemical and ecological processes that shapes these relationships require insights into local community structures in bacteria and nematodes at very small spatial scales (Rzeznik-Orignac et al., 2018).

As the most numerous and diverse group of deep-sea benthic meiofauna, nematodes usually occupy multiple trophic levels in benthic food webs (Schratzberger et al., 2019) and interact with bacteria to affect carbon metabolic activity (Wu et al., 2019 and citations therein). Diversity patterns of these communities remain poorly studied (Rzeznik-Orignac et al., 2018) and trophic interactions between benthic nematodes and sediment bacteria are generally poorly understood (Viera et al., 2022). In fact, previous work addressing the question of co-occurrence of bacteria and nematodes with quantitative tools came to opposite results: A high number and biomass of meiofauna correlated with a low number and biomass of bacteria in sandy beach sediments in the Kiel Fjord and Kiel Bight (Baltic Sea), and a lack of correlation between meiofauna and bacterial biomass was observed in the deep Aegean, whereas a strong correlation between meiofauna density and the number of viable bacteria was observed in the deep region of the Gulf of Lion (Rzeznik-Orignac et al., 2018 and citations therein). Recent work that focused on ecosystem processes showed correlations between sediment microbiota and nematodes on the slope in the North-western Mediterranean (Román et al., 2019), whereas specific associations between nematodes and bacteria have also been detected in a nearby canyon system (Rzeznik-Orignac et al., 2018).

All these studies showed that ecological interactions between meiofauna and benthic bacteria are generally important for sediment ecology (Rzeznik-Orignac et al., 2018). Meiofauna can promote mineralization of different types of organic matter by stimulating bacterial community activity in the sediment (Nascimento et al., 2012), while higher abundance of meiofauna can reduce microbial mineralization by altering the composition of the bacterial community through grazing (Näslund et al., 2010). In any case, meiofauna such as nematodes have the potential to indirectly influence the activity and/or species composition of microbial communities (De Mesel et al., 2004; Moens et al., 2005).

In the present study, local environmental conditions in the iron-enriched and unaffected sediments differed in terms of physical and geochemical controls on bacterial and thus nematode activity. The oxidation of iron created a dense layer of iron deposits that deprived the underlying sediments by reducing the transfer of phytodetritial organic matter via bioturbation to the deeper sediment layers and also by limiting the dispersal ability of the organisms. Our results suggest that the iron-enriched sediments provided a less dynamic environment with comparatively stable/homogeneous conditions (at least at sub-surface sediment layers) that supported a less diverse but more specialized microbial community, represented by a high relative abundance of chemolithoautotrophs. Similarily, the nematode community of the iron-enriched sediments reflected the less dynamic/more stable conditions in a less divers nematode community, more strongly dominated by persisters (cp-value of 4) predominantly belonging to the family Desmoscolecidae compared to the unaffected sediments.

The genera of this nematode family share some morphological/functional features that seem to help them gain a competitive advantage over other nematode genera in the environment of iron-enriched sediments. Their comparably robust bodies allow them to move/migrate even in the more compact sediments of the iron-enriched sediments through burrowing and by creating their own space. Desmoscolecids belong to feeding type 1a, and they can be expected to rely mainly on bacteria as a food source than members of other feeding guilds, as they have minute buccal cavities that can only feed on very small (bacteria-sized) prey. It has been suggested that chemosynthetic bacterial production may constitute an important food source for the benthic organisms that live in partly anoxic sediments (Soetaert et al., 2002a). The expected localized enrichment in chemosynthetic bacterial production in the iron-enriched and most probably subtoxic sediments thus might constitute an additional high-quality food source in the otherwise comparatively food-diluted iron-enriched sediments, giving a competitive edge to the nematode genera/feeding types that have access to this food source (Soetaert et al., 2002b).




Conclusions

Bacterial and nematode communities co-occurring in the sediments along the iron gradient in focus within this study exhibited spatial distribution patterns that emerged from highly localized community dynamics that were both stochastic and deterministic. The localized input of iron or steel evidently has implications for the ecology of the seafloor by introducing novel niche space and the establishment of specialized communities. Although it was not possible to fully identify the environmental/ecological drivers behind the observed bacterial-nematode associations, our results highlight the importance of small-scale sampling in combination with diversity assessments of different benthic size-compartments for analyzing the variability and potential functions of deep-sea communities. Future research should contextualize benthic community interactions at different trophic levels to gain a deeper understanding of the functional and structural characteristics of benthic communities.
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