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Abstract

:

The rapid response of benthic foraminifera to organic carbon flux to the seafloor makes them promising bioindicators for evaluating the organic carbon stored in marine sediments. Fjords have been described as hotspots for carbon burial, potentially playing a key role within the carbon cycle as climate regulators over multiple timescales. Nevertheless, little is known about organic carbon-rich sediments in Arctic open shelves and their role in global carbon sequestration. To this aim, four sites have been sampled along a W-E transect across the Kveithola Trough located in the NW Barents Sea. Living (stained) benthic foraminiferal density, biodiversity and vertical distribution in the sediment were analysed together with the biogeochemical and sedimentological data. We identified two main depositional environments based on the relationship between benthic foraminiferal assemblages and carbon content in the sediments: (1) an oligotrophic land-derived organic matter region located in the outer part of the trough influenced by the warm and saline Atlantic Water; and (2) a stressed eutrophic environment, with high-content of metabolizable organic matter in the inner part of the trough, which comprises the main drift and the Northern flank of the trough. The freshness and good nutritional quality of the organic matter detected in the inner region could be the result of the better preservation of the organic matter itself, basically driven by the rapid burial of fine-grained organic-rich sediments enhanced by the cold and less saline Arctic Water coming from the Barents Sea. We conclude that foraminifera provide a tool to describe the Kveithola depositional environment as a carbon burial hotspot in a changing Arctic area subjected to a pulse of fresh food intended as biopolymeric carbon.
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1. Introduction


The Barents Sea is a marginal area of the Arctic Ocean, and it represents a rather shallow shelf sea, with an average depth of 230 m. It is a complex and dynamic oceanographic area, being partly ice-free during winter in the present climate. Although it constitutes about 10% of the Arctic Ocean, it occupies a key position on the eastern side of the main gateway between the Arctic and the Atlantic Oceans. Hydrologic changes, due to global warming, have led recently to a reduction in sea ice, in stratification of the water column and high seasonal and inter-annual variability, which have large effects on the marine ecosystem and environment [1,2]. The Barents Sea and Svalbard waters are highly productive provinces accounting for 49% of the total Arctic shelf primary production [3]. In particular, the total annual primary production for the Barents Sea has been estimated to be around 70–100 g C/m−2 with higher rates for the open Atlantic waters in the southern parts and lower rates for the ice-covered waters in the northern Barents Sea [4]. High primary production rates are bound to regions that are under the influence of advected Atlantic Water, while ice-covered regions and those stratified by Arctic Water experience reduced rates. Furthermore, primary production is strongly dependent upon light availability and the presence of nutrients. In the Arctic region and its adjacent shelf seas, primary production is highly seasonal (late spring) due to the melting and retreat of the sea ice during spring, which enhance light and nutrients availability driving the growth of the algae [5,6].



During the last 15 years, the Arctic region has undergone an important increase of primary production, especially close to the inner continental shelves [7]. Statistically, significant increasing trends of primary productivity from 2003 to 2015 occurred in the eastern (Eurasian) Arctic, Barents Sea, Greenland Sea, and North Atlantic with particularly high increases in the eastern Arctic (19.26 g C/m2/yr/dec, 41.9% increase) and the Barents Sea (17.98 g C/m2/yr/dec, 30.2% increase) [8]. There is increasing attention to how climate changes can influence productivity and ecosystems in Arctic regions. Changing sea ice conditions and distribution influence stratification and upwelling, enhancing wind exposure, with an effect on nutrient supply and productivity [9,10].



In the melting Arctic, seasonal organic matter export to the seafloor can provoke temporal and strong episodic events of anoxia [11]. Several studies have provided evidence that eutrophication, considered as a high accumulation of labile organic matter, is associated with a net accumulation or burial of organic carbon in the sediment [12,13,14] determining changes in the benthic trophic status [15]. Furthermore, labile organic carbon concentrations have been demonstrated to be positively correlated to the sediment oxygen consumption promoted by benthic consumers, suggesting that the progressive burial of biopolymeric carbon could be an additional co-factor potentially responsible for hypoxic or anoxic events [15].



In this context, there is, therefore, an urgent necessity to deepen knowledge on the present environmental setting because the Barents Sea is home to an enormous diversity of organisms, which are experiencing climatic variability and, among them, foraminifera represent a lower trophic level group [16]. Foraminifera are unicellular eukaryotes that occur ubiquitously in all the world oceans and in all marine habitats, including both pelagic and benthic environments. Benthic foraminifera are one of the main components of marine ecosystems [17]. They are characterised by a short life cycle (when compared to macrofaunal metazoans) and react rather quickly to both short and long-term changes in marine and transitional-marine environments on both a global and a local scale [18]. For these reasons, foraminifera are used increasingly to evaluate the environmental status of marine shelf systems impacted by pollution and eutrophication [19,20,21,22]. Therefore, benthic foraminifera are potentially good indicators of the benthic trophic conditions in terms of nutritionally available organic matter and, indirectly, of oxygen consumption [21,23].



As matter of fact, temporal and strong episodic events of anoxia are stressful to most organisms, also to the benthic foraminifera, which play an important role in maintaining the carbon budget to the seafloor [24]. The vertical distribution of benthic foraminifera across the first 10 cm sediment depth mainly depends on two inversely related drivers, the organic matter accumulation to the seafloor (usually fresh food of high nutritional values at the sediment-water interface) and decreasing concentration of oxygen in the sediment porewater [23,25,26].



The ability of foraminifera in taking up fresh carbon for nutrition and reproduction varies depending on species and areas [27,28]. Studies indicate that labile organic matter entering the benthic environment can be rapidly processed within hours [29,30,31] and that some foraminifera play an important role in the carbon cycle [24]. At the same time, some species show a strong tolerance to hypoxia and proliferate in oxygen-depleted environments [32,33,34,35,36]. The authors of [37,38] show that Globobulimina affinis lives in anoxic sediments, indicating survival in depleted oxygen conditions other taxa may not tolerate. Specimens belonging to the genera Bolivina, Globobulimina, Nonionella, Nonionellina and Stainforthia are considered foraminifera inhabiting oxygen-depleted environments able to survive in closed basins with high anthropogenic organic load and/or seasonal eutrophic settings [34]. In this regard, various mechanisms explain how foraminifera survive in these adverse conditions and these include anaerobic metabolic pathways, bacterial symbionts, chloroplasts sequestration or proliferation of peroxisomes and mitochondria, up to the ability of some calcareous foraminifera to use nitrate for respiration instead of oxygen ([39,40,41] and references therein). At present, many of the studies cited above show that oxygen concentration and organic matter quality and quantity drive the density and taxonomic composition of foraminiferal assemblages. However, due to the inverse relationship of food vs. oxygen availability, their relative importance remains difficult to resolve. The existing living benthic foraminiferal-based reports in the Barents Sea are limited to a few studies [16,42,43,44,45] mainly dealing with the use of recent assemblages to interpret late Quaternary paleoenvironmental changes [46,47] or combining live and total assemblage in tracking environmental changes [44,48]. The extensive data on past foraminiferal assemblages in the Barents Sea is reported in [49,50] database retrieved from the following sources: [51,52,53,54,55,56]. Most of the data on living benthic foraminiferal populations are from the fjords of Svalbard [57,58], in particular, in relation to environmental gradients but a comprehensive investigation of their distribution in response to organic carbon currently stored in the Arctic shelf sediments is still missing. In this context, the aim of this study are: (1) to describe, the living benthic foraminiferal assemblage collected from 4 different depositional settings in a shelf depression in the NW Barents Sea, namely the Kveithola Trough; this also include mapping the density and biodiversity of living benthic foraminifera, including the monothalamous component, representing in other shallower Arctic sites more than 50% of the total assemblage [59]; (2) to determine how quantity, quality, and composition of the organic matter (in terms of Total Organic Carbon, Total Nitrogen and biopolymeric carbon, defined as the sum of protein, lipid, carbohydrate, sensu [60]) drive the abundance and vertical distribution of living benthic foraminifera in the area; and (3) we put emphasis on the actuopaleontology as an useful approach for past reconstructions. Actuopaleontology is a modern discipline using an actualistic approach; it aims to improve our understanding of the past buried in the fossil record by studying the patterns and processes observed in the present. In other words, the present is used as the key to the past considering that physical, biological, and ecological processes in the past must have been similar to those occurring in our current environment. Finally, the present work aims to describe the benthic foraminiferal living Rose Bengal-stained assemblage in the Kveithola Trough three years before respect to the previous paper in the same area [16]. In 2016 samples, the Cell Tracker Green staining method was used to distinguish between dead and living specimens. The focus of the present work is mainly to understand the response of foraminifera to food quantity and quality in the sediment (0–10 cm) and [16] provided a set of environmental drivers that include organic matter analyses in the superficial sediment samples (0–2 cm).




2. Materials and Methods


2.1. Study Area: The Kveithola Trough


The Kveithola Trough has been surveyed during several cruises (the following oceanographic expeditions: EGLACOM (Evolution of a GLacial Arctic COntinental Margin: the southern Svalbard ice stream-dominated sedimentary system), Italian R/V OGS-Explora, 8 July–4 August 2008; GlaciBar (Glaciations in the Barents Sea area; 200672/S60), Norwegian R/V Jan Mayen, 2–19 July 2009; MSM30-CORIBAR (Ice dynamics and meltwater deposits: coring in the kveithola trough, NW Barents Sea), German R/V Maria S. Merian, 16 July–15 August 2013, Tromsø (Norway)—Tromsø (Norway) and PS99-1a, Eurofleets2-BURSETER (Bottom Currents in a Stagnant Environment), German R/V Polarstern, 13–23 June 2016, Bremerhaven (D)—Longyearbyen (NOR)) focusing mainly on the glacial history of the area associated to climate changes. Our study is focalized on this glacigenic depression located in the NW Barents Sea, north of Bear Island, an abrupt and narrow trough that hosted ice streams during Last Glacial Maximum (LGM) [61,62,63] (Figure 1). The Kveithola Trough is nearly 90 km long from the shelf edge to its eastward termination, and less than 15 km wide and has water depths between 300 and 350 m along its axis. On regional bathymetric data (Figure 1) compiled by the Norwegian Hydrographic Service [64], the Kveithola Trough shows a very fresh morphology terminating abruptly eastward at the divide between the Spitsbergen Bank and Bear Island topographic highs (Figure 1).



The transverse profile of the trough is U-shaped with flanks dipping about 2° and a flat thalweg, about 150 m below the average depth of the continental shelf seafloor in which it is incised. The axial profile is gently dipping ocean-wards from 200 to 400 m bsl (below sea level), having a step-like longitudinal profile as result of a spasmodic ice stream retreat after LGM that generated transversal depositional ridges (Grounding Zone Wedges—GZW, sensu [65], along the retreating palaeo-grounding line. The inner part of the trough hosts a complex sediment drift characterized by two main depocentres (main and minor drifts; [66]) (Figure 1), with internal acoustic reflectors on the sub-bottom record indicating persistent bottom currents that were active in the area since at least 13,000 calibrated years before present (cal Ka BP; [63,66]). The dataset recovered during the cruises outlined a highly dynamic depositional environment with strong bottom currents responsible for sediment drifts formation [67]. Beside of the highly dynamic depositional environment, depicted from the morphological and structural characteristics of the sediment drift [66] the lithofacies characteristics of surface sediments indicate, in the inner part, low-energy and/or low-oxygen conditions with black sediments containing hydrogen sulfide [68]. On the outer trough, at only a few tens of km distance, the sediments appear fully oxygenated, characterized by fine-grained, clean sands at the sea surface with large scale ripple-like features suggesting the presence of moderately strong and persistent bottom currents.



Two main water masses determine the present oceanographic situation in the study area, Atlantic Water and Arctic Water (Figure 1). The North Atlantic Water intrudes eastward where the Barents Sea continental shelf is dissected by troughs (Figure 1). The cold and less saline Arctic Water enters the western Barents Sea from the northeast and occupies large parts of the Barents Sea (Figure 1; [69]). As reported by [16] the Kveithola Trough is a peculiar geomorphological area characterised by a large portion of relatively shallow seabed, where the water column is strongly influenced by the co-presence and interplay of the Arctic water masses, seasonal influence of sea-ice melting waters, and atmospheric processes able to induce local water mass mixing and enhance a strong spatial and temporal variability of the thermohaline properties. Moreover, it is similar to other Barents Sea shallow areas, where high nutrient fluxes reach the benthic community and high regional primary and secondary production exist [70,71,72].




2.2. Sampling Strategy


Five out of 14 sites cored in the Kveithola Trough during the oceanographic expedition MSM30-CORIBAR (Ice dynamics and meltwater deposits: coring in the Kveithola trough, NW Barents Sea), German R/V Maria S. Merian, 16.07–15.08.2013, Tromsø (Norway)—Tromsø (Norway), were selected for the sediment analyses presented in this paper (Figure 1; Table 1).



Site 01 was located on the outermost Grounding Zone Wedge (GZW); site 07 and site 20 were situated on the main and minor Kveithola drifts, respectively; sites 22 and 23 were located north of the Kveithola Trough along a NNE-SSW depression associated with the regional fault system that will be called Northern channel.



The cores were retrieved using both a multi-corer sampling tool (MUC) allowing the recovery of undisturbed surface sediment samples with eight plastic liners measuring 6 cm in diameter and 50 cm in length; and a giant box-corer (GBC) with a 50 cm × 50 cm × 50 cm steel box. Sediment surfaces were visually described during the cruise and one of the sub-sampled cores collected from each box-corer was opened and visually logged onboard for sedimentological characteristics and preliminary stratigraphy [68]. Cores, from both MUC and GBC, were collected for sedimentological and biochemical analyses and living foraminiferal assemblage investigation as indicated in Table 1. Sediment material from site 22 was subsampled for foraminiferal and sedimentological analyses and from site 23 for biochemical determinations. Biochemical data of site 23 are comparable to those recorded in site 07 collected in the Kveithola Trough 3 years later (Expedition PS99-1a), and site 07 ([16] see Table 1 therein) corresponds to Site 22 of this study (see Table 1 therein). Then considering that these sampling sites are all located in the Northern channel we assume that the biochemical signature of site 22 does not differ from those in site 23.




2.3. Sedimentological Analyses


Sedimentological analyses (sites 01, 07, 20 and 22) were run using both automated core-logging techniques with sampling measurements at 1 cm resolution and traditional analytical methods on discrete samples. Core-scanning included: a Computed Tomography scan (CAT-scan) radiographs performed prior to core opening; high-resolution digital photographs, color scan, and chemical composition of the sediments by means of an Avaatech Superslit X-Ray-Fluorescence core scan (XRF-core scan) using 10, 30, and 50 kV instrumental settings.



Discrete sediment samples were collected at every 10–5 cm resolution and analyzed for sediment physical properties and composition. Grain size analyses were performed with a Coulter counter laser Beckman LS-230 to measure the 0.04–2000 μm fraction at 0.004 μm resolution. The samples were initially treated with 10-volume diluted peroxide and the disaggregated sediments were re-suspended into a 0.1% sodium-hexametaphosphate solution and left for 3 min in an ultrasonic bath prior to measurement. The results were classified according to the Udden-Wentworth grain-size scale and were analyzed with the cluster statistical method.




2.4. Total Organic Carbon (TOC), Total Nitrogen (TN), and Biopolymeric Carbon (BPC)


Cores for biochemical analyses (sites 01, 07, 20 and 23) (Table 1) were stored frozen at −20 °C until processing at the on-land laboratory (Table 1). All the cores were sliced at 0.5 cm resolution down to 2 cm sediment depth and then every 1 cm down to 10 cm. Sediment samples were freeze-dried, homogenized and ground to a fine powder for analyses of Total Organic Carbon (TOC), Total Nitrogen (TN) and biopolymeric carbon (BPC, as the sum of carbohydrate (CHO), protein (PRT) and lipid (LIP) carbon). TOC and TN were measured using an elemental analyser CHNO-S Costech mod. ECS 4010 according to [73]. The sediment was weighed in subsamples of about 8–12 mg in triplicate on a micro ultra-balance Mettler Toledo mod. XP 6 (accuracy of 0.1 µg). For the analyses of the TOC, the subsamples were treated in silver capsules with the following addition of hydrochloric acid at increased concentration (0.1 N, 0.5 N and 1 N) to remove the carbonate fraction [74], whereas for the analyses of TN freeze-dried sediments were placed in tin capsules with no treatment. Known amounts of standard Acetanilide (C8H9NO; Costech, purity ≥ 99.5%) were used to calibrate the instrument. The accuracy of the method for total carbon was verified against the certified marine sediment reference material PACS-2 (National Research Council Canada). The relative standard deviations for three replicates determination of carbon on the CRM were lower than 3%.



Two different CHO fractions (water-soluble, CHOH2O and EDTA-extractable, CHOEDTA) were determined following [75]. The carbohydrate fractions were measured spectrophotometrically using the phenol-sulphuric acid assay [76], modified by [77] for sediment samples. CHO concentrations were calculated from calibration curves of D-glucose. CHO concentrations, obtained as equivalent-glucose, were transformed into carbon using a conversion factor of 0.49 g C g−1 [78].



Protein (PRT) analyses were carried out on freeze-dried sediment samples after extractions with NaOH (0.5 M, 4 h). PRT were determined according to [79] modified by [80] to compensate for phenol interference. PRT concentrations were calculated from calibration curves of serum albumin. Even if determination could be affected by the interference of humics [80], this method was chosen due to its ease and high sensitivity. Moreover, the wide application of this protocol makes our results comparable with other studies [15,78,81]. Concentrations obtained as albumin equivalents were transformed into carbon using a conversion factor of 0.50 g C g−1 [56]. Total lipids (LIP) were extracted by direct elution with chloroform and methanol following the procedure of [82] and analyzed according to [83]. LIP concentrations were calculated from calibration curves of tripalmitine. Concentrations obtained as tripalmitine equivalents were transformed into carbon using a conversion factor of 0.75 g C g−1 [60]. All biochemical analyses were carried out in 3–5 replicates, with a standard deviation lower than 5%. The sum of the carbon equivalents of CHO, PRT and LIP was referred to as BPC (sensu [60]). Contribution of protein to biopolymeric carbon (PRT/BPC%) and protein to carbohydrate ratio (PRT: CHO) were then used as descriptors of both ageing and nutritional quality of the organic matter [84,85,86,87,88,89].




2.5. Foraminiferal Analyses


Subsamples for foraminiferal analyses (sites 01, 07, 20 and 22) (Table 1) were obtained using Plexiglas cores, inner diameter 3.6 cm (surface area 10.18 cm2) inserted manually in the MUC or GBC cast. Two cores (01 and 07) were sampled on board. The two remaining cores (20 and 22) were immediately stored at −20 °C until analyses in the laboratory. All the cores were sliced at 0.5 cm resolution down to 2 cm sediment depth and then every 1 cm down to 10 cm. The samples were stained with Rose Bengal solution (1 g L−1) and preserved in 10% borax-buffered formalin following the protocol largely used for ecological study of meiofauna including foraminifera and soft-shelled taxa among foraminifera which will be partially destroyed using ethanol [90,91,92]. Sodium borate buffer is used to maintain the pH of formalin solution within a relatively narrow range in order to not cause the dissolution of foraminiferal calcitic shells.



In the laboratory, the fixed sediment samples were sieved through 63 and 150 μm mesh (in order to evaluate the size structure of foraminiferal assemblage) and preserved in 10% borax-buffered formalin to which had been added Rose Bengal (1 g L−1). The residues were kept wet and hand-sorted in water for all Rose-Bengal-stained benthic foraminifera using a binocular microscope. Hard-shelled polythalamous foraminifera (agglutinated and calcareous species) were stored dried in micro-palaeontological slides and calcitic test preservation of most abundant species was random checked at Scanning Electron Microscope (SEM—Hitachi). Soft-shelled monothalamous taxa were placed in cavity slides in glycerol and photographed under a compound microscope (Nikon Eclipse E 600 POL). All the specimens were counted, and their numbers standardized per 10 cm2 and if necessary, per 50 cm2 to compare our results with the literature data. For the same reason, foraminifera from the small-size (63–150 μm) and the >150 μm fraction were investigated.



Rose Bengal is a cheap, easy and fast procedure, resulting useful for environmental sample analysis but it is well known to be not completely reliable for the staining of recently dead cells, because remnants of tissues may remain preserved (and thus stainable) for a long time within dead organisms [93]. As such, since the Rose Bengal binds proteins and other macromolecules, the potential for generating false positive cells is quite high especially in low oxygen settings where the cell material may persist long after death [38,94]. In order to minimize overestimation in the live foraminiferal counts, strict staining criteria were always applied. Specimens were considered “alive” only when all chambers, except for the last one, were well stained. A special effort was made to recognize soft-shelled monothalamous taxa, which are largely undescribed, and they are included in this data analyses. Fragments of branching and tubular foraminifera (e.g., Hyperammina and Rhizammina) were included in the data analyses only when it was possible to quantify them correctly (presence of proloculus) because of their easily breakable tests.



Species identification followed previous studies from the high latitude environments and for the hard-shelled polythalamous foraminifera (agglutinated and calcareous taxa) taxonomy we followed papers and atlas by [59,95,96,97,98,99,100]. For the soft-shelled monothalamous foraminifera taxonomy, we followed papers by [101,102,103,104].



Foraminiferal biodiversity was estimated using different diversity indices: species richness (S) measured as the number of species, species diversity (H loge) expressed as the Shannon–Wiener (H) index and species evenness (J) measured using the [105]. All indices were calculated using the statistical PAST software (Paleontological Statistics; Version 2.14; [106]) for all the levels and for the total 0–10 cm.



In order to describe the vertical distribution of the total assemblages or individual taxa, we used the average living depth (ALD, [107]), which allows a rapid description of the microhabitat patterns. The ALD is calculated according to the following equation:


  ALDx =   ∑   i = 0 , x    (  n i D i  )  / N  








where x is the lower boundary of deepest sample, ni the number of individuals in interval i; Di the midpoint of sample interval i; N the total number of individuals for all levels. For all stations, ALD10 was calculated for the whole assemblage as well as for individual taxa and for both size fractions, on the basis of the numbers of stained individuals found in the successive sediment slices. In case of a strictly epifaunal taxon, the ALD should be one half of the thickness of the topmost level. Higher values are indicative of more infaunal patterns [107].




2.6. Statistical Analyses


To assess spatial variations of each investigated variable separately, one-way analyses of variance (ANOVA) was applied. The analyses considered the four sampling sites as random levels of the factor Space. To test spatial variations in the biochemical composition of sediment organic matter and the composition of the benthic foraminiferal assemblages, multivariate permutational analyses of variance (PERMANOVA [108]) based on Euclidean and Bray–Curtis distances (for organic matter and foraminiferal assemblage, respectively) were applied. SIMPER analyses were applied to assess the dissimilarity percentage between foraminiferal assemblages in the four different sampling sites and to identify which species contributed most to the observed dissimilarities between sampling sites. ANOVA, PERMANOVA and SIMPER analyses were performed using the PAST software (Paleontological Statistics; Version 2.14; [106]).



Then multivariate analyses were performed in order to assess potential correlations between the foraminiferal assemblage and the biochemical components of the sedimentary organic matter (BPC, C-CHOH2O, C-CHOEDTA, C-PRT, C-LIP, TOC, TN, N-PRT/TN, TOC/TN), using the statistical software applications PRIMER6 & PERMANOVA+ [109,110]. Potential differences between biodiversity, abundances and species composition of foraminiferal assemblages of each core were assessed by non-parametric multivariate permutational analyses of variance (PERMANOVA; [108]) based on Euclidean distances and Bray–Curtis similarity. Then, for the abiotic data, a similarity profile based on permutation was tested using the SIMPROF routine to group core levels with a similar (i.e., branch with p > 0.05) organic matter composition. Groupings generated using the SIMPROF procedure were validated with a dissimilarity matrix based on Euclidean distance that was used in an agglomerative hierarchical clustering (routine CLUSTER). A Principal Coordinates Analysis (PCO) was also performed to describe the organic matter compounds that most accounted for variation among groups identified by the SIMPROF procedure. Finally, a non-parametric multivariate multiple regression analyses based on Bray–Curtis distances were carried out using the routine DISTLM forward [108], separately for foraminiferal abundance, assemblage composition and species richness. This latter analysis was performed to evaluate whether and how much the trophic resources (i.e., quantity and biochemical composition of the organic matter) explained dissimilarities in the composition of the foraminiferal assemblages in the four cores. The forward selection of explanatory variables was carried out under a linear regression model using 999 permutations.





3. Results


3.1. Sediment Description and Geochemistry


In the outer part of the Kveithola Trough (site 01) the sea bottom surface appeared slightly mounded with sparse IRD (Ice Rafted Debris) as evidenced in the X-ray images (Figure 2), black worm tubes, and rare shells. The sediments at the sea bottom interface (1–1.5 cm below sea floor, bsf), were clean, olive-brown (oxidized), fine-grained sand changing to soupy, bioturbated, brownish silty sand between 1.5–8 cm bsf (Figure 2). The Br/Cl content used as a proxy for marine organic matter content and related productivity [111,112] was the lowest observed in the Kveithola Trough area (Figure 2), at the same the S/Cl ratio used as a proxy of suboxic conditions [112,113]. The mean frequency curves of the studied interval present a prominent mode within the fine sand indicating shear strength conditions during deposition. The presence of sparse IRD exclude the deposition occurred through turbidity currents (i.e., [114,115]). Ref. [116] indicated the coarse-grained, condensed sequences of the outer area of the Kveithola Trough deriving from bottom current deplection of fines material operated by the warm North Atlantic Water.



In the main and minor Kveithola drifts (sites 07 and 20, respectively) the sea bottom surface was slightly hummocky with a “jelly-like” consistency at the surface with sediments pervasively bioturbated containing abundant worm tubes and a strong smell of H2S. The grain size progressively decreases inland from the main drift (site 07), to the minor drift (site 20), having bi-modal grain size spectra with main mode shifting from the coarse to the fine-graines silt. The bi-modal characteristic of the grain size spectra is an indication in support with bottom currents deposition. The Br/Cl and S/Cl ratios at both sites were distinctly higher compared to the outer shelf area (site 01). Site 22 and 23 located at a very short distance from each other on the Northern channel contained soft, soupy sediments having a jelly-like consistency.



The sediments at the surface were slightly coarser-grained with respect to the middle and inner part of the trough (sites 07 and 20) but finer compared to the outer through (site 01) with sandy silt containing abundant worms and shells debris at the surface (broken shells with evidence of carbonate dissolution). The mean frequency curves apper bi-modal (Figure 2) with a principal mode within the fine silt, suggesting deposition occurred under very low-energy bottom currents. The sediments had a strong smell of H2S with Br/Cl and S/Cl ratios considerably higher than the outer shelf but rather more similar to what was observed in the inner area of the trough (Figure 2). Therefore, in general, the sediment’s grain size distribution at the sea bottom surface decreases from the outer area of the trough (site 01) towards the inner part (sites 07, 20), whereas slightly coarser sediments with respect to the inner area of the trough were observed in the Northern channel (sites 22 and 23) (Supplementary Material Table S1: Sedimentological Data).




3.2. Chemical Characterization of Sediments


Organic carbon content (Figure 3A) generally decreased slightly down-core and TOC concentrations in the drift area and in the Northern channel (sites 07, 20 and 23, average 22.4 ± 0.8, 20.6 ± 1.0, 19.8 ± 1.0 mg C g−1, respectively) appeared about 2.5 times higher than in the outer shelf (site 01, average 8.5 ± 1.3 mg C g−1). The significant difference among sampling sites is confirmed by the one-way ANOVA analysis (p < 0.001).



Similar patterns of distribution were observed for TN (Figure 3G), whose concentrations in the cores collected from inner sites (07, 20 and 23) were up to 3 times greater than those assessed in the outer shelf (site 01). TOC/TN molar ratio was generally higher and more variable down-core at site 01, where the maximum value (10.81) was noticed at the 0.5–1 cm interval. Conversely, at the other sites TOC/TN showed slight variations along sediment depth, fluctuating between 8.70 and 9.59 (average 9.37 ± 0.45) (Figure 3I). BPC concentrations were significantly lower (p < 0.01) in the outer shelf (average 959 ± 298 µg C g−1) than in the drift area and in the Northern channel (average 2781 ± 949, 2788 ± 220, and 3073 ± 384 µg C g−1, in sites 07, 20 and 23, respectively) (Figure 3B). BPC accounted for 8 to 23% of TOC concentrations in the four sites (Figure 3J). Interestingly, the main contribution of BPC to TOC was observed at the deepest layers of core at site 07 and was due to proteins. Proteins were the dominant biochemical class of BPC also at sites 07, 20 and 23 accounting for 49.8 ± 9.7, 52.3 ± 5.8, and 59.3 ± 7.4%, respectively. Concentrations, ranging from 909 to 3356 µg C g−1, increased downcore. Differently, PRT represented the second dominant class, after lipids, in the core at site 01 (37.1 ± 2.7% vs. 47.7 ± 3.0%) with concentrations slightly decreasing with depth (Figure 3C). The contribution of protein nitrogen (N-PRT = 0.16 × PRT) to total nitrogen (N-PRT/TN) ranged from 7.15 to 38.9%, reaching the highest percentage at the bottom of the core at site 07 (Figure 3H). On average, in the 0–10 cm interval, N-PRT contribution increased from 11.1 ± 2.0% (site 01) to 23.1 ± 6.5% (site 23). LIP represented the other biogeochemical class of BPC at all sites (Figure 3D). On average, the highest LIP concentrations were measured along with the core at site 20 (891 ± 79 µg C g−1), whereas lower values were detected along core at sites 23 (798 ± 131 µg C g−1), 07 (759 ± 158 µg C g−1) and 01 (461 ± 151 µg C g−1). Generally, vertical LIP profiles revealed an irregular decline with sediment depth. EDTA-extractable carbohydrates displayed trends similar to proteins in cores at sites 01, 07, with the highest values observed at the bottom layers of core at site 07 (542 ± 1 and 773 ± 18 µg C g−1 at the 7–8 cm and 9–10 cm intervals, respectively) (Figure 3F).



Conversely, the pattern of distribution of CHOEDTA in cores at sites 20 and 23 did not suggest strong relationships with the other organic matter’s labile compounds. CHOEDTA accounted for 5% (bottom of core at site 20) to 18% (near-surface sediments of core at site 07) of BPC. Water-soluble carbohydrates (CHOH2O) displayed irregular patterns along the sediment cores, not showing any clear gradient and generally presenting low concentrations (average 38 ± 11, 178 ± 34, 145 ± 30 and 133 ± 19 µg C g−1, in all sites 01, 07, 20 and 23, respectively). The lowest concentrations were measured, as for the other biochemical classes, at site 01, with values ranging from 22 to 56 µg C g−1 (Figure 3E). CHOH2O contribution to BPC varied from 2.8 to 9.6% (average among all cores and depths: 5.1 ± 1.6%). On average, the lowest PRT:CHO ratio, equal to 1.7, was measured in the 0–1 cm interval from core at site 07, the highest, equal to 8.1, at the bottom of core at site 23 (Figure 3K).




3.3. Foraminiferal Densities and Diversity


The medium densities of live (Rose Bengal stained) foraminifera in the 0–10 cm interval (>63 µm fraction) decreased from 487 (±491) ind./10 cm2 at 299 m water depth in site 07 main drift) to 174 (±208) ind./10 cm2 at 334 m water depth in site 20 (minor drift) (Table 2). The Rose Bengal-stained foraminiferal abundances in the upper 1 cm layer in the >63 µm fraction followed the same trend varying from 1150 (±525) ind./10 cm2 in site 07 to the lowest value of 542 (±35) ind./10 cm2 in site 20 (Table 2).



Foraminifera were more abundant in the first 2 cm of both fractions >150 µm and 63–150 µm fraction, which at most stations accounted for about three-quarters of the total density (Table 2). The one-way ANOVA (p < 0.01) revealed significant differences in foraminiferal density between the two size fractions with a dominance of small size (63–150 µm) foraminiferal populations in all studied sites. The same analyses showed a significant variation in foraminiferal density, taxonomic composition and species richness along the three depositional settings, with values at site 01 significantly different from those observed in all other sampling sites (p < 0.001).



A total of 132 species were identified (0–10 cm layers, >63 µm), of which 43 were calcareous hyaline, 39 agglutinated (9 referred to the monothalamous taxa as specimens belonging to genera Lagenammina, Hyperammina, Saccammina, Thurammina, Vanhoeffenella grouped in the superfamily Hormosinacea) and only 8 miliolids (Figure 4, Supplementary Material Table S2: Taxonomic List). We found 41 monothalamous organic taxa, the majority of which were undescribed morphotypes and they were included in the diversity analyses because most of them belong to well-known and widely spread genera of the polar environments, as Bowseria, Cylindrogullmia, Gloiogullmia, and Micrometula (Figure 5, Supplementary Material Table S2: Taxonomic List).



Species richness (S) of the entire live benthic assemblages varied along the transect inside the Kveithola Trough from the minor drift to the grounding-zone wedge (Table 2). In site 01, a total of 84 species was recognized compared to 56 species in site 07 and 53 species in both sites 20 and 22.



The Shannon’s Index value fluctuated along the transect. It was higher in site 01 (H′ = 3.67), decreasing in site 22 (H′ = 3.05), 07 (H′ = 2.81) and 20 (H′ = 2.66). The Eveness (J) showed a similar trend of species richness toward higher values at the farthest GZW (site 01; J’ = 0.83), with medium values at the main drift (site 07; J′ = 0.70) and Northern channel (site 22; J′ = 0.77), and the lowest at the minor drift (site 20; J′ = 0.67) (Table 2).




3.4. Assemblage Composition


Assemblages were dominated by polythalamous calcareous foraminifera, for the entire 0–10 cm interval, which represented between 55% (site 07 located in the main drift of the Kveithola Trough) to 64% (site 20 situated in the minor and inner drift of the Kveithola Trough) of the assemblages, whereas they did not exceed 25% of the total assemblage at 167 m water depth, in the Northern Channel of the Kveithola Trough (site 22) (Figure 6).The relative abundance of the polythalamous agglutinated was lowest (12%) at 383 m water depth in site 01 collected in the outer shelf and highest (54%) in the Northern Channel of the Kveithola Trough (site 22). Monothalamous taxa did not exceed 20% of the total assemblage in site 22 (Figure 6). Soft-shelled monothalamous taxa were not abundant in all sites, but their occurrence in the studied area represents a record of their presence in the arctic sediment. Moreover, most taxa are morphotypes underlining the importance of the description of this component among foraminifera (Figure 5). The polythalamous calcareous foraminifera dominated in all studied sites except in the finest fraction 63–150 µm of site 22 (Northern Channel) where polythalamous agglutinated foraminifera were the most representative (Figure 6). Nonionellina labradorica and Adercotryma glomeratum were dominant in the size fraction >150 µm except in the site 01 where the first centimeter of the sediment is colonized by a different and more diversified assemblage (Figure 7). In the finest fraction of all sites (63–150 µm) the phytodetritus species Nonionella iridea occurred instead of the species Nonionellina labradorica while Adercotryma glomerata is always present. Moreover, tiny infaunal species such as Stainforthia sp., Leptohalysis scottii occur together with the opportunistic, thin-shelled, largely epifaunal species Alabaminella weddellensis (Hayword et al., 2006) (Figure 4).



Monothalamous component is represented by taxa typical of polar foraminiferal assemblages [55]. We noticed the presence of Micrometula, Cylindrogullmia and Gloiogullmia morphotypes among allogromiids; Saccamminid sp. 1 (silver), Saccamminid sp. 2, Saccamminid sp. 4 (white) and Psammophaga morphotypes among the saccamminid component (Figure 5). They have an epifaunal and shallow infaunal microhabitat. We found two morphotypes of allogromiids with a squatter behaviour inhabiting empty tests of planktonic and benthic foraminifera respectively only at site 01.



PERMANOVA tests revealed spatial changes in composition of the foraminiferal assemblage (p < 0.01). The SIMPER test also revealed the presence of a large dissimilarity between depositional settings, with the largest dissimilarity observed between site 01 in the outer shelf corresponding to the grounding-zone wedges and other sites in the inner drifts of the Kveithola Trough. SIMPER showed also that the species, which mostly contribute to the observed differences, are N. labradorica, A. glomeratum and Cylindrogullmia sp. (Table 3).




3.5. Vertical Distribution of Living Foraminiferal Assemblages


Foraminiferal vertical densities were normalized for each layer to a 10 cm2 sediment area and represented separately for the small-fraction (63–150 μm) and the >150 μm fraction considering the species with frequencies >2.5% (Figure 7). In all sites, the coarser fraction presented a foraminiferal assemblage that is strongly concentrated in the first centimeter of the sediment varying from 565 live ind./10 cm2, at site 07, to 203 ind./10 cm2, at site 22. For the coarser fraction of all sites, the density falls abruptly to about <50 ind./10 cm2 starting from the 2–3 cm level excluding the site 01 where such decreasing step started at the uppermost centimeters. The foraminiferal ALD10 of the coarser fraction (>150 μm) varied from 1.07 to 3.06 cm at sites 22 and 07 respectively (Table 2). The assemblage from the drift (sites 07, 20 and 22) was mainly dominated by Nonionellina labradorica (ALD10 = 1.07 medium value) and Adercotryma glomeratum (ALD10 = 2.97 medium value). Nonionellina labradorica was always a shallow infaunal taxa and became epifaunal at site 22, while A. glomeratum had an infaunal (intermediate to deep) behaviour becoming epifaunal at site 22 (ALD10 0.87 medium value). Monothalamous taxa as Cylindrogullmia sp. and squatter allogromiids, inhabiting empty benthic foraminiferal shell, had a deep infaunal position (intermediate to deep) in the sediment varying from 1.27 to 3.93 cm respectively. Site 01 showed a different species distribution along the core; N. labradorica and A. glomeratum were rare (<2.5%) and not represented in the Figure 5 and they were replaced by a different fauna from intermediate infaunal taxa (as Alabaminella weddellensis) to a group of epifaunal species (Atlantinella atlantica, Trifarina angulosa and Micrometula sp.).



The same trend was described for the small-size sediments (63–150 μm) (Figure 7). Foraminiferal assemblage was strongly concentrated in the uppermost cm (0–1 cm) of the sediment varying from 1735 live ind./10 cm2 at site 07 to 746 ind./10 cm2 at site 20. The ALD10 varied from 1.30 to 2.38 cm at sites 22 and 07, respectively and we noticed the same migration trend of infaunal species (Stainforthia fusiformis, Nonionella iridea and Leptohalysis scottii) towards surface sediments at site 22 from the Northern channel of the Kveithola Trough (Table 2).




3.6. Relationship between Environmental Parameters and Foraminiferal Abundance and Biodiversity


Concerning the relationships between foraminiferal assemblage and the biochemical composition of organic matter, the similarity test based on SIMPROF analyses relates the cores sampled level with similar biochemical compounds, in four distinct groups (a, b, c, d) (p < 0.01) confirmed via the hierarchical cluster analyses (Figure 8). Their characterization is shown in Table 4.



The PCO1 axis (Figure 9) accounted for 98.9% of the total observed variation and clearly separated the four groups. PCO2 axis gathered 1% of the total variation. The superimposed vectors showed three sets of biochemical components of sedimentary organic matter, associated with different groups. Group-a included almost all samples (0–10 cm) of the site 01 collected at the outer shelf and it was characterized by the highest value of TOC/TN (Figure 3 and Figure 9; Table 4). This group comprised 82 foraminiferal species, 23 of which were exclusively found in this site. The most characteristic species (species that cumulative contribute to the 25% of similarity within each group in SIMPER analyses) of this group were Melonis zaandami, Lagenammina sp. D 1 and Lagenammina difflugiformis.



The group-b was represented only in thedeepest levels (7–8 and 9–10 cm) of the site 07 and it was characterized by the highest values of almost all the organic matter components, mainly BCP (Table 4) with only one exclusive species.



The group-c included the level samples of the core at site 07 from 0 to 4 cm, and the levels 0.5–1 and 1–1.5 cm of core at site 20; it is characterized by the highest values of TOC, C-LIP and TN and 74 foraminiferal species, with 12 exclusives (Figure 3 and Figure 9; Table 4). The characteristic species of the group were Nonionella iridea, Nonionellina labradorica and Stainforthia fusiformis.



Finally, group-d included all the other levels of cores at site 07 and 20 and all the levels of core at site 22 (site 23 for biochemical analyses) (Figure 3 and Figure 9; Table 4); it is characterized by the highest number of foraminiferal species, the most characteristic of which were Adercotryma glomeratum, Cylindrogullmia sp. and Cuneata arctica.



The multiple regression analyses (DISTLM forward) indicated that the biochemical components of sedimentary organic matter able to explain significant variations in the foraminiferal community structure were various: namely, abundance, biodiversity, and taxonomic composition (Table 5; >30% of the total variance). Indeed, changes in foraminiferal abundances depended mainly by the concentrations of N-PRT/TN BCP and C-PRT, which together explained 32% of the total variance (Table 5a). While N-PRT/TN together with C-LIP, explained changes in foraminiferal biodiversity (cumulatively 49% of variance, Table 5b). Finally, all the above mentioned biochemical organic components cumulatively explained the 45% of variance in foraminiferal species composition (Table 5c).





4. Discussion


4.1. Patterns of Organic Matter Quantity and Nutritional Quality


The spatial and temporal patterns of primary production, organic material export and pelagic−benthic coupling are highly variable and depth-dependent and are key drivers of benthic diversity [117,118,119]. Likewise, seabed sedimentary composition is perhaps the overriding driver of benthic community structure and function [120,121]. Here we discuss in detail the patterns recognized in the 4 sites investigated in the Kveithola Trough.



The four investigated sites show different pattern: in the outer shelf of the Kveithola Trough (site 01, Figure 1), organic matter values are lower than those measured in the sediments collected in the inner trough area (drift area and Northern channel) (Figure 3).



Surface sediments are characterized by silty sand and clean fine-grained sands with large scale ripple-like features, indicating the presence of strong and persistent bottom currents (Figure 2). As matter of fact, the outer part of the trough is the deepest studied area along the Kveithola Trough (400–450 m bsl) and is directly influenced by the warm and saline North Atlantic Water [122] that sweeps the outer seafloor and removes the fine sediment fraction leaving a coarse lag of sands with Ice Rafted Debris [116]. This high hydrodynamic condition obviously does not favor organic matter accumulation that instead is related to the slow settling of organic rich fine-grained sediments [123]. However, the origin of organic matter based on TOC/TN molar ratio helps discriminating marine from terrestrial organic matter in the sediments [124]. At sites located in the inner trough area, TOC/TN values, range between 8.70 and 9.59, and are uniform down-core (Figure 3F). Higher values (9.19 to 10.81) characterize the site 01 in the outer shelf. Being that TOC/TN molar ratios > 14 are representative of organic matter derived from vascular plants [125] while values between 4 and 10 relate to marine microalgae [126], it is evident that the organic matter of drift area and Northern channel is entirely marine derived. Instead, the outer shelf suggests a small continental input. This is not surprising, if we consider that the Kveithola Trough is located at the boundary of the seasonally ice-covered area of the Barents Sea. In this regard, our data agree with those reported by [127] for stations located along the Northern flank of the Kveithola Trough. Based on these data they further demonstrated that in this zone, terrestrial organic matter, deriving from the melting of sediment-bearing sea ice, represents a major component of the surface sediment organic carbon pool (0–1 cm below seafloor).



Besides, one-way ANOVA analyses, based on organic matter data, reveal a significant variation among sampling sites (p < 0.001). SIMPROF and PCO related analyses confirm that the TOC/TN molar ratio is a parameter responsible for the difference between the site 01 located in the outer shelf and the rest of the Kveithola sites (Figure 8 and Figure 9).



Another interesting feature is the quality of organic matter expressed by the concentration of BPC as consumers response depends more on quality and availability than on its bulk concentration in the ecosystem [15]. Recent studies have suggested the use of carbohydrates, lipids and proteins as indicators of the trophic status of sediments in different marine ecosystems [89,92,125,126,127,128]. Specifically, biopolymeric carbon (defined as the sum of protein, lipid and carbohydrate, sensu [60]) is the fraction of TOC potentially available to benthic organisms [78,129] even if only 5 to 30% of these biopolymers is enzymatically digestible by consumers and, thus, readily available for heterotrophic nutrition [130].



In the outer shelf, the concentrations of BPC as well as each of its components are significantly (p < 0.01) lower than those measured in the drift areas (sites 7 and 20) and in Northern channel (site 23). In the latter, the enrichment in BPC concentrations and the greater content of the organic carbon, strictly of marine origin, suggest suboxic conditions at the sea bottom driven by higher oxygen demand of organisms degrading the organic matter. This condition is further confirmed by the values of Br/Cl and S/Cl ratios considerably higher than in the outer shelf.



All these data allow us to infer that at the outer site 01, oxygen consumption is limited by the lower organic matter pool and by a higher presence of refractory organic carbon, most likely due to the relatively higher contribution of terrestrial inputs. On the other hand, the relative increase of oxygen demand in the drift area and the Northern channel may represent the limiting factor of the benthic foraminiferal community in terms of abundance and biodiversity. At the same time, however, the suboxic conditions could have contributed to preserve (in terms of quality and freshness) the BPC pool, which is only partially consumed by foraminifera.



Further elements to be considered are the protein to carbohydrate ratio (PRT: CHO) and the contribution of protein to biopolymeric carbon (PRT/BPC%). Several authors [84,85,86,87,88,89] suggest that they can be used as descriptors of both ageing and nutritional quality of the organic matter. As a matter of fact, proteins, that are degraded by bacteria more quickly than carbohydrates, are N-rich products and N is a limiting factor for benthic consumers including foraminifera. Consequently, it can be argued that a higher PRT/CHO ratio is a proxy of a fresher organic material [89].



As the PRT/CHO ratios of core samples collected from site 01 and site 07, that range between 1.9 and 3.0 and between 1.7 and 3.5 respectively, they indicate similar age and nutritional quality of the sedimentary organic matter in the two areas (Figure 3). Comparable values, ranging between 2.3 and 2.6, are also obtained in the superficial interval (0–2 cm) of the core collected at site 20. Conversely, higher values characterize the 2–10 cm interval of the core at site 20 (values between 3.9 and 8.1) and at the whole core at site 23 (values between 2.9 and 5.5), suggesting the presence of fresher organic matter in the inner trough sites and in the Northern channel.



Besides this, the quality of the organic matter in the sediments from the outer shelf is lower (lower concentrations of BPC and depletion of the PRT fraction) with respect to the sediments retrieved from the inner areas of the trough. More specifically we observe that the spatial distribution of PRT/BPC% follows an eastward gradient, increasing from the outer site 01 (PRT/BPC% = 37.1 ± 2.7%) and the main drift (site 07, PRT/BPC% = 49.8 ± 9.7%) to the minor drift (site 20, PRT/BPC% = 52.3 ± 5.8%) and Northern channel (site 22/23, PRT/BPC% = 59.3 ± 7.4%).



Therefore, the distribution of the organic matter, in term of quantity and quality, reflects this morpho-depositional subdivision and indicate that the Kveithola drift is a combination of an off-bank wedge and a confined drift [131] where the finest grain sizes and high accumulation rates occur in proximity of the moat towards the Northern flank of the trough (Figure 2). We then hypothesize a close relationship between the benthic structure and these environmental drivers as suggested for the macrofauna and foraminifera studied in the same area [16,132] that is discussed in detail in the next paragraph.




4.2. Relationships between Organic Matter Pool and Living Foraminiferal Assemblage


Previous studies [16,132] of the Kveithola area showed that the macrofaunal and foraminiferal distribution varies significantly along the main longitudinal transect of the trough despite its short length. They studied sediment cores collected in 2016 at the same position of sites analyzed in the present study, except for the new site 21. The analysis of RB-stained benthic foraminiferal assemblage showed statistically significant differences in the abundance, taxonomic composition, and vertical distribution of foraminiferal community between the outer and the inner region of the Kveithola Trough suggesting that one of the main determining factors in their spatial distribution, density, and species composition is the supply of organic matter and its quality analyzed in the first 2 cm. In particular, the outer shelf evidences a diversified benthic foraminiferal assemblage indicating an oxygenated and oligotrophic environment. The authors considered the inner part a disturbed and stressed area due to rapid organic-rich matter burial in sediments leading to oxygen-depleted environmental setting where opportunistic ant tolerant benthic species dominate. The same trend is suggested by the macrofaunal community of the Kveithola Trough characterized by the presence of opportunistic species (e.g., Levinsenia gracilis and Maldane sarsi among polychaetas, Mendicula cf. pygmea and Yoldiella sp. among bivalves) which are known to inhabit oxygen-depleted environments and organic-enriched sediments [132].



Our results evidence peculiar benthic foraminiferal assemblage (Figure 6 and Figure 7) in the different areas described by the organic matter distribution in terms of quantity and quality. In particular, the foraminiferal abundance and biodiversity vary eastward along the Kveithola Trough from the outer to inner sites (01 to 20) and southward from the Northern channel to the moat in the minor drift (22 to 20).



Literature show that the distribution and abundances of the benthic foraminifera is controlled by environmental and physical variables and both organic matter in the sediment and that the dissolved oxygen concentration at the sea-floor play a primary role for the development or decline of the benthic assemblage [18,107,133,134]. Data presented in [92] further evidence the role that different components of the labile organic matter exert on benthic foraminifera. Finally, the spatial distribution of foraminifera is modelled also by the organic matter fluxes originating from seasonal phytoplankton blooms, land derived organic debris and river discharges [23,25,27,107,135,136,137,138,139,140]. In particular, in the Western Barents Sea region, the distribution of organic matter in surface sediments mainly depends on input from land-derived terrigenous and in-situ produced marine organic matter [127].



Observing in detail our results, at site 01, the terrestrial biochemical signature of organic matter, together with oxic sediment and high hydrodynamic setting coincide with a stable environment supporting an abundant and diversified foraminiferal assemblage with a well-developed infaunal behavior (Figure 3, Figure 6 and Figure 7; Table 2). This is possibly related to the major presence of refractory fractions of sediment organic carbon, and a consequence deeper oxygen penetration in the sediment. The occurrence of Melonis zaandami suggest in addition, seasonal variation of organic matter and phytodetritus pulse (Table 2; Figure 7). In fact, this species is an intermediate to deep infaunal species occurring in the Nordic Seas that shows a close correlation with the presence of altered organic matter in the sediment and is associated with more degraded food [99,141]. Furthermore, in the Nordic Seas, M. zaandami is also used as an indicator of high organic carbon fluxes [56,142,143,144,145,146,147,148,149,150,151,152].



At site 07, the benthic foraminiferal assemblage shows the highest abundances within the 0–10 cm interval (Figure 6 and Figure 7, Table 2) with respect to the minor drift and shallower sites (20, 22). All the inner sites show a decrease of biodiversity (Table 2) with the dominance of species associated with organic-rich sediments and oxygen-depleted environments. These are the calcareous species Nonionellina labradorica, typical of the size fraction > 150 µm, replaced by the species Nonionella iridea and Stainforthia fusiformis in the finest fraction (63–150 µm) together with the occurrence, at both size fractions, of Adercotryma glomeratum (Figure 4 and Figure 7). According to [34] that described the chloroplasts sequestration in N. labradorica and such behavior is thought to possibly provide oxygen to the host even in absence of it, permit to interpret the environment accordingly; furthermore A. glomeratum known to behave as opportunistic when there are enhanced food conditions, under either oxic or anoxic conditions [153] therefore suggesting high organic matter input.



Again, also the allogromiid genera Micrometula and Cylindrogullmia, dominating among the foraminiferal monothalamous component, and inhabiting the detritus layer of the Arctic fjords suggest anoxic condition (Figure 5) [59,101]. Micrometula seems dependent on fresh phytodetritus [152] while Cylindrogullmia lives in an extremely oxygen-deficient environment [138]. Finally, we also notice the presence of some agglutinated species as Reophax scorpiurus and Lagenammina difflugiformis considered tolerant to hypoxia [154], while Leptohalysis scottii as indicators of benthic eutrophication in shallow waters [92] dominates the subsurface samples in the finest fraction at the site 22.



Based on what has been said above, and on the distribution of the organic matter since the supply of rapidly digestible fraction of the organic matter controls the oxygen consumption in the sediment and the localization of the successive redox fronts, it is evident that the quantity and quality of organic matter is the main parameter controlling the foraminiferal vertical distribution in the sediment. This high concentration of metabolizable organic matter, occurring deeper in our sediment cores, especially at sites 20 and 23, could represent an excellent food source for the benthic foraminiferal consumers. However, our data suggest that the population does not benefit totally from this organic stock because, despite the food availability, the density shows a drastic fall since the first cm in site 22. We therefore hypothesize that the relative increase of oxygen demand is the limiting factor to the benthic foraminiferal community in terms of abundance and biodiversity. Alternatively, the suboxic conditions may preserve the BPC pool, which is only partially consumed by foraminifera, reducing the percentage of organic matter that can be remineralised and hence increasing the quantity buried into the seabed. When the supply of oxygen is short, more organic material is removed from the nutrient system and left trapped in the seafloor [155]. In this regard, ref. [15] suggest that the sediment community oxygen consumption is related to BPC concentrations and the enzymatically digestible fraction of BPC varies in sediments characterized by different trophic status.



Therefore, the combination of the Kveithola benthic foraminiferal assemblage data with the PRT/CHO ratio and the contribution of protein to biopolymeric carbon (PRT/BPC%) (considered as descriptors of both ageing and nutritional quality of the organic matter, together with the quantity of BPC), evidence an inward gradient from the site 01 to the site 20 reflecting the morpho-depositional subdivision. Specifically, our data evidence an isolated area situated in proximity of the moat towards the Northern flank of the trough (site 22); we suppose that this regionalization changes depending on organic matter from subsurficial (0–2 cm) and deep (2–10 cm) sediment samples.



The statistical analyses performed on our data support all the hypotheses so far exposed, in particular:



(1) The SIMPER and ANOSIM analyses strengthen further the large variability in the foraminiferal assemblage composition among sampling sites, with the largest significant dissimilarity observed between site 01 and 7, 22 respectively (Table 3). This result, along with the variation of foraminiferal community structure at the inner drift sites, indicates that changes in the quantity and biochemical composition of sedimentary organic matter likely modulate changes in benthic foraminiferal biodiversity.



(2) The results of the multiple multivariate regression analysis also indicate that the contribution of the protein-nitrogen to TN is responsible for change in the foraminiferal assemblage and, in particular, the protein fraction of BPC explains a significant portion of the variance of either foraminiferal abundance or taxonomic composition (Table 5). These findings agree with previous statements, namely that the quantity of enzymatically digestible fraction of BPC, represented mostly by proteins, increases within the sediment and inward the Kveithola sites. On the contrary, at site 01, the benthic environment, characterized by higher refractory fractions of sediment organic carbon, may experience a deeper oxygen penetration in the sediment with respect to other Kveithola sites, thus favouring an infaunal behaviour of foraminiferal assemblage as suggested by the ALD values (Table 2).



(3) Furthermore, foraminifera are distributed in this benthic context as suggested by the hierarchical cluster analysis diagram resulting from the SIMPROF analyses (Figure 8). The group-c represents the subsuperficial samples of sites 7 and 20 (until 4 cm and 1.5 cm depth, respectively) which exclusive species are represented by some monothalamous taxa, among them several allogromiid morphotypes together with some species of agglutinated foraminifera belonging to genera Ammodiscus, Glomospira and Trochammina. Sites 20, 22 gather in the group-d where unique species are some opportunistic miliolids (including Quinqueloculina seminula) and the occurrence of Eubuliminella exilis known as low oxygen resistant species [154]. Conversely, group-a lumps together sediment samples of the site 01 whose exclusive species are sensible to phytodetritus input.




4.3. Relationships between High Organic Matter Accumulation in the Sediment, Foraminiferal Microhabitat and Actuopalentological Considerations


This spatial morpho-depositional subdivision also reflects the foraminiferal microhabitat, suggesting for the site 01 a trophic environment characterized by a lower percentage of labile, easily metabolizable, land-derived organic matter, except for the seasonal input of fresh phytodetritus. In these oligotrophic environmental conditions, we suppose a deeper oxygen penetration in the sediment and a low-competition environment, justifying the low foraminiferal density (due to low food supply) and conversely a high biodiversity with the occurrence of species having a highly tolerating poor food quality (Table 2, Figure 7). Towards mesotrophic/eutrophic sites (site 7), part of the bioavailable material is introduced down-core (Table 3); the result is the creation of a favorable niche inhabited by abundant foraminifera deep in the sediment, as suggested by the total ALD10 (Average Living Depth) (Table 2; Figure 7). A high quantity of food availability probably does not represent a limiting factor for the benthic community at this stage, and the oxygen concentration may be high in the sediment. Finally, sites 20 and 22 draw a transversal northward transect of the Kveithola Trough characterized by eutrophic conditions (ample high percentages of BPC correlated to higher nutritional quality of the organic matter down-core for both sites) (Figure 3). This environmental setting is stressful for foraminiferal benthic community that reacts decreasing abundance and biodiversity (Table 2, Figure 7) with the occurrence of more low oxygen resistant species migrating at the sediment surface. This microhabitat difference may suggest that eutrophic (i.e., enriched in BPC concentration) sediments are characterized also by high concentrations of rapidly digestible material (sites 07, 20, 22 vs. sites 01) (Figure 9). However, increasing BPC concentrations in the sediment also may display a progressive decline of the percentage contribution of the easily metabolizable organic matter and in particular proteins. This result would imply that benthic environments are conditioned by changes in trophic status and may undergo relevant changes in the proportion of the labile and refractory fractions of sediment organic carbon. These changes could be also the result of described differences in sediment grain size and sedimentation rate, which are known to play a major role in the preservation (and, thus, lability) of the different pools of sediment organic matter [156]. Nevertheless, [15] suggest that this high accumulation of labile organic matter in the eutrophic systems could enhance the complexation of buried organic molecules with the inorganic matrix resulting in making them less available to heterotrophic nutrition [126]. In particular, proteins, as potentially labile molecules in organically enriched sediments, may be mainly buried leading to the same condition observed in the sapropel layers deposited under lacustrine conditions more than 4000 years ago [157]. The authors, using solid-state 15N nuclear magnetic resonance (NMR) demonstrated the evidence that the refractory nitrogen from an organic-rich sediment is composed primarily of amide-linked nitrogenous substances. They additionally confirmed that this amide-N derives from proteinaceous material being protected from degradation. It is probable that protection is affected by encapsulation within the macromolecular matrix forming sedimentary organic matter. Finally, [15] proposes that when BPC concentrations in the sediment exceed 2.5 mg C g–1, as for our sites located in the inner drift and Northern channel, its bioavailable fraction is always less than 10%. This trophic condition, if widespread in the same area, may represent a threshold out of which accumulation of BPC leads to different organic matter bioavailability to benthic consumers. This altered condition of less available labile organic matter may happen similarly in the inner part of the drift and in particular in the proximity of the moat towards the Northern flank of the trough at the site 22.



Sapropels are also peculiar marine layers which are organic matter rich, and which occur in the Mediterranean Sea sedimentary record of the last 13.5 million years (see [158] and references therein), whose formation is commonly ascribed to deep-sea anoxia, enhanced export productivity, or a combination of these. Sapropels are a natural testbed for understanding redox condition of sea-water and carbon burial processes. However, their formation mechanisms are still debated. It is noteworthy that benthic assemblage, as foraminifera, suffer the stressed environment consequent to sapropel formation. Especially, benthic foraminifera undergo the dysoxic–anoxic conditions occurring during the sapropels deposition. As an example, in sapropel S5 deposited 124 Ky [159] the benthic assemblage is represented by specimens belonging to the genera Bolivina, Stainforthia and Cassidulina [160,161]. These taxa are linked to eutrophic and low oxygen environments, and they are presently abundant in the inner part of the Kveithola Trough signaling a possible organic matter burial evolution.



Therefore, the ecological study of benthic foraminifera, in this and other modern organic matter-rich sediments, will help us improve the knowledge of the meaning of the benthic assemblage that lived at the time of the fossil organic rich sediment and help us to understand the environmental condition leading to their sedimentation. This can be seen as an application of “Actuopaleontology”, a discipline that [162] exists with the aim to relate biology and palaeontology, and so to better understand life on our planet.





5. Conclusions


This article provides a description of the living (stained) benthic foraminiferal assemblage of the Kveithola trough along with data of quantity and biochemical composition (in terms of, TOC, TN and biopolymeric carbon, defined as the sum of protein, lipid, and carbohydrate carbon) of the sedimentary organic matter. Spatial changes of benthic foraminiferal structure, in terms of abundance and species compositions, correspond to changes in trophic status. The result is a shift from an oligotrophic land-derived organic matter region located in the outer part of the trough to a eutrophic high metabolizable organic matter area in the inner part which comprises the drift and the Northern flank of the trough. In turn, the distribution of the organic matter and the benthic environment reflect the morpho-depositional subdivision of the Kveithola Trough and support the suggestion that the Kveithola drift represents a combination of an off-bank wedge and a confined drift where we notice the finest grain sizes and high accumulation rates in proximity of the moat towards the Northern flank of the trough.



For this reason, both the organic matter’s freshness and good nutritional quality detected in the inner and the Northern flank of the trough could be the result of the better preservation of the organic matter itself, basically driven by the rapid burial of fine-grained organic-rich sediments enhanced by the cold and less saline Arctic Water flow.



Interestingly, the Kveithola benthic environment is a eutrophic hot-spot in an oligotrophic Arctic area subjected to a pulse of fresh food. This, in turn, is important because this highly dynamic depositional environment could also represent a carbon burial hot-spot sustained by hydrographic features as changes in the current strength, due to ongoing climate change from which organic matter sources on the western Barents Sea shelf could depend.
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Figure 1. Bathymetric map of the Kveithola Trough in the Barents Sea and sampling sites. Dotted lines evidence the outer and inner areas of the Kveithola Trough that are deeper and shallower than 300 m wd, respectively. The inset indicates the studied area located south of Svalbard. This figure modified after Figure 1 in [16]. 
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Figure 2. Sedimentological information of the studied cores including sediment photographs, X-rays (white = high density), and the down core distribution of grain size and compositional (XRF) characteristics. On the right side, we report the mean frequency curves of grain size distribution for each studied interval. 
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Figure 3. Chemical and biochemical elemental analyses of (A) Total Organic Carbon (TOC) (mg g−1), (B) biopolymeric carbon (BPC, µg C g−1), (C) protein (C-PRT, µg C g−1), (D) lipid (C-LIP, µg C g−1), (E) carbohydrate (C-CHOH2O, µg C g−1), (F) carbohydrate (C-CHOEDTA, µg C g−1), (G) Total Nitrogen (TN) (mg g−1), (H) Protein Nitrogen/Total Nitrogen ratio (N-PRT/TN), (I) Organic Carbon/Total Nitrogen ratio (TOC/TN), (J) BPC/TOC ratio, (K) PRT/CHO ratio and (L) PRT/BPC ratio. Red line: station 01; yellow line: station 07; green line: station 20; blue line: station 22. 
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Figure 4. Scanning Electronic Microscopy (SEM) images of some of the main hard-shelled foraminiferal species. Calcareous species: 1. Nonionellina labradorica; 2. Globobulimina auriculata; 3. Alabaminella weddellensis; Agglutinated species: 4. Reophax scorpiurus; 5. Leptohalysis scottii; 6. Lagenammina difflugiformis. Scale bar 50 μm. 
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Figure 5. Light Microscopy (LM) images of some of the main soft-shelled monothalamous taxa RB stained. 1. Psammophaga cristallifera, 20× magnification; 2. Saccaminiid sp. 1 (silver), 20× magnification; 3. Saccaminiid sp. 4 (white), 20× magnification; 4. Conqueria leavis-like, 40× magnification; 5. Cylindrogullmia-like, 10× magnification; 6 Gloiogullmia-like, 10× magnification. Scale bar 50 μm. 
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Figure 6. Relative abundance (%) of the different taxonomic components of foraminiferal assemblages in the four sampling sites. TMO = Total Monothalamous Organic; TMA = Total Monothalamous Agglutinated; TPA = Total Polythalamous Agglutinated; TPM = Total Polythalamous Miliolids; TPC = Total Polythalamous Calcareous. 
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Figure 7. Vertical distribution of foraminifera for the size fraction >150 µm and 63–150 µm. Data are expressed as number of foraminifera per area (n°/10 cm−2). Only species more representative are shown (>10 ind./10 cm−2); “others” group includes the sum of species with the lowest density. (a) site 01; (b) site 07. Vertical distribution of foraminifera for the size fraction >150 µm and 63–150 µm. Data are expressed as number of foraminifera per area (n°/10 cm−2). Only species more representative than this are shown (>10 ind./10 cm−2); “others” group includes the sum of species with the lowest density. (c) site 20; (d) site 22. 






Figure 7. Vertical distribution of foraminifera for the size fraction >150 µm and 63–150 µm. Data are expressed as number of foraminifera per area (n°/10 cm−2). Only species more representative are shown (>10 ind./10 cm−2); “others” group includes the sum of species with the lowest density. (a) site 01; (b) site 07. Vertical distribution of foraminifera for the size fraction >150 µm and 63–150 µm. Data are expressed as number of foraminifera per area (n°/10 cm−2). Only species more representative than this are shown (>10 ind./10 cm−2); “others” group includes the sum of species with the lowest density. (c) site 20; (d) site 22.



[image: Jmse 11 00237 g007a][image: Jmse 11 00237 g007b]







[image: Jmse 11 00237 g008 550] 





Figure 8. Hierarchical cluster analyses diagram resulting from the SIMPROF analyses of concentration of major organic components (TOC, TN, N-PRT, TOC/TN, C-PRT, C-LIP, C-CHOH2O, C-CHOEDTA). 
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Figure 9. Principal Coordinates (PCO) analyses biplot representing the spatial distribution of core levels on the basis of concentrations of biochemical components of the sedimentary organic matter. 
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Table 1. Position data. Multiple deployments are indicated with consecutive numbers after the name of the site.
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Cruise

	
Site

	
Sea Floor Morphology

	
Coordinates

	
Water Depth (m)

	
Analyses






	
GeoB176

	
01

	
Grounding-Zone Wedges (GZW)

	
74°51.53’ N 16°05.81’ E

	
371

	
Foraminifera, sediment, biochemistry




	
07

	
Main drift

	
74°50.74′ N 17°38.35′ E

	
298

	
Foraminifera, sediment, biochemistry




	
20

	
Minor drift

	
74°50.74′ N 18°10.53′ E

	
333

	
Foraminifera, sediment, biochemistry




	
22

	
Northern Channel

	
74°59.69′ N 17°59.59′ E

	
167

	
Foraminifera sediment




	
23

	
75° 0.46′ N 17° 58.85′ E

	
150

	
Biochemistry
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Table 2. Abundance, species richness (S), Shannon’s Index (H’), Eveness (J), Average Living Depth (ALD10) calculated for the coarser, finest fraction (63–150 and >150 µm) and the entire assemblage at >63 µm. The ALD10 was not indicated for the total fraction >63 µm.






Table 2. Abundance, species richness (S), Shannon’s Index (H’), Eveness (J), Average Living Depth (ALD10) calculated for the coarser, finest fraction (63–150 and >150 µm) and the entire assemblage at >63 µm. The ALD10 was not indicated for the total fraction >63 µm.





	

	
Abundance

	
S

	
H′

	
J

	
ALD10




	
(ind./10 cm−2)

	
(n° Species)

	

	

	
(cm)






	
(0–10 cm; >150 μm)

	

	

	

	

	




	
01

	
52 ± 44

	
56

	
3.17

	
0.78

	
2.93




	
07

	
91 ± 102

	
38

	
1.89

	
0.52

	
3.06




	
20

	
48 ± 62

	
34

	
1.79

	
0.51

	
2.24




	
22

	
29 ± 40

	
48

	
2.73

	
0.7

	
1.07




	
(0–10 cm; 63–150 μm)

	

	

	

	

	




	
01

	
208 ± 300

	
66

	
3.48

	
0.83

	
1.83




	
07

	
395 ± 405

	
63

	
3.04

	
0.73

	
2.38




	
20

	
126 ± 148

	
55

	
3.16

	
0.79

	
1.64




	
22

	
252 ± 364

	
48

	
2.73

	
0.7

	
1.3




	
(0–10 cm; >63 μm)

	

	

	

	

	




	
01

	
261 ± 342

	
84

	
3.67

	
0.83

	




	
07

	
487 ± 491

	
56

	
2.81

	
0.7

	




	
20

	
174 ± 208

	
53

	
2.66

	
0.67

	




	
22

	
281 ± 402

	
53

	
3.05

	
0.77
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Table 3. Dissimilarity in foraminiferal species composition among sampling periods and variables responsible for the estimated differences. Reported are the results of the SIMPER and PERMANOVA analyses (ns = not significant; * p < 0.05; ** p < 0.01; *** p < 0.001). In bold, species contributing to >25% of dissimilarity.
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PERMANOVA

	
SIMPER

	

	

	




	

	
P

	
Dissimilarity

	
Explanatory Variable

	
Contribution

	
Cumulative




	

	

	
(%)

	
(Taxon)

	
(%)

	
(%)






	
01 vs. 07

	
**

	
82.55

	
Nonionellina labradorica

	
9.94

	
9.94




	

	

	

	
Adercotryma glomeratum

	
9.71

	
19.65




	

	

	

	
Nonionella iridea

	
5.76

	
25.42




	

	

	

	
Stainforthia fusiformis

	
5.53

	
30.95




	

	

	

	
Pullenia quinqueloba

	
4.63

	
35.58




	

	

	

	
Melonis zaandami

	
4.43

	
40.01




	

	

	

	
Lagenammina sp. D1

	
3.76

	
43.77




	

	

	

	
Alabaminella weddellensis

	
3.42

	
47.19




	

	

	

	
Lagenammina difflugiformis

	
3.41

	
50.6




	
01 vs. 20

	
*

	
83.03

	
Nonionellina labradorica

	
16.85

	
16.85




	

	

	

	
Trifarina angulosa

	
4.98

	
21.85




	

	

	

	
Melonis zaandami

	
4.88

	
26.74




	

	

	

	
Trifarina fluens

	
4.57

	
31.31




	

	

	

	
Nonionella iridea

	
4.53

	
35.84




	

	

	

	
Lagenammina sp. D1

	
4.49

	
40.33




	

	

	

	
Alabaminella weddellensis

	
3.66

	
43.99




	

	

	

	
Lagenammina difflugiformis

	
3.34

	
47.32




	

	

	

	
Psammophaga sp. (Artic)

	
3.29

	
50.61




	
01 vs. 22

	
**

	
93.45

	
Adercotryma glomeratum

	
9.38

	
9.384




	

	

	

	
Cylindrogullmia sp.

	
7.13

	
16.52




	

	

	

	
Melonis zaandami

	
5.42

	
21.93




	

	

	

	
Trifarina fluens

	
4.75

	
26.68




	

	

	

	
Trifarina angulosa

	
4.57

	
31.26




	

	

	

	
Lagenammina sp. D1

	
4.50

	
35.75




	

	

	

	
Cuneata arctica

	
4.20

	
39.95




	

	

	

	
Nonionella iridea

	
3.42

	
43.37




	

	

	

	
Lagenammina difflugiformis

	
3.37

	
46.75




	

	

	

	
Islandiella helenae

	
3.13

	
49.88




	

	

	

	
Leptohalysis scottii

	
2.81

	
52.69




	
07 vs. 20

	
ns

	
78.15

	
Nonionellina labradorica

	
19.88

	
19.88




	

	

	

	
Adercotryma glomeratum

	
8.47

	
28.35




	

	

	

	
Stainforthia fusiformis

	
5.47

	
33.83




	

	

	

	
Nonionella iridea

	
5.02

	
38.84




	

	

	

	
Pullenia quinqueloba

	
4.56

	
43.41




	

	

	

	
Melonis zaandami

	
4.13

	
47.54




	

	

	

	
Bolivinellina pseudopunctata

	
3.44

	
50.98




	
07 vs. 22

	
*

	
84.86

	
Adercotryma glomeratum

	
13.07

	
13.07




	

	

	

	
Nonionellina labradorica

	
10.23

	
23.29




	

	

	

	
Cylindrogullmia sp.

	
6.51

	
29.8




	

	

	

	
Stainforthia fusiformis

	
5.45

	
35.25




	

	

	

	
Pullenia quinqueloba

	
4.57

	
39.82




	

	

	

	
Nonionella iridea

	
3.96

	
43.78




	

	

	

	
Bolivinellina pseudopunctata

	
3.77

	
47.55




	

	

	

	
Melonis zaandami

	
3.73

	
51.28




	
20 vs. 22

	
*

	
87.89

	
Nonionellina labradorica

	
16.25

	
16.25




	

	

	

	
Adercotryma glomeratum

	
10.35

	
26.60




	

	

	

	
Cylindrogullmia sp.

	
7.37

	
33.97




	

	

	

	
Cuneata arctica

	
5.04

	
39.01




	

	

	

	
Trifarina angulosa

	
3.65

	
42.66




	

	

	

	
Trifarina fluens

	
3.46

	
46.12




	

	

	

	
Psammophaga sp. (Artic)

	
3.42

	
49.53




	

	

	

	
Reophax scorpiurus

	
3.21

	
52.74
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Table 4. Characterization of major sedimentary organic matter variables used for the hierarchical cluster analyses resulting from the SIMPROF analyses; data of foraminiferal biodiversity are included.
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Variable

	
Simprof Group

	
A

	
B

	
C

	
D






	
Sedimentary

Organic

Matter

	
C-CHO-H2O (μgC/g)

	
37.76

	
204.00

	
165.25

	
141.57




	
C-CHO-EDTA (μgC/g)

	
107.57

	
657.50

	
362.50

	
280.50




	
C-PRT (μgC/g)

	
353.27

	
2940.50

	
1132.00

	
1630.29




	
C-LIP (μgC/g)

	
460.56

	
717.00

	
865.50

	
806.44




	
TOC (μgC/g)

	
8455.69

	
21,975.25

	
22,731.09

	
20,088.19




	
BCP (μgC/g)

	
959.17

	
4519.27

	
2525.27

	
2858.86




	
TN (μgN/g)

	
1002.20

	
2757.53

	
2911.28

	
2594.60




	
N-PRT/TN

	
0.11

	
0.34

	
0.12

	
0.20




	
TOC/TN

	
9.84

	
9.29

	
9.11

	
9.04




	
Foraminiferal Assemblage

	
Total species richness (S)

	
82

	
20

	
74

	
90




	
N. of exclusive species

	
23

	
1

	
12

	
17




	
Most caracteristics species

	
Melonis zaandami

	
Adercotryma glomeratum

	
Nonionellina labradorica

	
Adercotryma glomeratum




	
(25% similarity within group)

	
Lagenammina sp. D1

	
Trifarina fluens

	
Stainforthia fusiformis

	
Cylindrogullmia sp.




	

	

	
Lagenammina difflugiformis

	
Reophax scorpiurus

	
Nonionella iridea

	
Cuneata arctica
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Table 5. Results of the DISTLM forward analyses conducted in order to evaluate the role of different sedimentary organic matter variables on (a) abundance; (b) biodiversity and (c) species composition of the foraminiferal assemblages for all the collected cores. (ns = not significant; * p < 0.05, ** p < 0.01; *** p < 0.001).
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	Variable
	F
	P
	Variance (%)
	Variance Cumulative

(%)





	(a)
	N-PRT/TN
	5.04
	***
	12
	12



	
	BCP
	7.26
	***
	14
	26



	
	C-PRT
	3.13
	***
	6
	32



	
	TN
	1.68
	ns
	3
	35



	
	TOC
	2.38
	**
	4
	39



	
	TOC/TN
	2.00
	**
	3
	43



	
	C-LIP
	1.73
	*
	3
	46



	
	C-CHO-EDTA
	0.90
	ns
	2
	47



	
	C-CHO-H2O
	0.53
	ns
	1
	48



	(b)
	N-PRT/TN
	13.98
	***
	27
	27



	
	C-LIP
	15.72
	**
	22
	49



	
	C-CHO-EDTA
	2.17
	ns
	3
	52



	
	C-PRT
	12.65
	**
	13
	65



	
	TOC/TN
	2.30
	ns
	2
	67



	
	C-CHO-H2O
	2.00
	ns
	2
	69



	
	BCP
	1.73
	ns
	2
	70



	
	TOC
	0.81
	ns
	1
	71



	
	TN
	6.29
	*
	5
	76



	(c)
	C-LIP
	7.78
	***
	17
	17



	
	C-PRT
	6.64
	***
	13
	30



	
	N-PRT/TN
	4.97
	***
	9
	38



	
	BCP
	4.44
	***
	9
	45



	
	TOC/TN
	1.57
	ns
	2
	48



	
	TOC
	1.27
	ns
	2
	49



	
	TN
	3.37
	**
	5
	54



	
	C-CHO-EDTA
	0.83
	ns
	1
	55



	
	C-CHO-H2O
	0.65
	ns
	1
	56
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