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Over the last decades, the Arctic Ocean has suffered a substantial decline in sea ice cover due to global warming. The impacts of these variations on primary productivity, fluxes of dissolved and particulate organic matter (OM) and turnover at the seafloor are still poorly understood. Here we focus on the characteristics and dynamics of the pool of marine dissolved OM (DOM) in surface sediments of the Arctic Ocean. To investigate spatial and temporal variations of DOM in relation to particulate OM input and benthic microbial community parameters, sediment porewater and overlying bottom water were collected from the long-term observatory HAUSGARTEN in June 2013 and 2014. The study area in the Fram Strait, which is partially covered by sea ice, was sampled along a bathymetric transect (1050–5500 m water depth), from east to west (7°0.2′ E to 5°17′ W), and from south to north (78°37’ to 79°43’ N). Molecular data on solid phase extracted DOM obtained via Fourier Transform Ion Cyclotron Resonance Mass Spectrometric analysis and a suite of bulk chemical parameters were related to benthic biogeochemical data. Our results demonstrate a close coupling between the production and input of OM from the surface ocean to the seafloor, and the concentration and composition of DOC/DOM in the deep sea. Surface porewaters collected in 2013 from shallower stations (≤1500 m water depth) in the eastern Fram Strait, had a signal of a larger and more recent input of OM (higher concentrations of phytodetritus). This was associated with higher numbers of molecular formulas, abundances of unsaturated aliphatic and N-containing formulas, in concert with higher enzymatic activity, phospholipids, total organic carbon and protein content. In contrast, porewaters collected in 2014 from deeper stations and from the West, were associated with lower OM input, and showed higher abundances of aromatic and oxygen-poor compounds. Higher OM input was also reflected in higher DOC concentrations and fluxes from the sediment into the water column. Our study demonstrates that regional and temporal variations in OM input can quickly translate into changes in the quantity and quality of surface porewater DOM, the latter substantially altered by deep-sea sediment bacteria.
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INTRODUCTION

Dissolved organic matter (DOM) is a complex mixture of organic molecules produced as an intermediate during the mineralization of sedimentary OM (Burdige and Komada, 2015). In the Arctic Ocean, which is surrounded by massive shelf zones and margins, a terrestrial signature is found in the DOM from surface sediments of the deep basins (Rossel et al., 2016). DOM plays a crucial role in the global carbon cycle, although its molecular composition, which is expected to influence its susceptibility to biotic and abiotic alteration, is largely unknown (Dittmar and Stubbins, 2014; Zhang et al., 2018 and references therein). At the seafloor, DOM may become a component of sediment porewater or absorbed to the sediment matrix (Burdige and Komada, 2015). Porewater DOM is further reworked during a degradation continuum that begins in surface sediments, with the uptake of monomeric molecules (e.g., amino acids, sugars and fatty acids) by benthic organisms dominated in biomass by bacteria, and continues in deeper sediment layers, with the utilization of more complex substrates by subsurface microbial communities (Burdige and Komada, 2015). Compared to the amount remineralized in the seabed, a significant fraction of this pool escapes diagenesis via diffusion to the water column (Burdige et al., 1992, 1999; Burdige and Komada, 2015; Rossel et al., 2016; Loginova et al., 2020), sorption onto minerals (Arnarson and Keil, 2001; Aufdenkampe et al., 2001), formation of complexes with metals (Seidel et al., 2014, 2015a; Linkhorst et al., 2017) or due to sulfurization, which favors preservation of OM under anoxic conditions (Sinninghe Damste and de Leeuw, 1990; Schmidt et al., 2014; Jessen et al., 2017; Pohlabeln et al., 2017). Although previous studies have evaluated the composition and reactivity of porewater DOM (Burdige and Komada, 2015 and references therein), the complexity of this pool limits our understanding of its role in the preservation and degradation of OM. Also, its influence on the DOM composition of the water column and as a potential carbon source is poorly understood, because the reactivity of the material released into the water column is not well known. Knowledge of these processes is even more restricted in areas of limited access such as the deep-sea floor, which represents 60% of the Earth’s surface (Smith et al., 2009).

In the Arctic Ocean, particulate OM (POM) export from the mixed surface layer strongly varies temporally as a result of the pronounced seasonality, and regionally and interannually depending on ocean conditions, such as sea ice cover and extent, and phytoplankton community composition (e.g., Wassmann and Reigstad, 2011; Boetius et al., 2013; Lalande et al., 2013). Sea ice cover and the input of primary produced and terrigenous OM have been shown to modulate the molecular composition and distribution of porewater DOM in central Arctic sediments (Rossel et al., 2016). In addition, the sedimentation of POM is one of the major factors influencing the activity and structure of benthic communities (Boetius and Damm, 1998; Klages et al., 2004; Bienhold et al., 2012; Jacob et al., 2013; Kêdra et al., 2015). Thus, variations in the quality and quantity of OM exported to the seafloor are expected to severely impact benthic communities, as previously reported for other environments (Wohlers et al., 2009; Kortsch et al., 2012; Jones et al., 2014). However, our understanding of the interrelations between DOM composition and benthic communities in deep-sea sediments is still limited. Furthermore, the Arctic Ocean is rapidly changing as a result of ocean warming and the decline and thinning of the sea ice cover (Kwok and Rothrock, 2009; Notz and Stroeve, 2016; Peng and Meier, 2018). The amplified warming trend in the Arctic (Dobricic et al., 2016; Sun et al., 2016) could shift the system from a cold and ice-covered to a warmer and ice-free ocean by the end of the century (Overland and Wang, 2013; Polyakov et al., 2017). This is expected to affect ecosystem structure and function, and OM cycling from the surface to the deep sea (Grebmeier et al., 2006; Leu et al., 2011; Wassmann and Reigstad, 2011; Boetius et al., 2013).

To better understand links between spatial (regional) and temporal (interannual) variations in surface ocean conditions and OM input with benthic communities and the molecular composition of DOM at the Arctic seafloor, we collected porewater and overlying bottom water samples from the well-studied area of the Long-Term Ecological Research (LTER) observatory HAUSGARTEN in Fram Strait (Soltwedel et al., 2016). Surface sediments (0–1 cm) represent the horizon that receives most of the fresh organic material from surface waters, while subsurface sediments, here defined as 1–10 cm due to the low sediment accumulation rates in the Arctic system (Stein, 2008), obtain partly reworked organic matter.

The Fram Strait can be divided into two hydrographic regimes (Bauerfeind et al., 2009). The eastern part is characterized by the inflow of warm and nutrient-rich Atlantic Water to the central Arctic, and the western part is characterized by the outflow of cooler and less saline Polar Water that exits the central Arctic and carries a large part of the Arctic sea ice toward the North Atlantic (Paquette et al., 1985; de Steur et al., 2009; Beszczynska-Moller et al., 2012). The two regions are also characterized by different sea ice conditions. The eastern part is only seasonally ice- covered or permanently ice- free, while the western part is predominantly ice- covered throughout the year (Soltwedel et al., 2016). Previously reported POC fluxes at HAUSGARTEN are around 1.3–1.5 mol C m–2 yr–1 (45 mg Cm–2 d–1, Bauerfeind et al., 2009; ca. 50 mg C m–2 d–1, Lalande et al., 2014), which are in a similar range as fluxes reported for the ice margin (1–3.5 mol C m–2 yr–1) of the central Arctic Ocean, and three- to ten-fold higher than those of its permanently ice covered basins (0.1–0.4 mol C m–2 yr–1) (Lalande et al., 2014). Observations at HAUSGARTEN have revealed a tight coupling between variations in sea ice cover and hydrography with the development of the seasonal phytoplankton bloom and shifts in species composition on temporal (Nöthig et al., 2015; Soltwedel et al., 2016) and spatial (Fadeev et al., 2018) scales. These changes in the water column also lead to differences in the quantity and quality of POM exported to the deep sea (Lalande et al., 2013; Soltwedel et al., 2016).

Here, we combined DOM molecular characterization using Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR-MS) with the analysis of environmental parameters, including sea ice cover and a range of benthic parameters obtained in the framework of the LTER HAUSGARTEN. We test the hypothesis that the molecular composition of DOM as assessed by FT-ICR-MS, as well as specific derived indicators for OM freshness can resolve spatial and temporal variations across local and ocean-wide scales. Specifically, we tested (i) that regional and interannual differences in the oceanographic regimes of Fram Strait are reflected in the molecular composition of DOM in deep-sea surface sediments, (ii) that these differences are also linked with variations in other benthic parameters, such as OM input, and the abundance, biomass and activity of microbial communities, and (iii) that POM degradation in surface sediments is an important source to DOM in bottom water and subsurface sediments, but that benthic bacteria alter the DOM spectra substantially.



MATERIALS AND METHODS


Sampling Sites and Sample Description

Porewater (0–1, 1–5, and 5–10 cm; n = 124) from oxygenated sediments (Donis et al., 2016; Hoffmann et al., 2018) and overlying bottom water samples (n = 52) were collected at the deep-sea LTER HAUSGARTEN. The LTER HAUSGARTEN is located in the Fram Strait between northern Greenland and the Svalbard archipelago (Figure 1), and is the only deep water connection for the exchange of intermediate and deep water masses between the Arctic Ocean and the North Atlantic (Fahrbach et al., 2001). Stations cover a latitudinal and a longitudinal transect, including a bathymetric gradient from around 250 to 5500 m water depth (Soltwedel et al., 2016). Ice conditions vary throughout seasons and years, but there are some general characteristics that define different regimes (Soltwedel et al., 2016): Stations in the eastern Fram Strait (from this study: S1-S3, KH, HGI-HGIX and N4) vary from permanently ice-free in the south to seasonally ice-covered in the center and north. Stations in the west (EGI-EGIV, part of HAUSGARTEN observations since 2014; Soltwedel et al., 2016) are predominantly ice-covered. In summer months, the northern and central stations of the eastern Fram Strait are close to the marginal ice zone, which is rich in nutrients and can cause intense phytoplankton blooms and regionally enhanced fluxes of POM to the seafloor (Schewe and Soltwedel, 2003; Bauerfeind et al., 2009; Soltwedel et al., 2016).
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FIGURE 1. Bathymetric map of the Arctic Ocean indicating sampling stations at the LTER observatory HAUSGARTEN (Fram Strait). The color of the dots indicates concentrations of chloroplastic pigment equivalents (CPE) in surface sediments (0–1 cm, in μg/cm3 sediment indicated on the color legend on the left). The colors of the lines indicate the location of the sea ice margin during each sampling year, defined as >15% ice coverage (Supplementary Table S1).


Sampling was performed during two cruises, with RV Maria S. Merian MSM 29 in summer 2013 (23 June-12 July) and with RV Polarstern PS85 in summer 2014 (6 June-3 July). In 2013, sampling mainly took place along the latitudinal gradient in the eastern part of the Strait (between 1270 to 2700 m water depths, Supplementary Table S1). During the 2014 expedition, samples were mainly retrieved from the longitudinal East-West transect across Fram Strait (7°0.2′ E to 5°17’ W), including bathymetric transects between 1050 and 5500 m water depth (Supplementary Table S1). Three stations were sampled in both years (HGI, HGII, N4). Thus, the combination of both cruises provides a first perception of the spatial (latitudinal and longitudinal trends assessed based on 2013 and 2014 sampling, respectively), and interannual variability of DOM in deep-sea sediments of the Fram Strait.

Sediment cores and bottom water (defined as overlying water collected above the sediment) were collected with a TV-guided multicorer at stations in the eastern and western Fram Strait, between 78–79.5°N and 5°W–7°E (Figure 1 and Supplementary Table S1). After retrieval, the sediment cores were stored in a 0°C cold room, and from these undisturbed cores the bottom water was cautiously collected. Sediment porewater was collected from three sediment depth horizons, i.e., 0–1, 1–5, and 5–10 cm using rhizons (pore size 0.15 μm CSS, Rhizosphere Research Products) connected to 10 ml syringes without rubber on the piston. Porewater was then transferred to 50 ml Sarstedt vials. Two or more pseudoreplicates, prepared with the same porewater mixture collected from the cores at each depth, and replicates from parallel cores were analyzed separately in order to evaluate sampling variability and potential contamination during sample handling (Supplementary Table S1). All material had been previously rinsed at least three times with Milli-Q water. Prior to analysis, all samples were stored at −20°C.



Solid Phase Extraction of DOM, and Dissolved Organic Carbon (DOC) and Total Dissolved Nitrogen (TDN) Concentrations

The extraction of DOM from acidified (pH 2) porewater and bottom water samples was performed with 100 mg styrene divinyl benzene polymer columns (Varian PPL, Dittmar et al., 2008), formerly rinsed with MeOH (HPLC grade; Sigma-Aldrich, United States). Before DOM elution, the columns were rinsed several times with ultrapure water acidified at pH 2 with HCl to remove the salt from the cartridges (a prerequisite for MS analysis), and then dried under a stream of ultrapure N2. Elution of the solid phase extracted (SPE)-DOM from the PPL columns was performed with 1 ml of MeOH. The extracts were stored at −20°C until MS analysis. Analysis of DOC and TDN were performed by hand injection via catalytic oxidation at high temperature with a TOC-VCPH Shimadzu instrument (Stubbins and Dittmar, 2012) using 1 ml aliquots of each sample, after acidification with HCl (25% Carl Roth, Germany) to pH 2 and purging with synthetic air. The precision of the analysis was better than 6% and was assessed by the analysis of deep-sea water from the Consensus Reference Material Project (University of Miami, United States). DOC and TDN data (Supplementary Table S1) were stored in the earth system database PANGAEA (Rossel and Dittmar, 2019a).



DOC Efflux From Porewater Gradients

Dissolved organic matter efflux from the sediment (Jdiff) was determined according to Fick’s first law of diffusion:
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where Jdiff: diffusive flux (mmol/m2/d), Φ: porosity, Dsed: the diffusion coefficient in the sediment (in m2/s and corrected for temperature) (Iversen and Jorgensen, 1993) and dC/dZ: DOC concentration gradient between bottom water (defined at 0 mm) and 5 mm in the sediment core (Supplementary Table S1). Following Burdige et al. (1992), the diffusion coefficient in seawater (D)° was adjusted to the molecular weight of DOM molecules according to the following relationship: Log D° = 1.72–0.39 × log MWwa, where MWwa is the molecular weight intensity-weighted average obtained from the analysis of compounds amenable by electrospray ionization via FT-ICR-MS of each SPE-DOM sample (see section “Molecular Analysis of DOM via FT-ICR-MS”). The diffusion coefficient in the sediment was calculated as Dsed = D°/1-ln(Φ2) (Boudreau, 1997; Schulz, 2000). To constrain the time (t) for an avg. DOM compound detected by our analysis to diffuse into the sediment, the equation t = L2/2D was used (Jorgensen, 2006). In this equation, L represents the distance (cm) and D the diffusion coefficient (avg. from all stations). In this calculation, we assume the DOC fluxes in the sediment rather than in the diffusive boundary layer (Rossel et al., 2016), which is a more conservative approach for the resolution of our measurements.



Molecular Analysis of DOM via FT-ICR-MS

Molecular analysis of SPE-DOM from bottom water and porewater samples was performed with a 15 Tesla FT-ICR-MS instrument (Bruker Solarix), equipped with an electrospray ionization source (Bruker Apollo II) in negative ion mode. Ultrahigh resolution mass spectrometry techniques via FT-ICR-MS have been successfully applied for the analysis of complex DOM molecular mixtures in sediment porewaters from a variety of marine environments (Schmidt et al., 2009, 2014; Seidel et al., 2014, 2015a; Rossel et al., 2016). Prior to analysis, SPE-DOM aliquots were diluted in 1:1 MeOH: ultrapure water to a final DOC concentration of 15–20 mg C/l, assuming extraction efficiency of ca. 50% (due to restricted SPE volumes, SPE-DOM samples were not analyzed for DOC concentration; Schmidt et al., 2009; Schmidt et al., 2017). Samples were infused at 120 μl/h using an ion accumulation of 0.2 s and a capillary voltage of 4 kV. Sample spectrum was obtained after 500 individual scans. External and internal calibrations were performed based on the arginine cluster and based on a list of >30 mass peaks of known formulas in the samples, respectively. Calculation of molecular formulas for all samples was performed using an in-house MATLAB (2010) routine that searches, with an error <0.5 ppm, for all potential combinations of C∞, O∞, H∞, N ≤ 4; S ≤ 2 and P ≤ 1. Formulas were calculated for intensities above the method detection limit (MDL; Riedel and Dittmar, 2014). Molecular masses present in the Milli-Q water blanks were only retained in the dataset if their signal/MDL was <20, since higher intensities in the blanks could indicate these masses are likely present in the samples due to contamination. Furthermore, molecular masses that appeared only once in the whole dataset were eliminated. In order to remove double assignments of formulas to the same mass, CH2 homologous series extended to lower mass range were considered correct and the combination of >3 N, S or P atoms (NSP, N2S, N3S, N4S, N2P, N3P, N4P, NS2, N2S2, N3S2, N4S2, S2P) was not allowed (Rossel et al., 2013, 2017). With this procedure, the whole dataset is represented by 7400 formulas, not considering isotopologues (Rossel and Dittmar, 2019b). To obtain structural information, the aromaticity index (AImod; Koch and Dittmar, 2006; Koch and Dittmar, 2016) and the double bond equivalent (DBE, McLafferty and Turecek, 1994) were used. In addition to the intensity weighted-average values for AImod and DBE, H/C and O/C elemental ratios, as well as the molecular weight, were also calculated (DBEwa, AImodwa, H/Cwa, O/Cwa, MWwa). Additional indices reported to evaluate natural transformation processes in the water column DOM were also calculated for bottom and porewater samples: The SPE-DOM degradation state and lability were evaluated by the IDeg (Flerus et al., 2012) and molecular lability boundary (MLBwl, D’Andrilli et al., 2015), respectively. Furthermore, the recently reported index Ibioprod, was used to assess the impact of biological production in shaping the DOM present in the samples (Seibt, 2017). The Ibioprod index was calculated using the intensity of 10 molecular formulas in each sample according to the following equation:
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The formulas in the dividend have been selected as “markers” for bioproduction based on mesocosm experiments (Osterholz et al., 2015), while those in the divisor were not influenced by bioproduction (Seibt, 2017).

In order to provide an overview, molecular formulas were additionally organized into previously defined molecular categories (Seidel et al., 2014; Rossel et al., 2016), even though this categorization is not unambiguous, due to the occurrence of isomers (Zark et al., 2017; Hawkes et al., 2018). However, this categorization has been widely used to represent the regions in the van Krevelen diagram where known molecular groups are located according to their elemental compositions (Supplementary Table S2 and Supplementary Figure S1). Furthermore, carboxyl-rich alicyclic molecules (CRAM-like, Supplementary Figure S1), which are considered an important refractory component of DOM, were also calculated based on the ratios DBE/C (0,30–0,68), DBE/H (0,20–0,95), and DBE/O (0,77–1,78) (Hertkorn et al., 2006).



Environmental Parameters


Sea Ice Conditions

Daily sea ice concentration data on a 12.5 × 12.5 km grid were retrieved from the PANGAEA database (Krumpen, 2017). Average sea ice concentrations for June 2013 and June 2014 were calculated for each station to reflect sea ice conditions at the time of sampling. In addition, we calculated average sea ice concentrations over the past 5 years for each station, i.e., from 15 June 2008–15 June 2013 for stations sampled in 2013 and from 15 June 2009–15 June 2014 for stations sampled in 2014, to reflect longer-term trends in sea ice cover at the different stations (Supplementary Table S1).



Estimates of Biological Productivity and Particulate Organic Carbon Flux

To estimate biological productivity regimes in surface waters at the time of sampling in 2013 and 2014, we used satellite-based chlorophyll estimates, which were obtained from http://www.globcolour.info (Supplementary Figure S2). Particulate organic carbon (POC) flux estimates were obtained from sediment trap moorings (e.g., Lalande et al., 2013, 2016 for description of the moorings) at stations HGIV and N4 in the central and northern parts of the sampling area, respectively (Supplementary Table S3).



Environmental Sediment Parameters

Contextual data obtained in the framework of the LTER program at HAUSGARTEN were used to evaluate the DOM molecular composition of porewater and bottom water samples collected in the Fram Strait. Data were retrieved from ICSU World Data Center PANGAEA (see doi links in Supplementary Table S1). Briefly, the methods used to generate the reported data were as follows:

Samples from replicate multicorer cores collected at the same stations were used for chlorophyll pigment analyses to evaluate the phytodetritus contribution to the seafloor (Schewe, 2018, Schewe, 2019a-g, 2019a-m in Supplementary Table S1). Briefly, pigments were extracted in acetone (90%), using glass beads and grinding of each sample in a cell mill. Concentrations of chlorophyll a (chl a) and phaeopigments were determined fluorometrically with a Turner fluorometer (Shuman and Lorenzen, 1975), and the sum of chl a and phaeopigments is expressed as chloroplast pigment equivalents (CPE; Thiel, 1982). The ratio of chl a to CPE (expressed as a proportion) was used as an indicator of phytodetrital freshness. Benthic community data included phospholipid content (Schewe, 2018, Schewe, 2019a-g; 2019a-m in Supplementary Table S1), which were obtained from chloroform-methanol extracts, after lipid-bound phosphates were liberated by persulfate oxidation technique (Findlay et al., 1989; Boetius and Lochte, 1994). Total phospholipids were used as an indicator of total microbial biomass (including bacteria, microbial eukaryotes and meiofauna) (Soltwedel et al., 2016). Particulate proteins (operationally defined as γ-globulin equivalents and from here on referred to as proteins) were analyzed photometrically according to Greiser and Faubel (1989) and represent the bulk of “living” (small organisms) and “dead” biomass (detrital matter) (Schewe, 2018, Schewe, 2019a-g, 2019a-m in Supplementary Table S1). The potential activity of hydrolytic exo-enzymes acting as esterases was evaluated according to Köster et al. (1991) using the fluorogenic substrate fluorescein-di-acetate (FDA, from here on referred to as esterase activity) (Schewe, 2018, Schewe, 2019a-m in Supplementary Table S1). Bacterial cell counts were performed using acridine orange direct counts (Bienhold, 2019), following the procedure described in Hoffmann et al. (2017). For each sample two replicate filters were counted. Cell volumes were determined using a stage micrometer and converted to biomass using a conversion factor of 3 × 10–13 g C μm–3 (Børsheim et al., 1990). Sediment porosity for the stations sampled in 2013 and 2014 (except for N4, for which an avg. value of all stations sampled in 2014 was used) was calculated according to Burdige (2006) and Hoffmann et al. (2018). Additionally, total organic carbon content (TOC) was determined by measuring ash-free dry weight of sediments after combustion at 500°C for 2 h (Schewe, 2018, Schewe, 2019a-g, a-m in Supplementary Table S1).



Statistical Analysis

The DOM dataset consisted of 7400 molecular formulas, each one represented by a mass peak whose intensity was normalized to the sum of intensities in the sample. For pseudoreplicates (subsamples from porewater collected from the same sediment core but analyzed separately on the FT-ICR-MS and indicated by sample # in Supplementary Table S1), formulas were considered present when they occurred in all pseudoreplicates. For repeated analysis of samples, formulas were considered present when they occurred in all of their respective pseudoreplicates and their average intensity was used for further statistical analysis. This is a conservative approach proposed when no real replicates (i.e., samples from parallel sediment cores) are available (Buttigieg and Ramette, 2014). Thus, each sediment depth in the multivariate statistical analysis is represented by several FT-ICR-MS analysis. In order to give less weight to rare formulas in the multivariate statistical analysis, data were Hellinger transformed (Ramette, 2007).

Contextual data of environmental parameters (ice cover, phytodetrital proxies, benthic community data and sediment properties) were standardized prior to analyses (Ramette, 2007). Geographic distances between stations were calculated using their geographic coordinates. Distances were then represented in a two-dimensional space using a principal coordinate analysis, yielding X (longitude) and Y (latitude) coordinates to be used in further statistical analyses. All of the statistical analyses above were performed in R (v3.1.0; R: A Language and Environment for Statistical Computing, R Core Team R Foundation for Statistical Computing, Vienna, Austria, 20141) using RStudio (v0.99.903; RStudio Team, 2015) and the packages vegan (v2.4-1; Oksanen, 2017) and gmt (v2.0-1; Magnusson, 2010).

Multivariate statistical analysis was performed by Partial Least Square analysis (PLS; Unscrumbler X v10.5 from Camo Software), which considered the contextual data and the formulas along with their relative abundances in each sample, thereby allowing an identification of formulas that were more strongly associated with the environmental data. PLS has been successfully applied for the statistical analysis of FT-ICR-MS data (Rossel et al., 2016, 2017). The outcome of the PLS analysis is displayed by scores and loadings, the latter for both the environmental (X loadings) and molecular data (Y loadings), which offers a representation of a linear relationship between variables (loadings) and samples (scores). In order to better visualize the results from the PLS analysis, molecular categories, calculated indices and intensity-weighted ratios were also passively displayed in the PLS model, thus they do not influence the model but their location in the PLS indicates their correlation with other variables. Molecular loadings from PLS analysis were also represented in van Krevelen diagrams to better visualize the trends in the relative abundance of the defined molecular categories (see section “Molecular Analysis of DOM via FT-ICR-MS,” Supplementary Figure S1) in relation to the environmental parameters.



RESULTS

To test our overarching question whether spatial and temporal variations in oceanographic regimes are reflected in the molecular composition of DOM in sediment porewaters, we evaluated data from summer expeditions to Fram Strait in two different years, 2013 and 2014. The sampling campaigns covered longitudinal variations (East-West) between stations of similar water depths (EGI-EGIV vs. HGI-HGIV) sampled during 2014, as well as latitudinal trends (North-South, N4 vs. S1-S3) in 2013. Furthermore, temporal variations (2013 vs. 2014) were determined for eastern stations sampled during both years (HGI-HGII and N4) (for sampling details see section “Sampling Sites and Sample Description”). All data were evaluated with two multivariate statistical analyses (partial least squares, PLS). The first PLS was performed to constrain the role of environmental parameters (longitudinal, latitudinal and temporal variations) for the porewater DOM composition of all sampled sediment depths. In a second approach, only variations in surface (0–1 cm) porewaters and sediments were assessed. This is where we expect strongest variations due to the input and remineralization of fresh organic material. Benthic environmental parameters were available at a different resolution (i.e. 0–5 cm in 1 cm intervals), but overlapped with DOM measurements for the uppermost horizon of 0–1 cm. Thus, the relationship between DOM and sediment parameters could not be tested for deeper sediment layers.


Environmental Conditions of the Study Area

The ice margin (defined as ≥15% ice cover) in the HAUSGARTEN area was located closest to the southern (S1, S2, and S3) and the shallower eastern stations (KH and HGI), where the latter were sampled in both years (Figure 1). Ice cover ranged between 0 and 31% for stations in the eastern part of the Strait, and a maximum ice cover of 57% at the northernmost station in June 2013. In June 2014, ice cover ranged between 10–38% for eastern stations, and 70–91% for western and northern stations (Supplementary Table S1). Average sea ice concentrations over the past 5 years reflected similar conditions, with average ice coverage of 0–7% for stations in the eastern and southern part of the Strait, 17–20% at the northern station and 69–84% at western stations. Hydrographical features varied between the three stations that were sampled in both years (i.e., HGI, HGII in the eastern and N4 in the northern part of the sampling area). While at the time of sampling in both years most stations were characterized by Atlantic water and a 30–50 m thick layer of Polar water at the surface, HGI and N4 showed some differences between the years (MSM29, 2013: Wenzhöfer et al., 2013; PS85, 2014: Rabe et al., 2014). During sampling in 2013, HGI was characterized by Atlantic instead of Polar water at the surface, the former of which is usually more nutrient-rich (Randelhoff et al., 2018). At the same time also N4 was characterized by warmer temperatures at the surface in 2013 (≥1°C), suggesting the local absence of ice. In contrast, during sampling in 2014, N4 was characterized by cold surface waters close to the freezing point and with low salinity, indicating the presence of melting ice. Thus, although sampling was performed in the same summer months, ice and hydrographic conditions varied between years and stations.

Satellite-derived chlorophyll concentrations in surface waters of the eastern HAUSGARTEN area, as an indicator of phytoplankton biomass, showed highest values in June 2013 and June 2014, i.e., shortly before or during the time of sampling (Supplementary Figure S2). However, the bloom was much stronger (i.e., higher chlorophyll concentrations) in 2013 compared to 2014 (Figure 2 in Engel et al., 2019). Satellite-derived chlorophyll concentrations integrated over the HAUSGARTEN area from April to June were 1.5x higher in 2013 compared to 2014 (4 vs. 2.5 mg Chl a m–3) (Engel et al., 2019, Dinter pers. comm.). In 2013 sampling took place about 2–3 weeks after the bloom (6–7 weeks after the first appearance of the bloom), while in 2014 sampling took place in the middle of the bloom, i.e., about 3 weeks after the first chlorophyll peak in the area (see Engel et al., 2019 for indication of blooms based on satellite chlorophyll data for the region).

POC fluxes were measured at the central (HGIV) and northern (N4) HAUSGARTEN stations. Peak POC fluxes from the upper water column (∼200 m water depth) occurred in April and March/April of 2013 and 2014, respectively, and were much higher in 2013 (21 mg POC m–2 d–1 in 2013; 5 and 8 mg POC m–2 d–1 in 2014 Supplementary Table S3).



Environmental Sediment Parameters, and Porewater DOC and TDN Concentrations

Variations in phytodetritus input as indicated by phytodetritus pigment concentrations in the sediments were related to water depth and were more pronounced in the eastern (HGI-HGIV) than at similar water depths in the western (EGI-IV) Fram Strait (Figures 1, 2). During both sampling years, highest CPE concentrations (see methods for definitions of phytodetritus pigments) were detected in surface sediments (0–1 cm) and decreased in deeper sediment layers (Supplementary Table S1). Surface CPE concentrations generally decreased with increasing water depth in the eastern Fram Strait, while in the western part only a slight decrease was observed (Figure 2 and Supplementary Table S1). An exception to the decreasing CPE trend with water depth in the eastern Fram Strait was the deepest station (HGIX), at which also higher values of TOC, phospholipids and protein content were detected in sediments (Supplementary Table S1). Surface sediment CPE concentrations in the western Fram Strait were on average much lower than at similar water depths in the East (Supplementary Table S1). Nevertheless, based on the proportion of chl a, the phytodetrital material at stations in the western and eastern Fram Strait was similarly fresh. In agreement with the differences in surface CPE concentrations between eastern and western Fram Strait, sediment TOC, phospholipid and protein content exhibited generally lower concentrations at western than at eastern stations (Supplementary Table S1).
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FIGURE 2. Pigment concentrations. Phaeopigments and Chlorophyll content for surface sediments in 2013 and 2014 (A,B, respectively). The discontinuity in the black arrow in panel (A), indicates that HGII, HGI, KH are at a similar latitude. Stations written in gray font were sampled in both years.


Temporal variations in CPE concentrations and % chl a for stations sampled during both cruises (HGI, HGII, N4, Figure 1) indicate a larger and more recent (based on the avg. CPE and % chl a, respectively), phytodetritus deposition in 2013 compared to 2014, especially at shallower stations (HGI-II; Figure 2, Supplementary Table S1). Latitudinal variations in CPE in the eastern Fram strait were not as pronounced as the longitudinal trends. Surface CPE concentrations were slightly lower at the southern (S1-S3) than at the northern (N4) stations, although similarly fresh (Supplementary Table S1). Furthermore, based on the 2013 data, sediment TOC, enzymatic activity and phospholipid content increased from north to south (Supplementary Table S1). Chlorophyll pigment concentrations in the top 5 cm of sediment were significantly correlated (p ≤ 0.05; Table 1) with benthic community activity and biomass (esterase activity, phospholipid and protein concentrations) and TOC content in sediments (Supplementary Figure S3). Bacterial abundance and biomass (Supplementary Table S1) in surface sediments (0–1 cm), were not significantly correlated with phytodetrital pigments, but followed similar patterns (e.g., higher avg. numbers at eastern compared to western stations, Supplementary Table S1).


TABLE 1. Pearson correlation matrix between DOC and TDN concentrations, and phytodetrital proxies and benthic community data from the LTER HAUSGARTEN program for the top 5 cm of sediment.
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Dissolved organic matter concentrations in porewater were generally higher in surface sediments and also significantly lower (p < 0.05 for paired sample t-test) in western Fram Strait compared to similar water depths in the eastern Strait (Supplementary Table S1 and Figure 3). Additionally, on the eastern side (KH, HGI-HGIX), DOC concentrations decreased with increasing water depth (Supplementary Table S1 and Figure 3). Comparing eastern stations sampled in both years, generally higher DOC concentrations were observed in 2013 (HGI and HGII, Supplementary Table S1 and Figure 3). Latitudinal trends indicated that DOC concentrations in the eastern Fram Strait increased from north to south (N4 to S1-S3, Supplementary Table S1 and Figure 3), following the trend of sediment TOC, enzymatic activity and phospholipid content (Supplementary Table S1).
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FIGURE 3. Concentrations of dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) in all analyzed porewaters for the years 2013 (A,C) and 2014 (B,D). Note that sampling in 2013 displays latitudinal variations and 2014 longitudinal trends. The discontinuity in the black arrow in (C), indicates that HGII, HGI, KH are at a similar latitude. Stations written in gray font were sampled in both years.


Contrary to surface porewater DOC concentrations, TDN concentrations did not decrease with increasing water depth. However, they were lower in the western (EGI-EGIV) than at similar water depths in the eastern Fram Strait (HGI-HGIV) and higher in 2013 compared to 2014 (HGI and HGII, Supplementary Table S1 and Figure 3). Contrary to DOC, latitudinal trends in the eastern Fram Strait showed a decrease in TDN concentrations from north to south (Supplementary Table S1 and Figure 3).

Both DOC and TDN concentrations in porewater were significantly correlated with each other and also with phytodetrital data, enzymatic activity and phospholipid content in the sediments (p ≤ 0.05; Table 1). Additionally, porewater DOC was also significantly correlated with sediment TOC, both also negatively correlated with sea ice cover and distance from the ice margin. The observed differences between eastern and western Fram Strait were also evidenced by a significant correlation between longitude and porewater DOC and TDN, and phytodetrital pigments, phospholipid, protein and TOC content in sediments (Table 1), all of which were significantly different between east and west (p < 0.05 for paired sample t-test), especially at the stations shallower than 2000 m (EGI-III and HGI-III).



Comparison of Bottom Water and Porewater DOM and DOC Efflux

Dissolved organic matter and TDN concentrations in bottom waters (defined as the overlying water collected above the freshly sampled sediment) were two- to four-fold and one- to two-fold lower than in surface sediment porewaters, respectively. Furthermore, DOC and TDN concentrations did not follow variations in water depth, contrary to surface porewater DOC (Supplementary Table S1 and Supplementary Figure S4).

Bottom water DOC concentrations varied spatially and were generally lower and less variable at western stations (EGI-EGIV) compared to similar water depths in the East (HGI-HGIV; Supplementary Table S1 and Supplementary Figure S4). Contrary to DOC, TDN concentrations did not display big differences between stations in the western and eastern Fram Strait.

Comparing both sampling years, DOC and TDN concentrations in bottom waters were higher in 2013 than in 2014 (HGI-HGII, Supplementary Table S1 and Supplementary Figure S4) and also higher at shallower stations located ≤1500 m water depth (KH, HGI and HGII in 2013, Supplementary Table S1 and Supplementary Figure S4).

As a result of the DOC gradients between porewater and bottom waters, which were used to calculate DOC flux, an export of DOC from surface sediments to the overlying bottom water (DOC efflux) was observed for all sampling stations (Supplementary Table S1). Along with the general trend in DOC efflux, spatial and temporal variations were also observed. The average DOC efflux was two-fold lower on average for the western stations compared to similar water depths in the eastern Fram Strait (Supplementary Table S1). Furthermore, southern stations had higher DOC efflux than further north (Supplementary Table S1). Also, eastern stations displayed higher DOC efflux in 2013 than in 2014 (Supplementary Table S1).

Comparing bottom water, surface porewater (0–1 cm) and deeper porewater (1–5 and 5–10 cm) samples on a molecular level, bottom water DOM had a lower number of formulas compared to surface and deeper porewaters (Figure 4). Most of these formulas were shared and only 2, 3, and 22% of each pool were represented by unique formulas (Figure 4). On a compositional level, shared formulas among the three DOM pools were represented by more degraded DOM, with more than half of them associated with highly unsaturated formulas (Figure 4). Nevertheless, fresh molecular indicators (molecular categories previously associated with phytodetritus input; Rossel et al., 2016) such as unsaturated aliphatics and unsaturated-N also contributed to the shared fraction with 27% (Figure 4).
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FIGURE 4. Venn diagram with molecular formulas identified in the whole dataset. Number of formulas detected in bottom water, surface (0–1 cm) and deeper porewater (1–5, 5–10 cm) pools are indicated in bold inside the parentheses. Number of unique formulas in each pool and those shared between two or all pools are color coded and displayed in parentheses. Number of formulas contributing to specific molecular categories are indicated in italics also in parentheses. In the gray circle (with formulas shared between the three pools) “others” represent the sum of aromatics, polyphenols and sugars.


Comparing porewater with bottom water, it was found that less formulas in surface porewater were absent in bottom water compared to those in deeper porewater. Consequently, bottom water was more similar to surface porewater than to deeper porewater (see shared formulas between two pools, Figure 4). The main difference between bottom water, surface and deeper porewaters was the increase of unique formulas associated with highly unsaturated formulas toward the deeper porewater (Figure 4).

Dissolved organic matter in surface porewater was represented by 58% of highly unsaturated, 14% of unsaturated aliphatics and 13% of unsaturated-N formulas, of which 10, 11, and 23% were not detected in bottom water, respectively. In deeper porewaters a smaller fraction was absent (2, 8, and 10%, respectively). Consequently, more formulas in surface porewater (associated with both degraded and fresh OM) were absent from bottom water than from deeper porewater.

The higher number of unsaturated-N formulas in surface porewaters compared to bottom waters was also reflected in a higher relative abundance of these formulas as indicated by higher freshness indices, such as MLBwl and Ibioprod, observed in surface porewaters compared to bottom waters (Supplementary Table S5). Despite the higher number of highly unsaturated formulas in surface porewater compared to bottom water, which could indicate more degraded DOM in the former pool, only minor differences were detected for the calculated degradation index, IDeg (Supplementary Table S5). This could be related to the fact that the IDeg index was established for water column samples (see section “Discussion”). Also, DOM in bottom waters was generally characterized as more unsaturated (DBEwa), had higher molecular weight (MWwa), but lower relative abundances of aromatics (especially polyphenols) compared to surface porewater (Supplementary Tables S4, S5).

Similar to bulk data, the DOM composition also displayed longitudinal differences. Although bottom water from the western and eastern Fram Strait shared similar number of formulas with their surface porewaters, more unique formulas were observed in bottom waters of the western compared to the eastern Fram Strait (Supplementary Figures S5a,b, respectively). These unique formulas in the western Fram Strait, which were in the central area of the van Krevelen diagram (Supplementary Figure S5a), were predominantly CRAM-like (Supplementary Figure S1). Additionally, the lower relative abundance of aromatics detected in bottom water compared to surface porewater was more pronounced, especially for polyphenols, at eastern stations (HGI-HGIV) compared to similar water depths in the western Fram Strait (EGI-EGIV, Supplementary Table S5). Other molecular categories that behaved differently along the longitudinal transect (Supplementary Table S5) were unsaturated aliphatic O-rich formulas. These formulas were only significantly higher (p < 0.05 for paired sample t-test) in surface porewaters compared to bottom waters at the eastern stations (HGI-HGIV), but not at the western stations (EGI-EGIV; Supplementary Table S5).

Temporal variations indicated higher numbers of shared formulas between surface porewater and respective bottom waters in 2013 than in 2014 (HGI-II comparison, Supplementary Figures S5c,d). Of the shared formulas in 2013, 25% were not detected in bottom water in 2014 with more than half of them in the higher H/C region of the van Krevelen diagram (Supplementary Figure S5c), commonly associated with fresh molecular indicators such as unsaturated aliphatics and unsaturated-N (Supplementary Figure S1). This is consistent with a higher relative abundance of unsaturated aliphatic O-rich and unsaturated-N formulas in bottom waters in 2013 compared to 2014 (Supplementary Table S5).



Molecular Composition of Porewater DOM

In sediment porewaters (0–10 cm) from HAUSGARTEN, variations in the relative abundance of molecular categories were related to differences between eastern and western regions of the Strait, evaluated based on 2014 data, and with interannual variability for stations in the eastern part that were sampled in both years. At stations with similar water depths, mainly polyphenols displayed significant differences (p < 0.05 for paired sample t-test) between western (EGI-IV) and eastern (HGI-IV) Fram Strait, with higher contribution in the latter location (Supplementary Table S5).

At stations with similar water depths in the western and eastern Fram Strait, fresh molecular indicators such as unsaturated aliphatics O-rich and O-poor displayed different trends. Unsaturated aliphatics O-poor were significantly higher (p < 0.05) in the western Fram Strait, while O-rich aliphatics were similar at both locations (p = 0.3). However, comparing both sampling years, unsaturated aliphatics O-rich were two-fold higher in 2013 than in 2014 (HGI-II, Supplementary Table S5). Also, the contribution of unsaturated-N formulas was significantly higher (p < 0.05) in the western Fram Strait. However, the contribution of unsaturated-N formulas was two-fold higher during 2013 than in 2014 (HGI-HGII). The contribution of unsaturated-N formulas to the total N-containing compounds was on avg. 14 ± 6% and 10 ± 4% for western and eastern stations of similar water depths, respectively, and 19 ± 4% for HGI-HGII in 2013.

To assess the role of the environment on the molecular DOM composition of HAUSGARTEN porewaters, two partial least squares (PLS) analyses were performed: The first PLS included all porewater samples (i.e., 0–1, 1–5, 5–10 cm) and the second only evaluated surface porewaters (0–1 cm, Supplementary Table S1) to assess the role of benthic parameters in shaping the composition of surface porewater DOM (see first paragraph of section “Results”).

Based on the first PLS analysis (Supplementary Tables S6, S7), DOM composition was explained by two axes (Figure 5). The first axis, factor 1, explained 48% of the environmental (X loadings) and 11% of the DOM molecular data (Y loadings) variability, while factor 2 explained 18% and 5%, respectively (Figure 5). Factor 1 was scaled with DOC and TDN concentrations, which negatively correlated with sea ice cover and the distance to the ice margin. DOC and sea ice variables significantly influenced DOM composition (uncertainty test <2 Std. based on cross validation; Figure 5D). Samples with higher DOC concentrations were mainly collected in 2013 and from eastern Fram Strait (KH, HGI-HGII ≤ 1500 m water depth, Figures 5B,C). These stations were characterized by higher abundance of fresher DOM (higher relative abundance of unsaturated-N and unsaturated aliphatic O-rich formulas and higher indexes of lability MLBwl, and lower degradation, Ideg, Figure 5D). Furthermore, longitude also significantly influenced the DOM composition of porewaters, separating eastern (mainly KH, HGI-HGII) and western Fram Strait (EGI-EGIII) samples along both axes (factor 1 and 2; Figure 5B). Along the first axis, eastern (HGI, HGII, and KH) and western Fram Strait (EGI-EGIII) were separated, due to the higher abundance of oxygen-rich compounds (higher O/Cwa), polyphenols and higher number of formulas in eastern compared to western porewaters (Figure 5D). The second axis was mainly associated with sediment and water depth, which did not significantly influence the DOM composition of the porewaters beyond the surface layer, i.e., 1–5 and 5–10 cm porewater overlapped, and its DOM was overall more degraded, more aromatic and had higher molecular weight (higher Ideg, AImodwa, MWwa) and abundance of CRAM-like formulas (Figures 5A,D).
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FIGURE 5. Partial Least Square (PLS) analysis of all porewater samples with factor 1 explaining 48 and 11% of the environmental and molecular variability, respectively, and factor 2 explaining 18 and 5%. (A) Scores plot (samples indicated by the name of the station, Supplementary Table S1) color coded with sediment depth, (B) longitude and (C) DOC concentration, and (D) correlation of environmental (X loadings) and molecular loadings (Y loadings), passively displaying the evaluated molecular categories, ratios and indices (see molecular indicators in Supplementary Figure S1 and Supplementary Table S2). Underlined environmental variables significantly influence porewater DOM composition. Sea ice variables: Sea Ice_montly, Sea Ice_5yrs and NearDist_sampl_yr, stand for sea ice monthly average, 5 years average and nearest distance to the ice margin (see section “Sea Ice Conditions,” Supplementary Table S1).


Based on the second PLS analysis including only DOM from surface porewaters in relation to benthic environmental parameters (Supplementary Tables S8, S9), DOM composition was explained by two axes (Figure 6). The first axis, factor 1, explained 49% of the environmental (X loadings) and 18% of the DOM molecular data (Y loadings) variability, while factor 2 explained 17 and 8%, respectively (Figure 6). Similar to the first PLS (Figure 5), the first axis was influenced by DOC and TDN concentrations, which also correlated with phytodetritus concentrations (CPE, Chl a and phaeopigments) (TDN and phytodetritus proxies significantly influenced surface porewater composition; uncertainty test <2 Std. based on cross validation; Figure 6D). Surface porewater DOM composition was mainly separated between those samples collected in 2013 at shallower stations of the eastern Fram Strait (KH, HI-HGII) and those collected in 2014 at deeper stations of the bathymetric transect (HGV, VI and HGIX) and in the western Fram Strait (especially EGI-EGIII) (Figures 6B,D). This separation was due to the higher concentrations of DOC, TDN and phytodetritus at the eastern stations in 2013. Higher phytodetritus concentrations were accompanied by higher protein, TOC and phospholipid content and enzymatic activity in the sediments, as well as higher numbers of formulas, and higher relative abundances of CHON and unsaturated aliphatic O-rich formulas in porewater DOM (Figures 6D, 7A). The second axis was influenced by water depth, and prokaryotic abundance and biomass. Abundance and biomass were higher at the eastern (HGI collected in 2014) and southern stations (S2-S3, collected in 2013; Supplementary Table S1). These stations were characterized by porewater DOM that had higher molecular weight (MWwa) compared to the DOM from shallower but permanently ice-covered stations (EGI-III, Figure 6D). Porewater DOM from deeper stations in the eastern Fram Strait (HGV, HGVI, and HGIX) was more aromatic than at shallower stations in the same region (higher AImodwa; Figure 7B).
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FIGURE 6. Partial Least Square (PLS) analysis of surface porewater (0–1 cm) samples with factor 1 explaining 49 and 18% of the environmental and molecular variability, respectively, and factor 2 explaining 17 and 8%. (A) Scores plot (samples indicated by the name of the station, Supplementary Table S1) color coded with CPE, (B) longitude and (C) protein content, and (D) correlation of environmental (X loadings) and molecular loadings (Y loadings), passively displaying the evaluated molecular categories, ratios and indices (see molecular indicators in Supplementary Figure S1 and Supplementary Table S2). Underlined environmental variables are significantly influencing surface porewater DOM composition. Sea ice variables: Sea Ice_montly, Sea Ice_5yrs and NearDist_sampl_yr, stand for sea ice monthly average, 5 years average and nearest distance to the ice margin (Supplementary Table S1).
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FIGURE 7. van Krevelen diagrams (VKD) of H/C and O/C ratios using the PLS molecular loadings from Figure 6D to summarize the main trends in the molecular composition of surface porewater. (A) VKD with factor 1 loadings and (B) factor 2 loadings in the z axis indicated in the color bar to the right, where the relationship to sea ice cover and water depth are indicated (see Figure 6). For definition and location on the VKD of discussed molecular categories see section “Molecular Analysis of DOM via FT-ICR-MS,” Supplementary Figure S1 and Supplementary Table S2.




DISCUSSION


Regional and Interannual Differences in Productivity and OM Availability Are Reflected in Benthic DOM Fluxes and Composition in Fram Strait

Environmental conditions at the LTER HAUSGARTEN in Fram Strait differed between regions and years. While the eastern Strait off Svalbard is mostly ice free during the year, the western part off Greenland is characterized by sea ice coverage of over 50%. This influences the input of POM to the seafloor, which was also reflected in CPE concentrations in surface sediments, with much higher values in the East compared to the West (Figure 1). This trend was also reflected in other benthic parameters, e.g., sediment TOC, phospholipids and protein content. An exception to the trends observed in the eastern Fram Strait was the deepest station (HGIX), consistent with the funnel-like topography of this station that facilitates accumulation of phytodetrital matter (Cathalot et al., 2015). In 2014 both regions were sampled, and while the eastern Fram Strait exhibited post-bloom conditions at the time of sampling, the western Fram Strait was likely still in a pre-bloom stage; the estimated productivity since winter was twice as high in the East when compared to the West (Fadeev et al., 2018). Regionally, the two parts of the Strait thus clearly differ in productivity and the amount of POM that is received by the seafloor, in agreement with previous reports (Fadeev et al., 2018; Hoffmann et al., 2018; Käss et al., 2019). In addition, there were also temporal differences between 2013 and 2014. The higher productivity indicated by satellite-derived chlorophyll concentrations in 2013 may have been supported by different hydrographical features, namely by the presence of nutrient-rich Atlantic waters at the surface of HGI and less ice and thus higher light availability at N4. Higher productivity in 2013 was followed by about three times higher POC export from the upper water column. The larger export event in 2013 may have also resulted in a faster input of fresher phytodetritus to the seafloor, which is supported by higher surface sediment CPE concentrations and chlorophyll a proportions in 2013 compared to 2014. All of these variations were well reflected in porewater DOC concentrations, which were higher in the eastern compared to the western Fram Strait and higher in 2013 compared to 2014, in agreement with the higher OM availability (assessed with chlorophyll pigment content) in those regions and year.

Also, DOM composition in porewaters from sediments collected at the LTER HAUSGARTEN differed regionally (East vs. West), as well as interannually (2013 vs. 2014). Porewaters from stations sampled in 2013 from shallower water depth (≤1500 m) and seasonally ice-covered regions (KH, HGI-II, located in the eastern Fram Strait), were associated with fresher DOM signals (higher number of formulas, and abundance of aliphatics formulas and N-containing compounds). Higher contribution of this “fresh” DOM concurs with higher benthic biomass (phospholipids and protein content), enzymatic activity, TOC and phytodetritus proxies in surface sediments of the eastern Fram Strait. On the contrary, the DOM composition of porewaters collected in 2014 at deeper water depths in the eastern Strait were associated with higher abundances of more degraded compound classes (CRAM-like, highly unsaturated oxygen-poor molecular formulas and more aromatic compounds), in agreement with the influence of water depth on benthic remineralization mainly in the eastern Fram Strait (Hoffmann et al., 2018). In the western Fram Strait (EGI-EGIII) porewater DOM was dominated by oxygen-poor compounds (lower O/Cwa) in agreement with their association with more degraded material and a lower contribution of fresh material at these permanently ice-covered locations. The observed differences in the sediment DOM pool are in agreement with surface water conditions at the time of sampling during 2014. Because the eastern Fram Strait was characterized by post-bloom conditions (Fadeev et al., 2018) and peak fluxes of POC had already occurred in April, there was likely already an input of fresh organic material to stations in the East, which resulted in higher DOC concentrations and fresh DOM signals due to the breakdown of fresh POM by benthic communities. In contrast, western stations had likely not received (as much) fresh organic material and receive lower inputs of organic material in general, due to the higher ice cover, resulting in a more degraded DOM pool. Differences in DOM composition between north and south were minor compared to those between western and eastern Fram Strait.



Different Productivity Regimes Cause Spatial Differences in OM Availability, DOM Fluxes and Composition Across Ocean Basins

Compared to the central Arctic basins which are permanently ice-covered and strongly nutrient limited, the Fram Strait is much more productive. Overall, surface sediment CPE concentrations at HAUSGARTEN were between 10 to 400-fold higher compared to the Arctic continental slope and the central Arctic (Boetius and Damm, 1998; Rossel et al., 2016), indicating a much larger input of OM in this region. Proportions of chlorophyll a (% chl a relative to all pigments) were similar between the eastern and western regions, indicating similarly “fresh” material, although overall pigment concentrations differed considerably. Chlorophyll a proportions at HAUSGARTEN sediments were higher compared to similar water depths at the Arctic continental slope (Boetius and Damm, 1998), but in a similar range or lower than those previously reported from multiyear ice-covered stations and ice margin stations in the central Arctic (12 and 20%, respectively; Rossel et al., 2016). These values, however, significantly depend on the type of OM that is exported (e.g., quality, fast sinking vs. slow sinking), as well as the timing between deposition at the seafloor and subsequent sampling, and are thus difficult to compare directly.

Bottom water DOC and TDN concentrations in both years were in the range of those reported for the central Arctic (Rossel et al., 2016). Concentrations of DOC were higher in surface sediments than in bottom waters and were in the higher range of those reported for ice margin stations in the central Arctic (Rossel et al., 2016), reflecting the higher OM input especially in the eastern Fram Strait in concert with higher CPE and TOC concentrations in the sediments. Compared to the central Arctic, porewater DOC concentrations in the western Fram Strait were similar to those reported at multiyear ice-covered stations, while those at the eastern side were similar or higher than those at the ice margin (avg. ± SD of 134 ± 34 and 212 ± 78 μmol/L, respectively; Rossel et al., 2016). Compared to other marine systems, DOC concentrations in Arctic porewaters of Fram Strait were in the lower range, and those of the Central Arctic substantially lower than that of other oceans (Burdige and Komada, 2015; Schmidt et al., 2017; Fox et al., 2018; Loginova et al., 2020). Nonetheless, the gradients between bottom water and porewater are in line with previous reports indicating at least one magnitude higher DOC concentration in porewater compared to bottom water, supporting the role of POM diagenesis in surface sediments for the production of DOC and flux to overlying bottom water (Schmidt et al., 2011; Burdige and Komada, 2015; Loginova et al., 2020).

DOC fluxes from the sediment followed the trends observed for surface porewater DOC concentrations, with higher fluxes in the eastern Strait and in 2013, in agreement with previously reported higher bacterial benthic remineralization in the East, especially at shallower stations (Hoffmann et al., 2018). The calculated DOC flux values from eastern Fram Strait were two to six-fold higher (except for station N4 in the north) than the values reported for ice margin stations in the central Arctic (Rossel et al., 2016). Please note that we re-calculated efflux values for the Central Arctic from this earlier paper to match the model of DOC flux applied for HAUSGARTEN sediments, i.e., assuming fluxes in the sediment rather than across the diffusive boundary layer (see section “DOC Efflux From Porewater Gradients” and Supplementary Table S10). Compared to other deep-sea sediments from the Atlantic (ca. 4500 m water depth) and Antarctic Ocean (<2500 m water depth), DOC fluxes in the western Fram Strait were in the lower range, while DOC fluxes in the eastern Fram Strait (HG, S1-3 and N4 stations) were up to 9 fold higher (37–259 and 66 mmol/m2/yr for Weddell Sea and for Atlantic, respectively; Hulth et al., 1997; Hall et al., 2007). DOC fluxes from Arctic shelves located far from our sampling area, and from productive systems were similar or higher than those from the eastern shallower stations in our study (Hulthe et al., 1997; Loginova et al., 2020), supporting the hypothesis of strong links to productivity regimes and the availability of OM at the seafloor.

HAUSGARTEN porewaters (0–10 cm) displayed similar contributions of highly unsaturated formulas compared to those reported for ice margin stations in the central Arctic (Rossel et al., 2016). Of these formulas, 73% were CRAM-like compounds, slightly lower than the values reported for central Arctic porewaters (79%; Rossel et al., 2016). However, much higher contributions of polyphenols were detected at HAUSGARTEN compared to the central Arctic (polyphenols ranged between 1.9–3.6%; Rossel et al., 2016). According to previously reported relationships between polyphenols and terrigenous OM (Seidel et al., 2015b), our results suggest a higher contribution of terrigenous material in the Fram Strait (increasing from the western to the eastern side) compared to the central Arctic (Rossel et al., 2016), in agreement with the location of HAUSGARTEN and with the increase of terrestrial biomarkers nearby the Svalbard Archipelago (Lalande et al., 2016).

Molecular formulas of unsaturated aliphatics O-rich and unsaturated-N, previously associated with fresh material, displayed similar to lower contributions compared to ice margin stations in the central Arctic (unsaturated aliphatics O-rich and unsaturated-N avg. 1.6 ± 0.7 and 7.6 ± 8.7, respectively; Rossel et al., 2016). Nevertheless, the contribution of unsaturated-N formulas to the total N-containing compounds was similar or lower at HAUSGARTEN than in the central Arctic (unsaturated-N formulas at the ice margin and multiyear ice stations avg. 40 ± 19% and 17 ± 6%, Rossel et al., 2016). This difference may indicate that at HAUSGARTEN some organic N is stored in compounds that may be less accessible for microorganisms or that less fresh material reaches the benthos at these locations. Indeed, proportions of chlorophyll a were slightly higher at ice margin stations in the central Arctic, probably due to the input of fast-sinking algae aggregates at the time of sampling (Boetius et al., 2013). Although the abundance of unsaturated-N formulas was lower at HAUSGARTEN than in the central Arctic, higher proportions were observed in 2013 than in 2014, favoring the idea that an increase in phytodetritus would increase the contribution of unsaturated-N formulas in porewater.

Contrary to previous observations in the central Arctic (Rossel et al., 2016), sediment depth (top 10 cm) was not a main driving force of porewater DOM composition, but rather spatial (east and west differences) and temporal variability in OM input. The lack of clear gradients in DOM molecular patterns with sediment depth is likely due to more active bioturbation at HAUSGARTEN sediments compared to the central Arctic (Soltwedel et al., 2019).

Overall, the associations between porewater DOM composition and food availability (i.e., phytodetritus proxies) were similar to ones previously reported for central Arctic sediments (Rossel et al., 2016). Porewater DOM composition in surface sediments at HAUSGARTEN was, based on our multivariate statistical analysis, correlated to enzymatic activity, and phospholipid and protein content, but not with bacterial abundance and biomass, which did not show large differences between eastern and western Fram Strait. Furthermore, porewater DOM composition in the Arctic Ocean may rather be related to the composition of bacterial groups than to their total abundance, in agreement with previous observations in coastal seafloor (Oni et al., 2015) and deep-sea sediments (Jessen et al., 2017; Pop Ristova et al., 2017).



Molecular Variability in Surface Porewater and Bottom Water Reflects Sources and Sinks of DOM

The molecular composition of bottom water DOM was characterized as more unsaturated and with higher molecular weight (DBEwa and MWwa) compared to surface porewater, in agreement with previous observations in central Arctic sediments (Rossel et al., 2016). However, in the Black Sea generally larger and more unsaturated formulas are accumulated in the porewater compared to bottom water (Schmidt et al., 2011), which may result from a different composition of the OM reaching the seafloor in oxic and anoxic ocean basins. Furthermore, bottom water is reported to display a lower richness of molecular formulas and N-containing compounds compared to porewater (Schmidt et al., 2011, 2017), in agreement with our observations in the Arctic Ocean (Rossel et al., 2016; and this study). For this study, we found that only 2% of the formulas present in bottom water were unique to this pool. However, more formulas in surface (16% of the formulas) and deep porewater (32% of the formulas) were absent or below detection in bottom water. Because 84% of the DOM formulas in surface porewater were also found in the bottom water, overlying bottom water reflects surface porewater composition due to an exchange across the sediment-water interface. This observation aligns with the DOC efflux and a more similar composition between bottom water and surface porewater DOM than between bottom water and subsurface porewater (Schmidt et al., 2017; and this study). However, even a higher number of formulas in surface porewater DOM (96% of its formulas) were shared with the subsurface (here defined as 1–10 cm). Therefore, surface sediment DOM is a source for bottom water and subsurface sediments, but the bacterial communities appear to filter specific components of DOM in surface sediments, and allowed less molecular formulas to escape into the bottom water (16% of it) than to subsurface sediments (4%). In the subsurface, overall DOM composition was most diverse (the number of unique formulas increased from bottom water to subsurface porewater), especially due to the presence of more degraded DOM (highly unsaturated formulas). Thus, the bacterial communities in surface and subsurface sediments reworked DOM, affecting its composition substantially. The calculated average diffusion time for a DOM molecule in the sediment is 0.01 yr per 1 cm. The DOM composition in the upper 10 cm of sediments suggests that the signal of recent phytodetritus was restricted to surface sediment porewaters, indicating that the signal is rapidly lost after deposition, due to porewater DOM alteration by the bacterial communities in the sediment. Our observations are in agreement with the increase of more refractory DOM with increasing sediment depth detected by nuclear magnetic resonance (Fox et al., 2018) and optical properties (Loginova et al., 2020) of porewater DOM in other marine sediments.

Unsaturated-N formulas, which have previously been associated with fresh OM input, were higher in surface porewaters than bottom water (also referred to as peptide formulas; Rossel et al., 2016; Schmidt et al., 2011, 2017). Unsaturated-N contributions were in agreement with other molecular indicators in surface porewater (higher MLBwl and Ibioprod), which suggests a higher contribution of fresh and bioproduced material in surface porewaters compared to bottom waters. This observation is in line with the deposition and accumulation of OM at the seafloor, where the bulk degradation of OM is mediated by microbial communities in surface sediments by a wider spectrum of active enzymes (Arnosti, 2011; Middelburg, 2018). However, the calculated degradation index, IDeg, did not reflect differences in composition between bottom water and surface porewaters. This may indicate that the application of this index, which was defined based on the correlation of molecular formulas to radiocarbon age for water column DOM (Flerus et al., 2012), cannot be used to compare overlying bottom water and surface porewater due to the exchange of DOM across their interface.

Unsaturated aliphatic O-rich formulas, which have also been reported to be higher in central Arctic sediments than in their overlying bottom waters (Rossel et al., 2016), only followed this trend in the eastern Fram Strait in agreement with their relation to higher phytodetritus input at this location. Although higher contribution of these compounds was observed in surface porewater, molecular indicators associated with fresh material (unsaturated aliphatics O-rich and unsaturated-N) were also higher in bottom water in 2013 compared to 2014, in agreement with higher OM input and DOC efflux in the former year. Nevertheless, a comparison of bottom waters from eastern and western Fram Strait indicated that the latter had higher abundances of unique CRAM-like compounds (absent in their surface porewaters) compared to the East, consistent with less input of fresh material at these permanently ice-covered stations. These data suggest that Arctic sediments are a source of CRAM and fresh DOM to the overlying bottom water, whose contributions vary depending on the quality and quantity of the OM deposited, as previously suggested for other environments (Fox et al., 2018; Loginova et al., 2020).



CONCLUSION

In this study, we show that regional and interannual differences in the production and deposition of OM are reflected in the DOM pool (DOC concentration and DOM composition) of deep-sea surface sediment porewaters, both regionally as well as across ocean basins. The permanent ice cover in the western Fram Strait limits productivity and OM input to the sediment, resulting in a porewater DOM composition that is characterized as more degraded. In contrast, porewater DOM in the eastern Fram Strait has a stronger signal of fresh phytodetrital matter, which decreased with increasing water depth. In this regard, the FT-ICR-MS method and the DOM freshness indicators used were generally able to resolve local and regional differences in surface productivity, export fluxes and OM availability which varied by at least 40, 70, and 30%, respectively, between years and regions. By comparing our results of Fram Strait to data from the Central Arctic basins, the Atlantic and Black Sea, the study also shows that differences between ocean basin productivity and export regimes are captured in the molecular composition of DOM in pore- and bottom waters. Furthermore, we find evidence for the production of a considerable fraction of DOM formulas related to degradation of OM in subsurface sediments, and a differential export from surface sediments to the bottom water and subsurface layers, indicating the substantial role of surface-sediment bacteria for the transformation of DOM. Although this study only provides a snapshot, our results stress the potential impact of changes in primary productivity and OM export on OM composition and benthic fluxes. In the future, more studies should aim to investigate the temporal scales at which these processes are relevant. A better understanding of seasonal variations will help to contrast these against changes resulting from longer-term environmental shifts. Furthermore, surface porewater DOM composition (which was related to enzymatic activity and the content of protein and phospholipids) was not associated with bacterial abundance and biomass, rather suggesting a coupling at the level of bacterial community composition/function. Therefore, studies exploring the interplay between microbial community composition/function and DOM molecular diversity are necessary to identify key microorganisms involved in the first steps of OM decomposition and production of DOM in porewater.
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