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In subterranean estuaries (STE), fresh and saline groundwater introduce dissolved organic matter (DOM) of different origin. This DOM serves as substrate for microorganisms that thrive in the STE. In high-energy beaches with dynamic porewater advection, microbial communities face frequent changes in groundwater composition, even at several meters depth. It is unknown how DOM from deep STE groundwater (> 5 m depth) is transformed by prevailing microbial communities. To address this question, we performed sediment incubations in flow-through reactors (FTRs) with deep (6 m depth) STE groundwater of low (1.6) and high salinity (29.1). FTR setups were sampled daily for quantification of dissolved organic carbon (DOC), and at start and end (day 13) of the incubation for analysis of DOM composition, microbial cell numbers and community composition. Solid-phase extracted DOM was molecularly characterized via ultrahigh-resolution Fourier-transform ion cyclotron resonance mass spectrometry. Both groundwater types contained mainly reworked DOM. Corroborating its presumed origin, the fresh groundwater had a more terrestrial DOM signature with a higher proportion of aromatic compounds compared to the saline groundwater. Over the course of the incubation, DOC concentrations increased primarily due to leaching of sedimentary organic matter, providing an additional source of DOM. In all setups, the DOM composition changed significantly from start to end, and similarly for fresh and saline groundwater. From the ~2700 molecular formulae (MF) detected on day 0, 34-35% were removed during the incubations, demonstrating the potential of deep STE microbial communities to degrade recalcitrant DOM that is supplied with the advective porewater flow. However, a substantial portion of MF (63-64%) was retained in both groundwater types, indicating that a fraction of deep STE-DOM is resistant to removal. Properties of MF that were newly detected on day 13 (26-28%) were indicative of labile DOM. Some of these newly detected MF were also identified in sediment-leachates, suggesting that beach sediments are a source of fresh DOM for the STE microbial communities. It is likely that due to longer groundwater residence time in the STE, continuous leaching and microbial processing shift the molecular composition of released DOM from more labile to more recalcitrant DOM.
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1 Introduction

Subterranean estuaries (STEs) are underground mixing zones of fresh groundwater and recirculating seawater in coastal aquifers (Moore, 1999). In contrast to surface estuaries, STEs lack light for photosynthesis and mobile groundwater moves through a static sediment phase. Groundwater flow follows a hydraulic gradient, and flow paths are often influenced by dynamic boundary conditions, such as tides, waves, storm floods, and changing beach morphology (Santos et al., 2012; Robinson et al., 2018; Greskowiak and Massmann, 2021). The water entering the beach aquifer continuously supplies new organic substrates and electron acceptors to the prevailing microbial communities, making STEs active biogeochemical reactors (Anschutz et al., 2009; Kim et al., 2019).

STEs play an essential role in the transformation and degradation of dissolved organic matter (DOM) from both, terrestrial and marine sources (Kim et al., 2012; Seidel et al., 2014; Waska et al., 2021; Adyasari et al., 2023). Since the particulate organic matter (POM) content in beach sediments is generally very low <0.03–0.04% in organic carbon (Beck et al., 2017; Seibert et al., 2019), microbial communities in beach STEs depend on the continuous supply of DOM from the infiltrating seawater and fresh groundwater (Kim et al., 2019; Seidel et al., 2014; Streif, 2002; Waska et al., 2021). Seawater entering the STE transports DOM primarily of marine origin, with a significant portion recently produced by phytoplankton photosynthesis (Thornton, 2014). This marine-derived DOM is generally considered more labile than the aged terrigenous DOM originating from land plants and soils, which is transported by fresh groundwater (Seidel et al., 2015). These different DOM sources serve as carbon and energy supply for STE microbial communities, influencing their composition, diversity, and metabolic activity (Azam et al., 1983; Fuhrman et al., 2015). Microbial communities completely degrade part of the DOM, establishing an important sink for reduced carbon, while they also produce new molecules (Kujawinski et al., 2004; Kim et al., 2012; Koch et al., 2014; Valle et al., 2018) and progressively transform labile into more refractory DOM (Jiao et al., 2011; Dittmar et al., 2021). Thus, microbial activity modifies the bulk properties of DOM and exerts strong influence on the nature of STE-DOM.

Understanding DOM processing in beach STEs is crucial to establish carbon budgets and to assess the effect of submarine groundwater discharge on the coastal ocean. In general, studies conducted on STEs of high-energy beaches that are affected by strong waves (mean significant wave height >1.5m) and high tidal amplitudes (mean tidal range >3.5m) are scarce. Research has mostly focused on low-energy STEs with more stable groundwater flow paths and well-defined reaction zones (Michael et al., 2005; Robinson et al., 2006, 2007a, 2014), and the few studies on high-energy beaches are mostly restricted to the island of Spiekeroog (Beck et al., 2017; Linkhorst et al., 2017; Waska et al., 2019a; Degenhardt et al., 2021; Waska et al., 2021). However, no study has been extended to the deep (>5 m) STEs of high-energy beaches, likely because of the challenges associated with working in such environments (Massmann et al., 2023). Recent research on hydrogeochemical processes (Grünenbaum et al., 2023; Waska et al., 2019b) and numerical groundwater flow and transport models indicate that subsurface flow paths in STEs below high-energy beaches can be heterogeneous. These flow paths extend to tens of meters deep in the STE due to changing boundary conditions related to morpho- and hydrodynamics, leading to strong temporal and spatial variability in biogeochemical conditions even in the deep STE (> 5 m depth) (Greskowiak and Massmann, 2021; Massmann et al., 2023). However, the influence of this heterogeneous groundwater flow patterns in the deep STE on the distribution of DOM and its processing by microbial communities have so far not been explored. Such knowledge is important for delineating the routes of DOM degradation and transformation and, thus, for improving our understanding of the mechanisms behind organic matter cycling in the deep biosphere of the land-sea interface.

In this study, we addressed the question how different DOM substrates from the deep STE are processed by microbial communities. We performed laboratory incubation experiments with sediment and deep groundwater (6 m) from the STE of a mesotidal high-energy beach on Spiekeroog Island (Germany). This island has a freshwater lens formed by the accumulation of meteoric water within the permeable sandy aquifer underlying the island (Seibert et al., 2018). Spiekeroog experiences semi-diurnal tides with a mean tidal range of 2.7 m and high-energy waves of 0.5–2.0 m (Dobrynin et al., 2010), leading to significant tidal oscillations in the coastal aquifer. Tidal pumping drives the infiltration of seawater during high tides and the discharge of fresh groundwater during low tides, creating a dynamic STE within the beach aquifer (Robinson et al., 2007b). The mixing of oxic seawater and anoxic fresh groundwater can induce strong redox gradients within STEs. Recent numerical models indicated that redox dynamics in STEs may occur down to a depth of >10 m, influenced largely by hydrodynamics and morphodynamics (Greskowiak et al., 2023). However, the effects of these changing conditions on biogeochemical reactions have not been explored yet. The study beach site on Spiekeroog Island is temporally equipped with observation wells to extract porewater for biogeochemical studies by the interdisciplinary research unit “Dynamic Deep Subsurface of High-energy Beaches (DynaDeep)” (Massmann et al., 2023). Three multilevel (ML) groundwater wells were installed landward close to the dunes (ML1), seaward at the high-water line (ML2), and close to the low-water line (ML3). Each of these wells has four depths: 6, 12, 18, and 24 m, with 1 m long screens ranging from 5-6, 11-12, 17-18, and 23-24 m depth, respectively, below ground surface at the time of installation (Massmann et al., 2023).

Intertidal beach sediments were sampled and incubated for 13 days in flow-through reactors (FTRs) with groundwater of low salinity (1.6) retrieved from 6 m at ML1 as terrestrial endmember and groundwater of high salinity (29.1) taken at 6 m at ML2 as marine endmember. We hypothesized that (1) fresh and saline groundwater from deep STE differ in molecular DOM composition, and (2) microbial communities process the DOM of fresh and saline groundwater differently.




2 Materials and methods



2.1 Sediment and groundwater sampling from the northern beach of Spiekeroog Island

Sampling was carried out on the north-facing beach of Spiekeroog Island in March 2023 during a period of mostly fair weather and no rain. Beach sediments were collected from the upper 20 cm near the high-water line, approximately 2 m from ML2. A total of twelve liters of unfiltered groundwater with low salinity (1.6) as terrestrial endmember and high salinity (29.1) as marine endmember were retrieved from 6 m depths at ML1 and ML2, respectively, using a submersible pump (Eijkelkamp, Tauchpumpe “Gigant”) and stored in 5 L high-density polyethylene (HDPE; acid-rinsed) canisters. During sampling, dissolved oxygen concentration (O2) and salinity of the groundwater was measured in a flow-through cell connected to the sampling tube and a WTW 3630 IDS multi-sensor device to avoid exposure to O2 during sampling. The dissolved O2 was 6.0 mg/L and 11.0 mg/L in the low and high salinity groundwater respectively, indicating oxic groundwater conditions at the time of sampling. All groundwater and sediment samples were immediately transported to the laboratory at the Institute for Chemistry and Biology of the Marine Environment (ICBM) and stored at 4°C in the dark until setup of FTRs.




2.2 Experimental setup



2.2.1 Flow-through reactors

The sediment was homogenized and 550 ml each transferred into FTRs with an inner diameter of 9 cm and a filled core length of 12 cm. Three sediment-filled FTRs were each flushed with two liters of groundwater of low salinity (1.6) from ML1, another three FTRs with high salinity groundwater (29.1) from ML2. Additionally, control FTRs with artificial seawater (ASW) of respective groundwater salinities as fresh and saline groundwater control (FG-C and SG-C) were included, making up a total of eight FTRs (Supplementary Figure S1). The ASW stock was prepared with a modified recipe of Zech et al. (2009) containing NaCl (24 g L-1), KCl (0.5 g L-1), Na2SO4 (4.8 g L-1), NaHCO3 (0.19 g L-1), MgCl2*6H20 (3 g L-1), NH4Cl (0.25 g L-1) and CaCl2*2H20 (0.15 g L-1) in ultra-pure water, and salinities of 29.1 and 1.6 were prepared by respective dilutions with ultrapure water. The first three salts were combusted (450°C for 4 h) before use to reduce the DOC background of the ASW. The FTRs were positioned vertically and continuously supplied with air-saturated groundwater from the HDPE reservoirs using polypropylene tubing. Advective pore water flow was maintained using a peristaltic pump (ISMATEC IPC4), establishing a flow rate of 25 ml/min. The FTR incubations were conducted under room light and temperature (20°C), and under fully oxic conditions (3 L air space in the reservoir). To monitor dissolved O2 concentration, optodes connected to a Fibox (Fibox3 and oxygen sensors type PSt3 by PreSens) were mounted in the outflow tubing.




2.2.2 Sediment leaching experiment

Five ml of the homogenized beach sand were mixed (by gently shaking the bottle) with 15 ml ASW with the same salinities used in the FTRs (salinity 1.6 and 29.1; four replicates per setup). The contact time between ASW and sediment was 1 h. The supernatant (14 ml) from each replicate was carefully siphoned with clean tubing attached to a syringe (acid washed) and then filtered through pre-cleaned (by thorough rinsing with ultrapure water) 0.2 µm PTFE filters into 30 ml HDPE bottles. The sample was then acidified to pH 2 using HCl (analytical grade) and stored at 4°C in the dark until further analysis.





2.3 Quantification and molecular characterization of DOM



2.3.1 Sampling and quantification of DOC

Water samples (15 ml) for quantification of dissolved organic carbon (DOC) concentrations in the FTRs were taken daily from the reservoir (Supplementary Figure S1). For molecular characterization of DOM, 50 ml of water was collected from the start (day 0) and end (day 13) of the incubation. The DOC and DOM samples were immediately filtered through pre-combusted (400°C, 4 h) glass microfiber (GMF, 2 µm) and glass fiber filters (GF/F, 0.7 µm) into HDPE bottles, acidified to pH 2 with HCl, and stored in the dark at 4°C until further analysis.

Due to the limited volume of the samples from the leaching experiment, aliquots of 4 ml were diluted with 6 ml ultra-pure water (acidified to pH 2 with HCl) to reach the optimum volume required for DOC analysis. The remaining 10 ml sample was diluted to 30 ml with ultra-pure water (acidified to pH 2 with HCl) to ensure maximum extraction efficiency for DOM analysis.

The DOC and TDN concentrations of all samples were quantified using high-temperature catalytic oxidation on a Shimadzu TOC-VCPH. The quality of the analyses was tested against measured concentrations of the deep-sea Atlantic reference material (DSR; provided by D.A Hansell, University of Miami, FL, USA) with the accepted trueness and precision better than 5%.




2.3.2 Molecular characterization of DOM via Fourier transform ion cyclotron resonance mass spectrometry

All samples were solid-phase extracted (SPE) using styrene divinyl benzene polymer-filled cartridges (Agilent Bond Elut PPL, 100 mg) following the procedure described by Dittmar et al. (2008). Extraction volumes were 50 ml for the FTR samples, 30 ml for the diluted sediment leachates, and respective volumes for one procedural blank (ultrapure water acidified to pH 2) each. After the extraction, the cartridges were rinsed with two cartridge volumes of ultrapure water (pH 2) to remove remaining salts and then dried with nitrogen gas. SPE-DOM was immediately eluted with 1.2 ml of methanol (HPLC-grade) into pre-combusted amber vials and stored in the dark at -20°C until further analysis.

For analysis on the FT-ICR-MS, the carbon concentration of all DOM extracts was adjusted to approximate 2.5 ppm DOC (1:1 mixture of methanol (MS grade) and ultrapure water) for optimal resolution of DOM compounds. Thereafter, all DOM extracts were filtered through 0.2 µm polytetrafluoroethylene polymer (PTFE) filters and analyzed in negative electrospray ionization mode (ESI) on a SolariX FT-ICR-MS (Bruker Daltonik GmbH, Germany) equipped with a 15 Tesla superconducting magnet. The instrument settings and raw data processing were as described by Seidel et al. (2014). The reproducibility of the peak detection and stability of the FT-ICR-MS procedure were controlled by duplicate measurements of each sample, including eight measurements of the deep-sea DOM reference extracted from North Equatorial Pacific Intermediate Water (NEqPIW; https://uol.de/en/icbm/dsr-dom). Procedural blanks (SPE-DOM of ultrapure water acidified to pH 2) were included for quality control of sample processing. Two hundred scans were accumulated for each mass spectrum. The acquired mass spectra were internally calibrated against a NEqPIW-based mass list of confirmed molecular formulae with an error of <0.1 ppm. The calibrated mass spectra were processed using the ICBM-OCEAN free processing tool to assign MF (Merder et al., 2020) and the identified MF were in the mass range between 100 and 800 Da (Supplementary Text S1).

We assembled two datasets for DOM molecular composition. Dataset 1 for the FTR incubation experiment and dataset 2 for the sediment leaching experiment. All data processing described below and in Supplementary Text S1 was performed on each of the two datasets individually because of the different sample processing before and during FT-ICR-MS analysis.

Following the assignment of MF, the mass spectra of each sample were reconstructed and visually inspected. All mass peaks in the spectra considered for further analysis exhibited a Gaussian-like distribution. This approach was used to achieve comparable mass spectra. Blank corrections were performed by removing MF identified in procedural blanks that were higher in intensity than in any sample. MF detected in only a single sample were not considered because they were not reproducibly detected. Isotopologues containing 13C, 15N, and 18O were not further considered as the respective compounds were represented by the monoisotopic MF. Peak intensities of all MF in a sample were then normalized against the sum of the respective sample’s peak intensities. For each sample, we calculated intensity-weighted averages of the modified aromaticity index (AImod; Koch and Dittmar, 2006, 2016), molar ratios (H/C, O/C), and the relative abundance of compound groups (highly unsaturated, unsaturated, saturated, aromatic) as defined in Merder et al. (2020), based on the distribution of relative signal intensities. The identified MF were also grouped according to their heteroatom (N, S, P) content. In addition, we applied four DOM molecular indices: (1) The degradation index (“IDEG”) as an indicator for the level of organic matter degradation (Flerus et al., 2012), (2) the bioformation and transformation index (“Ibio”) as a measure for fresh DOM from recent biological activity (Bercovici et al., 2023b), (3) the DOM molecular lability boundary (“MLB”) as an elemental ratio based measure for DOM lability (D’Andrilli et al., 2015), and (4) the molecular formulae based measure for terrigenous input (“ITerr”; Medeiros et al., 2016).





2.4 Microbial abundance and community composition



2.4.1 Microbial cell counts

Water (48 ml) and sediment (0.5 cm3) samples for total cell counts were taken at start and end of the FTR incubation. The water samples were immediately mixed with 2 ml glutardialdehyde (GDA, 25%) and the sediment samples were fixed in 1 ml GDA (3%). After 30 minutes incubation at 4°C, the samples were stored at -20°C until further processing. For microbial cell counts, 30-50 ml of the fixed groundwater samples were filtered on black PCTE-filters (Ø 25 mm, Whatman) without further treatment. The sediment samples were processed and stained with SybrGreen as described in Lunau et al. (2005). For each sample, a minimum of 300 cells (10-20 view fields) were counted by epifluorescence microscopy (Leica, Leitz DM R).




2.4.2 DNA-extraction, amplification of 16S rRNA genes, sequencing and bioinformatics

Groundwater (250 ml) and sediment (3 ml) samples for DNA-extraction were taken at start and end of the incubation. For the analysis of groundwater communities, the water samples were filtered sequentially using polycarbonate filters (Ø 47 mm, Whatman) with pore sizes of 3 µm and 0.1 µm, and the 0.1 µm filter was used for DNA extraction. For the analysis of sediment-associated communities, DNA was extracted from 0.5 g of sediment. DNA extraction followed a modified protocol of Lueders et al. (2004) and Gabor et al. (2003). To amplify the 16S rRNA gene, primers for sequencing the V4 and V5 region were used with forward 515F-Y (5’-GTG YCA GCM GCC GCG GTA A); reverse 926R (5’-CCG YCA ATT YMT TTR AGT TT) (Parada et al., 2016). Prior to DNA amplification, 2 µl of 1:10 diluted target DNA were mixed with 5 µl Phusion-HF-buffer (5x), 2 µl dNTPs (2.5 mM), 0.75 µl of each primer (10 µM) V4f and V5r, 0.5 µl MgCl2 (50 mM), 0.25 µl Phusion-taq polymerase (2U/µl) and 13.75 µl PCR-water. DNA amplification was performed on a Mastercycler nexus X2 (Eppendorf, Wesseling-Berzdorf, Germany) including following steps: activation at 98°C for 3 min, 25 cycles comprising denaturation at 98°C for 45 seconds, annealing at 50°C for 45 seconds and elongation at 72°C for 90 seconds. The final elongation step was performed at 72°C for 5 minutes. Sequencing was performed with the Illumina NextSeq 1000 sequencing system. The generated 16S rRNA data were processed as described by Tebbe et al. (2022) cutting the forward sequence at 240 bp and the reverse sequence at 200 bp. For taxonomic classification, the database SILVA138 was used. Sequences that were related to mitochondria and chloroplasts were omitted in the subsequent analyses. Additionally, all samples with amplicon sequence variant abundance of more than 0.001% in the complete dataset or a ratio of more than 1% in at least one sample were excluded, whereas, those that had a ratio of more than 0.1% in 2% of the samples or were present in 5% of all samples in any abundance were kept (Milici et al., 2016). The sequences were deposited at the European Nucleotide Archive under the accession number PRJEB80523. For further analyses, read abundances were converted to relative abundances. Statistical analyses were performed in R v. 2022.07.0 (R Core Team, 2022) using the “vegan” package. Non-metric dimensional scaling (NMDS) (k = 2, 999 permutations) was used to visualize Bray-Curtis distances of the microbial abundance distribution in the sediment and groundwater samples. The analysis of similarity (ANOSIM) with 9999 permutations was performed to assess statistical significance regarding the dissimilarity of these samples.






3 Results and discussion



3.1 DOM release during sediment incubations

Prior to incubation, the fresh groundwater (FG) retrieved from 6 m depth close to the dunes had a lower DOC concentration (64 ± 1.2 µmol/L, n=3) than the saline groundwater (SG) from 6 m depth close to the high-water line (98 ± 3.7 µmol/L, n=3). Higher DOC concentrations of SG compared to FG have also been reported for the shallow STE of Spiekeroog North beach (Beck et al., 2017). It is remarkable that both groundwater samples had lower DOC concentrations than those previously reported for the shallow STE, for seawater from the adjacent North Sea, and for groundwater in the island’s freshwater lens (Beck et al., 2017; Waska et al., 2021). This low DOC concentration in STE groundwater is in line with previous suggestions that the Spiekeroog beach STE is a net sink for dissolved organic matter (Waska et al., 2021; Massmann et al., 2023).

During the 13 days of FTR incubation, DOC concentrations increased in both groundwater types (Figure 1). DOC concentrations increased right after the start of the incubations from 64 µmol/L (day 0) to an average of 172 ± 36 µmol/L after day 6 for FG, and from 98 µmol/L (day 0) to an average of 271 ± 15 µmol/L after day 6 for SG. DOC concentrations also increased in the experimental control setups from initial levels of 24 µmol/L to an average of 196 ± 10 µmol/L after day 6 for FG-C, and from 32 µmol/L to an average of 293 ± 21 µmol/L after day 6 for SG-C. This increase in the DOC concentration in both FG and SG, as well as in the ASW controls, indicates an additional DOM source in the FTRs. We did not observe typical contamination signatures, e.g., from softeners, in the DOM spectra. We can also rule out potential DOC contributions from dark carbon fixation because our system was completely oxic (dissolved O2 ranged between 5 and 9 mg/L in all setups) during incubation. The most likely source of additional DOM is release from the sediments.




Figure 1 | DOC concentration in the fresh groundwater (FG) and respective artificial seawater control (FG-C, salinity 1.6), saline groundwater (SG) and respective artificial seawater control (SG-C, salinity 29.1), during the 13-days sediment incubations in flow through reactors. Error bars for FG and SG represent standard deviation of three replicate setups.



In a recent study, Adyasari et al. (2023) also observed elevated DOC concentrations in porewater after incubation, primarily from particulate organic matter (POM) degradation in organic-rich Mobile Bay STE sediments. The continuous flushing of sediments with groundwater during the incubation could lead to continuous leaching and release of sedimentary organic matter into the DOM pool of our FG and SG reservoirs. Despite the low stock of particulate organic carbon of <0.04% in Spiekeroog beach sands (Beck et al., 2017), mobilization of only tiny fractions of this POM into the DOM pool could significantly increase the DOC concentrations in the porewater. In our leaching experiment, ASW leached ~ 0.1 µmol DOC per ml of sediment in both setups (salinity 1.6 and 29.1). Considering the sediment and groundwater volumes in our FTR incubations, such a release can explain an increase in DOC concentrations of 25 - 30 µmol/L in the groundwater reservoirs (Supplementary Table S1). However, this calculation is based on the DOC released during short sediment–water contact time of 1 h and does not consider the prolonged impact of continuous flushing of the sediments with groundwater at the pumping rhythm. It is likely that DOM was continuously mobilized from the sediments especially in the first 2-3 days during the FTR incubations, as also reported by Adyasari et al. (2023) in their long-term incubation experiment. In the natural environment of the Spiekeroog STE, this sediment-derived DOC apparently does not accumulate in the groundwater, as we do not observe increased DOC concentrations in deep groundwater. We therefore conclude that the STE is not only a sink for DOM introduced with the fresh and saline groundwater, but also a sink for sediment-derived DOM.




3.2 Response of microbial communities to fresh and saline groundwater

Concurrent with the increased DOC concentration, microbial cell numbers increased from 2.6 × 103 cells/ml on day 0 to 2.6 × 105 cells/ml on day 13 in the FG, and from 1.5 × 103 cells/ml to 2.8 × 104 cells/ml on day 13 in the SG, indicating microbial growth (Supplementary Figure S2). Cell numbers also increased in the experimental control setups from initially sterile to cell numbers of 2.8 × 103 cells/ml and 1.1 × 103 cells/ml on day 13 in the low and high salinity ASW, respectively. The initial sediments used for the incubation were not sterile, microbial cell numbers were 1.7 × 107 cells/ml sediment. We assume that sediment bacteria seeded the ASW of both salinities. We can rule out that the increase in cell numbers in the aqueous phase was solely due to accumulation of detached sediment bacteria, as the microbial community composition of the aqueous phase in all setups (FG, SG, ASW) was significantly different (ANOSIM; P 0.001) from that of the sediment (Figure 2). Microbial growth in the aqueous phase was likely facilitated by the release of growth substrates (DOM) from the sediments. Assuming an average bacterial carbon content of 20 fg/cell (Fukuda et al., 1998) and a growth yield of 40% (Bell and Kuparinen, 1984), the observed increase in bacterial cell numbers required a maximum of 1.1 µmol DOC per liter of groundwater, which is less than 1% of the observed net increase in DOC concentrations. Based on this calculation, we can rule out that the rather constant DOC concentrations after day 6 were the result of efficient DOC removal by microorganisms, but rather indicate a depletion of the mobilizable DOM reservoir.




Figure 2 | Non-metric multidimensional scaling (NMDS) showing the differences based on Bray-Curtis distance similarities in microbial community compositions of fresh groundwater (FG) and respective artificial seawater control (FG-C, salinity 1.6), saline groundwater (SG) and respective artificial seawater control (SG-C, salinity 29.1) at the start (day 0) and end (day 13) of flow through reactor incubations.



Cell counts in the sediments of all setups (FG, SG, FG-C, and SG-C) did not change considerably or even decreased during the 13 days of incubation (Supplementary Figure S2). However, there was a noticeable shift in the sediment microbial community composition during the incubation. The sediments flushed with FG established a different community structure compared to those flushed with SG, however flushing with FG had a more pronounced impact than SG (Figure 2). This was expected, as the sediment was collected at the high-water line and is frequently exposed to saline seawater. Nevertheless, the communities in the SG-flushed sediments changed slightly due to decreasing relative abundance of Nitrosopumilaceae and Aeromonadaceae at the expense of Rhodobacteraceae (Figure 3). Members of the Rhodobacteraceae are known to degrade phytoplankton-derived organic matter (Tada et al., 2017), which is frequently introduced during seawater flooding of the beach, while the groundwater in the FTRs was likely depleted in fresh DOM. In the sediment of the control setup, SG-C, bacteria related to Flavobacteriaceae showed a distinct increase. Members of this family are capable of degrading biopolymers, which are part of the high molecular mass fraction of DOM (Kirchman, 2002). In the FG-flushed sediment, the changes were mainly due to an increase of bacteria related to fast growing Comamonadaceae and Pseudomonadaceae, and a decrease of archaea related to Nitrosopumilaceae (Figure 3). Similar shifts were observed in the sediments flushed with ASW of the respective groundwater salinities (SG-C and FG-C), suggesting that salinity is a major control of the sediment community composition in the STE (Kimbrel et al., 2018). The increase in Comamonadaceae and Pseudomonadaceae indicates a shift towards bacteria commonly involved in the degradation of complex and recalcitrant DOM. These families are characterized by high metabolic versatility, enabling efficient utilization of diverse organic substrates and rapid response to resource fluctuations. Members of both families are capable of releasing extracellular enzymes to break down complex DOM molecules into smaller, more bioavailable forms. For instance, Pseudomonas species are known to degrade recalcitrant compounds, including aromatic hydrocarbons (Palleroni et al., 2010) while the Comamonadaceae have been associated with humic-like DOM (Broman et al., 2019).




Figure 3 | Relative abundance of microbial community composition of the fresh groundwater (FG), saline groundwater (SG) and their respective artificial seawater controls (FG-C and SG-C), and the sediment flushed with the different groundwater types and their respective artificial seawater controls at the start (day 0) and end (day 13) of flow through reactor incubations.



The microbial community composition of the groundwaters (FG and SG) was significantly different at day 0 (ANOSIM; p = 0.02) (Figure 2) which could also be attributed to a dominant influence of salinity, although other factors likely contribute to the establishment of groundwater microbial communities (Lozupone and Knight, 2007). Comamonadaceae were also present in the groundwater of both salinities and increased in relative abundance at end of the incubation, while ultra-small bacteria and archaea assigned to Nanoarchaeota (FG and SG) and Bdellvibrionaceae (FG) diminished (Figure 3). In contrast to the sediment-associated communities that changed very reproducibly in replicate setups, the microbial communities in the aqueous phase changed differently in the replicate setups (ANOSIM; p = 0.01). This diverging development could be due to various stochastic effects such as random initial population distributions or micro-environmental fluctuation (Zhou et al., 2013; Johansen et al., 2019).




3.3 Differential DOM composition of fresh and saline groundwater

The total number of assigned MF was 2694 in fresh groundwater DOM (FG-DOM) and 2715 in saline groundwater DOM (SG-DOM). FG- and SG-DOM shared 85-86% of the assigned MF, while 14% and 15% of the total assigned MF were exclusively present in each groundwater type, respectively. Considering the relative signal abundance of detected MF, the distribution of DOM molecular groups (saturated, unsaturated, highly unsaturated, and aromatic compounds) was similar in both groundwater types (Figure 4A). FG- and SG-DOM had high relative contributions of less labile, more reworked DOM compounds; up to 86% and 90% were highly unsaturated compounds, and 6% and 4% were unsaturated compounds, respectively. The remaining DOM pool consisted of aromatic compounds and negligible contributions (< 0.5%) of saturated compounds (Figure 4A). The high percentage of shared MF and the similar relative abundance distribution of compound groups between FG and SG indicate that reworking during transport in the deep STE significantly shapes the molecular DOM composition, resulting in more uniform signatures (Zark and Dittmar, 2018). Nonetheless, compared to SG-DOM, FG-DOM had a higher relative abundance of aromatic compounds (Figure 4A) and ITerr was higher (Figure 4B), indicating a higher contribution of terrestrial DOM. This finding corroborates a previous study by Waska et al. (2021) who observed that shallow groundwater DOM at the dune base is enriched with aromatic compounds originating from buried plant material (e.g., dune grass and beach wrack mainly composed of Kelp) and inputs from the island freshwater lens. Given that the FG was sampled from the well located close to the gray dunes, it likely receives a significant amount of groundwater DOM from the island freshwater lens and organic matter from vascular plant leachates from the dune belt (Streif, 2002; Waska et al., 2021). In contrast, the SG was sampled from the well located at the intertidal zone of the beach that constantly receives seawater infiltrating at tidal rhythm. This could explain why the SG-DOM has less terrestrial DOM signature compared to the FG-DOM. We also observed high relative abundance of nitrogen containing compounds in the SG-DOM (21% in SG and 16% in FG-DOM) which is a typical feature of marine DOM (Amon et al., 2001). In general, the chemical makeup of the SG-DOM is similar to what is reported for beach porewater samples associated with high salinity (Waska et al., 2021), consistent with a deep injection of seawater near the high water line.




Figure 4 | Bar plots showing the relative abundance of chemical categories (A) and the molecular indices (B) of the fresh groundwater (FG) and saline groundwater (SG) DOM before the start of the flow through reactor incubations (day 0). Categories are based on molecular formulae and were obtained with ICBM-OCEAN (Merder et al., 2020). The numbers above the bar plots represent the number of molecular formulae belonging to each group. The relative abundance of saturated compounds is unresolved in this plot because of its low contribution.



Although the FG-DOM had a more terrestrial DOM signature than the SG-DOM, consistent with the expected source-specific DOM signature, the MLB indicates that the DOM in both groundwater types was already highly degraded. As a general paradigm, MLB divides the MF into two groups encompassing more or less labile DOM, derived from calculated hydrogen saturation of molecular formulae (D’Andrilli et al., 2015). Environmental data from open ocean to freshwater environments indicate that marine DOM generally has a higher MLB than freshwater DOM (D’Andrilli et al., 2015; Bercovici et al., 2023b) due to higher relative abundance of bioavailable carbon fractions, such as proteins, amino sugars, and lipid-like organic matter which have higher degrees of hydrogen saturation (Chipman et al., 2010; D’Andrilli et al., 2013). The MLBwL (weighted distribution percentages) of FG- and SG-DOM (Figure 4B) were far lower than those of algal marine-derived organic matter (MLBwL = 27.2; D’Andrilli et al., 2015), but similar to MLBwL of degraded bottom seawater from the Weddell Sea, Gulf of Mexico (D’Andrilli et al., 2015), Pacific and Circumpolar deep ocean water (Bercovici et al., 2023b) and our NEqPIW reference (MLBwL = 3.8). The low MLBwL of both FG-DOM and SG-DOM (Figure 4B) in the deep STE is indicative of highly reworked DOM. This finding was further supported by the molecular indices Ibio and IDEG which assess the transformation and degradation state of DOM. The Ibio is an indicator for recent biological production and transformation of DOM that was established based on microbially produced and modified DOM, encompassing semi-labile to semi-refractory DOM (Bercovici et al., 2023b). The Ibio of both FG- and SG-DOM (Figure 4B) were higher than Ibio reported for the deep Atlantic and Pacific oceans (0.15 < Ibio < 0.30; Bercovici et al., 2023a) and our NEqPIW reference sample (Ibio; 0.2), indicating that the recent microbial transformation of STE groundwater DOM was more intense than that of deep ocean DOM. In addition, the IDEG of both FG- and SG-DOM, was similar to more degraded deep ocean water (Bercovici et al., 2023b) and our NEqPIW reference (IDEG = ~0.8). This confirms that both groundwater types are dominated by semi-labile and/or recalcitrant DOM. Longer groundwater residence time has been linked to aged/reworked DOM, for example, Waska et al. (2021), found increasing relative contributions of highly unsaturated and aromatic compounds to the DOM pool with increasing porewater age in the shallow subsurface of the Spiekeroog STE. The estimated water travel time from the dune to the low water line (Grünenbaum et al., 2020) at the study site (Spiekeroog beach) is 16–18 years. This long groundwater residence time allows enough time for the degradation or transformation of the STE groundwater DOM from more labile to more recalcitrant composition irrespective of its source. And because these DOM fractions are persistent on time scales of 4000-6000 years (Hansell et al., 2012), it is reasonable to expect their accumulation in the deep STE over time.

Although both FG- and SG-DOM are highly degraded, the SG-DOM seems to be more degraded than the FG-DOM based on its comparatively lower average MLBwL, Ibio and higher IDEG than the FG-DOM. This finding contradicts our initial expectation that seawater carries more fresh and labile DOM to the beach STE. However, as the seawater DOM arriving in the deep (6 m) STE is already quite reworked, it is likely that any labile DOM compounds that might have been introduced by the seawater were already selectively degraded before reaching the deep STE.




3.4 Change in DOM composition of the fresh and saline groundwater after incubation

After the incubation, there was no significant (TTEST, p > 0.05) change in the total number of detected MF in both groundwater types. The number of detected MF had only slightly decreased from the initial of 2694 to 2563 on day 13 in FG-DOM, and from 2715 to 2653 on day 13 in the SG-DOM, but the molecular DOM composition had changed distinctly. We identified MF within the DOM pool of both groundwater types that (1) were significantly decreased (p < 0.05) in relative abundance or removed entirely at the end of the incubation (lost), (2) remained unchanged after the incubation (core), (3) significantly increased (p < 0.05) in relative abundance or were present in the end but not at the start of the incubation (gained). It is noteworthy that in the lost group we only consider the sink for the groundwater DOM while we do not have information on the fraction of DOM that is leached from the sediment and turned over during the incubation.

The core group made up 64% and 63% of the total number of detected MF in the FG- and SG-DOM, respectively, on day 13. It contained high proportions of highly unsaturated compounds (54% in the FG and 59% in the SG-DOM), unsaturated compounds (5% in the FG and 4% in the SG-DOM), and aromatic compounds (6% in the FG and 4% in the SG-DOM) compared to the lost and gained groups (Figures 5C, D). This core group of MFs in both groundwater types has molecular characteristics similar to published DOM compositions from the deep Atlantic and Pacific oceans (core group; Bercovici et al., 2023a) and the refractory marine DOM (cluster 3) in adjacent North Sea surface water (Merder et al., 2021). The island of stability is a group of MFs found across the deep Atlantic and deemed most stable due to the positive correlation with 14C age (Lechtenfeld et al., 2014). We found that 71 -75% of the MF present in this island stability were also present in FG- and SG-DOM, respectively, indicating that the core group mostly reflected the refractory DOM background. The core group also showed a huge overlap with MF found in deep Pacific DOM (52% - 60% of the core MF were also found in the NEqPIW reference). This implies that a substantial fraction of the STE-DOM resists rapid microbial degradation and persists over time scales of groundwater residence times. However, some of this recalcitrant DOM in the deep STE could be more susceptible to other degradation processes such as photodegradation, once it leaves the STE and enters the coastal ocean (McDonough et al., 2022).




Figure 5 | Van Krevelen plots for (A, B) the lost and (C, D) the core, and (E, F) gained groups in the fresh groundwater (FG, lefthand plots) and saline groundwater (SG, righthand plots). The purple color shows shared molecular formulae between FG and SG for each group. The black lines divide different DOM compound groups based on their H/C and O/C ratios (Merder et al., 2020).



The gained fraction accounted for 26% and 28% of the total number of detected MF in FG-DOM and SG-DOM at the end of the incubation, respectively. This group consisted of higher proportions of unsaturated compounds (9% in FG-DOM and 11% in SG-DOM) and negligible (<0.5%) proportions of aromatic compounds compared to the core and lost groups (Figures 5E, F). Moreover, it had higher MLBwL (Supplementary Table S2) than the core and lost groups, and also the bulk groundwater before incubation (day 0), implying that this gained fraction was more bioavailable (D’Andrilli et al., 2015). Assuming that these newly occurring MF are introduced from leaching of sedimentary material, it is reasonable to assume that the release of DOM from the sediments fuels microbial activity in the STE.

The MF lost during the incubation comprised 34% and 35% of the total number of detected MF in FG-DOM and SG-DOM, at the start of the incubation, respectively. This group had lower relative proportions of highly unsaturated (28% in FG-DOM and 30% in SG-DOM), aromatic (1.9% in FG-DOM and 1.7% in SG-DOM), and negligible (<0.5%) proportions of unsaturated compounds compared to the core group (Figures 5A, B). The mean mass and oxygen content of these lost MF were substantially higher compared to the core and gained groups (Supplementary Table S2). In general, the loss of compounds from groundwater containing mostly aged and reworked DOM suggests that there is continuous degradation of recalcitrant DOM in the deep STE. Such continuous degradation of a fraction of presumably refractory DOM has also been observed in the deep ocean (Bercovici et al., 2023a) and in crustal aquifers underlying the deep ocean (Shah Walter et al., 2018). The addition of more labile sediment-derived DOM could increase microbial activity, potentially leading to concurrent breakdown of more recalcitrant DOM in the groundwater (“priming effect”; Guenet et al., 2010). However, while in this study we focus on the microbial interactions with the DOM, microbial processing may not be the sole reason for the observed loss of DOM compounds within the comparably short timeframe of 13-days incubation. We cannot exclude that DOM was also removed through abiotic processes such as adsorption to mineral surfaces. Coagulation of DOM with iron oxides preferentially removes larger and oxygen-rich molecules (Riedel et al., 2012; Gomez-Saez et al., 2015; Linkhorst et al., 2017), which matches the molecular characteristics of the lost fraction. However, as both sediment and water used in our FTRs were fully oxidized, we assume that coagulation with newly formed metal oxides was negligible.

In general, we observed a similar change in the composition of FG- and SG-DOM after the incubation. This is also evident in the visual representation of van Krevelen diagrams of lost (Figures 5A, B), core (Figures 5C, D), and gained groups (Figures 5E, F) of both groundwater types. There was a similar distribution of DOM compounds with up to 74-75% shared MF in the core, and 42-45% shared MF in the lost group between the FG- and SG-DOM. It is remarkable that deep STE groundwaters originating from distinct sources and carrying different DOM share such similar DOM chemical composition after incubation. This similarity in the composition of lost and core groups between FG- and SG-DOM indicates that the microorganisms processed a similar fraction of DOM irrespective of its source. This also implies that despite the development of different microbial community composition in the sediments during the 13 days incubation, these communities tend to transform a similar fraction of the provided DOM independent of its source. There was also a 62-70% overlap of MF in the gained group between FG- and SG-DOM, which suggests a similar input source during the incubation. As this DOM fraction is not dependent on the initial groundwater DOM composition, it is likely introduced into the groundwater from sediment leaching.




3.5 Mobilizable DOM from sediments

We assume that the increased DOC concentrations and the gain of DOM compounds (gained group) in both groundwater types at the end of our incubation is due to sediment leaching. For the molecular distinction of DOM derived from pure sediment leaching in our incubation, we compared DOM molecular compositions in the leachates from our leaching experiment (ASW-leachates) to those of our FTR control setups (ASW-controls) of high salinity (SG-C) and low salinity (FG-C), as well as to the gained group of the groundwater incubations (FG and SG).

Approximately half (46-47%) of the MF detected in the FTR-controls were also present in the ASW-leachates, confirming that release from sediments is indeed a source of additional DOM in our incubations. However, a large fraction of the MF detected in the FTR controls (53% for FG-C and 54% for SG-C) was not found in the respective ASW leachates (Supplementary Figure S3). There was also a difference in the relative abundance of compound groups between the FTR controls and ASW leachates (Figure 6). The ASW leachates were enriched in unsaturated (58% for low salinity and 48% for high salinity) compounds compared to the FTR- controls. The MLBwL of ASW leachates (61% for low salinity and 51% for high salinity) was significantly higher than that of the FTR controls (28% for FG-C and 20% for SG-C). On the other hand, DOM in the FTR-controls consisted of higher relative proportions of aromatic compounds (7% for FG-C and 10% for SG-C) and up to two times higher proportions of highly unsaturated compounds (65% for FG-C and 70% for SG-C) compared to the ASW leachates. The difference in DOM composition of ASW leachates and FTR controls could be due to the different sediment-water contact times during the leaching experiment (1 hour) and the FTR incubations (13 days). Apparently, initial leaching mobilized potentially more labile DOM compared to the continuous leaching in the FTR-controls.




Figure 6 | Bar plots showing the relative abundance of chemical categories of the FTR-controls (FG-C and SG-C) and ASW-leachates of low salinity and high salinity. Categories are based on molecular formulae and were obtained with ICBM-OCEAN (Merder et al., 2020). The numbers above the bar plots represent the number of molecular formulae belonging to each group. Due to the difference in the quality of DOM analysis of FG-C and SG-C samples, for this comparison, we considered the same total number of molecular formulae (2000) for each. These 2000 molecular formulae were those with the highest peak intensity detected in each of the samples.



The accumulation of more aromatic compounds in the FTR-controls due to longer and continuous sediment leaching could potentially have diluted or overprinted the initially more labile DOM signature in the FTR-controls. However, as we observed microbial growth in the FTR controls, the DOM signature of the FTR-controls is likely a result of both leaching and continuous microbial reworking of more labile DOM into more recalcitrant DOM (Jiao et al., 2011; Dittmar et al., 2021). Previous studies also report the selective preservation of less labile molecules, such as aromatic DOM, and carboxyl-rich alicyclic acids (CRAM) during long-term incubation experiments (Lechtenfeld et al., 2015; Valle et al., 2018; Lian et al., 2021). We conclude that in the FTR-control setups, we have a combined signature of DOM leached from the sediments and of microbially transformed DOM. This conclusion is consistent with higher Ibio values in the FTR-controls compared to the ASW-leachates (Supplementary Figure S4), indicating a higher degree of recent microbial activity (Bercovici et al., 2023b). The occurrence of microbial growth in the control FTRs makes it challenging to disentangle the contribution of leached DOM to the overall change in DOM composition during the incubations. The gained MF of the groundwater incubations had a comparatively small overlap (16-17%) with the MF detected in the ASW-leachates, indicating efficient transformation of the sediment-derived MF by the prevailing microbes. Alternatively, as most (62-66%) of the MF detected in the sediment leachates were already present in the groundwater used for the incubations which might be expected as the groundwater continuously flushes STE sediments; they were not identified as gained.





4 Conclusion

Our study shows that the “aged” DOM from different groundwater sources in the deep STE of Spiekeroog high-energy beach still undergoes degradation, and that the microbial communities of the beach STE thrive on a similar fraction of DOM independent of its source. The potential contribution of DOM released from sediments, as an additional substrate for microbial communities, has not been assessed in previous studies. We show that beach sediments are significant sources of DOM to the STE microbial communities, and that the lability of sediment-derived DOM may largely depend on the extent of sediment leaching and/or microbial processing. The release of DOM from sediments likely affects the overall degradation of organic matter in the deep STE and stimulates growth of specific microorganisms. Therefore, it is important to constrain the quantity of sedimentary DOM release, to determine the origin and age of mobilizable DOM, and to elucidate the mechanisms governing its mobilization or retention over extended periods in the STE.
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