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Interstitial microbial communities 
of coastal sediments are 
dominated by Nanoarchaeota
Simone Brick , Jutta Niggemann , Anja Reckhardt , 
Martin Könneke  and Bert Engelen *

School of Mathematics and Science, Institute for Chemistry and Biology of the Marine Environment 
(ICBM), Carl von Ossietzky Universität Oldenburg, Oldenburg, Germany

Microbial communities in subsurface coastal sediments are highly diverse and play 
an important role in nutrient cycling. While the major fraction of microorganisms 
in sandy sediments lives as epipsammon (attached to sand grains), only a small 
fraction thrives in the interstitial porewaters. So far, little is known about the 
composition of these free-living microbial communities. In the subsurface of the 
sandy beach, investigated in this study, we compared the archaeal and bacterial 
community structures within sediments and corresponding porewaters applying 
16S rRNA gene sequencing. We found that the free-living prokaryotes only had 
a proportion of about 0.2–2.3% of the bulk communities, depending on the 
pore space. The interstitial microbial communities showed a small overlap with 
the attached fraction of 4–7% ASVs, and comprised a unique composition of 
75–81% ASVs found exclusively in the porewaters. They were more diverse than 
the respective sediment-attached fraction and showed a much higher archaea-to-
bacteria ratio. The archaea were mainly affiliated to Nanoarchaeota of the DPANN 
superphylum, with a relative abundance up to 50% of the interstitial communities. 
The bacterial fraction included several species related to the Candidate Phyla 
Radiation (CPR). Both prokaryotic lineages are known to have small cell sizes, 
comprising not-yet cultured species with unidentified metabolic functions. Our 
findings were supported by the investigation of an adjacent tidal flat, showing a 
similar trend. Thus, our results indicate the presence of distinct interstitial microbial 
communities in the subsurface of coastal sediments. This natural enrichment of 
not-yet cultured Nanoarchaeota and members of the CPR provides the opportunity 
for targeted metagenomic analyses or even isolating members of these groups 
for further metabolic characterization.
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Introduction

Coastal areas play an important role for global nutrient cycling and microorganisms are 
the main drivers of these biogeochemical processes (Moore, 2010; Beck et al., 2017; Degenhardt 
et al., 2020; Ruiz-González et al., 2022). Worldwide, about one third of ice-free coasts are 
classified as sandy beaches (Luijendijk et al., 2018). These are permeable systems that enable 
advective porewater flow which enhances the flux of dissolved constituents and their turnover 
by microorganisms. The continuously introduced flux of freshly produced organic matter and 
electron acceptors like oxygen by seawater is orders of magnitude higher than in diffusive 
systems (Holtappels et al., 2016). Mineralization of the organic matter results in an enrichment 
of nutrients in the porewaters (Reckhardt et al., 2015). However, many coastal areas are 
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additionally impacted by terrestrial groundwater flow (Simmons, 
1992; Robinson et al., 2007a; Moore, 2010), which is low in oxygen 
and transports aged organic matter, nitrogen, phosphorus and silicate 
into marine sediments (Waska et al., 2021; Burnett et al., 2003; Cho 
et al., 2018). Generally, the terrigenous organic matter exhibits low 
bioavailability, whereas organic matter in the seawater endmember is 
primarily produced by phytoplankton and appears to be more labile 
(Waska et al., 2021). In these coastal aquifers, seawater and terrestrial 
groundwater mix in a so-called subterranean estuary (STE) 
concomitant with chemical transformations before it discharges into 
the sea as submarine groundwater discharge (SGD) (Moore, 2010; 
Huettel et al., 1998). While these flow patterns are quite stable over 
time in low-energy systems, steadily changing boundary conditions 
influence the flow path of the porewater at high-energy beaches. Thus, 
tidal cycles, waves or changing beach morphology lead to a highly 
dynamic distribution of fresh and saline groundwater (Greskowiak 
and Massmann, 2021; Greskowiak et al., 2023).

So far, few studies have examined microbial communities in 
aquifers of sandy beaches (Archana et al., 2021). For instance, Hong 
et al. (2019) analyzed bulk sediment communities of the upper meter 
of a STE located at Gloucester Beach in Virginia, United States. The 
sediment communities had proportions of up to 25% archaea, which 
were mostly related to Panarchaeota and Crenarchaeota. In general, 
the microbial abundance is depending on the surface area that is 
available for colonization and the composition as well as the exposure 
to circulating porewater (Ahmerkamp et al., 2020). An analysis of 
microbial communities attached to single sand grains showed, that 
they were highly diverse, but shared a core community that covered 
more than 50% of OTUs from the bulk sediments (Probandt et al., 
2017). The diversity was conditioned by micro niches within the 
sediment, caused by the shapes of the sand grains and porewater flux. 

The flow path followed a hydraulic gradient, that was influenced by 
flow- and topography-induced pressure gradients, tidal cycles, waves 
and sediment compaction (Santos et al., 2012).

Previous investigations on our study site, the high-energy beach 
of the German Island Spiekeroog (Figure 1), showed that the core 
community composition of the sediment-attached fraction of the 
upper meter consisted of generalists which did not change significantly 
by season and depth (Degenhardt et al., 2020). However, different 
areas of Spiekeroog beach still showed a number of site-specific 
organisms, exhibiting highest variations at the high-water line. 
Accordingly, the prokaryotic communities at sites affected by SGD 
showed a higher evenness than the communities in other areas of the 
beach (Degenhardt et al., 2021). A site-specific microbial community 
composition was also found within STEs from two other high-energy 
beaches located in Baiona Bay in Spain, when exclusively comparing 
porewaters using 16S rRNA analyses (Calvo-Martin et  al., 2022). 
Those communities were composed of highly abundant cosmopolitans 
and locally limited rare taxa. The main environmental factors that 
impacted the microbial community compositions were oxygen and 
dissolved organic matter. Overall, interstitial porewaters might show 
a high spatial heterogeneity concerning biomass, activity and diversity 
of microbial communities, which was for example shown in a study 
by Ruiz-González et al. (2022) who examined a Mediterranean STE.

All aforementioned studies lack a direct comparison of sediment-
attached (epipsammon) and interstitial microbial communities, which 
is a general knowledge gap for coastal aquifers, as emphasized in a 
review article by Ruiz-González et al. (2021). While the majority of 
microorganisms in these aquifers are living as epipsammon (Rusch 
et al., 2001), interstitial bacteria and archaea comprise only a very 
small fraction of the entire community and have often been 
overlooked in the past. A recent study by Moncada et  al. (2024) 

FIGURE 1

Sampling sites at the north beach of the German barrier island Spiekeroog and the Janssand tidal-flat (modified after Reckhardt et al., 2015). Based on 
the tidal range of 2.7 m and mean significant wave heights of 1.4 m, the north beach of Spiekeroog is classified as a high-energy beach. The light gray 
area on the right map represents the tidal-flats which fall dry at low-tide. The dotted line indicates the location of the freshwater lens (FWL). On both 
sites, sediments and corresponding porewaters were collected from the surface, 0.1, 0.3, 0.5 and 1 meter below ground surface (mbgs). Additionally, 
deep porewater and sediment samples were recovered from 6, 12, 18 and 24 mbgs at Spiekeroog beach.
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analyzed sandy seafloor sediments and differentiated between 
porewater associated, loosely attached and firmly attached 
microorganisms. They found dissimilar bacterial communities in the 
different fractions with the majority of the cells being firmly attached 
to the sediment. Due to the different metabolic activities of the three 
fractions, the authors suggest that they occupy distinct niches within 
the surface sediment. In freshwater aquifers, several studies found 
high percentages of ultra-small bacteria and archaea such as 
Nanoarchaeota and members of the Candidate Phyla Radiation (CPR 
or Patescibacteria) (He et al., 2021; Castelle et al., 2018; Anantharaman 
et al., 2016; Chaudhari et al., 2021; Luef et al., 2015). Small cell sizes 
can be an advantage in oligotrophic environments, as the surface-to-
volume ratio is higher and can increase the efficiency of nutrient 
uptake. However, many ultra-small microorganisms have small 
genomes that lack genes for essential metabolic pathways (Ghuneim 
et al., 2018). Thus, they often live as symbionts with other bacteria or 
archaea, which was also reported for several members of the CPR and 
the DPANN superphylum, an acronym of the names of the initially 
assigned phyla (Ca. Diapherotrites, Ca. Parvarchaeota, Ca. 
Aenigmarchaeota, Nanoarchaeota and Ca. Nanohaloarchaeota) (Huber 
et al., 2002; Huber et al., 2003; Castelle et al., 2015; Nelson and Stegen, 
2015; Castelle et al., 2018; Chiriac et al., 2022; Rinke et al., 2013). 
Bacteria and archaea of both radiations are distributed worldwide and 
may comprise approximately half of the overall microbial diversity 
(Castelle et al., 2018). Yet, the majority of members of these phyla are 
so far uncultured and their role in the environment remains unclear.

In our study, we separately analyzed the epipsammon and the 
interstitial microbial community compositions within the STE of the 
northern beach of Spiekeroog. This beach has high-energy conditions 
with semi-diurnal tides with a range of 2.7 m and mean significant 
wave heights of 1.4 m (Greskowiak and Massmann, 2021). In the 
subsurface of the island, a freshwater lens has formed which is 
recharged by infiltrating precipitation (Röper et  al., 2012). In the 
beach area, groundwater from the lens discharges and mixes with 
recirculating seawater in the STE (Moore, 1999; Greskowiak et al., 
2023). Due to tide and wave driven water fluxes in the STE, an upper 
saline plume with fast circulating seawater forms in the intertidal 
zone. This hydraulic feature is accompanied by a surficial mixing zone, 
a saltwater wedge and a freshwater discharge tube near the low-water 
line (Robinson et  al., 2007b). The dynamic biogeochemistry with 
varying salt concentrations, nutrient availability and organic matter 
compositions makes this aquifer a specific habitat for microorganisms 
(Calvo-Martin et  al., 2022). Several studies have previously been 
conducted at this site, but the interstitial microbial communities have 
not been analyzed so far. Furthermore, little is known about 
prokaryotes that thrive in deeper parts of the STE. Thus, a STE 
observatory was established on Spiekeroog beach in the frame of the 
interdisciplinary research unit “Dynamic deep subsurface of high-
energy beaches” (DynaDeep) (Massmann et  al., 2023). The 
observatory includes three multilevel groundwater wells at the dune 
base (ML1), close to the high-waterline (ML2) and the low-water line 
(ML3). In the course of constructing these wells, sediment cores from 
the dune base and the high-water line were recovered and analyzed to 
explore the composition of the epipsammon and the interstitial 
communities. We first examined a set of sediment and porewater 
samples from the upper meter of Spiekeroog beach and compared it 
to another set of samples from the beach subsurface at depths of 6, 12, 
18 and 24 meters below ground surface (mbgs). Our hypotheses were 

(i) that the porewater community comprises a fraction of the 
sediment-attached community, e.g., by washing off loosely attached 
microorganisms and (ii) that the porewaters harbor specific interstitial 
microbial communities, independent from the epipsammon. As a 
further comparison, we took samples from Janssand (Figure 1), a sand 
flat in the back barrier area south of Spiekeroog Island (Beck et al., 
2009). In the tidal flat, the microbial activity is higher compared to the 
beach due to enhanced primary production in the water column and 
high sedimentation rates. The tidal-flat sediments are only influenced 
by advective flow of marine porewaters and not by terrestrial 
groundwater (Reckhardt et al., 2015). In this study, the prokaryotic 
compositions of samples from Spiekeroog beach and site Janssand 
were analyzed applying Illumina 16S rRNA gene sequencing to 
identify common features of both, the epipsammon and 
interstitial fractions.

Methods

Sampling sites: Spiekeroog beach and 
Janssand tidal-flat

Spiekeroog is one of the east Frisian barrier islands off the North-
west German coastline in the Wadden Sea (Figure  1). The island 
extends about 10 km west–east and 2 km north–south with the 
northern beach facing the open sea. The morphology of the intertidal 
zone of Spiekeroog beach is characterized by a ridge and runnel 
system parallel to the shoreline, which is dynamic in space and time 
(Anthony et al., 2005; Waska et al., 2019). Freshwater exfiltrates in the 
runnel and near the low water line (Waska et al., 2019; Grünenbaum 
et al., 2020). For our study, porewater and sediment samples of the 
upper meter (in the following referred to as shallow samples) were 
collected from the runnel in June 2021. The sediment was completely 
water-saturated during all tidal cycles. Sediment and porewater from 
deeper layers of the beach were sampled in the following year close to 
the high-water line about 60 m apart from the shallow sampling site. 
Another set of samples was collected on Janssand tidal-flat, which is 
part of the backbarrier tidal-flat area of Spiekeroog. While this 
sandbank is covered with up to two meters of water during high tide, 
it is exposed to air for about 6 h during low tide (Beck et al., 2009). The 
samples were taken during low tide at the slope towards the tidal 
channel at the eastern tidal-flat margin, which was intensively studied 
biogeochemically over the past two decades (Seidel et  al., 2012; 
Zielinski et al., 2022; Beck et al., 2009). The upper meter of this tidal 
flat is dominated by fine sand and is only influenced by seawater 
infiltration and advective porewater flow, but not by fresh groundwater 
flow from the hinterland (Reckhardt et al., 2015).

Recovery of sediments and porewaters and 
sample preparation

Three sediment cores were taken from the upper meter of the 
runnel on Spiekeroog beach in June 2021 as replicates. The cores, that 
had a diameter of 8 cm and a length of 1.50 m, were drilled at a 
distance of approximately 40 cm from each other in aluminum tubes 
using a jackhammer. One additional 1.5 m long sediment core was 
recovered in October 2022 from Janssand tidal-flat using a vibrocorer. 
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To obtain undisturbed surface samples, 50 cm cores were taken 
manually. In the laboratory, the cores were cut across for sampling at 
0.1, 0.3, 0.5 and 1 m. Deep subsurface sediments from Spiekeroog 
beach were sampled in the course of installing the groundwater well 
ML2 for the DynaDeep project (Massmann et  al., 2023). One 
continuous 24 m long core was taken by dry drilling according to DIN 
EN ISO 22475-1 close to the high-water line. The core was obtained 
in sections of 1 m length in PVC liners which had a diameter of 10 cm. 
In the laboratory, the liners of all core sections were cut crosswise at a 
length of 50 cm using a tube-cutter. To prevent contamination, the 
cores were broken up without using a cutting device to obtain 
undisturbed sediment surfaces. Sediment samples were taken from 
the most pristine center of the whole-round cores (Lever et al., 2006). 
In our study, four depths were analyzed to which we refer as 6, 12, 18 
and 24 meters below ground surface (mbgs). From the respective 
depths of all cores, 5 mL sediment were sampled in sterile cut-off 
syringes in 3 replicates and stored for DNA-extraction at −20°C. For 
total cell counts, 0.5 mL of the sediment were transferred to a 2 mL 
reaction tube, mixed with 1 mL 3% glutardialdehyde (GDA) and 
incubated for 30 min at 4°C. To wash off the GDA, the samples were 
centrifuged for 5 min at 13000 rpm, the supernatant was removed and 
1 mL Tris-acetate-EDTA (TAE) buffer was added to the sediment 
pellet. This step was repeated twice, except that the last washing step 
was conducted using a TAE-ethanol mix (1:1) to avoid the formation 
of ice crystals during storage at −20°C.

Porewater of the shallow beach and the tidal flat was collected 
from the corresponding depths using stainless steel push-point 
samplers (outer diameter 5 mm, inner diameter 3 mm) that were 
connected to gas washing bottles with a teflon tube and subsequently 
refilled to high-density polyethylene bottles. For measurements of 
nutrients and dissolved organic carbon (DOC) from the porewater 
of the shallow Spiekeroog samples, porewater was collected with 
polyethylene syringes directly from the push-point sampler. Samples 
for salinity measurements were measured using a Multi 3,630 IDS 
with a TetraCon 925 conductivity probe (WTW, Munich, Germany). 
No chemical analyses were done on the Janssand tidal-flat samples. 
Porewaters from the deeper layers of the high-water line were 
sampled from the multilevel-well ML2, using a submersible pump 
(“Gigant,” Eijkelkamp, Giesbeek, Netherlands). The groundwater 
well was screened in depth of 5–6 mbgs, 11–12 mbgs, 17–18 mbgs 
and 23–24 mbgs with slots that had a size of 0.3 mm to filter out 
sediment particles (Massmann et  al., 2023), thus covering the 
corresponding depths to the sediment. As for the sediment, we refer 
to the samples as 6, 12, 18 and 24 mbgs. Sampling took place in 
December 2022, as this was the earliest time point providing stable 
conditions for microbiological analyses after setting up and 
equilibration of the wells. Prior to sampling, the double well volume 
was pumped out and discarded to obtain pristine porewaters. 
Subsequently the oxygen saturation and salinity were measured 
using the Multi 3,630 IDS with a TetraCon 925 conductivity probe 
and a FDO 925 O2 probe (WTW, Munich, Germany). The probes 
were placed in a flow through cell, that was directly attached to the 
tubing of the pump.

In the laboratory, 9.6 mL water was amended with 400 μL GDA 
(25%) in triplicates, incubated for 30 min at 4°C and subsequently 
frozen at −20°C for cell counting. For nutrient measurements, 1.5 mL 
sample were mixed with 4.5 μL HgCl2. 10 μL distilled HNO3 were 
added to 1 mL of the samples for manganese and iron measurements. 

For DOC and total dissolved nitrogen (TDN) measurements, 15 mL 
sample were filtered through pre-combusted glass microfibers (GMF, 
2 μm, Whatman, Little Chalfont, United Kingdom) and glass fiber 
filters (GF/F, 0.7 μm, Whatman, Little Chalfont, United Kingdom) 
into HDPE bottles and immediately acidified with HCL to pH 2. 
250 mL of porewater was sequentially filtered with 3 μm and 0.1 μm 
pore size polycarbonate filters (Ø 47 mm, Whatman, Little Chalfont, 
United Kingdom). The 0.1 μm filters were kept for DNA-extraction. 
Concentrations of nitrate, nitrite, ammonium, phosphate, iron and 
manganese were determined as described in Reckhardt et al. (2024). 
DOC and TDN were analyzed using high-temperature catalytic 
oxidation (Shimadzu TOC-VCPH, Duisburg, Germany).

Total cell counts

For total cell counts of the sediment community, cells were detached by 
incubating 0.5 cm3 of sediment for 15 min in 990 μL phosphate buffered 
saline (PBS buffer, pH 7.4) (Sambrook, 1989) and 10 μL of 0.001 M 
pyrophosphate. Subsequently, samples were sonicated two times for 3 min 
with cooling in between for 1 min. The supernatant was transferred to a 
sterile reaction tube and the remaining sediment pellet was homogenised 
with 1 mL of PBS buffer by shaking. The supernatant was combined with 
the first one. This step was repeated five times (Lunau et al., 2005). 
Depending on cell density, aliquots of the supernatant were diluted 1:10, 
1:20 or 1:50 with PBS buffer and filtered on black polycarbonate-filters (Ø 
25 mm, pore size 0.2 μm, Whatman, Little Chalfont, United Kingdom), 
which were then transferred to microscope slides. For counting porewater 
samples, 5 mL porewater/GDA mix were directly filtered without 
pre-treatment. The cells on the filters were stained using 10 < μl 
SybrGreen-mix (5 μL SybrGreen, 5 μL ascorbic acid (1 M), 200 μL Moviol). 
For each sample, a minimum of 300 cells (10–20 fields of view) were 
counted using epifluorescence microscopy (Leitz DM R, Leica, Wetzlar, 
Germany).

Determination of porosity and density

Porosity and density of the sediment samples were determined 
using 10 g sediment of the respective depths. The sediment was 
weighed into pre-weighed glass cylinders and filled up to 14 mL with 
distilled water. After weighing again, the volume of sediment was 
calculated by subtracting the volume of the water from the total 
volume, assuming a density of the water of 1 g/cm3. Density was 
calculated using the following formula:

 3
sediment

sediment

m g
V cm

ρ  =   

For calculation of the porosity, the wet sediment was transferred 
to pre-weighed glass petri dishes, making sure to transfer the whole 
sediment. After complete drying at 80°C, the sediment was 
re-weighed, and the porosity was calculated as follows:

 

3
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DNA-extraction, amplification of 16S rRNA 
genes, and sequencing

DNA was extracted with phenol-chloroform after a modified 
protocol of Lueders et al. (2004) and Gabor et al. (2003) using 0.5 g of 
each sediment sample, or a half of the 0.1 μm filters containing the 
interstitial communities, respectively. As a blank, 250 mL ultrapure 
water was filtered and the filter was processed corresponding to the 
samples. Samples were vortexed in 750 μL PTN buffer and incubated 
for 15 min with 200 μg lysozyme and 150 μg proteinase K at 
37°C. After addition of 100 μL sodium dodecyl sulfate (SDS, 20%), 
samples were incubated at 65°C, while shaking at 500 rpm. 
Subsequently, 100 μL phenol-chloroform-isoamylalcohol (25:24:1) 
were added followed by bead beating for 45 s and spinning down at 
7500 rpm for 5 min. The supernatant was transferred to a sterile 2 mL 
vial. The remaining sediment or filter was again vortexed with 150 μL 
PTN buffer, and after bead beating (20 s) and centrifuging (5 min at 
7500 rpm) the supernatant was pooled with the previously obtained 
supernatant and extracted with the equal volume of phenol-
chloroform-isoamylalcohol. After manual shaking, the samples were 
centrifuged 4 min at 14000 rpm and the aqueous phase was extracted 
with the equal volume of chloroform-isoamylalcohol (24:1). This 
mixture was spun down for 4 min at 14000 rpm and the upper phase 
was mixed with the double volume of polyethylene glycol (PEG). 
Samples were incubated over night before the DNA was spun down 
at 14000 rpm for 30 min. The PEG was decanted and the DNA-pellet 
was washed with ice-cold ethanol (70%). After centrifuging for 5 min 
at 14000 rpm, the ethanol was discarded and the DNA was dried at 
room temperature. Finally, the DNA was dissolved in 30 μL 
PCR-grade water. To amplify the 16S rRNA gene, primers for 
sequencing the V4 and V5 region were used according to forward 
515F-Y (5′-GTG YCA GCM GCC GCG GTA A-3′); reverse 926R 
(5’-CCG YCA ATT YMT TTR AGT TT-3′) (Parada et al., 2016). This 
primer set has a similar coverage across bacteria (84.5%) and archaea 
(81.0%). The sequencing reaction was initiated with 2 μL of 1:10 
diluted target DNA or 2 μL PCR-grade water as a negative control, 
mixed with 5 μL Phusion-HF-buffer (5x), 2 μL dNTPs (2.5 mM), 
0.75 μL of each primer (10 μM), 0.5 μL MgCl2 (50 mM), 0.25 μL 
Phusion-taq polymerase (2 U/μl) and 13.75 μL PCR-water. 
Amplification was performed on a Mastercycler nexus X2 (Eppendorf, 
Wesseling-Berzdorf, Germany) including the following steps: 
activation at 98°C for 3 min, 25 cycles comprising denaturation at 
98°C for 45 s, annealing at 50°C for 45 s and elongation at 72°C for 
90 s. The final elongation step was performed at 72°C for 5 min. 
Magnetic beads were used to purify the 16S amplicons following a 
protocol by Illumina (2013). Subsequently, an Index-PCR was 
performed using Illumina barcodes “IDT-Illmn DNA–RNA UD 
Indexes Tagmentation.” For this PCR, 20 μL PCR-grade water were 
mixed with 10 μL Phusion-HF-buffer, 0.5 μL MgCl2 (50 mM), 4 μL 
dNTPs (2.5 mM), 0.5 μL Phusion-taq polymerase (2 U/μl), 10 μL of 
the Indices and 5 μL DNA-template. The PCR was performed on a 
Mastercycler nexus X2 (Eppendorf, Wesseling-Berzdorf, Germany) 
using the following program: Activation at 95°C for 3 min, 8 cycles 
comprising denaturation at 95°C, annealing at 55°C and elongation 
at 72°C for 30 s each. The final elongation step was performed at 72°C 
for 5 min. Subsequently, a second clean-up step with magnetic beads 
followed (Illumina, 2013). Sequencing was performed with the 
Illumina NextSeq 1,000 sequencer (Illumina, Berlin, Germany).

Bioinformatics and statistical analyses

The generated 16S rRNA data were processed using DADA2 
(Callahan et al., 2016) according to Tebbe et al. (2022), cutting the 
forward and the reverse sequence at 240 bp and 200 bp, respectively. 
For taxonomic classification, the database SILVA138 was used. 
Sequences that were related to mitochondria and chloroplasts were 
omitted in the subsequent analyses. Datasets of the respective layers 
from triplicate cores from Spiekeroog beach were pooled to equalize 
individual variations. The sequences were deposited at the European 
Nucleotide Archive under the accession number PRJEB82696. For 
further analyses, read abundances were converted to relative 
abundances. All statistical analyses were performed in R v. 2022.07.0 
(RStudio-Team, 2022). Shannon diversity, richness and evenness were 
calculated based on ASVs using the “vegan” package. Non-metric 
multidimensional scaling (NMDS) (k = 3, 999 permutations) was 
used to visualize Bray-Curtis distances of the microbial abundances 
in the sediment and porewater samples of the respective sites. The 
analysis of similarity (ANOSIM) with 999 permutations was 
performed to assess statistical significance regarding the dissimilarity 
of these samples. Venn diagrams were created using the R package 
“venn.” To display taxonomic variations and to identify indicator 
species of the investigated communities, the analysis was performed 
using sequencing results based on the highest obtainable taxonomic 
level. Indicator species were identified using multi-level pattern 
analysis within the R package “indicspecies” and visualized using 
“reshape2.”

Results

Porewater chemistry and total cell counts

Overall, the investigated sites showed varying chemical 
compositions and sediment features (Supplementary Figure S1; 
Supplementary Table S1). While the porosity of the shallow 
Spiekeroog beach sediments from the runnel shifted between 11 
and 39% in the upper meter, it decreased from 24% at 6 mbgs to 
18% at 24 mbgs along the depth profile of the deep Spiekeroog 
samples collected close to the high-water line. At the Janssand tidal-
flat, porosity was in the range of 30 to 36%, showing highest 
porosity of 53% in the more muddy sediment layer at 1 mbgs. DOC 
concentrations were almost twice as high in the shallow beach 
samples as in the deep porewater and highest at the beach surface 
(160 μM). Unfortunately, no detailed chemical data for the Janssand 
samples were recorded in the current study, but are available from 
previous investigations (Seidel et al., 2014; Reckhardt et al., 2015; 
Beck et al., 2008). Published DOC concentrations were about ten 
times higher compared to the beach samples. Salinity was around 
31 in the shallow Spiekeroog beach samples and decreased from 29 
to 18 in the deep aquifer from 6 to 24 mbgs. At Janssand salinity was 
at seawater concentration and oxygen was depleted at 0.1 mbgs and 
below. While no oxygen data are available for the shallow 
Spiekeroog beach samples the presence of dissolved Fe2+ (89 μM in 
1 mbgs) and Mn2+ (1.9–4.2 μM) indicate anoxic conditions in the 
runnel at 0.1 mbgs and below. The depth profile of the deep 
Spiekeroog samples collected close to the high-water line showed 
oxic conditions in 6 mbgs (saturation of 76%) and beginning NO3 
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and Mn-reducing conditions at 12 mbgs. This is in accordance to 
the concentration of dissolved iron which was <1 μM at 6 and 12 
mbgs, and further increased at in deeper layers (16–17 μM). 
Manganese concentrations were also higher at 18 mbgs and 24 
mbgs than above (0.5 μM).

Cell counting showed that the interstitial communities comprised 
only a very small fraction of the bulk community (Tab. S2). In the 
upper meter of Spiekeroog beach, cell numbers were in the range of 
107 cells · cm−3 bulk sediment (added epipsammon and interstitial 
communities). Taking the porosity into account, the interstitial 
communities exhibited cell numbers in the range of 105 cells · cm−3 
bulk sediment, only. In the deep Spiekeroog samples, about 106 cells · 
cm−3 bulk sediment were counted with 103–105 cells deriving from 
interstitial microorganisms. The epipsammon of the upper meter of 
the Janssand tidal flat had considerably higher cell numbers that were 
in the magnitude of 108–109 cells · cm−3 bulk sediment.

Shallow Spiekeroog beach samples and 
tidal-flat communities are dominated by 
similar phyla

Sequencing of all investigated samples resulted in 3,758,627 16S 
rRNA gene sequences with an average of 134,242 reads per sample 
after quality control, comprising a diversity of 49,691 amplicon 
sequence variants (ASVs) assigned to 81 phyla and candidate 
divisions. The analysis of the 16S rRNA genes of all shallow samples 
showed significant differences in the archaea-to-bacteria ratios 
between the sediment and porewater communities (Figure 2). While 
the sediment-attached archaea in the shallow samples of Spiekeroog 
beach had proportions of 2.5–9.5% of the whole community and 
2.0–6.5% at Janssand tidal-flat, their relative abundance was up to 50% 
in the Spiekeroog porewaters and even 64% at a depth of 0.3 mbgs and 
in deeper layers of Janssand tidal-flat. In the data sets of both sites, the 

FIGURE 2

Microbial community composition of the shallow and deep samples from Spiekeroog beach and Janssand tidal flat. The colors represent different 
prokaryotic phyla in the respective samples. Each bar shows the community composition of one sample depth. The barplots show the 20 most 
abundant phyla over all samples. All further phyla are summed up as “Others.” The green-blue barplots show the ratio of archaea and bacteria 
(blue = archaea, green = bacteria).
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proportion of archaea was lowest in the surface samples, but still had 
proportions of 33% at Spiekeroog beach and 25% at Janssand tidal-flat, 
respectively.

An analysis of the 16S rRNA genes on the highest available 
taxonomic level revealed that the epipsammon community structure 
generally appeared to be quite uniform (Supplementary Figures S4A–C), 
while the interstitial communities showed more distinct compositions. 
The archaeal fraction of the sediment-attached community from 
Spiekeroog beach mainly consisted of Crenarchaeota, while the 
interstitial community was dominated by Nanoarchaeota of the order 
Woesearchaeales with percentages of 30–47% of the entire microbial 
community (Figure 2). Furthermore, the interstitial communities had 
a proportion of about 10% of bacteria affiliated to the CPR, namely 
Patescibacteria, which showed a minor relative abundance in the 
Janssand tidal-flat samples (up to 4% rel. abund.). The most abundant 
bacterial phyla of the epipsammon from both sites were Bacteroidota, 
Planctomycetota Desulfobacterota and Pseudomonadota. The latter and 
the Verrucomicrobiota were also most prevalent constituents of the 
bacterial porewater communities from Spiekeroog beach. Bacteroidota 
were abundant taxa in the surface layer (10.5% rel. abund.) and at a 
depth of 0.1 mbgs (6% rel. abund.), but had percentages of less than 
0.5% in deeper porewater samples, only. At Janssand tidal-flat, 
Verrucomicrobiota were also present in all porewater samples with the 
highest relative abundance at 1 mbgs (22% rel. abund.). Here, besides 
the high proportion of Nanoarchaeota, the porewater communities 
were dominated by Pseudomonadota in the surface layer and at 
0.1 mbgs.

Overall, the microbial communities from the shallow porewaters 
of Spiekeroog beach exhibited a higher Shannon diversity and species 
richness (H´ = 6.01–7.23, R = 753–3,202) compared to the sediment 
communities (H´ = 5.47–6.36, R = 417–1,079) of the respective depths 
(Supplementary Figure S2). In contrast, samples from Janssand tidal-
flat showed the opposite trend (sediment: H´ = 7.63–7.77, R = 8,722–
10,340; porewater: H´ = 4.59–6.47, R = 694–1814). Except for the 
1 meter sample from Spiekeroog beach, the evenness was slightly 
higher in the sediment samples (E = 0.90–0.91) than in the porewaters 
(E = 0.87–0.91). This was also true for the Janssand tidal-flat 
communities from the upper 10 cm and at 1 m depth. However, in all 
other samples from Janssand, the porewater communities exhibited a 
higher evenness of E = 0.70–0.90 than the sediment communities 
(E = 0.82–0.84).

Communities from deep beach samples 
are dominated by Chloroflexota and 
Nanoarchaeota

In the epipsammon of the deep Spiekeroog samples, the archaea-
to-bacteria ratios were 17–26%, which is much higher than for the 
shallow samples (2.5–9.5%) (Figure  2). While most archaea were 
related to the Crenarchaeota, Thermoplasmatota were additionally 
present in the samples below 6 mbgs. In the porewater communities, 
archaea had relative abundances of up to 57%, mainly affiliated to 
Nanoarchaeota. The most prevalent bacterial phyla in the porewaters 
were Pseudomonadota, Verrucomicrobiota and Patescibacteria, which 
corresponded to the shallow porewater community. The sediment-
attached community in the deep samples differed significantly from 
those of the shallow sediment layers. Here, the community showed an 

increasingly high proportion of Chloroflexota (10% at 6 mbgs to 50% 
at 24 mbgs). Still, the community composition from 6 mbgs was 
different from the deeper samples, which was probably caused by 
changing redox conditions below 6 mbgs (Supplementary Figure S1). 
Like in the shallow samples, the Shannon diversity and species 
richness were higher in the porewater communities (H´ = 6.70–7.42, 
R = 2046–4,920) than in the sediments (H´ = 4.84–6.49, 
R = 179–1,156). The evenness of the sediment communities was 
highly similar over all depths of the deep Spiekeroog samples 
(E = 0.88–0.94) and the porewater communities had a slightly lower 
evenness (E = 0.80–0.93) (Supplementary Figure S2).

Site specific community compositions on 
higher taxonomic level

Non-metric multidimensional scaling (NMDS) revealed significant 
differences between the interstitial and epipsammon communities 
(p = 0.001) (Figure 3). Comparing the number of ASVs of the interstitial 
communities and the epipsammon for the Spiekeroog beach samples 
and Janssand tidal-flat separately, only 4–7% were shared between both 
sample types (Figure 4). While the majority of individual ASVs was very 
high in the porewater of Spiekeroog beach (75% in shallow and 81% in 
deep samples), the Janssand epipsammon comprised 85% ASVs, that 
were not detected in the porewaters of the tidal-flat. Although the 
interstitial communities were mostly dominated by the same phyla, the 
overall community structures were significantly different between the 
sites (p = 0.001). The same was true for all sediment samples. Here, the 
shallow samples from Spiekeroog beach and Janssand tidal-flat formed 
separate clusters with low internal variabilities. The sediment 
communities of the individual depths of the deep Spiekeroog samples, 
in turn, exhibit a much higher internal variability. The porewater 
communities showed a similar pattern, but in both shallow Spiekeroog 
and Janssand samples the communities from 0.5–1 mbgs differed 
slightly from the layers above (0–0.3 mbgs). These differences between 
the communities of individual depths were also significant (p = 0.004). 
While the sediment communities of all samples comprised 30,831 

FIGURE 3

Non-metric multidimensional scaling (NMDS) of porewater and 
sediment communities of Spiekeroog beach and Janssand tidal flat. 
The numbers in the plot display the sample depth in meter below 
ground surface (mbgs). The analysis of similarity (ANOSIM) showed 
significant differences between the sites (p = 0.001), attached and 
free-living communities (p = 0.001) and depths (p = 0.004).
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different ASVs, 21,394 ASVs were identified in all porewater samples. 
Based on the number of sediment-derived ASVs, 86% were exclusively 
found in the Janssand tidal-flat and 0.1% formed the core community 
of all sediment samples. The porewater communities of both sites 
shared 0.1% ASVs, while the deep Spiekeroog beach comprised 57% of 
all ASVs, that were exclusively found in these layers (Figure 4). An 
indicator species analysis confirmed a strong association of 
Nanoarchaeota and members of the Patescibacteria to the porewater 
communities. This analysis showed, that 65 taxa were strongly 
associated to the shallow Spiekeroog porewater with significant p-values 
(<0.05) (Supplementary Figure S3). Among those were two members 
of the Nanoarchaeota, which had high indicator values (> 0.99) and a 
high abundance in the porewater as well as 28 bacteria related to the 
Patescibacteria, and Lineage IV of the Elusimicrobiota. Those bacteria 
and archaea are characterized by very small cell sizes. In the 
communities of the deep Spiekeroog samples, two Nanoarchaeota were 
among the highly associated indicator species and 24 members of 
the Patescibacteria.

Discussion

We found specific interstitial communities that only shared a 
minor fraction with the corresponding epipsammon. They comprised 

a unique composition of ASVs related to ultra-small bacteria and 
archaea, which were detected exclusively in the porewaters. The 
majority of these microorganisms is so far uncultured and their role 
in the environment remains to be identified.

Composition of the epipsammon is 
impacted by changing redox conditions 
with depth

The sediment-attached communities thriving in shallow and 
deep sediment layers of Spiekeroog beach exhibit distinct community 
structures. The epipsammon of the upper meter harbors a variety of 
bacteria related to Pseudomonadota, Planctomycetota and 
Bacteroidota, which comprised major fractions of the investigated 
communities. This corresponds to our previous findings on the upper 
meter of Spiekeroog beach where we analyzed bulk sediments at 
different seasons (Degenhardt et al., 2020). This was initially not 
expected, as the beach morphology was highly dynamic over the 
course of several years, characterized by dramatic reworking of the 
sediments and even changing the beach elevation in decimeter to 
meter ranges. Material from the sublittoral is regularly deposited in 
the intertidal zone or is washed off by waves and tides at this high-
energy beach. The presence of the observed core community of 

FIGURE 4

Venn diagrams showing the percentage of shared ASVs in the samples of the shallow and deep beach communities and the tidal-flat community of 
the epipsammon (beige) and the interstitial porewaters (blue). The three Venn diagrams in the center show the percentage of ASVs that were detected 
in the porewater or sediment on the respective site.
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generalists can be interpreted as an adaptation to this ever-changing 
environmental conditions and the steady alteration of the surface 
layer. However, the epipsammon of the deeper beach layers is not that 
exposed to beach-morphology changes, but to changing redox 
conditions and dynamics in the STE. This is indicated by differences 
in the community composition of the epipsammon between 6 mbgs 
and the deeper layers where oxygen was already depleted. The deep 
sediments of Spiekeroog beach are clearly dominated by members of 
the Chloroflexota. These bacteria are often found in the deep 
subsurface in high abundances and are thus characteristic for this 
habitat (Wilms et al., 2006a,b; Inagaki et al., 2006; Hug et al., 2013). 
Even though this bacterial lineage also comprises many not-yet 
cultured organisms which could not be physiologically characterized, 
there is limited information available to infer their metabolic niche 
space. Members of the Chloroflexota are found in anoxic 
environments where they can ferment sugars and are involved, e.g., 
in acetate formation. Furthermore, genes for nitrate reduction were 
found in several members of this phylogenetic group (Hug et al., 
2013). Their occurrence was previously observed in environments 
that have a poor availability and quality of organic matter (Wilms 
et al., 2006a). This fits to the nutritional conditions in the deep STE 
of Spiekeroog beach. Here, organic matter is already reworked so that 
recalcitrant DOM is prevalent as bioavailable carbon source (Abarike 
et al., 2024).

Compared to the northern beach of Spiekeroog, Janssand tidal-flat 
is a much more active system. This is reflected by the cell numbers, that 
were 2–3 orders of magnitude higher than in the samples from 
Spiekeroog beach. The sequence of redox processes (Froelich et al., 
1979) is highly condensed along the depth profile of the tidal flat in 
comparison to low-active sites (Engelen and Cypionka, 2009). The 
redox sequence at Spiekeroog beach, in turn, is spread to a greater 
depth, but is regularly changing due to dynamic flow patterns in the 
STE (Greskowiak et al., 2023). While the oxygen availability generally 
depends on the hydrodynamics of the system, at Janssand tidal-flat, it 
penetrates not more than a few millimeters to centimeters into the 
sediment due to a high microbial activity (Jansen et al., 2009). At our 
sampling site, the eastern margin of the tidal flat, microbial 
communities are fueled by high amounts of DOC. Here, DOC 
concentrations are about ten times higher compared to the beach 
samples due to high sedimentation rates (Reckhardt et al., 2015; Beck 
et al., 2009). Despite the differences in the porewater chemistry, the core 
community of the epipsammon of the tidal flat is quite similar to the 
shallow beach samples (Figure 3). Similar to the Janssand tidal flat 
margin, the beach runnel represents an anoxic discharge zone. 
Compared to the anoxic zones below 6 meter in the seawater infiltration 
zone, the shallow runnel sediments likely contain more degradable/
labile organic matter, e.g., due to regular sediment relocation (Reckhardt 
et al., 2024). Also, the diversity of the epipsammon was much higher at 
the Janssand margin than in the beach samples, as reflected in an 
extremely high number of rare taxa, that solely occurred in the 
epipsammon of the tidal flat (Figure 4). This high diversity is likely to 
be supported by the availability of high concentrations of DOC in the 
tidal-flat margin. While in our study we only analyzed samples from 
the upper meter, previous studies on Janssand tidal-flat found a shift 
from high abundant Pseudomonadota in the upper sediment layers to 
Chloroflexota dominated communities below 2 m depth (Wilms et al., 
2006a,b). Combined with our findings on the shallow and deep 
Spiekeroog beach samples we conclude that the epipsammon of the 
beach has a similar core community compared to that of the tidal flat.

Interstitial communities are impacted more 
by discharging porewater than infiltrating 
seawater

Microorganisms in the interstitial waters represent only a tiny 
fraction of the bulk community. However, these porewater communities 
do not consist of detached sediment bacteria and archaea but are 
significantly different from the epipsammon. Our analyses showed that 
only a small fraction of ASVs are shared between sediment and 
porewater communities of the different locations (Figure 4). In the 
Spiekeroog beach samples, the majority of individual ASVs were 
abundant in the porewater. Interstitial communities of all depth of 
Spiekeroog beach were dominated by ultra-small and many so-far 
uncultured microorganisms. While up to 10 % were related to 
Patescibacteria, up to half of the entire community was related to 
Nanoarchaeota of the DPANN superphylum. Nanoarchaeota were 
previously detected in high abundances in freshwater aquifers (Groult 
et al., 2023; Gios et al., 2023), but according to our findings they are also 
thriving in porewaters with high salinity. Interestingly, the porewater 
communities differed clearly from the seawater, even at the surface 
layers of both sites. Seawater from the shoreline of Spiekeroog beach 
was sampled repeatedly over the course of one year and samples were 
collected and analyzed corresponding to the porewater as described 
above (data not shown). The most distinct difference was the lack of 
Nanoarchaeota and Patescibacteria in the seawater. This is surprising as 
both sampling sites were strongly impacted by seawater infiltration. 
While the shallow Spiekeroog beach sediments were collected from the 
runnel, which had a direct connection to the sea and quickly fills up 
with seawater with upcoming high-tide, the tidal flat is covered with 
seawater in every tidal cycle. Thus, the pore space of both sites is 
frequently seawater-saturated, but also impacted by discharging 
porewater from the STE of Spiekeroog beach or at the tidal-flat margins 
during low tide, respectively. According to our results, the interstitial 
communities of both sites are seemingly more impacted by discharging 
porewater than by infiltrating seawater, even at the surface. This 
corresponds to our chemical analyses of the porewater. While the high-
water line is a seawater infiltration zone, where oxygen-saturated water 
infiltrates into greater depth, the runnel is a discharge area with Mn/
Fe-reducing water. The generally high percentage of ultra-small 
microorganisms in our porewater samples corresponds to results of He 
et al. (2021). In their study the authors performed genome-resolved 
metagenomic analysis of microbial communities from one agriculturally 
impacted and seven pristine groundwater samples. Even though the 
proportion of DPANN archaea was about ten times lower than in our 
samples, the authors found high proportions, but also site-specific 
diversities of DPANN archaea and Patescibacteria. We also calculated a 
strong association of both phylogenetic groups in the indicator species 
analysis of all porewater samples (Supplementary Figure S3) and still 
detected significant differences (Figure 3), e.g., by the comparably lower 
relative abundances of Patescibacteria within the tidal-flat communities.

The role of interstitial Nanoarchaeota and 
members of the CPR in sandy sediments

All Nanoarchaeota in our samples were related to the order 
Woesearchaeales independently from sampling site and depth. Our 
sampling site on Spiekeroog beach provides oligotrophic conditions, 
especially in the deeper subsurface. Here, compounds introduced with 
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the seawater are depleted and the labile organic matter is already 
degraded, so that recalcitrant organic matter remains. Additionally, 
the material of the upper layers is undergoing steady deposition and 
erosion. Thus, the sampling site does not provide stable conditions 
over time but is variable in nutrient and salt concentrations. 
Nanoarchaeota are presumably well adapted to these conditions so 
that they can outcompete other microorganisms in this habitat. 
According to Castelle et al. (2018), who analyzed about 1,000 genomes 
reconstructed from several metagenomics-based studies, the majority 
of prokaryotes related to the DPANN and CPR are anaerobes. This fits 
partly to our findings as the limitation of electron acceptors in the 
deep beach samples favors microorganisms that can thrive by 
fermentation. Moreover, we  also found Nanoarchaeota in high 
percentages in the porewaters of Janssand tidal flat, where the nutrient 
availability is considerably higher. In the tidal flat, fermentation 
represents an important part of anaerobic degradation processes and 
provides substrates for, e.g., sulfate reducers and methanogens (Graue 
et al., 2012). According to Castelle et al. (2018), CPR and DPANN 
organisms may play important roles in carbon cycling, as they are 
presumably able to degrade complex carbon compounds, e.g., from 
plant material. Furthermore, they are predicted to produce lactate, 
formate and ethanol via fermentation, which can then be utilized by 
other microorganisms.

The occurrence of both phylogenetic groups even in the oxic 
part of the porewaters from Spiekeroog beach point towards 
alternative lifestyles. Many members of these two groups are 
predicted to depend on other bacteria or archaea as they have 
minimal metabolic pathways, such as the lack to synthesize some 
fatty acids, amino acids and nucleotides. Thus, it is assumed that 
they scavenge these compounds from other organisms or dead cell 
material (Castelle et  al., 2018). The only isolated member of the 
Nanoarchaeota is Nanoarchaeum equitans, which is suggested to 
be  an obligate symbiont that grows attached to the archaeon 
Ignicoccus hospitalis (Huber et  al., 2002). Nanoarchaeota might 
be  able to attach to different hosts, as it was also proposed in a 
previous study for the majority of the Patescibacteria by Chaudhari 
et al. (2021). According to that study, this lifestyle enables them to 
adapt to their respective environmental conditions. The authors 
conclude, that the symbiotic lifestyle of both groups may be well 
suitable to stable, oligotrophic environments, but that a parasitic 
lifestyle cannot be  ruled out. Limited pore space is favoring the 
attachment to host cells or the uptake of dead cell material. Thus, 
their relevant characteristics contributing to the ecosystem may 
include the mineralization of dead microbial biomass and 
recalcitrant organic matter (Castelle et al., 2018), regardless of the 
redox conditions and related porewater chemistry.

Joint features of the epipsammon and 
interstitial communities

We aimed to compare the microbial communities of sediment-
attached and corresponding free-living fractions and to find overlaps 
in their community structures. Instead, our study revealed 
significant differences in the compositions of these communities, 
most prominently by the high archaea-to-bacteria ratio in the 
porewaters, representing a natural enrichment of archaea. While 
most of the microorganisms live attached to the sediment grains, 

this part of the bulk community consists of a highly adapted core 
community, depending on the supply of electron donors and 
acceptors from the interstitial porewaters. The interstitial 
communities move with the porewater and always face the same 
water body, while the epipsammon thrive on particles and are 
exposed to changing conditions due to different composition of the 
groundwater that flows by. The communities of the interstitial waters 
were dominated by Nanoarchaeota at all depth at both sites, but also 
revealed distinct differences in their composition (Figure 3). Due to 
these striking differences in the community compositions of the 
interstitial porewaters and the epipsammon, we have to reject our 
initial idea to use the porewater community as a proxy for the bulk 
community. Furthermore, the high percentage of ultra-small 
microorganisms in the porewaters that are presumably exhibiting a 
symbiotic or parasitic lifestyle with so far unknown hosts makes it 
difficult to evaluate their role in the respective ecosystem. As 
we found the Nanoarchaeota in all porewater samples independently 
from sampling site and depth, they seem to be highly adaptive to 
their respective environment or they might not rely on one specific 
host. Also, metagenomic approaches aiming to shed light on their 
roles in the ecosystems still reveal many knowledge gaps. Castelle 
et  al. (2018) stated, that approximately half of the genes in the 
genomes of CPR and DPANN organisms have yet unknown 
functions. These genes may be involved in interactions between host 
and symbiont (Castelle et  al., 2018). Nevertheless, the natural 
enrichment of Nanoarchaeota in the porewater of Spiekeroog beach 
and the adjacent tidal flat provides the opportunity for targeted 
metagenomic analyses or even isolating them for further 
metabolic characterization.
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