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Subterranean estuaries (STEs) play an important role in linking nutrient cycling between
marine and terrestrial systems. As being the primary drivers of nutrient cycling, the
composition of microbial communities and their adaptation toward both, terrestrial
and marine conditions are of special interest. While bacterial communities of STEs
have received increasing scientific attention, archaeal and meiofaunal diversity was
mostly neglected. Previous studies at the investigated sampling site, the STE of a
mesotidal beach at the German North Sea island of Spiekeroog, focused on spatial and
seasonal patterns of geochemical and bacterial diversity. By additionally investigating
the archaeal and meiofaunal diversity and distribution, we now aimed to fill this gap of
knowledge to understand the microbial response to submarine groundwater discharge
(SGD). The topography of Spiekeroog beach and associated geochemical gradients
in porewater displayed a distinct cross-shore zonation, with seawater infiltration on
the upper beach at the high water line (HWL), and saline and brackish porewater
exfiltration (SGD) at the ridge-runnel structure and the low water line (LWL) on the
lower beach. This led to a higher evenness of prokaryotic communities in lower beach
areas impacted by SGD compared to unimpacted areas. Archaea contributed 1-4% to
the 16S rRNA gene sequence dataset. Those were dominated by Nitrosopumilaceae,
corresponding well to higher concentrations of NH,4 T in the discharge area of the STE.
The unimpacted sites had elevated abundances of Wosearchaeia, which were also
detected previously in impacted areas of an STE at Mobile Bay (Gulf of Mexico). While
a large proportion of prokaryotes were present in the entire intertidal area, meiofaunal
community compositions were site specific and dominated by nematodes. Nematode
communities of the high-water line differed distinctively from the other sites. Overall, our
data indicates that the three domains of life display distinctly different adaptations when
facing the same conditions within the STE. Therefore, distribution patterns of any domain
can only be understood if all of them, together with basic environmental information are
investigated in an integrated context.
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INTRODUCTION

Sandy beaches are highly permeable, advection driven systems
(Anschutz et al., 2009), receiving labile organic matter (OM),
oxygen, sulfate (Huettel et al., 2014) and seasonally nitrate
(Ahrens et al., 2020) by seawater infiltration. Therefore, beaches
have been compared to bioreactors exhibiting high microbial
activity, despite their relatively low OM content (Anschutz et al,,
2009). An extreme example are high energy beaches, which are
prone to strong physical forcing by waves and tides, enhancing
the recharge of nutrients and substrates to deeper sediment
depths. This increases the magnitude of exchange between
sediments and the coastal ocean compared to less permeable
sediments, or those with a lower energy input (Webster and
Taylor, 1992; Reckhardt et al., 2015). Additionally, constant
sediment reallocation prevents stable biogeochemical conditions,
resulting in a weaker redox zonation than usually observed along
the depth profile of marine sediments (Froelich et al., 1979).

Another process impacting the redox zonation of coastal
sediments around the globe is submarine groundwater discharge
(SGD) (Moore, 1996; Paerl, 1997; Santos et al., 2009; Rodellas
et al., 2014; Anschutz et al, 2016; Cho et al., 2018). SGD
introduces fresh meteoric groundwater as well as recirculated
sea water into the marine sediments, lowering the salinity
and introducing reduced chemical compounds like ammonium
and dissolved iron (Moore et al., 2008; Kwon et al., 2014).
These compounds are either re-oxidized along the flow path
or discharged into the coastal ocean (Riedel et al, 2011;
Reckhardt et al., 2015; Beck et al., 2017; Kim et al., 2017). The
outflow marks the discharge area of the so called subterranean
estuary (STE) which exhibits a horizontal redox zonation toward
the low water line (Moore, 1999). The constant resupply of
oxygen and labile OM from the ocean in combination with a
steady supply of reduced chemicals by SGD creates niches for
many microorganisms. Thus, mixing of terrestrial and marine
constituents within the STE leads to elevated microbial activities
(Anschutz et al., 2009; Gao et al., 2012; Charbonnier et al., 2013)
and result in physiological diversity maxima in the oxic-anoxic
transition zone (Hong et al., 2018).

Several microbiological studies have been conducted on sandy
beaches from regional (Boehm et al., 2014) to global scales
(Staley and Sadowsky, 2016), detecting a cosmopolitan core
within the bacterial communities of sandy beaches. Site specific
studies on bacterial diversity in sandy STE’s reported contrasting
findings mostly caused by differences in the physical energy
input. On the one hand, STE’s discharging at low energy beaches
exhibit horizontal redox zonation with bacterial communities
adapted to the different zones (McAllister et al., 2015). On the
other hand, at high energy beaches, this zonation is constantly
disrupted and thus pronounced weaker. Most likely, this physical
reworking also overprints visible effects of SGD on the bacterial
communities. In our previous study on the bacterial diversity at
the high energy beach of Spiekeroog Island (Northern Germany),
we have shown that these dynamics appear to result in bacterial
communities of adapted generalists (Degenhardt et al., 2020).

Except for a recent study by Adyasari et al. (2020), almost
all previous investigations focused on bacterial communities

of sandy beaches and STEs, neglecting archaeal diversity. In
the last decade, knowledge about archaeal diversity was greatly
enhanced by cultivation independent techniques like single-
amplified genomes (SAG) or metagenomics (Brochier-Armanet
et al, 2011; Rinke et al., 2013). Ecological studies started to
shed light on distribution patterns (Auguet et al., 2010; Hugoni
et al,, 2015; MacLeod et al, 2019), yet knowledge about the
ecological roles of most Archaea remains scarce (Meng et al.,
2014; Castelle et al., 2015). Aquatic Archaea are known from
a wide variety of habitats like costal (Rios-Del Toro et al,
2018) and deep sea sediments (Lloyd et al., 2013), freshwater
(Ortiz-Alvarez and Casamayor, 2016) and pelagic environments
(Karner et al., 2001). In most benthic environments, they are
less abundant than bacteria, yet their numbers seem to increase
with sediment depth (Lipp et al., 2008). Physiologically, they are
known for their role in processes like methanogenesis (Thauer
et al., 2008) but also in ammonia oxidation (Koénneke et al.,
2005), anaerobic ammonia oxidation (Rios-Del Toro et al., 2018),
or anaerobic oxidation of methane (Boetius et al., 2000). Their
involvement in the nitrogen cycle and elevated abundances
in oxygen minimum zones (Rios-Del Toro et al., 2018; Muck
et al., 2019) might make them important players at the oxic-
anoxic interface of STE’s. Information on archaeal diversity of
Spiekeroog beach will broaden the knowledge about their role
in shaping biogeochemical processes within the STE and the
intertidal area of a high energy beach.

Another often overlooked fraction of interstitial life are
eukaryotes belonging to the so called meiofauna, which is one of
the most diverse group of small organisms, unicellular protists
and multicellular metazoans that live in aquatic sediments
(Giere, 2009). Meiofauna is a collective name for organisms
of 20 different phyla that pass through a 1 mm mesh sieve
and are retained in a 32 pm sieve. Inhabiting various marine,
brackish and freshwater environments (Higgins and Thiel, 1988;
Giere, 2009), they are the most suitable candidates in terms
of monitoring ecological changes (Zeppilli et al., 2014) and
serve as indicators for environmental variabilities (Jessup et al.,
2004; Nascimento et al., 2012; Bonaglia et al., 2014). Limited
body size and mobility make those organisms very susceptible
to changes in sediment and porewater biochemistry, which
may influence their abundance and diversity (Kennedy and
Jacoby, 1999). The majority of meiobenthic communities in most
marine habitats consists of nematodes and harpacticoid copepods
(Gallucci et al., 2012; Losi et al., 2013; Semprucci et al., 2015).
Their communities are uniquely sensitive to temperature, pH,
dissolved oxygen, redox potential and heavy metal content of the
sediment matrix (Moreno et al., 2011; Vanaverbeke et al., 2011;
Meadows et al., 2015). Thus, nematodes have been identified
as indicators of environmental pollution and dynamic changes
in marine systems (Losi et al., 2013; Semprucci et al., 2015).
They were frequently reported by both, morphological and
molecular studies, as the most abundant taxa among marine
meiobenthos communities followed by harpacticoids (Huys et al.,
1992; Karanovic and Cooper, 2012; Zeppilli et al., 2015; de
Faria et al., 2018). Despite their importance, meiofauna were
included only recently into ecosystem functioning investigations,
due to difficulties arising from the small size of the examined
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animals. This limits differentiation on the species level to a few
highly skilled taxonomists (Huys, 1996). Furthermore, due to
their high abundance and diversity, working through each sample
is very time-consuming, making a high sample throughput
difficult. Additionally, high-throughput sequencing techniques
for meiofauna have only emerged in the past few years and lack
behind on respective studies on prokaryotic diversity (Taberlet
et al., 2012; Haenel et al., 2017).

As SGD shapes the physical environment by altering (i) grain
size distribution of bottom sediments and (ii) altering the vertical
position of redox and pH gradients, it affects the distribution
of meiofauna within the sediments (Miller and Ullman, 2004;
Zipperle and Reise, 2005). However, investigations of SGD-
affected areas have shown variable community responses with
regards to of diversity and abundance. Studies from the coast of
France and Portugal e.g., found no impact of SGD on meiofaunal
abundance (OQuisse et al., 2011), but enhanced metabolism
(Migné et al,, 2011) and increased diversity (Encarnacéo et al,,
2013). Contrastingly, in a study from the Polish coast lower
abundances were found in areas influenced by SGD as well
as distinctively different communities between affected and
unaffected sites (Kotwicki et al., 2014). In an investigation at
the coast of Long Island, a lower diversity among nematode
genera was detected at impacted sites compared to a generally
higher diversity in areas unimpacted by SGD (Grzelak et al.,
2018). Overall, these studies show that SGD does influence
meiofaunal community structure, yet in different ways depending
on the characteristics of the respective sites. However, all
abovementioned studies from SGD affected areas were based
on morphological investigations, while no molecular studies
are available, yet.

In the present study, we attempt to cover the entire microbial
diversity in the discharge area of a shallow STE and to unravel
putative interactions between all three domains of life. The study
site is located at Spiekeroog Island, which harbors a freshwater
lens that fuels the STE. The discharge area at Spiekeroog
beach has previously been subject of intensive multidisciplinary
research (Beck et al, 2017; Waska et al., 2019b; Degenhardt
et al., 2020; Griinenbaum et al., 2020a,b). Investigations on its
hydrogeology, porewater geochemistry and bacterial diversity
gave a solid insight into the coupling of benthic processes. The
strongest gradients of porewater chemistry within the discharge
area of the STE were found in cross-shore direction (Waska
et al, 2019b). The whole discharge area of the beach was
divided into multiple zones of pore water in- and exfiltration
which were not fixed in position throughout the year. The high
water line (HWL) and the low water line (LWL) were physico-
chemically most distinct, likely due to relatively stable in- and
exfiltrating conditions. The zones in between showed strong
spatial and temporal heterogeneity, possibly due to extensive
morphological changes of the beach, which in turn influenced
their hydrochemistry (Waska et al., 2019b). Seasonal variations
of seawater constituents were found to influence the pathways
of bacterial organic matter degradation (Ahrens et al., 2020).
During colder seasons, porewater conditions within the STE were
predominantly oxic or nitrate reducing and shifted to manganese
and iron reduction during warmer seasons. As a result, the

discharge area changed from a dissolved inorganic nitrogen
(DIN) sink in spring to a source in late summer. Bacterial
communities within those sediments were shown to be highly
uniform down to a depth of 1 m and over the whole intertidal area
(Degenhardt et al., 2020). Since this was observable throughout
the year, this assemblage has been dubbed the bacterial core
community of the investigated sediments.

Based on these findings, we revisited Spiekeroog beach in
March 2019 and sampled the same cross-shore transect as
investigated previously (Waska et al., 2019b; Ahrens et al., 2020;
Degenhardt et al., 2020), in order to fill the knowledge gaps on the
entire microbial diversity. We hypothesize that (i) there is a large
archaeal and meiofaunal core community and (ii) the conditions
in the discharge area of the STE favor the presence of those
Archaea involved in nitrogen cycling. We further hypothesize
that (iii) the harsh high-energy conditions at Spiekeroog beach
result in a nematode dominated community over a copepod
dominated community. In general, our investigation will enhance
the understanding of correlations between all three microbial
domains within the intertidal area.

METHODS

Site Description

The Island of Spiekeroog is part of the East Frisian Barrier Island
chain located in the German North Sea, with the Wadden Sea
in its back barrier region. The island harbors a freshwater lens,
which is formed by rain and separated from the surrounding
sea water by a density gradient. The freshwater lens partially
discharges through a subterranean estuary within the intertidal
area along the northern shore of the island. This intertidal area is
located on a sandy, mesotidal, high energy beach with a runnel-
ridge system. A schematic of the investigated area is shown in
the supplements (Supplementary Figure 1). The runnel-ridge
system is not stationary but frequently relocated within the
intertidal area due to wind and wave action. Areas above the
mean sea-level are characterized as sea-water infiltration zones,
while areas below the sea level are net discharge areas of the
STE (Griinenbaum et al., 2020a). Due to the aforementioned
strong morphodynamics, these in- and exfiltration areas are
not static and the discharge is more diffusive than observed
for other STEs. Detailed descriptions of hydrogeochemistry
(Beck et al., 2017; Waska et al., 2019b; Griinenbaum et al,,
2020a,b), geochemistry (Ahrens et al., 2020) and bacterial
diversity (Degenhardt et al., 2020) can be found in previous
studies investigating the Spiekeroog STE.

Sediment Sampling

Samples were collected in March 2019 at the North beach
of Spiekeroog Island. Sediment cores were recovered with
aluminum core liners (80 mm diameter) along a transect between
the high- and low water line. Four cores were taken along the
transect at the specific topographical features: the HWL, runnel,
ridge and LWL. The cores were subsampled for prokaryotic
diversity analyses at 0-2, 10-12, 30-32, 50-52, and 100-102 cm
depth using sterile cut-off syringes. The different depths will be
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referred hereafter as 0, 10, 30, 50, and 100 cm. Samples were
stored frozen at —20°C until further processing. Meiofauna was
sampled individually by transferring sediments of the upper
10 cm taken in close vicinity of the long sediment cores into
plastic containers. Five replicates were fixed with ethanol, another
five were fixed with a solution containing dimethyl sulfoxide,
disodium EDTA, and saturated NaCl (DESS) (Yoder et al., 2006).
The ethanol fixed samples were re-fixed after 12 h and all samples
were stored at 4°C until further processing.

Porewater samples were obtained by using stainless steel push-
point samplers and pre-rinsed polyethylene syringes, and were
processed according to Ahrens et al. (2020) for NO3~, NO, 7,
NH4*, Fe, and Si. PO,3>~ was determined photometrically,
following the methods of Itaya and Ui (1966) for samples with
concentrations below 2.1 wM and Laskov et al. (2007) for
samples exceeding 2.1 pM PO4*>~. DOC samples were treated
and processed according to Waska et al. (2019a).

In order to extract the meiofauna, sediment samples were
sieved through a 32 pm sieve and centrifuged using Kaolin
and Levasil (Kurt Obermeier GmbH & Co., KG, Bad Berleburg,
Germany) following McIntyre and Warwick (1984). A total
number of 150 nematode specimens (when available) were sorted
out from each meiofauna sample in one separate vial for each
sample. In case of samples with less than 150 specimens, all
nematodes were taken into account. The remaining meiofauna
was filtered using glass filters (1.6 pm particle size). Ethanol was
used to wash the extracted meiofauna from DESS residues. The
filters (containing meiofauna) were dried using a speed-vacuum
system for 1 h at 45°C and stored in a sterile 1.5 ml Eppendorf
mini-tube for DNA extraction.

DNA-Extraction, Amplification, and
Sequencing

Genomic DNA for prokaryotic samples was extracted by using
a modified phenol-chloroform protocol (Gabor et al., 2003;
Lueders et al., 2004). A one step PCR attaching Illumina adaptors
and barcodes was performed in 50 l setups. The master mix
contained 34.4 pl PCR grade water, 10 pl Phusion-Polymerase
Buffer, 0.75 pl (10 pmol/pl) of each primer published by Parada
etal. (2016) 0.2 nL MgCl, (50 mM), 1 ul BSA (25 mg/ml), 0.4 pl
dNTPs (10 mM each) and 0.5 pl Phusion Polymerase (1 U/pl) per
reaction. Reactions were performed in 96 well plates (Eppendorf)
using 2 pl template. Cycler settings included an activation step at
98°C for 1 min, followed by 32 cycles of denaturation at 98°C or
45 s, annealing at 50°C for 45 s, elongation at 72°C for 30 s and a
final elongation step at 72°C for 5 min.

DNA extraction from meiofauna and nematode samples was
carried out using the E.Z.N.A.® Mollusc DNA Kit (Omega BIO-
TEK) following their protocol. The genomic DNA was eluted
in 100 pl of nuclease-free water for each library (sample). Two
PCRs were performed to amplify the V1 and V2 hypervariable
regions of the 18S rRNA from each meiofauna and nematode
library and bind the Illumina Unique Dual Nextera XT Indexes
and compatible adapters. The first PCR was performed using
the SSU universal primers F04 and R22 (Blaxter et al., 1998)
tagged by the first part of the Illumina adapters in total volume

of 20 pl containing 10 pl of Phusion Green Hot Start IT High-
Fidelity PCR Master Mix (ThermoFisher), 0.5 pl of each primer
(10 pmol/pl), 2 pl of genomic DNA and 7 1 of molecular grade
water. Cycler settings for the first PCR encompassed an initial
denaturation step at 98°C for 2 min, 20 cycles of denaturation at
98°C for 15 s, annealing at 60°C for 30 s, elongation at 72°C for
30 s and a final elongation at 72°C for 2 min. Five microliter of the
first PCR products were purified using 2 pl of ExoSAP-IT PCR
Product Cleanup Reagent (ThermoFisher). A two-step PCR was
carried out to bind the Nextera XT Indexes and Illumina adapter
overhang according to Illumina 16S Metagenomic Sequencing
Library Preparation guide (15044223Rev.B), using 7 il of DNA
template (purified first PCR product), 10 pl of Phusion Green
Hot Start II High-Fidelity PCR Master Mix, 1 pul of molecular
grade water and 1 pl of each index primers from Nextera XT
Indexes. The cycler setting contained an initial denaturation step
at 98°C for 2 min, 15 cycles of denaturation at 98°C for 15 s,
annealing and elongation at 72°C for 35 s, and a final elongation
at 72°C for 2 min. The PCR products were checked on a 1.5%
agarose gel containing 1% GelRed to check the amplification
and target fragment length. Two to ten microliter of the 2nd
PCR products have been pooled into one Eppendorf tube and
purified using AMPure XP Beads for PCR Purification (Beckman
Coulter) in the volume of 60%. The pooled library was denatured
and 20% PhiX control was added before performing a test run
using the MiSeq Reagent Nanokit v2 (150-cycles paired end),
and a final sequencing run with the MiSeq Reagent kit v3 (300-
cycles paired end). Sequencing was performed at the DZMB
Metabarcoding lab in Wilhelmshaven (Germany) on an Illumina
MiSeq platform. The sequences were deposited at the European
Nucleotide Archive under the accession number PRJEB42988.

Bioinformatics and Statistical Analysis of

Prokaryotic Sequence Data

Prokaryotic 16S rRNA gene sequences were processed according
to the pipeline of Yeh et al. (2019). First, primers were trimmed
from reads using cutadapt and all reads missing forward or
reverse primer sequences were discarded. The error threshold
within the primer sequence was set to 20% to account for
mismatches to the primers, primer sequences including higher
error rates were discarded. Trimmed reads were matched
against a curated 16S/18S database originating from SILVA132
(Quast et al,, 2013) and PR2 (Guillou et al., 2013). Eukaryotic
sequences were discarded.

All 16S rRNA gene sequences were further processed using
QIIME2 (Bolyen et al, 2019) and its gq2-dada2 plugin. Low
quality ends of the reads were removed and denoised using
DADA? (Callahan et al., 2016). After removal of chimeric reads,
prokaryotic sequences were classified using the classify-sklearn
plugin of QIIME2 against a curated SILVA132 database, which
was fitted to the V4-V5 primer region. Plastidal sequences were
reclassified using the PhytoRef database (Decelle et al., 2015).
Finally, count tables were exported from QIIME for further
statistical analysis. To account for erroneous sequences, amplicon
sequence variants (ASVs) were filtered according to Milici et al.
(2016): Only those ASVs that had an abundance of >0.001%
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within the complete dataset and (i) were present in relative
abundance of > 1% in at least one sample or (ii) had an abundance
of >0.1% within a sample in at least 2% of all samples or (iii)
were present in >5% of all samples in any abundance were kept.
This strict abundance filter was mainly used because DADA2
retained lots of very rare sequences that inflated the amount of
ASVs found in each sample. All further analyses were based on
this dataset. Samples were rarefied to 14,885 counts for alpha-
diversity analyses, which was the lowest count number found
among all samples. Barplots were drawn with an abundance
threshold of 0.5% by which groups were sorted into “others.”
Principal coordinate analysis (PCoA) was performed using Bray-
Curtis transformed community distances. Venn-Diagrams were
used to show the separation of ASV richness between locations.
All analyses were done using R statistical software (R Core Team,
2019) and its package vegan (Oksanen et al., 2019).

Bioinformatics and Statistical Analysis of

Eukaryotic Sequence Data

The NGS reads were demultiplexed by indexes and trimmed
from the sequencing primers prior to analyses using BBmap.
The DADA2 pipeline (Callahan et al., 2016), a divisive amplicon
de-noising algorithm for correcting Illumina errors, was used
to analyze the sequence reads from meiofauna and nematode
libraries in which the Illumina reads were de-noised based on the
error rate of the data. They were filtered by length and quality
scores, chimera detected and de-replicated to high resolution
ASVs. The ASVs were further processed using a custom script
(SGN Metabarcoding pipeline) where all sequences shorter than
320 bp were eliminated and each ASV was blasted against the
database NCBI in which the 10 best blast hits were retrieved
and pooled with our own 18S reference library (available from
DNA barcode archive of the DZMB institute). This merged
dataset was used as final blast database to assign the best and
closest taxonomical assignment to each ASV. The ASV table
containing taxonomical assignments, percentage identities, query
coverage and number of reads per library were analyzed using
a custom post-processing script Dada2pp implemented in the R
statistical software and by using the vegan package for eliminating
contaminations, short or non-target sequences, determining
target meiofaunal groups and detailed diversity analyses and
comparisons. Above mentioned analyses were performed on
nematode sequence libraries at the genus level.

RESULTS

A total of 20 sediment samples from four designated stations of
the intertidal area of the North beach of Spiekeroog Island were
analyzed to identify the bacterial and archaeal diversity by next
generation sequencing (NGS). Those were taken in cross-shore
direction at the HWL, the runnel, ridge and the LWL at five
different depths (0, 10, 30, 50, and 100 cm). Additionally, shorter
cores (0-10 cm) were taken in five replicates at each location
to investigate meiofaunal diversity. As microscopic investigation
revealed the dominance of nematodes within the meiofaunal
community, those were analyzed separately.

Porewater Geochemistry of the Beach

The discharge areas of the Spiekeroog beach STE were marked
by brackish salinities at the ridge and the LWL (Figure 1). This
was complemented by elevated concentrations in total dissolved
nitrogen (TDN), NH,t, PO43~, Si and Mn at the LWL in
comparison to the other sampling sites. Additionally, porewaters
from deeper sediment depths of the ridge (30 and 100 cm) had
elevated concentrations of Fe(II), indicating reducing conditions.
Porewaters from the LWL and the HWL were generally low in
Fe(II), as well as in NO3~ and NO; ™. The shallow porewaters
from the runnel (0 and 10 cm) were characterized by higher
amounts of NO3 ™~ and slightly elevated concentrations of DOC
in comparison to the other sites. This can be interpreted as a sign
for infiltrating conditions. Since some sediments were too dry to
obtain porewaters for the respective analyses, they were marked
by gray bars in the heatmap (Figure 1).

Composition of the Sequence Data Set

Sequencing of prokaryote samples resulted in a total of 3,079,547
reads, recovering a total diversity of 13,568 different ASVs.
After applying the abundance filter, the majority of 2,967,880
reads was left representing a final diversity of 6944 ASVs
within the dataset. Samples were deeply sequenced with a
mean of 148,394 reads per sample. Amplicon sequencing
of the V1 and V2 hypervariable region of 185 rRNA
gene yielded a total of 3,537,703 reads and 1,263 ASVs
belonging to 50 eukaryote groups based on NCBI taxonomic
assignment. After filtering a total of 3,408,572 reads and
846 ASVs were classified as 11 target meiofaunal groups.

HWL Runnel Ridge LWL

3
s |
2
Mn 'a
TDN  +
L B
NH4"
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l NOz"
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lAbs._Depth

o
S

oo 9 9 ©c9o 9 9 9 o9 9 9 9
- ® © - ® B S - ® B S

Depth [cm]

o oo 9 9
S - ® B

FIGURE 1 | Normalized porewater constituents (z scores) across the transect.
Colder colors indicate lower, warmer colors higher z scores, respectively. Gray
bars indicate missing values caused by porewater scarcity. depth, absolute
depth above or below sea level; DOC, dissolved organic carbon; TDN, total
dissolved nitrogen.
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From the nematode samples, 18 NGS libraries yielded a total
of 2,214,455 reads and 1,455 ASVs where 1,680,256 reads
and 255 ASVs were detected as nematode encompassing 43
different species and 25 genera. Two libraries were excluded
from the nematode dataset as they did not contain enough
sequencing reads.

Microbial Diversity Patterns

The presence and absence of ASVs at the different stations were
compared to identify horizontal patterns among prokaryotic
and eukaryotic community compositions along the investigated
transect (Figure 2). For prokaryotes, a large proportion of ASVs
was shared among all stations (14%), which is in accordance with
the previously detected bacterial core community (Degenhardt
et al, 2020). Yet, every station still harbored a number of
site specific ASVs (10-16%), which was largest among the
HWL samples (16%). In contrast, meiofaunal communities only
shared a small amount of ASVs among all stations (3%) and
large proportions of site specific ASVs at every station. The
highest number of unique ASVs was detected in the runnel
(26%) followed by the ridge (24%), the LWL (16%) and the
HWL (15%), respectively. In comparison to all other sites,
the percentage of ASVs shared between runnel and ridge was
comparably high (6%).

Principle coordinate analysis (PCoA) distance matrices were
used to compare community compositions across the intertidal
area (Figure 3). The prokaryotic community structures differed
between the individual sampling sites. Especially, all samples
taken at the runnel clustered apart from the other sites yet were
quite dissimilar among each other. In contrast, the LWL and the
ridge communities were highly similar. The HWL community
exhibited large differences with depth, while all other sites showed
no coherent vertical patterns. The eukaryotic communities also
showed a strong site-specific ordination within the PCoA. Here,

all communities of the LWL replicates were rather similar, which
was also the case for the communities of the runnel replicates,
yet they were forming groups clearly separated from the rest.
Both, the ridge and HWL communities showed a higher scatter
among the replicates.

Prokaryotic Community Composition

The dominant part of the prokaryotic community was composed
of 11 different bacterial phyla. Yet, 25-40% of the community
were attributed to rare taxa, here summarized as “others”
(Figure 4A). Those include most Archaea due to their low
abundances within the dataset. Summarized, archaeal relative
abundances reached 1-4%. The dominant phyla exhibiting
by far the largest amount of internal diversity, were the
Bacteroidetes and the Proteobacteria, represented by 12 genera,
each. Within the Proteobacteria, most ASVs were related to
Deltaproteobacteria, indicating sub- to anoxic conditions.
The only other phyla represented by more than one genus
were the Acidobacteria and Planctomycetes, represented
by two genera, each. The other bacterial phyla detected
were Actinobacteria, Calditrichaeota, ~Gemmatimonadetes,
Kiritimatiellaeota, Latescibacteria, and Nitrospirae. The only
archaeal phylum detected with an abundance above our filter
criteria were Thaumarchaeota of the family Nitrosopumilaceae.
Differences between the sampling sites could be explained
by varying abundances of individual taxa. The HWL differed
mostly due to higher relative abundances of Bacteroidetes, which
additionally increased in abundance with depth. This increase
was attributed to the genera Muriicola, Portibacter and unknown
members of the Rhodotermaceae and Saprospiraceae. These
genera were also detected at the other sites, but in lower relative
abundances. The distinct community composition of the runnel
samples can be attributed to increased relative abundances of
members of the Proteobacteria and Sediminicola (Bacteriodetes).

A Prokaryotes

Runnel Ridge
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HWL LWL
1% 3% 8%
2% 4%
16% 10%
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FIGURE 2 | Venn diagrams showing the percentage of shared ASVs between different stations for (A) prokaryotic and (B) eukaryotic communities.
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Surprisingly, most members of this class were represented by
ASVs of unknown genera with the exceptions of Woseia and
Cupriavidus. The latter was present in high relative abundances,
which was unexpected since that genus is not typically found in
marine sediments. The community composition of the LWL and
the ridge samples appeared to be an intermediate version of the
two other sites.

Despite their low relative abundances, the intra-archaeal
diversity could be unraveled, due to deep sequencing (Figure 4B).
The community was dominated by ASVs related to unknown
Nitrosopumilaceae, with relative abundances between 60 and
80% of all detected Archaea. The Woesearchaeia, represented
by Candidatus Stazkawiczbacteria and unknown Wosearchaeia,
were far less abundant. The phyla Bathyarchaeota and
Odinarchaeota were also detected in most samples in relatively
low abundances. The amount of completely unknown archaeal
ASVs or those grouped into “others” was surprisingly low with
about 5%, only. Relative abundances of unknown Wosearchaeia
were higher at the HWL and runnel (infiltration areas) than at
the LWL and Ridge (exfiltration area). Additionally, they were
increasing with depth at the HWL. The shallower depths of
the HWL as well as the runnel and Ridge sites showed elevated
abundances of unknown Bathyarchaeia. The distribution of
Odinarchaeia was patchy with elevated relative abundances at
the Ridge.

Eukaryotic Community Composition

A total number of 10 meiofaunal groups was detected in
this study comprising Nematoda, Crustacea, Platyhelminthes,
Annelida, Gastrotricha, Chaetognatha, Mollusca, Bryozoa,
Tardigrada and Nemertea (Figure 5A; rare taxa are categorized
as others). Considering the diversity and relative number of
ASVs per taxon (Figure 5A), meiofaunal composition differed
greatly among the studied sites. In general, the HWL appeared to
be the least diverse site. Interestingly, two of the HWL replicates
were dominated by Annelida, while with nematodes being the
most abundant taxa in the other three replicates. While all
replicates of the runnel were dominated by the genus Archiola
de Beauchamp, 1910, four replicates of the LWL showed a high
relative abundance of Nematoplana, 1938, both Platyhelminthes.
In contrast, the ridge was again dominated by nematodes, with
two replicates also showing increased relative abundances of
Platyhelminthes.

Detailed community analysis of the relative number of picked
nematode ASVs (Figure 5B) showed certain differences among
the HWL and LWL compared to the runnel and ridge at the
genus level. Al HWL replicates and three LWL samples revealed
a high nematode diversity with the most dominant genera
being Xyala Cobb, 1920 or Omicronema Cobb, 1920 followed
by Oxyonchus Filipjev, 1918 and Neochromadora Micoletzky,
1924. All ridge samples showed a low nematode diversity at
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FIGURE 4 | Barplots of prokaryotic communities along the transect depicted on phylum and genus level. (A) Shows total prokaryotic diversity, while (B) zooms into
the Archaeal diversity, due to their low relative abundances. Taxa below the abundance threshold were summarized as “others.”

genus level with 4-6 genera present in each library, greatly
dominated by Enoplolaimus de Man, 1893. The runnel stations,
however, were represented by a maximum of two nematode
genera in each replicate, being Enoplolaimus and Xyala within
three replicates Neochromadora and Daptonema Cobb, 1920
in one of them. In general, a low nematode diversity and a
prevalence of specimens of the genus Enoplolaimus may indicate
their successful adaptation to this habitat.

DISCUSSION

Adaptation of Prokaryotic Communities
to the Effect of SGD

The prokaryotic community composition within the exfiltration
areas of the STE was more evenly distributed compared to
the seawater infiltration sites of the beach. Furthermore, the
archaeal community at the exfiltration sites was dominated
by members the ammonia oxidizing Nitrosopumilaceae, which
can be interpreted as an effect of increased ammonium supply
through the STE. In our previous investigation on the same

cross-shore transect, we described a dominant bacterial core
community across all sites, depths and seasons, which was
disrupted by a subsurface bloom during spring (Degenhardt et al.,
2020). In the current study, we could confirm the presence of
a prokaryotic core community, but in a weaker pronunciation.
Surprisingly, distinctive communities were observed at every
site with almost equal proportions. This might be due to
different environmental conditions such as changing beach
topographies and a stronger impact of SGD, reflected by
distinctively lower salinities in comparison to those measured
in our previous sampling campaigns (Waska et al, 2019b;
Ahrens et al,, 2020; Degenhardt et al, 2020). Furthermore,
the chosen sequencing approach allowed to simultaneously
investigate bacterial and archaeal diversity (Parada et al,
2016), yet direct comparisons with our previous findings
might not be valid.

Due to the effects of SGD, environmental conditions across
the intertidal area showed a drop in salinity at the ridge
and LWL compared to the HWL and runnel. Additionally,
enhanced concentrations of reduced compounds clearly mark
these two stations as discharge areas of the STE. This is
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reflected in the prokaryotic community structures, exhibiting
similarities between the ridge and LWL communities were
more similar to each other, despite differences over all sites.
In our preceding study we could not detect an adaptation
of the bacterial community to the effects of SGD, concluding
that those were overprinted by the high energy conditions
of Spiekeroog beach. Since the discharge area of the STE
is chemically much clearer defined in the present study, its
effect may previously have been underestimated (Waska et al.,
2019b; Degenhardt et al., 2020). Instead of being negligible
due to being overprinted, SGD might be an additional factor
in forming stable and diverse communities. The significance
of this effect could vary depending on differences in time
scales for physical disturbances, porewater flowpaths, and
community adaptations.

All detected bacterial genera have originally been reported
to thrive in marine sediments, except for Cupriavidus, which
reached high relative abundances within the runnel samples.
Isolates of this genus are highly versatile and were cultured from
different habitats, such as soils (Cuadrado et al., 2010) plants
(Platero et al., 2016), anthropogenic environments (Mergeay,
2015), but also from freshwater sediments (Qian et al., 2010;
Nguyen and Lee, 2014). Since the salinity at the runnel was
clearly marine, a possible explanation for their high relative
abundance could be the detection of an uncultured marine
representative of this genus. Environmental disturbances like
the burial of plant material by winter storms might be
an alternative explanation for their occurrence. The second
genus that distinguished the prokaryotic community of the
runnel from the other sites of the transect was Sediminicola.
This bacterium is a facultative anaerobe, capable of nitrate
reduction and known from coastal and deep sea sediments

(Khan et al., 2006). The HWL community differed from the
other sites by high relative abundances of Muriicola (Kahng
et al, 2010) and Portibacter (Yoon et al., 2012) which are
both aerobes, with Muriicola also being capable of nitrate
reduction. The common features of both sites, the HWL and
runnel, are a higher elevation above sea-level and higher
salinity values, indicating marine conditions, which are typically
more oxygenated. These characteristics have been described for
those sites at Spiekeroog beach (Waska et al, 2019b; Ahrens
et al., 2020; Degenhardt et al., 2020). The dominant genera
found at the HWL and runnel could also be detected at the
ridge and LWL, yet in lower relative abundances. Overall, the
communities of the latter sites, located in the discharge area of
the STE, showed a higher evenness in the relative abundances of
the different taxa.

During our previous investigation, we detected increased
relative abundances of members of the Bacteroidetes (Gillisia)
and Firmicutes (Planococcus and Planomicrobium) at the same
month and sampling sites, which we described as a “subsurface
bloom.” In the current investigation, members of the Firmicutes
could only be detected in relative abundances ranging from
0.1 to 0.2%, only. While we did not detect the genus Gilisia
in high numbers, other Bacteroidetes were present in every
sample and elevated relative abundances at the HWL. Known
relatives of the genera with increased abundances are aerobes,
capable of nitrate reduction. In our preceding study we
attributed the “subsurface bloom” to elevated concentrations and
penetration depths of oxygenated compounds like nitrate. As
these conditions were not found during this sampling campaign,
the right settings for a bloom might not have been present.
We conclude that we either sampled the same month but
under different geochemical conditions, or that we previously
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sampled an irregular, rather than a regularly occurring event
(Degenhardt et al., 2020).

Adaptation of Archaeal Communities

Within the archaeal community, cross-shore differences
appeared as a decrease in relative abundances of Wosearchaeia
and an increase of Nitrosopumilaceae. The dominance of
Nitrosopumilaceae within the discharge area of the STE is
very likely related to increased ammonium concentrations, as
members of this phylum are known for ammonia oxidation
(Nakagawa and Stahl, 2013; Shafiee et al, 2019). Thus,
Nitrosopumilus might outcompete other archaea when high
ammonium concentrations are present. On the other hand,
Wosearchaeia are known for having very small genomes and
a symbiotic or fermentation based lifestyle (Castelle et al.,
2015). This might be beneficial at high energy beaches a steady
resupply of seawater constituents and metabolites, explaining
why they are the second most abundant archaea at Spiekeroog
beach. Especially in the infiltration zones, this constant resupply
might foster competitive advantages they may have due to
their streamlined genomes. Another archaeal group observed
within most of our samples, but in low abundances are the
Bathyarchaeia. They are known to be globally distributed
generalists, which are often found in anoxic sediments (Zhou
et al., 2018). Additionally, a rather enigmatic archaeal taxon,
the Odinarchaeia, were detected in very low, but increased
abundances at the ridge. Since not much is known about their
lifestyle, their role within the discharge area of the STE remains
to be investigated.

In general, our results on the diversity and relative abundances
of Archaea at the Spiekeroog STE are in accordance with
findings by Adyasari et al. (2020), the only study that
also investigated archaeal diversity within an STE at several
geochemically different discharge areas. Within the porewaters of
two SGD hotspots in Mobile Bay (Gulf of Mexico), the authors
found different archaeal communities with varying abundances,
depending on the investigated site. At an anoxic site, the archaeal
community was dominated by Wosearchaeia and constituted
4-8% of the microbial community. Another discharge area
within that study was more similar to our sampling site. It was
characterized by coarse sand and less reducing conditions, caused
by higher hydraulic conductivity. Under these conditions, the
Archaea made up 1% of the microbial community and were
dominated by ammonia oxidizing Thaumarchaea, which fits to
our observations.

Meiofaunal Communities Are Structured
Site-Specifically

In contrast to the prokaryotes, meiofauna exhibited almost
no core community across all sampling sites, but large site-
specific assemblages and a high spatial distribution between
the replicates. A possible explanation for this could be their
narrower tolerance range for different environmental conditions
in comparison to prokaryotes, such as oxygen concentrations and
salinity. Additionally, being much more mobile than prokaryotes,

they possibly migrate toward preferred conditions, forming site
specific communities.

We detected a large variance in community composition
between replicates taken at the respective sites. However, cross
shore differences could be observed between the HWL and the
other sites due to the distinct differences in the community
compositions. The relative number of ASVs per group are
indicative for a high abundance of nematodes in three replicates
from the HWL, whereas the runnel was mainly dominated
by platyhelminthes. The LWL and ridge, however, showed a
difference within the meiofaunal community composition of
the two other sites, where either platyhelminthes or nematodes
were the most abundant taxa in the different replicates. These
results are in agreement with the study of Grzelak et al. (2018),
in which the diversity of nematodes was significantly higher
at the saline HWL at the coast of Long Island compared
to the areas with lower salinities. Although the LWL and
ridge (as the discharge area of the STE) showed similar
prokaryotic communities, this effect is not pronounced for the
investigated eukaryotes. Different composition of meiofaunal
communities within SGD affected and non-affected areas may
be an indication of a non-adaptation toward the effect of
SGD. The presence of crustaceans (mainly copepods) was
only perceptible in the runnel replicates. Also, morphological
observations did not recognize many copepod specimens within
the samples. This may also be an indication of their seasonal
variabilities as the sampling took place in early spring. Seasonal
variations of seawater alter the organic matter input and the
associated degradation by bacteria. Therefore, the STE areas
are lower in the amount of inorganic nitrogen in early spring
compared to late summer (Ahrens et al., 2020) which could
explain the overall low abundance and diversity of harpacticoid
copepods in our study.

The overwhelming majority of meiofauna detected during
morphological investigation were nematodes. Thus, the relatively
high proportions of reads belonging to other groups such as
annelids and platyhelminthes may be caused by the higher
biomass of those taxa, the presence of their appendages
or environmental DNA. Although the abundance of certain
meiofaunal groups such as nematodes was higher at the HWL,
the relative diversity was greater in the runnel, ridge and LWL
samples. This was caused by the presence of rare taxa such
as marine Tardigrada, Chaetognatha, Nemertea and Bryozoa
(included in “others” in Figure 5) which were not detected at
the HWL. This was probably due to the lower salinity that
turns the environmental condition intolerable for the addressed
taxa. In general, we detected different meiofaunal community
compositions between all four study sites. This is in agreement
with Kotwicki et al. (2014), indicating the strong effects of
environmental conditions on meiofaunal communities even
within SGD-impacted areas of high-energy beaches.

In contrast to the overall meiofaunal diversity, nematode
diversity did not follow the described cross-shore trend. At
the HWL and LWL, the nematode communities were much
more diverse in comparison to the runnel and ridge, where the
dominating genera were Enoplolaimus and Xyala. We detected
Xyala in high relative abundance at every site, implying an
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adaptation to the conditions of the intertidal area. When
investigating three beaches impacted by SGD at the Long
Island peninsula (California, United States), at every station
Grzelak et al. (2018) also detected Xyalidae Chitwood, 1951,
which includes the genera Xyala and Theristus Bastian, 1865.
Furthermore, the authors described the presence of Enoplolaimus
sp., an omnitrophic predatory genus, which was distinctive
for areas unaffected by SGD at one of the beaches studied.
Yet, it was also found at impacted sites of another beach
they investigated.

In our study, we detected Enoplolaimus at the LWL, the
discharge area of the STE, with clearly brackish salinities. Thus,
SGD alone may not affect the presence of this genus. This is
in accordance to another study on nematode diversity within
the intertidal area of two sandy beaches in Italy and Poland
(Gheskiere et al., 2005). Furthermore, in our study, Enoplolaimus
ASVs showed high relative abundances at every zone of the
beach, agreeing with Gheskiere et al. (2005) where 7-10% of the
detected nematodes were Enoplolaimus, with a more consistent
presence at the beach exhibiting higher energy input. Since
Spiekeroog beach is characterized by even stronger physical
forcing, the high relative abundances of Enoplolaimus ASVs
in our dataset could indicate an adaptation to high energy
environments. Furthermore, we detected a lower nematode
diversity at the runnel and ridge sites of Spiekeroog beach. Our
findigs again fit to those of Gheskiere et al. (2005), also indicating
a lower nematode diversity and evenness at the investigated
swash and breaker zones, which are comparable to our runnel
and ridge sites. A possible explanation for this might be the
greater physical stress due to the high wave action in these
zones. In both, our and their study, a maximum of nematode
diversity was detected at the HWL. This is probably caused
by the presence of taxa which are related to more terrestrial
environments within the transition zone between the terrestrial
and the marine environment.

Genera typical for brackish conditions like Bathylaimus Cobb,
1894 and Tryploides de Man, 1886 (Gheskiere et al., 2005) were
also detected at the HWL and LWL of Spiekeroog beach with
low relative abundances (both genera are marked as “others”
in Figure 5). At the same stations, we also found Microlaimus
de Man, 1880 (categorized as “others” in Figure 5) which
have been found exclusively at sites unaffected or affected by
SGD, respectively (Grzelak et al., 2018). While the flowpath
and exfiltration zones of the Spiekeroog STE are usually patchy
and heterogeneous, beaches investigated by Grzelak et al. (2018)
had distinct areas affected or unaffected by SGD. Yet, especially
during our campaign, the LWL showed a reliable chemical
signal of SGD and brackish salinities, probably caused by a
beach topography which was unusually stable for the stormy
winter/spring season.

Potential Influence of Nematode
Diversity on Prokaryotic Diversity

We found that nematode communities significantly correlated
with changes in bacterial communities, while the overall
meijofauna did not. However, due to the different sampling
strategies for prokaryote and eukaryote diversity analyses, a

statistically valid testing could not be applied. Since only a few
studies have targeted community level interactions between these
domains of life and none of them investigated the specific role
of STE’s, our study could be a starting point for this kind of
investigations. Co-occurrences between bacteria and nematodes
e.g., were detected in submarine deep-sea canyons and correlated
to physiological needs of the respective bacterial taxa (Rzeznik-
Orignac et al., 2018). For example, taxa like Eubostrichus, which
has also been detected in our study, might serve as “shuttles”
fur sulfur- and ammonia oxidizers between oxic and anoxic
sediment layers, due to their tolerance for anoxic conditions
(Schiemer et al., 1990). This form of interaction is probably less
prevalent at Spiekeroog beach since it exhibits much stronger
recharge of seawater constituents and a less stable redox zonation
compared to deep-sea sediments. Yet, the authors also found
several predatory taxa, which are expected to have an influence
on bacterial diversity. Furthermore, while there is no direct study
on interactions between Archaea and nematodes, members of
Nitrosopumilus were detected within single nematode individuals
in an extensive study on the microbiomes of free living marine
nematodes (Schuelke et al, 2018). Even though we could not
detect significant correlations between the variances of nematode
and archaeal communities in Spiekeroog beach sediments,
Nitrosopumilus was still the dominant archaeal taxon.

CONCLUDING REMARKS

In this study we expected to (i) detect a large archaeal and
meiofaunal core community within the discharge area of the
Spiekeroog beach STE. We detected a core-community of
prokaryotes, yet less dominant than previously observed. This
is possibly related to a previously unobserved stability of
the beach morphology, which has been shown to govern the
hydrogeochemical conditions within the STE. Regarding the
meiofauna, we did not find a core community, but dominant site-
specific communities and a cross shore difference between the
HWL and all other sites. We attribute this to the higher motility
and narrower tolerance range of meiofauna to environmental
parameters. We further hypothesized, that (ii) the conditions in
the discharge area of the STE favor the presence of those Archaea
involved in nitrogen cycling. We could confirm this by detecting
an overwhelming dominance of Nitrosopumliaceae ASVs in the
entire intertidal area, which increased at the ridge and LWL,
marked as exfiltration zones by geochemical (NHy, salinity) and
topography data. Lastly, we hypothesized, that (iii) the harsh
high-energy conditions a Spiekeroog beach result in a nematode
dominated community over a copepod dominated community.
This also holds true, as the vast majority of meiofauna detected by
morphological analysis were nematodes, which also dominated
the sequence dataset. Contrary to a previous investigation of
the Spiekeroog STE we could detect an influence of SGD on
prokaryotic communities, which was visible as a higher evenness
at SGD-impacted sites (ridge, LWL) compared to unimpacted
sites (HWL, runnel). This influence is probably related to the
weaker pronunciation of the runnel-ridge system and a rather
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dissipative morphology of the beach. Yet, correlations between
prokaryotic and meiofaunal communities remain to be explored
in greater detail.
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