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ABSTRACT: In light of global warming and rising relative sea level (RSL), detailed reconstructions of RSL histories and
their controlling processes are essential in order to manage coastal-protection challenges. This study contributes to
unravelling Holocene RSL change on the East Frisian North Sea coast in high resolution and with a new approach for the
German Bight. For the first time, a transfer function (vertical error: 29.7 cm £ ~11% of the mean tidal range) for RSL
change based on a combined training set of benthic foraminifers and ostracods from the back-barrier tidal basin of
Spiekeroog is applied to the Holocene record of the back-barrier tidal basin of Norderney. The resulting RSL curve for the
Norderney tidal basin is corrected for decompaction and shows a deceleration in RSL rise between 6000 and 5000 cal se.
The smallest possible error envelope (~1 m) results from the good suitability of salt-marsh layers between 5000 and
4000 cal Br. The RSL curve provides an approach towards the closure of the common data gap of peat-based curves for the
southern North Sea related to a lack of basal peats in the youngest age range, and verifies regional differences in glacial
isostatic adjustment. © 2021 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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Introduction

Detailed field-based relative sea-level (RSL) reconstructions
are crucial for the understanding of coastal change, for
improving glacial isostatic adjustment (GIA) models and
for the long-term context of future predictions of RSL rise,
which are necessary for coastal-hazard management (Weisse
et al, 2012; Woodroffe and Murray-Wallace, 2012;
Rahmstorf, 2017). Due to local effects (palaeogeography
resulting in flood-basin effects, differences in tidal range,
differences in GIA), RSL curves only have local to regional
validity (van de Plassche, 1986; Kiden et al, 2002;
Bungenstock and  Schifer, 2009; Bungenstock and
Weerts, 2012; Meijles et al, 2018). Since existing RSL
reconstructions from the southern North Sea region based on
basal and intercalated peats (e.g. Behre, 2007; Bungenstock
and Schdfer, 2009) depend on the existence of peat beds and
often show rather high vertical error ranges of several metres,
the necessity of more precise data has been widely expressed
(Vink et al, 2007; Bungenstock and Schafer, 2009;
Bungenstock and Weerts, 2010, 2012; Baeteman et al., 2011;
Meijles et al., 2018). Therefore, in order to provide more
continuous records and thus improve RSL reconstructions, in a
first step, a preliminary transfer function (TF) for calculating the
indicative meaning of RSL-related data, based on foraminifers
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and ostracods, was developed for the East Frisian Islands.
It provides a vertical error of +49.1 cm (18.2% of the mean
tidal range) (Scheder et al, 2019). Such a TF models the
modern relationship between relative species abundances and
sample elevations and allows implications on palaeo-water
depths with a decimetre-scale precision for mesotidal envir-
onments (~10-15% of the tidal range) (Leorri et al., 2010;
Kemp et al., 2012; Barlow et al, 2013; Edwards and
Wright, 2015). Therefore, it is a direct datum for RSL.

This study presents new foraminifer and ostracod data
from a surface transect on the southern coast of the East
Frisian Island of Spiekeroog, which are combined with the
existing TF data (Scheder et al., 2019) in order to improve
the TF performance and reduce the vertical error. The
resulting final TF is applied to seven Holocene sediment
cores located in the back-barrier area of Norderney
(Bittmann, 2019; Bulian et al., 2019). Research hypoth-
eses are:

e The performance of the existing TF can be improved by
including additional modern sample data, leading to a
smaller vertical error.

e The first ever application of a microfossil-based TF to
Holocene sediment cores of the East Frisian North Sea coast
leads to an RSL curve with higher resolution than the existing
peat-based RSL curves.

* Microfossil-based transfer functions help to better quantify
regional differences in GIA and other factors influencing RSL
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in the southern North Sea region by providing a more
complete database for RSL curves along the East Frisian
coast.

Study area

The East Frisian barrier islands are situated in the southern
North Sea, off the coast of north-western Germany; they
have formed since the deceleration of the post-glacial sea-level
rise around 7.5-6 ka ago (Freund and Streif, 2000;
Flemming, 2002; Vink et al., 2007). Their south-eastward shift
of several kilometres since then is driven by the ongoing
RSL rise and prevailing longshore current (Streif, 1990;
Flemming, 2002). Long-term tectonic movements can be
roughly estimated from the depth of submerged Eemian sea-
level highstand data (e.g. Kiden et al., 2002; Streif, 2004; Vink
et al., 2007). Vink et al., 2007 translate the ages and depths of
said deposits to linear tectonic uplift rates of 0.04-0.16 m/ka
along the East Frisian Islands for the Holocene. The two study
areas (Fig. 1a) investigated here are the tidal basins of the
islands of Spiekeroog (Fig. Tb—d) and Norderney (Fig. 1e,f).
Spiekeroog is limited by the tidal inlets Otzumer Balje in the
west and Harle in the east, channelling water of semi-diurnal
tides with a mean tidal range of 2.7 m (BSH, 2018). Norderney
is situated between the tidal inlets Norderneyer Seegat in the
west and Wichter Ee in the east with a mean tidal range of
2.5m (BSH, 2018). Both islands are characterised by intertidal
back-barrier tidal flats, which transform into supratidal salt
marshes onshore. A humid temperate climate (Cfb after the
Koppen-Geiger classification) prevails in the complete area
(Kottek et al., 2006; Beck et al., 2018).

The investigated transect of surface sediment samples
(c. 230m in a north—south direction, ¢. 180 m west of the
transect by Scheder et al., 2019) covers the natural salt marsh
and c¢. 100m of the adjacent tidal flat (Fig. 1b-d) and
complements the transect by Scheder et al. (2019). The natural
salt marsh in the back-barrier of Spiekeroog consists of the
upper salt marsh and the lower salt marsh, based on different
shore height, inundation frequency and hydro-morphological
parameters (van Wijnen and Bakker, 2001). The lower salt
marsh is dominated by Elytrigia atherica, Puccinellia maritima
and Atriplex portulacoides. Halophytic plants such as Salicor-
nia spp. and Spartina anglica predominantly colonise the
pioneer zone (Bakker, 2014). In contrast to the salt marsh, the
adjacent tidal flat is characterised by marine resources such as
marine detritus, micro- and macrophytobenthos (Flemming
et al., 1994; Flemming and Ziegler, 1995).

The investigated sediment cores are located along a transect
(c. 7000 m in an overall east-west direction) in the back-barrier
tidal flat of Norderney, starting in the west at the inner margin of
the tidal inlet ‘Norderneyer Seegatt’, reaching to the east across the
sand flat ‘Hohes Riff’, where they cross a smaller tidal channel.

Methods
Fieldwork
Modern samples

The surface samples (0-1 cm) in addition to those in Scheder
et al. (2019) were collected as part of an independent study
along 11 transect stations from the salt marsh (stations 1-8) to
the tidal flat (stations 9-11) using a soil corer (& 10 cm). Due to
small-scale patchiness, three replicates were taken at each
transect station resulting in 33 samples. The sediment samples
were transferred into Kautex wide-neck containers, preserved

© 2021 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

with Rose Bengal ethanol (94%) solution (2 g/l) to stain the
protoplasm in all living foraminifers and to differentiate
between living specimens and dead/empty tests as described
by Walton (1952), Lutze and Altenbach (1991) and Edwards
and Wright (2015). The samples were stored for three weeks
until further processing in the laboratory. For biochemical
analysis, data for oxygen and TOC (total organic carbon) were
measured at each transect station. Replicates (3n) of oxygen
were determined with a Fibox 4 oxygen meter (PreSens —
Precision Sensing GmbH) in the surface sediment from 0 to
1 cm. Additional samples for TOC analysis were taken from
the surface sediment (<2cm) and frozen at -20°C until
measurement. The elevation of the 11 transect stations related
to NHN (Normalhéhennull = German standard elevation) was
determined using a differential GPS (DGNSS Stonex S9) with
real-time correction service. The applied sampling method
only slightly differs from that of the existing dataset (Scheder
et al., 2019); in particular, concerning the sample thickness
(3cm for existing dataset, 1cm for additional samples).
However, due to negligible variability of species associations
within the upper 3 cm (Scheder et al., 2019), the results are
expected to be comparable. The data of both independent
studies were merged in a later step.

Core drillings

On the tidal flats, cores were retrieved using a vibrocorer
(Wacker Neuson IE high-frequency vibrator head and generator)
and aluminium tubes (8 cm diameter, 6 m length), whereas tidal-
channel cores were drilled from the research vessel MS
BURCHANA using a vibrocorer VKG-6 (VC-6000, med con-
sultans GmbH) and plastic liners (10 cm diameter, 5m length).
Opening and macroscopic core description after PreufS et al.
(1991) was conducted either at the Lower Saxony Institute for
Historical Coastal Research (Wilhelmshaven, Germany) or the
Institute of Geography of the University of Bremen (Germany).
Sampling mainly followed 10 or 20 cm intervals with additional
samples in smaller-scale layers of interest.

Additional information for correlation was taken from
archive core data provided by the ‘Landesamt flir Bergbau,
Energie und Geologie’ (LBEG, Hannover, Germany).

Laboratory analyses
Modern surface samples

Samples were washed with tap water and first passed through a
2000 pm screen, in order to remove macrophyto- and
macrozoobenthos. Subsequently, the samples were washed
through a 63 um sieve and dried at 60°C for at least 24 h. The
>63 um fraction was split by using a microsplitter and analysed
for living and dead individuals. Living individuals (=with Rose
Bengal-stained protoplasm and preserved soft parts in ostracods)
and dead/empty tests (=without stained protoplasm and empty
ostracod valves) were picked, sorted by species and counted
under a stereo microscope (Leica MZ12). Tests were mounted in
Plummer cell slides with glue (Rahman, 2018) and ostracod
valves were stored in Fema cells. Determination of foraminifer
species followed the descriptions in Frenzel et al. (2005),
Muiller-Navarra et al. (2016) and the foraminifera.eu database
(Hesemann, 2015), whereas ostracod taxa were determined
based on Athersuch et al. (1989) and Frenzel et al. (2010).

TOC samples were measured using the CHNS elemental
analyser ‘vario EL cube’ (Elementar Analysensysteme GmbH).
Prior to analysis, carbonates were removed by treatment with
HCI (10%). The precision of the measurement was <0.2% (for
a detailed description, see Lange et al., 2018).
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Figure 1. Study area. a: overview map of the North Sea with Spiekeroog and Norderney framed; b: overview of Spiekeroog with the transect
investigated by Scheder et al. (2019) and the additional transect of modern microfauna; c: detail image showing the location of both transects in the salt
marsh and tidal flat; d: detail of the additional transect; e: overview of Norderney with all WASA cores (cores for TF application are marked in red);
f: detail of the cores used for TF application and RSL reconstruction. WASA = The Wadden Sea as an archive of landscape evolution, climate change
and settlement history. Map sources: b-d: Esri, Digital Globe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, Aerogrid, IGN, and the
GIS User Community; e—f: Bundesamt fiir Seeschifffahrt und Hydrographie, 2016. [Color figure can be viewed at wileyonlinelibrary.com]

Core samples

Microfaunal, sedimentological and geochemical investigations
were performed for 137 samples from seven sediment cores
(for details see S1.1 (suppl.)) for facies interpretation (see also
Elschner et al., 2021). Core VVC17 was analysed as described
in Bulian et al. (2019).

The chronological framework is based on AMS-'*C dating
on peats (Bulian et al., 2019), in-situ bivalves and
foraminifer tests. '*C dating was performed by the Poznan

© 2021 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Radiocarbon Laboratory (Poland) and Beta Analytic Inc.
(USA). Calibration and age-depth modelling was accom-
plished using R software (rbacon, v. 2.3.9.1, Blaauw and
Christen, 2019), calibration curves IntCal13 and Marinel13
(Reimer et al., 2013) and reservoir correction after Enters
et al. (2021), who dated two bivalves (Cerastoderma edule
and Mytilus edulis) which were collected near Wangerooge
in 1889 (Table 1). The available age data were used by R to
interpolate an age model up until the surface, where
necessary layer boundaries were integrated in the modelling

J. Quaternary Sci., Vol. 37(1) 71-85 (2022)
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process in order to account for different possible sedimenta-
tion rates.

Data analysis

In order to analyse the influence of elevation, oxygen and TOC
on the abundance of intertidal foraminifers, a redundancy
analysis (RDA) was performed using the software CANOCO 5
(Microcomputer Power, Ithaca, USA, 2012). Microfaunal data
of the preliminary TF (Scheder et al., 2019) were combined
with the additional foraminifer and ostracod data (dead
assemblages). All measured elevations were transformed to
the most recent vertical datum (DHHN2016; ‘Deutsches
Haupthdhennetz’). Pearson and Spearman correlation coeffi-
cients were calculated showing no auto-correlations between
taxa. In order to verify elevation, connected to the inundation
frequency, as the main driving factor of species composition
and that the unimodal response along the main environmental
gradient does not change after adding the new samples,
principal component analysis (PCA) and detrended correspon-
dence analysis (DCA) were performed. Correlation and multi-
variate statistics were accomplished using the software PAST
(v.3.2.1) (Hammer et al., 2001). The gradient length indicated
by the DCA (3.86 standard deviation (SD)) suggests a more
unimodal species—environment relationship (Birks, 1995; Leps
and Smilauer, 2003). Therefore, the final TF was modelled
using the weighted averaging—partial least squares (WA-PLS)
method. The choice of a multicomponent model was not only
based on the coefficient of determination (R%,,.) and the root
mean square error of prediction (RMSEP) (cf. Wright
et al., 2011), but also on considerations in Barlow et al.
(2013). In their case, two- or three-component models provide
a better statistical fit across the elevation range of the modern
training set. Furthermore, variables also affecting microfaunal
distributions show covariations with the elevation. They state
that multiple-component models are acceptable due to the
statistical structure of residuals of a one-component model
reflecting these relationships. Hence, we applied a WA-PLS
model with a maximum of three components, in order to avoid
overfitting (Kemp and Telford, 2015) using the software C2
(v. 1.7.7) (Juggins, 2007). The TF performance was evaluated
by bootstrapping cross-validation (1000 cycles) based on the
R2b00t, estimating the quality of the linear relationship between
observed and estimated elevations, and the RMSEP, facilitating
the assessment of the general predictive capability of the TF
(Milker et al., 2017). The appropriate component was chosen
based on the lowest RMSEP and highest R2,,01.

Core data were processed and evaluated similarly to the
modern dataset (Scheder et al., 2019) (for more detail, see 51.2
(suppl.)). Where possible, facies identified from the cores were
correlated in a cross section, in order to get an understanding
of their spatial extent. Only supratidal and intertidal layers,
identified based on the core investigations, were used for the
application of the TF, since the TF is only able to reconstruct
these depositional environments. The quality of the recon-
struction was evaluated by the modern analogue technique
(MAT) based on the minimum dissimilarity coefficient
(MinDC) using the software C2 and following suggestions by
Watcham et al. (2013), who separate fossil samples into good
(<5%), close (<20%) and poor (>20%) modern analogues.

Decompaction and 2¢ uncertainty

Post-depositional and auto-compaction of peat can lead to
significant uncertainties when reconstructing past sea levels
(Bird et al., 2004; Long et al., 2006; Hijma et al., 2015). For
instance, auto-compaction by oxidation and decomposition

© 2021 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

can cause surface subsidence of several metres over millennial
timescales (e.g. Long et al., 2006; Weerts, 2013). In our case,
peats are not used to reconstruct the RSL but their compaction
as well as the compaction of mud-rich sediments can influence
the elevation of the used sediment samples, so a decompaction
approach is required.

For decompaction of our TF samples from the minerogenic
salt-marsh area we applied a factor of 1.5 for the sediment
thickness underneath the sample down to the Holocene base,
where this is known, assuming that the underlying coarse-
grained Pleistocene sediments are compaction-free. We refer
to values from literature, e.g. Pizzuto and Schwendt (1997),
who use a numerical model to quantify auto-compaction in
valley-fill deposits. They study cores with less than 10 m length
in organic-rich mud (salt marsh) and siliciclastic mud
(subtidal). They calculate a factor of 2.2 (54% compaction)
for organic-rich mud and 1.3 (23% compaction) for the entire
core section. Van Asselen (2011) considers a decompaction
factor for peat of 1.7 (40% compaction) with an average factor
of 1.8 (~45% compaction) for basal peat and 1.3-1.5
(~20-30% compaction) for intercalated peat. Smith et al.
(2003) use values between 1.7 (40% compaction) and 3.1
(68% compaction) for peat overlain by clastic sediments. If the
clastic unit is >2.5 m thick, they assume that the compaction of
the underlying peat is complete before the respective sample
material deposited. Therefore, we assume that the presence of
basal peat does not change the downcore correction factor of
1.5 for the TF samples, because its main compaction was
completed before the overlying salt-marsh sequence formed.

For the basal peats, we apply a different decompaction
factor, as we expect a much stronger compaction by oxidation
and decomposition and later additional compression by
overlying clastic deposits. Here, we apply a decompaction
factor of 2.5 (e.g. van de Plassche et al., 2005, 2010; Hijma
et al.,, 2015; Khan et al., 2019).

The 20 vertical uncertainty of the samples, including their
sample-specific error calculated by the TF, was determined
applying the standardised calculation of the indicative mean-
ing following the HOLSEA concept (Khan et al., 2019)
(supplementary excel file).

Results of the modern samples

Back-barrier foraminifers from the second transect of Spieker-
oog (violet transect in Fig. 1c and d) follow a typical horizontal
zonation (Table S2.1 (suppl.)). Accordingly, agglutinated species
(Deuterammina balkwilli (Bronnimann & Whittaker, 1983),
Jadammina macrescens, as a synonym for Entzia macrescens
(Brady, 1870), Miliammina fusca (Brady, 1870), Trochammina
inflata (Montagu, 1808)) and miliolid calcareous species
(Cornuspira involvens (Reuss, 1850) and Triloculina oblonga
(Montagu, 1803)) tend to have a higher abundance in vegetated
supratidal and intertidal environments with higher elevation
(salt marsh, transect stations 1 to 8, +1.946 to +0.808 m NHN;
Fig. 2). In comparison, hyaline calcareous species (Ammonia
tepida (Cushman, 1926), Haynesina germanica (Ehrenberg,
1840), Elphidium spp. (Montfor, 1808)) occur with higher
abundances in lower intertidal and subtidal elevations (tidal flat,
transect stations 9 to 11, +0.683 to +0.926 m NHN; Fig. 2).
Ostracods follow the same zonation but exhibit a transition
zone between the vegetated salt marsh and the lower elevations
of the tidal flat. The vegetated salt marsh and most of the
pioneer zone are almost exclusively characterised by high
abundances of Leptocythere (Sars, 1925), especially L. lacertosa
(Hirschmann, 1912). The transition zone between the pioneer
zone and the tidal flat shows the highest abundances (mainly
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Figure 2. Redundancy analysis of supratidal to intertidal foraminifers in
relation to elevation, oxygen and total organic carbon. Eigenvalues of axis
1=0.3932 and axis 2=0.0806. Full species names of agglutinated
species: DeutBalk= Deuterammina balkwilli, JadmMacr = Jadammina
macrescens (= Entzia macrescens), MiliFusc= Miliammina fusca,
Trocinfl= Trochammina inflata; miliolid species: Corninvl= Cornuspira
involvens,  TrilObln= Triloculina  oblonga;  hyaline  species:
AmmnTepd= Ammonia tepida, HaynGerm= Haynesina germanica,
ElphAlbi, ElphExc, Elphincr, ElphWill= Elphidium spp. (E. albiumbili-
catum, E. excavatum, E. incertum, E. williamsoni (as synonym for
Cribroelphidium  williamsoni)). [Color figure can be viewed at
wileyonlinelibrary.com]

Leptocythere and Cytherois fischeri (Sars, 1866)) and the tidal
flat shows additional Semicytherura striata (Sars, 1866).

Environmental parameters such as oxygen concentration
and TOC play a major role in the distribution of foraminifers.
Along the transect, the mean oxygen concentration increases
from 178.3+27.79 umol/l in the upper salt marsh to
229.9+58.07 umol/l in the lower salt marsh and
224.1 +54.84 umol/l in the tidal flat, whereas the TOC
content decreases from 6.1+0.95% to 3.2+1.92% and
0.3+0.10%, respectively (Tables S2.2 and S2.3 (suppl.).
Accordingly, the abundance of agglutinated and miliolid
species correlates with higher TOC in vegetated intertidal
environments and is less impacted by oxygen (Fig. 2).
In contrast to that, the abundance of hyaline species correlates
with oxygen in subtidal elevations and is less impacted by
TOC (Fig. 2). RDA suggests a correlation between TOC and
elevation (Fig. 2). This is in accordance with the previous study
of Scheder et al. (2019), which reveals a high Pearson
correlation coefficient of ~0.75.

Results and interpretation of the statistical
analyses

The combined modern training set

In order to cover information over longer time periods and
avoid seasonal influences, only the dead assemblages were
used for combining the modern data of this study with the data
from Scheder et al. (2019), since those average the result of
habitat preferences and related taphonomic changes over
several seasons and years (Murray, 2000).

After comparing the new samples with the previous
samples of the preliminary TF (Scheder et al., 2019), the
rare foraminifer previously determined as Spirillina
sp. could be re-identified as Cornuspira involvens
(Reuss, 1850) based on the identification of the additional
modern samples. Identification of the other taxa remains

© 2021 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

unchanged. In the combined dataset, both Pearson and
Spearman correlation show no (auto-)correlations between
foraminifer and ostracod taxa. Thus, all taxa were included
in the following PCA. This was performed in order to find
variables accounting for as much of the variance in the
combined dataset as possible (Davis, 1986; Harper, 1999)
using samples with a minimum of 40 individuals. This limit
was defined in order to find a balance between high
accuracy of reconstructed data points (higher number of
individuals) and a higher quantity of data points (lower
number of individuals). The PCA (Fig. 3) reveals two
components with variances >10%.

The most significant axis is PC 1 (31.99%), opposing
salt-marsh foraminifers and associated samples (positive
values) and shallow-water, i.e. intertidal, species and asso-
ciated tidal-flat samples (negative values) suggesting a salt-
marsh vs. tidal-flat component. This could be related to
salinity, organic content and hydro-dynamic levels, which are
all controlled by the duration of water cover or inundation
frequency (Scheder et al., 2019). PC 1 is therefore interpreted
to represent the elevation, meaning that the combined dataset
can be used for the development of the final TF.

PC 2 (17.61%) opposes euryhaline species with tolerances
towards dysoxic conditions (e.g. Ammonia tepida) (negative
values) and species less tolerant of dysoxic conditions
(e.g. Trochammina inflata) (positive values) (Murray, 2006).
Dysoxic conditions may relate to finer-grained substrates, whereas
oxic conditions are associated with sand-dominated substrates. PC
2 may therefore relate to the oxygen availability or the substrate.

The DCA was carried out in order to test the
species—environment relationship including the elevation and
the microfaunal data. The length of the environmental gradient
was determined as 3.86SD suggesting a more unimodal
species—environment relationship (Birks, 1995; Leps and
Smilauer, 2003).

Final transfer function

As performed for the preliminary TF (Scheder et al., 2019),
two models were developed (Fig. 4): Model | exclusively
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Figure 3. Principal component analysis (PCA) biplot showing the two
most relevant axes. Black diamonds represent samples, blue diamonds
represent foraminifer and ostracod taxa. Colour shades correspond to
facies colours used also for core drawings (Figs. $2.3-52.9 (suppl.)) and
for the stratigraphic cross section (Fig. 5). [Color figure can be viewed at
wileyonlinelibrary.com]
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considers foraminifers (commonly applied approach) and
Model Il additionally considers the ostracods. For both, the
third of the three modelled components is the most suitable
(lowest RMSEP and highest R?). During initial modelling,
sample T A (highest elevation) was identified as an outlier
based on visual evaluation of the cross-validation diagrams. It
was therefore excluded from the dataset, resulting in an
elevation gradient of ~2.71 m in vertical distance (+1.506 to -
1.206 m NHN). This is comparable to the mean tidal range of
Spiekeroog (2.7 m) with mean high water at +1.4 m NHN and
mean low water at -1.3 m NHN (BSH, 2018).

Model | shows an R2,,, of 0.81 and an RMSEP of 37.8 cm,
which accounts for 13.92% of the elevation gradient (13.98%
of the mean tidal range). No clear trend in the TF over- or
underestimating samples related to their observed elevation is
visible and no structures of residuals can be documented
(Fig. 4). However, underestimation seems to be higher than
overestimation.

Model II delivers an R%,,o: of 0.89 and an RMSEP of only
29.7 cm, accounting for 10.98% of the elevation gradient
(11.02% of the mean tidal range). The residuals show reduced

]
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underestimation compared with Model |, indicating an
improved precision (Fig. 4).

There is remaining potential to further improve the TF by
applying Bayesian modelling, which would consider addi-
tional proxies and multimodal species response to the
environmental variable (Cahill et al., 2016). However, due to
the unimodal species response in the current dataset, this was
not implemented here.

Results and interpretation of the Holocene
sediment cores

The facies of the investigated sediment cores are depicted
along a west—east transect, which also includes information
from four archive cores (Fig. 5). For detailed sedimentological,
geochemical and microfaunal results of the investigated cores,
see Figs. $2.2-52.8 (suppl.; for VVC17 see Bulian et al., 2019).
Detailed information on '*C dating is given in Table 1.

The investigated sedimentary record in the study area starts
with Eemian marine highstand sediments documented in the
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Figure 4. Testing of the transfer function by bootstrapping cross-validation (1000 cycles). Diagrams show estimated vs. observed elevation (left) and
deviation of samples from the observed elevation (right) for both Model | (dead foraminifers) and Model Il (combined associations of dead
foraminifers and ostracods). [Color figure can be viewed at wileyonlinelibrary.com]
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most western core (VVC16). During the following Weichselian
glaciation, the area was subject to periglacial conditions and
the accumulation of aeolian and glacio-fluvial sands
(Streif, 2004), showing initial pedogenesis (palaeosol in Fig. 5).
The upper boundary of these deposits marks the Holocene
base, which in the eastern part was reconstructed based on
depth information from archive core data.

Around 8-7 ka cal p, a basal peat started to develop first in
the west (VWVC16 and 17), driven by rising groundwater
levels and the tidal-channel situation during the post-glacial
transgression (Bungenstock and Schifer, 2009). In the east
(N43, VCO03, VC13, N44-45), the basal peat formed later due
to the higher topography. The area slowly started to become
protected by early barrier-island formation, which was
initiated during the deceleration of sea-level rise around
7-6 ka ago (Freund and Streif, 2000; Flemming, 2002;
Bungenstock and Schafer, 2009).

When sea level had almost reached the position of VVC16
(-6.52m NHN) and VVC17 (~-6.24 m NHN) around 6000 cal
BP, a salt marsh formed, enabling the settlement of typical salt-
marsh foraminifers (e.g. Entzia macrescens and Trochammina
inflata) and salt-tolerant plants, indicated by higher organic
contents and low C/N ratios (Last and Smol, 2001).

In VVC17, after the salt-marsh phase, peat growth continued
simultaneously with basal peat formation in the eastern part,
indicating that the peat of that age and depth (-5.47 m NHN in
VVC17) is related to sea level due to the formation of basal
peats at or above mean sea level. The intercalated salt-marsh
deposits probably accumulated due to the ingressing sea along
the main channels. This caused regular flooding of the basal
peat (VVC17) and subsequent salt-marsh formation. Based on
the high sediment supply in the vicinity of the tidal channels
and following vertical growth, finally, peat was able to
re-establish (intercalated peat in VVC17) (cf. Baeteman, 1999).
N49 shows another similar intercalated peat at -3 m NHN,

which has an upper erosional contact and is not documented
in the other cores. The peat could have formed locally,
explaining its absence in the adjacent cores. However, the
erosional contacts described in N43, VC03 and VC13 may
indicate that this peat has been eroded in these cores.
Furthermore, LBEG maps (‘Profiltypenkarte’, ‘NIBIS® Karten-
server’, https://nibis.Ibeg.de/cardomap3/) show intercalated
peats in this area, which is why a more extensive peat
formation and subsequent erosion is more likely. '*C dating of
the intercalated peat in N49 shows age inversions. The base
was dated to 5465-5311 cal sp (bulk sample; -3.29 m NHN),
being older than the basal peat of this core (4845-4628 cal sp;
-4.27 m NHN). A second sample at the same depth was dated
to 4346-4010 cal e (Phragmites australis; ~-3.29 m NHN) and
the upper part (-3.07m NHN) to 4515-4255 cal sp. For the
base of the intercalated peat, the youngest age gained from
individual plant remains was preferred over the older bulk
sample, as suggested by Hatté and Jull (2007). Regarding the
age of the peat top, interpreted as a fen peat, possible
incorporation of older '*C from groundwater has to be
considered, leading to a slight age overestimation.

The second peat (starting at ~-5.98 m NHN), as well as the
overlying salt marsh documented in VVC16, shows approxi-
mately the same age as the underlying sequence of peat and
salt marsh. This may suggest that the upper sequence was
proximally relocated during a storm event after being ripped
off a peat cliff on the mainland coast and deposited in the salt
marsh. These drifting peat packages are referred to as ‘Dargen’
(Streif, 1990; Behre and Kucan, 1999; van Dijk et al., 2019).

Subsequently, sea-level rise continued and with the south-
eastward migrating barrier island the main channel shifted
eastwards to the western part of the study area (VVC16 and
VVC17). This channel led to subtidal deposition on top of
VVC16 but also to erosion and relocation in VVC17. The latter
shows >10% of salt-marsh foraminifers within the upper part
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Figure 5. Stratigraphic cross section of the cores investigated by Elschner et al. (2021), additional WASA and archive core data including
radiocarbon ages from peats, bivalve shells and foraminifer tests. Ages written in italics were excluded due to presumed reworking, whereas ages
written in bold were deemed reliable. [Color figure can be viewed at wileyonlinelibrary.com]
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of the tidal-flat deposits at the top of the core (Bulian
et al., 2019). This can only be explained by the introduction
of salt-marsh deposits from a fossil layer eroded nearby
by channel migration after an initial tidal-flat phase. In the
back-barrier area, a tidal flat developed, which in the east was
first cut by a smaller channel (N44 and 45) that was
subsequently filled. '*C dating of molluscs and foraminifer
shells in four cores (N43, N49, VC03, VC13) suggests a hiatus
at the base of the tidal-flat sediments as well as sediment
reworking within this unit. The hiatus is well documented in
the chronostratigraphy of N49, where the top of the
intercalated peat layer is dated to 4515-4255calsp, with
potential minor overestimation as mentioned earlier, followed
by an erosive contact with a burrow of an articulated bivalve
(Barnea candida) dated to 905-733 calsp. Reworking is
indicated by age data above this hiatus with age inversions
in all four cores (Fig. 5) and very young ages derived from
molluscs (278-78 and 260-1 cal 8p) at depths of -2.7 to -3.1 m
NHN (VC03). We expect two different reworking layers,
separated by the marker horizon of an undisturbed storm
deposit, which can be correlated between all reworking-
affected cores, except for N43.

Intense reworking on the tidal flats is mainly connected to dike
construction, with first continuous dike systems around ap 1300.
It is estimated that up to 50% of the tidal-flat deposits, even more
in areas more proximal to the bifurcating channels, are being
reworked within 50 years (Trusheim, 1929; Liders, 1934;
Reineck and Siefert, 1980; van der Spek, 1996; Gerdes
et al., 2003; Bungenstock et al., 2021). Tidal channels may cut
down to more than -20 m to rework substantial amounts of
sediment (van der Spek, 1996). The catchment area and the
channels themselves are quite stable and channel migration is
limited (Bungenstock et al., 2021). For the back-barrier area of
Spiekeroog, Tilch (2003) shows that between 1866 and 1935 no
significant lateral enlargement of the channel system took place,
but there was significant erosional deepening related to dike
construction on the mainland and a reduction of the tidal prisms.
Over longer time scales, south-eastward migration of the barrier
islands intensified tidal dynamics and reworking, as well as
episodic storm surges. Tilch (2003) documents vertical erosion of
16 cm for the northern rim of the Janssand, the sandbank
between Langeoog and Spiekeroog, during one single summer
season (2001), whereas this same amount accumulated in the
centre of the sandbank. For more protected sandbanks, seasonal
erosion and accumulation rates in the order of 5 cm are reported
(Tilch, 2003).

Due to the position of the erosive contact in N49 and VCO03
and the reconstructed sloping subsurface structure (Fig. 5), we
expect these cores to be influenced by migrating tidal
channels. In N43 and VC13, the erosive contact lies higher,
which is why reworking after the hiatus is expected to be less
intense, at least for the lower part of the tidal-flat deposits. The
more recent reworking processes on top of the storm-surge
layer may be related to the diurnal tides as well as to the tidal
channel between N43 and VCO03. The fact that the foraminifer
tests in these affected deposits do not show significant signs of
relocation (opacity, signs of abrasion) indicates only proximal
transport (Hofker, 1977).

Discussion
Evaluation of sample material for TF application

Samples from non-marine Pleistocene deposits and peat facies
were excluded for the application of the RSL TF. Furthermore,
deposits with indications for reworking, i.e. most tidal-flat
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samples, were excluded, since their taphocoenoses may not
adequately reflect RSL during deposition. Only the lowest
samples from the base of the tidal-flat deposits of VVC17 were
included due to the expected lower intensity of reworking
implied by the typical shallow-marine (intertidal) foraminifer
associations (see Results and interpretation of the Holocene
sediment cores).

The final TF was applied to 38 (out of originally 139)
samples from seven sediment cores. Since Model Il of the final
TF provides the best vertical error (RMSEP) and correlation
(R%,000), only this model was used for the final RSL
reconstructions. Therefore, the combined data of foraminifers
and ostracods (total = 100%) of each core were integrated. The
TF provides the palaeo-elevation of each sample relative to
the palaeo-sea level. It was converted to an absolute elevation
(m NHN) using the following equation, in order to reflect
the palaeo-sea level; the result was plotted against the
time (Fig. 6).

SL,=d; + e,

SL,: palaeo-sea level (m NHN)

dy: depth of fossil sample (m NHN)

ep: palaeo-elevation of fossil sample relative to palaeo-sea
level (m)

The resulting RSL curve

The RSL curve and its envelope resulting from applying the TF
to the core samples were derived from plotted ages (including
their confidence interval of 2c6) and calculated indicative
meaning for mean sea level (MSL; including their sample-
specific error (Table S2.6 (suppl.)); Fig. 6a). The indicative
meaning considers compaction, mean tidal range, and GIA.
Fig. 6b shows the final envelope curve including the 2c
uncertainty calculated after the HOLSEA protocol (Khan
et al., 2019) in addition. The envelope was drawn connecting
the edges of the squares, resulting from the vertical and
horizontal error bars, leaving out the older edge where squares
overlap. The curve begins during the phase of the transition
from faster RSL rise to the decelerated rise. Estimated rates from
the graph in the age—depth diagram show a rate of ~0.4 m per
century (mean of rates of VVC16 and VVC17) until ~5700 cal
Bp. However, MAT suggests that the upper two samples of
VVC17 as well as the upper sample of VVC16 are not
sufficiently reliable (poor modern analogues; Fig. 6), so they
should be excluded from the final curve (Fig. 7), leading to a
rise of ~0.16 m per century. The first phase is followed by a
data gap (no microfaunal data due to peat formation) that
correlates with other regional peat records and the decelera-
tion of sea-level rise (Freund and Streif, 2000; Streif, 2004;
Bungenstock et al., 2021). The available data between 5000
and ~3700 cal sp indicate a RSL rise of ~0.24 m per century.
However, a number of samples show poor modern analogues
(e.g. all samples from N49; Fig. 6), which reduces the number
of reliable data points with the last reliable data for
4292-3829 cal Br. This does not change the general validity
and course of this phase, only the density of reliable data
points. Here, the reconstruction shows five visual outliers (one
from VCO03, two from VVC17, one from VC13 and one from
N44). Except for the N44 sample, they represent samples from
above the erosive contact. For VVC17, stronger hydrodynamic
conditions must have occurred for a certain time before the re-
establishment of short-term calmer conditions (indicated by
the next sample from this core; Fig. 6). The two outliers from
VCO03 and VC13 were taken from within a mollusc burrow
inside the peat, indicating that the ages of these samples might
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function (TF) on samples from seven WASA cores
in the back-barrier area of Norderney. The curve
and its envelope were derived from plotted ages
(including their confidence interval, 2o) and
calculated sea levels. Ages are given in calibrated
years Bp, palaeo-RSL is related to present-day NHN.
The quality of the modern analogues is based on the
modern analogue technique after Watcham et al.
(2013). The phase affected by main uncertainties is
cross-hatched and visual outlier samples are not
included in the envelope. a: error envelope based
on 2o age interval and sample-specific error of the
TF (Table S2.6 (suppl)); b: error envelope based on
20 age interval and 2¢ uncertainty following the
HOLSEA protocol (suppl. sheet HOLSEA), samples
with poor modern analogues and outlier samples
excluded. [Color figure can be viewed at
wileyonlinelibrary.com]
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be overestimated by the age-depth models. The sample from
N44 originates from a salt-marsh layer with a very high organic
content (peat), hence, typical calcareous microfauna could
have been dissolved (cf. Elschner et al., 2021), possibly biasing
the calculation by the TF. Therefore, these samples are not
expected to be reliable and were not integrated into the error
envelope. The next phase of the curve is characterised by a
stagnation between ~3700 and ~2500 cal sp. Since the sample
building this phase shows only poor modern analogues (Fig. 6)
and age-depth modelling provided a large age error of
approximately 1000 vyears, the third phase is not expected to
be reliable and is not considered for the following curve.
Changes after ~2500 cal Bp cannot be reconstructed due to the
exclusion of the reworking-affected tidal-flat samples (see
Evaluation of sample material for TF application).

© 2021 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

m  intercalated peat (20 age interval, vertically corrected for compaction
and indicative meaning, with 20 uncertainty after HOLSEA protocol)
basal peat (20 age interval, vertically corrected for compaction

PRy and indicative meaning, with 20 uncertainty after HOLSEA protocol)
original RSL curve (mean sea level without correction for compaction)

/=) corrected RSL curve (vertically corrected for compaction, with 20

I
)

IS
palaeo-sea level [m relative to present-day NHN]

Figure 7. Simplified depiction of the
decompacted and original relative sea level
(RSL) curve for Norderney combined with
available sea level-related peat data from the
same WASA cores. Ages are given in calibrated
years 8P and palaeo-RSL, indicative meanings of
peat are related to present-day NHN. [Color
figure can be viewed at wileyonlinelibrary.com]
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Considering the fact that necessary decompaction
factors can vary even within one core (Smith et al., 2003,
Bungenstock et al., 2021) and the fact that the depth to the
Holocene base is not known in cores N43, N49 and VC13,
the rate of RSL as depicted by the dataset is subject to some
uncertainty. The varying decompaction factors are also a
reason for not applying an errors-in-variables integrated
Gaussian process (EIV-IGP), which would allow for more
detailed rates of RSL change (Cahill et al., 2015, 2016), but
would also represent an exponentiation of error estimation
and exceed the focus of this article.

In order to fill the gap between ~5700 and ~5000 cal sp and
to test the RSL resulting from the TF, we included available
peat data related to RSL (basal peat as well as intercalated peat)
from the same time span and plotted their reference water level
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with the 26 uncertainty (Table 2 (suppl.)) in the RSL curve (now
excluding all TF-based data points with poor modern
analogues; Fig. 7). For comparison, Fig. 7 also shows the
course of the RSL curve without correction for compaction. It
has to be noted that numerical decompaction by calculating
the real compaction of the deposits could lead to any
decompaction results between the original and the decom-
pacted curve. In general, all peats plot above the TF-based RSL
curve and the 26 uncertainty of most peats overlaps with its
error envelope. Only the basal peat of VC03 and the
intercalated peat of N49 do not fit the curve. It is possible
that both samples are affected by relocation due to their
position directly underlying the erosive contact. As mentioned
above, these cores are assumed to be influenced by migrating
tidal channels. Another possible explanation for the offset of
these two data points could be an overestimation of compac-
tion when applying the described decompaction approach.
Altogether, the peat data seem more inconsistent than the RSL
record of the application of the TF on the same sediment cores.

Evaluation of the reconstructed RSL development
and comparison with other RSL curves

In order to assess the validity and trans-regional significance
of the decompacted RSL curve, a comparison with existing
curves is shown in Figs. 8 and 9. It has to be noted that for the
other curves depicted in Fig. 8 neither the standardised
calculation of the indicative meaning of peat data
following the HOLSEA concept (Hijma and Cohen, 2019;
Khan et al., 2019) nor a TF for microfauna data has been
applied. Nevertheless, a general tendency of MSL curves
along the southern North Sea coast can be described.

Considering the differences to Belgium and Zeeland (Denys
and Baeteman, 1995; Kiden, 1995; Vink et al., 2007), the present
curve shows a generally lower course but approximates to the
Belgian curve in time and shows a smaller error envelope in the
second phase. During the first phase, the present reconstruction
lies lower than the ones from Belgium and Zeeland, whereas in
the second phase (~5000-3700 cal sr), the difference becomes
smaller towards the end of the phase. The general deviation
could be explained by northward increasing glacial isostatic
subsidence due to the position relative to the north-west—east-
south-east orientated glacial forebulge (Kiden et al., 2002; Meijles
et al., 2018). The overall decreasing differences may relate to
slowly decreasing subsidence rates over time (cf. Kiden
et al., 2002; Vink et al., 2007).

The differences between the present curve and curves from
the central and western Netherlands (van de Plassche
et al., 2005; Hijma and Cohen, 2010, 2019) as well as from
the Dutch Wadden Sea (Meijles et al., 2018) are smaller, but
also decreasing with time. The error envelope of the present
curve is similar to the one from the central Netherlands (van de
Plassche et al., 2005) in the second phase, but seems larger for
the rest of the curve. Concerning the curve for the Dutch

Wadden Sea (Meijles et al., 2018), the error envelope of the
second phase of our TF-based curve is generally smaller.
The general trend of the present curve is most similar to the
compaction-resistant curve from the Flevo area that only uses
the base of basal peats as sea-level index points (SLIPs) (van de
Plassche et al., 2005). The elevation differences between
the TF-based curve and all three mentioned curves could
partly be explained by different concepts of depicting MSL but,
nevertheless, for the main part by the different GIA rates and,
to some extent, tectonics (Meijles et al., 2018). The approx-
imation of the curves during the second phase may again show
the decreasing subsidence rates over time (cf. Kiden
et al., 2002; Vink et al., 2007).

The present curve shows overlaps with the one for north-west
Germany (Vink et al, 2007), mainly concerning their error
envelopes, even though it is generally lower. The curve for north-
west Germany is based on selected data previously published by
Behre (2003, 2007) which led to a smoother curve than the
original one. The error envelope of the complete TF-based curve is
smaller than that of the curve for north-west Germany. Taking a
closer look at the differences during the first phase, these data (top
of basal peats and base of intercalated peat) are definitely
influenced by compaction (Vink et al., 2007), whereas our curve
includes a decompaction approach. Furthermore, the six data
points originate from a very large section of the German coast,
reaching from Emden, close to the Dollart Bay, over Hooksiel and
Wilhelmshaven (Jade Bay) to the ‘Land Wursten” region (>10 km
south of Cuxhaven) and none are located near Norderney,
implying an interregional significance of the different SLIPs
(Bungenstock and Weerts, 2010, 2012). Considering different
local effects (mean tidal range, GIA), our curve is therefore
associated with a higher significance, at least for the present study
area, even if the steep trend of the first phase remains uncertain
due to the poor modern analogues. Looking at the database of
Behre (2003) for the time of the second phase of the present curve,
a similar pattern becomes apparent concerning the compaction-
prone database (top and base of upper peats and intercalated peat).
The Behre dataset is not as regionally widespread for this phase,
possibly representing a significance for the area around the Jade
Bay, but not for the tidal basin of Norderney.

The present curve cannot be connected to the curve from
the West Frisian Islands for the last 2000 years (De Groot
et al., 1996) due to the exclusion of the uppermost VVC17
sample with poor analogues and of the reworking-affected
tidal-flat samples.

Comparing the TF-based RSL data with RSL curves applying
the standardised calculation of the indicative meaning of peat
data following the HOLSEA concept leads to smaller devia-
tions (Fig. 9). A new peat-based curve from the East Frisian
Island of Langeoog (~10 km east of Norderney, Bungenstock
et al., 2021) lies only slightly above the present TF curve with
both curves showing overlapping error envelopes. Differences
may be due to the nature of the dataset of Bungenstock et al.
(2021) (tidal-flat sediments vs. peat data) but also due to the

Table 2. Overview of the indicative meaning for the fen peats plotted in the age-depth diagram in Fig. 7. For the peat characterisation, see Table 1.

Reference water level (RWL) when selected

as sea-level index point with mean high

Reference water level (RWL) when

Sample water (MHW) = 1.2 m for Norderney not selected as sea-level index
type Evidence (BSH, 2018) point = ground water level (GWL) Indicative range
Fen peat  The average water depth is set MHW -0.3 m GWL -0.3m RWL+0.2m

at 0.3 m and the indicative
range at 0.2 m (Hijma and
Cohen, 2019)
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applied decompaction approach leading to a higher rate in
RSL rise in the second phase of the TF curve. A possible
underestimation of the compaction in the lower parts of N43
due to the unknown depth of the Holocene base could have
pretended a higher rate in that phase, also explaining the larger
difference between the two curves around ~5000 cal sp.
Another possible reason could be the underestimation of the
indicative meaning of the peats by Bungenstock et al. (2021).
Hence, most likely, no real offset exists between the two tidal
basins. However, the error envelope of the TF curve in the
second phase is much smaller than the one of the peat-based
Langeoog curve (Bungenstock et al., 2021).

Comparing the present curve with the more recent RSL
curve for the western Netherlands (Hijma and Cohen, 2019)
(Fig. 9) shows that the two curves lie much closer when
applying the indicative-meaning concept, which was not the
case for the predecessor curve (Hijma and Cohen, 2010)
(Fig. 8). The tendency is still the same, but the differences are
smaller: in the first phase, the difference decreased from ~2 m
to ~1 m and in the second phase it decreased from ~2.4-1.2m
to ~1.6-0.6 m. However, the decreasing difference of the
second phase could be weakened when considering a possible
underestimation of compaction in the lower parts of N43
(beginning of the second phase ~5000-4500 cal 8p) due to the
unknown depth of the Holocene base. In that case, a mainly
parallel trend of both curves can be assumed.

Conclusion and outlook

The inclusion of additional samples from the vicinity of the
surface transect (Scheder et al., 2019) helps to improve the
performance of the preliminary TF for RSL. The vertical error of
the common TF model, using only dead foraminifers, could be
improved by +8 cm by including dead ostracods. The final TF
provides an R2%y00t Of 0.89 and a vertical error of 29.7 cm,
accounting for ~11% of the tidal range of Spiekeroog
(BSH, 2018). The overall error range lies at ~1 m.

The Holocene stratigraphic sequence of the back-barrier area
of Norderney starts with Pleistocene deposits, which are overlain
by the basal peat resulting from rising groundwater levels
associated with the early to mid-Holocene trangression
(Streif, 2004; Bungenstock and Schéfer, 2009). Peat growth
started around 8000-7500calsp in the west and expanded
further east. A salt-marsh layer on top of the basal peat indicates
increasing marine influence. In general, peat and salt-marsh
formation continue to the east with a delay, following the RSL rise
at the back of the gradually forming barrier island. The tidal-flat
record starts with a massive hiatus (~1000-3300 years), and 4c
ages suggest reworking throughout the study area, which is
mainly connected to the change in hydrodynamics associated
with dike construction (Trusheim, 1929; Liiders, 1934; Reineck
and Siefert, 1980; van der Spek, 1996).

The first Holocene RSL curve resulting from the application
of a TF in the southern North Sea region shows a deceleration
in sea-level rise between 6000 and 5000 cal sp. Due to the
low reliability of the tidal-flat deposits, poor modern analogues
and a large age error of the data, we are not able to
reliably reconstruct RSL changes younger than ~4000 years.
Nevertheless, the RSL curve provides a smaller error
envelope than many of the peat-based curves (Denys and
Baeteman, 1995; Vink et al., 2007; Meijles et al., 2018) and
represents a more continuous record. The applied decompac-
tion approach appears to be robust for the samples applied in
the study area, although the course of the curve may suggest a
partial underestimation of compaction. This confirms the
importance of locally different compaction rates. Besides this,

© 2021 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

a local comparison to a new peat-based curve for Langeoog
(Bungenstock et al., 2021) shows a good agreement of both
curves and no considerable offset.

In general, the reworking that influences the reliability of the
tidal-flat samples can only be circumvented by investigating
sediment archives from inner-dike locations providing younger
salt-marsh deposits. Along a transect perpendicular to the
coastline, these could also capture fossil tidal-flat deposits that
have not been influenced by intense reworking (Karle et al., 2021).
A correction for tidal changes, by adjusting the TF based on
palaeotide models, remains a goal for future studies.
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