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Coastal erosion and the need for flood protection present globally significant
challenges. To address these challenges, hard coastal protection structures,
such as groynes, are employed worldwide to safeguard coastal areas and
regulate currents. However, their specific effects on current dynamics and
sediment properties, particularly within tidal inlets, remain inadequately
investigated, especially in regions like the North Sea characterized by prevalent
tidal currents. This study aims to address the knowledge gap by examining
the long-term impacts of coastal protection measures on sedimentology,
with a focus on the environment of a tidal inlet. The Southern North Sea
coast is subject to mesotidal conditions. It presents a mixed-energy coast
with an erosive eastward littoral drift, providing an ideal setting for this
investigation. On the island of Wangerooge, a prominent groyne extends into
the Harle inlet, significantly restricting the exchange area between the North
Sea and the Wadden Sea. Consequently, the changes in flow dynamics and
sediment transport resulting from the construction significantly affect sediment
distribution and morphology within the inlet. Sedimentological analysis was
employed to characterize surface sediment properties and statistical analysis
identified seven distinct facies associated with three realms, which were shaped
by the tidal currents affected by the groyne to a distinct pattern. Additionally,
the integration of multibeam data from existing literature facilitated the creation
of a comprehensive facies map. These findings suggest alterations in the
morphology of the inlet. By comparing the results with an unaffected inlet, the
Otzumer Balje, this study provides valuable insights into the complex interplay
between coastal protection infrastructure and coastal sedimentology within a
high-dynamic tidal inlet system.

coastal erosion, coastal protection measures, tidal inlets, sediment distribution,
sediment dynamics
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1 Introduction

Coastal erosion and flood protection represent globally
acknowledged challenges, particularly amid the escalating risks
of climate change and rising sea levels (Linham and Nicholls,
2010; Masselink and Russell, 2013, Vousdoukas et al., 2018). Small
islands and flat coastal areas exhibit heightened vulnerability due
to their geographical characteristics, presenting challenges in
terms of limited adaptation options. Additionally, regions with
substantial natural and cultural heritage necessitate protection
against these challenges, given that relocation is frequently
impractical, and the very existence of these areas is imperiled.
A spectrum of coastal protection have been developed ranging
from hard structures like dikes, seawalls, breakwaters, and groynes
to softer, more natural approaches such as beach nourishment,
reef restoration, and the restoration of seagrass meadows and salt
marshes. While natural methods tend to offer positive ecological
impacts, the utilization of hard coastal protection measures may
be indispensable for ensuring effective and resilient protection
(De Ruig, 1998; Narayan et al., 2016; Morris et al., 2018). Typically,
the implementation of hard coastal protection structures is
considered in areas where there is a high infrastructure and asset
risk or where relocation and adaptation options are unfeasible.
Moreover, these structures offer distinct advantages in regions
with high protection value, such as densely populated cities or
heavily utilized waterways. The need for immediate and reliable
protection is crucial, and hard structures are capable of providing
such results (Schoonees et al., 2019). It is often intended for hard
structures to undergo periodic renewal or modification during their
protective period.

The North Sea stands out as an area where coastal protection
measures are prevalent. The concept of “building with nature”
has emerged as a scientific approach where conventional coastal
protection methods are adapted and substituted with innovative
strategies that encompass greater socio-economic functions
(Van Slobbe et al., 2013). However, most areas along the North
Sea coast rely on conventional structures like groynes, dykes,
and seawalls for protection (Kunz, 1997). Characterized by a
mesotidally influenced coastline with a flat mainland, fronted by
islands, the North Sea coast features the East Frisian Islands, a
chain of barrier islands located in the southern German North
Sea. These islands formed during the Holocene transgression,
driven by the rapid rise in global sea level resulting from the
melting of global ice sheet. The transgression causes the coastline to
shift landward, forming predominantly sandy islands. The process
involved the gradual rise in sea level, reaching river valleys and
transform the previously elevated Pleistocene sand into elongated
spit bars through wave action. Over time, these spit bars migrated
inland, developing into coastal dunes. As the tidal amplitude
transitioned from microtidal to mesotidal, the spit bars underwent
a transformative process, evolved into elongated detached barrier
islands (Figure 1). The continuous widening of the tidal inlets,
influenced by the intricate interplay of semidiurnal tides, wave
action, and currents, has engendered a persistent littoral drift and
consequential erosion force in the west-to-east direction (Streif,
1989; Niemeyer, 1995). Presently, the East Frisian Islands are subject
to the enduring effects of semidiurnal tides, dynamic wave action,
and strong currents within the tidal inlets, leading to an ongoing
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littoral drift and a prevailing erosion force in the west-to-east
direction. This drift instigates a migration of the inlet channels,
with erosion predominantly manifesting on the western side of the
islands, while sediment deposition occurs on the eastern side. In
the early 20th century, groynes were constructed to counteract this
shift (Witte, 1970; Flemming and Davies, 1994; Niemeyer et al.,
1996; Kunz, 1997). The general significance of barrier islands as a
protective barrier for the mainland and wetlands, mitigating erosion
and storm impacts, has been emphasized by Fritz et al. (2007) and
Penland et al. (1988).

Initially, beach groynes were constructed as a measure to
safeguard the northern beaches of the East Frisian Islands.
However, due to their limited effectiveness in preventing sand
erosion and detrimental generating of scours, the beach groynes
were transformed into stream groynes through the addition of
underwater extensions. This modification successfully prevented
further erosion. Nevertheless, during storm events, the northern
beaches are subject to significant damage, resulting in the removal
of sand. To mitigate this, artificial beach nourishment is employed
to replenish the eroded material and maintain existing structures.
The construction of stream groynes serves to prevent further
migration and facilitates the stabilization of the islands. Overall,
the groyne protection measures on the East Frisian Islands
aims to safeguard the island settlements, stabilize waterways
and inlets, and provide protection against storm flood events
(Eitner, 1996; Kunz, 1997).

The majority of the East Frisian Islands are protected by groynes
to defend their northern beaches. However, specific inlets exhibited
a significant tendency to migrate eastward and endanger the
settlements. In part, this migration is so extensive that settlements
that were located at the former eastern side of the island are
nowadays located at its western side. Thus, further migration of
the island threatens the very existence of the settlements (Liiders,
1952; Homeier, 1973; Fitzgerald and Penland, 1987). To address
this, modifications were made to the western inlets of the islands
Borkum, Norderney, Baltrum, and Wangerooge using groynes.
Notably, the tidal inlet between Spiekeroog and Wangerooge (Harle
inlet) is heavily influenced by a stream groyne. Conversely, the tidal
inlet between Langeoog and Spiekeroog (Otzumer Balje) remains
unprotected, with a groyne field developed solely along the northern
beach of Spiekeroog.

The Spiekeroog Coastal Observatory (SCO; Zielinski etal.,
2022) and its integrated Time Series Station (TSS; Badewien et al.,
2009; Reuter et al., 2009) provides a robust scientific infrastructure
for conducting various investigations in the Otzumer Balje.
Through the utilization of this infrastructure, Sonetal. (2011)
discovered evidence of sediment recirculation within the ebb
tidal delta. The transport of sediments in this area is primarily
driven by the combined forces of tidal currents and wave
(2006) conducted research on local
scouring within the tidal inlet, focusing on hydrodynamic flow

action. Noormets et al.

changes due to the presence of the TSS pile and the interaction
of currents with existing bedforms such as megaripples and
compound dunes. Their study explored seasonal variations
in ripple dimensions and the influence of neap-spring tidal
cycles. Additionally, numerous numerical models have been
employed to analyze the morphological, sedimentological, and
hydrodynamic conditions of the Otzumer Balje (Wang et al., 1995;
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FIGURE 1
Schematic development of the coastline along the East Frisian Islands, modified after Flemming and Davies (1994), begins around 7,500 B.P. with a sea

level of =25 mNN. This area is characterized by spit banks and primarily consists of marsh/peat sediments and Pleistocene sands. A cross-section along
line AB illustrates the evolution of the subsurface in the region. As the sea level rose, the spit banks transformed into islands around 6,500 B.P. and
migrated inland. The higher sea level resulted in tidal currents, giving rise to mudflats and marshes in the backshore area. By 800 AD, the development
of semidiurnal tides and littoral drift was complete. With the implementation of today’s coastal protection measures, such as dikes, the landward
migration of the islands was halted, and the littoral drift led to an eastward transport.
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Bartholomad et al., 2009; Lettmann et al., 2009; Wang et al., 2012;
Wang et al., 2014).

The aforementioned investigations along the Otzumer Balje inlet
describe a high dynamic system with crucial interactions between
tidal currents, waves, morphology and sediments. Interrupting the
natural system in the Harle inlet by the construction of groynes
leads on the one hand to the required termination of the natural
shifting and migration of the inlet channels. On the other hand,
the natural equilibrium is disrupted and depending on the varying
condition the effects are various. To gain a better understanding of
the interactions between environment and construction the Harle
inlet between Spiekeroog and Wangerooge is investigated.

Masciolietal. (2022) present sedimentological maps and
hydroacoustic data obtained from the Harle inlet. The maps
delineate four distinct sediment types within the inlet and describe
its primary bedforms. The authors emphasize the erosive forces
caused by the interaction between an anthropogenic element, a
groyne, and tidal currents. However, their study lacks detailed
sedimentological surface facies with component analysis, as well as
information on alteration and deposition processes. The primary
aim of our study is to investigate the impact of the groyne on
sedimentology to comprehend the interactions of currents and
transport within the Harle. Additionally, the study aims to interpret
morphological alterations through notable features observed within
the inlet, as reflected in maps and data.

2 Materials and methods

2.1 Study area

The barrier island system along the southern North Sea serves
as a crucial protective barrier for the Wadden Sea, spanning
the Dutch, German, and southern Danish coasts. This study
focusses on the northwest coast of the German Wadden Sea,
specifically the vicinity of the East Frisian Island of Spiekeroog
within this barrier island system. The presence of tidal inlet systems
between the islands facilitates the connection and exchange of
water between the tidal flats and the open sea. In the case of
Spiekeroog, the island is confined by two tidal inlet systems, namely,
“Otzumer Balje” to the west, separating the islands Langeoog and
Spiekeroog, and “Harle” to the east, separating Spiekeroog from
Wangerooge (Figure 2).

2.1.1 Sedimentological situation

On the seaward side of the tidal inlets, sediment accumulation
has resulted in the formation of ebb-tidal deltas northeast of the
island (Hayes, 1980). This process is driven by a strong littoral
drift, tidal currents, and waves action. Sediment bypassing along the
ebb-tidal deltas forms swash-bar migration around the outer edge.
Additionally, the hypothesis proposed by Burchard etal. (2008)
suggests that density gradients contribute to the accumulation
of Suspended Particular Matter (SPM) in the Wadden Sea. The
prevailing understanding, as postulated by FitzGerald (1988)
and FitzGerald etal. (1984, 2000), identifies longshore sediment
movement as the primary driver of easterly sediment transport.
This sediment transport exerts a considerable influence on the East
Frisian Islands, prompting an eastward shift (Kunz, 1997).
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The island of Wangerooge has historically borne the brunt
of intense storm surges during the 19th century, resulting in
severe consequences. The impact of these storm surges included
the destruction of villages on Wangerooge and eroded the dunes
along the western coast. Subsequent to dune breaching, a sand
beach formed above the high-water level in the western part of
Wangerooge. Notably, storm surge events caused the dune edge
in the western part of Wangerooge to shift approximately 1,370 m
eastward. Over the period from 1,650 to 2004, the west side
of Wangerooge shifted eastward by 2010 m, while the east side
extended by 3,030 m. A parallel eastward sediment transport from
the neighbouring island Spiekeroog led to a reduction of the
width of the Harle from 5.5 km to about 2 km. Simultaneously, the
orientation of the Harle estuary shifted from north to northeast,
forming the “Dove Harle” The formation of the Dove Harle can be
attributed to the connection of a tidal channel and a scour caused
by the ebb current in the area of Groyne A (Figure 2). With the
formation of the Dove Harle, the western beach of Wangerooge
underwent erosion and shifted to the southwest (Liiders, 1952;
Homeier, 1973; Ladage and Stephan, 2004).

To counteract further erosion on the west side of Wangerooge,
the beach groyne, Groyne H, was constructed. Subsequent to its
implementation, a limited redeposition of sands stabilized in the
southwest region, although no re-sedimentation occurred in the
west. The extension of Groyne H aimed to prevent the formation
of Dove Harle and mitigate siltation, achieving partial success.
Furthermore, the groyne contributed to stabilizing the course of the
Harle estuary. Between 1950 and 2002, a bar formed, separating
the channels of the Harle and the Dove Harle. This bar, aligned
orthogonally to the Groyne H and parallel to the channel, is situated
the tip of the Groyne H (Liiders, 1952; Homeier, 1973; Ladage and
Stephan, 2004).

2.1.2 Hydrodynamic situation

The hydrodynamic conditions along the Harle inlet exhibit
characteristics that are instrumental to the overall understanding
of the study area. The tidal regime is predominantly semidiurnal,
marked by a mean range of 2.9 m. Annual wave heights, as
reported by Ladage et al. (2007), vary significantly within the range
0.7-1.0 m. This coastal area, as classified by Hayes (1979), can
be characterized as a mesotidal, mixed-energy coast with tidal
influence (Ladage et al., 2007). In this region, the ebb current
emerges as the primary tidal current around the East Frisian Islands.
The flow passes through the inlet channels, showcasing a strong
north-westerly sediment transport that notably exceeds the strength
of the south-easterly sediment transport during the flood flow.
The flood current, as observed by Niemeyer (1990), endures a
comparatively shorter duration, creating an asymmetry in the tidal
patterns. The temporal dynamics of tidal currents, as highlighted
by Stanev et al. (2007), indicate an early occurrence of the flood
current, while the ebb current commences shortly before slack tide.
This temporal asymmetry contributes to the overall tidal behaviour.

Generally, the maximum tidal current is more than 1 ms™"

, ushering
dense North Sea water with higher salinity into the comparatively
lighter brackish Wadden Sea water. A noteworthy phenomenon
arises in the Harle due to the constrained discharge of the stream
groyne on the downstream side during low tide of the Groyne H.

This restriction gives rise to a counteracting dynamic eddy, resulting
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FIGURE 2
Overview map in (A) (DK: Denmark; DE: Germany; NL: Netherlands) of the working area along the German North Sea coast (WSV, 2021). (B) shows the
islands Langeoog, Spiekeroog and Wangerooge and the tidal inlets “Otzumer Balje” and "Harle.” In (C) a detailed map of the sampling stations (red dots)
along the Harle is shown with the marked groynes A, H, U, and V. The modified multibeam echo sounder backscatter data from Masciloi et al., 2022 are
shown in (D). Dark colors indicate low backscatter intensity and light colors indicates high intensity.

in a low-velocity zone at the centre of the eddy. The clockwise
rotation of the eddy with a speed of 0.2 ms™ is confined by the
Groyne H and Groyne V (Albinus, 2021). This intricate interplay
of tidal currents, sediment transport, and eddy formation plays a
crucial role in shaping the hydrodynamic conditions of the Harle
inlet, necessitating careful consideration in the broader context of
the study.

2.2 Methods

Following the storm flood season in March 2022, sediment
samples were collected in the Harle inlet with a 1m? Van-
Veen grab sampler ar several stations along the tidal channel
(Figure 2). 'The same sampling stations were approached
again after the fair-weather season 2022.
The deployment of the grab sampler from RV Senckenberg
targeted subtidal stations, while RV Otzum was employed for
shallower stations in both intertidal and subtidal areas during
high water tide.

in September

Frontiers in Earth Science

For comprehensive analysis bulk samples (250 mL) extracted
from the grab sampler were used for grain size analysis after
Udden and Wenthwoth scale, and semi-quantitative component
analysis. Grain size analysis were involved wet sieving (>2000 um;
2000-1,000 pm; 1,000-200 pm; 200-63 pm and <63 um) followed
by a drying process lasting 72h in a drying oven at constant
38 °C. Subsequently, the weight percentages (wt%) of the five
grain size fractions were determined gravimetrically. To conduct
a semi-quantitative component analysis of the mass and types
of siliciclastic, here quartz minerals and flint, as well as organic
components the fractions >63 um were analysed with a binocular
of a scatter sample. These components were classified based on
their abundances: present (1%-2%), rare (2%-5%), abundant
(5%-10%), very abundant (10%-24%) and dominant (>24%).
The combination of grain size distribution and component
analysis, is utilized to determine the sedimentological facies
(Reading, 1996; Miall, 2022). The facies along the Harle inlet are
classified and categorized by statistical analysis into facies groups.
The multibeam data presented by Mascioli et al. (2022), depict
the seafloor characteristics within the study area. Bathymetric

frontiersin.org


https://doi.org/10.3389/feart.2024.1292462
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Gelner et al.

information facilitated the identification of morphological features
such as ripples and slope angles, while the backscatter intensity
could give more insights into sediment characteristics and
distribution.

Hence, the correlation of that backscatter data with the
sedimentological results of our study facilitated the precise mapping
of facies on to distinct backscatter intensity zones, culminating in
the development of a detailed facies map of the sample sites. This
systematic approach ensures the most comprehensive coverage in
characterizing the sedimentology of the Harle inlet and extended the
work of Mascioli et al. (2022) by the detailed facies map to reveal the
impact of the longstanding groyne.

To thoroughly investigate the long-term impacts of coastal
protection measures on the Harle inlet, a comparative analysis is
conducted with the Otzumer Balje inlet. The Otzumer Balje, situated
between the islands of Langeoog and Spiekeroog, experiences
minimal impact from coastal protection measures and is well
described in the literature. Consequently, any significant deviations,
particularly in morphology and sediment distribution, observed in
the Harle may indicate the influence of groynes.

3 Results

The sedimentological characteristics of the sample locations
along the inlet system of the Harle have been analyzed. Overall,
seven facies groups have been identified: clayey sands, organic-
rich clayey sands, very fine sands, bioclastic organic-rich fine
sands, bioclastic fine sands, bioclastic middle sands, and shill sands
(Figure 3). In combination with the backscatter intensity of the
multibeam data from Mascioli et al. (2022), the facies of the sample
locations have been expanded due to their associated backscatter
intensity area and led to a facies map of the Harle (Figure 4).

3.1 Facies F1: clayey sands

Facies F1, characterized by clayey sands, exhibits very fine
sands with a fine fraction (<63 um) content of 35 wt%. The grain
size distribution displays a well sorted sand with the median
(D50) of 79 um. Within the sediment grains (>63 um), a diverse
composition includes silicates, bivalve shell debris and plant detritus.
Minor occurrences of echinoid spines are observed, while gastropod
remains and the benthic foraminifera Haynesina sp., Elphididae sp.,
and Ammonia sp. are comparatively less present.

The spatial distribution of clayey sands occur in the
southernmost gully, situated closest to the mainland and farthest
from the inlet. Utilizing multibeam backscatter data, the precise area
of the facies has been identified along the end of the southernmost
gully at water depth between 1 and 2 m.

3.2 Facies F2: organic-rich clayey sands

Dominated by a higher amount of plant detritus, the organic-
rich clayey sands facies F2 consists of very fine sand with a
fine fraction of 19 wt%, in contrast to F1. The D50 of the F2
facies is 83 um and the sediment is well sorted. This facies is
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predominantly composed of plant fragments and silicates. F2 also
contains of present echinoid fragments, mainly echinoid spines, the
foraminifera Haynesina sp., Ammonia sp, and Elphididae sp, as well
as bivalve fragments.

Located in the northern gully of the Harle inlet, close to
Wangerooge, the facies F2 is in the multibeam data depicted as
patches along the end of the norther gully. Water depths associated
with this facies range between 1 and 2 m.

3.3 Facies F3: very fine sands

Comprising well sorted very fine sands with a D50 of 91 pm and
a fine fraction of 3 wt%, facies F3 primarily consists of silicates and
bivalve fragments. Gastropoda, plant fragments, echinoid fragments
and the foraminifera Ammonia sp., Haynesina sp., and Elphidiae sp.
are also present.

Facies F3 is located along the shallow flanks of the channels,
with water depths ranging between 2 and 6 m. Additionally, the
very fine sands of this facies occur also in the middle of the inlet
area, approximately 730 m south of Groyne H, forming the sand
bar between the Harle and the Dove Harle at a water depth of
around 5 m.

3.4 Facies F4: bioclastic organic-rich fine
sands

Characterized by a composition mainly of silicates and bivalve
shell debris, the F4 bioclastic organic-rich fine sands exhibit a
D50 of 96 um and a minor fine fraction of 4 wt%. The grain size
distribution varies from well to poor sorted, and additional sediment
forming components include gastropods, plant fragments, with
minor amounts of bryozoan, Lanice sp., tube fragments, echinoid
fragments, and foraminifera.

Covering the flanks of the main channel and the transition zone
between the Wadden area and the inlet system, facies F4 is present
at water depths ranging between 2 and 7 m.

3.5 Facies F5: bioclastic sands

Distinguished by fine grained, poor sorted sands, facies F5 is
composed of a coarser grain size with a D50 of 128 um. Made
primarily of silicates and bivalve shell debris, facies F5 contains
a lesser amount of fine fraction, 3 wt%. Other components are
gastropods, while echinoid fragments, foraminifera, and bryozoan
are underrepresented, and plant fragments are absent.

Similar to facies F4, the coarser bioclastic sands of facies F5
occur along the main channels and in the transition zone between
the intertidal zone and the subtidal zone, with water depths ranging
between 2 and 8 m.

3.6 Facies F6: medium bioclastic sands

Facies F6 is composed of bivalve shell debris and silicate
grains with present echinoid fragments and less present bryozoans,
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foraminifera, Lanice tubes, and plant fragments. The medium
grained sands are poorly sorted with a D50 of 281 um. The
fine fraction content is 3 wt%, and gastropods are present in
equal amounts.

Facies F6 is notably found in the main channels of the Harle and
Dove Harle, with water depths exceeding 5 m.

3.7 Facies F7: shill sands

Comprised mainly of silicate grains and bivalve fragment shill,
facies F7 is made of a poorly sorted coarse grained sand with a
D50 of 820 um. Gastropods are the abundant sediment former,
and fragments of bryozoan occur. Less present are plant fragments,
echinoid fragments and foraminifera. A distinctive feature is the
preservation of bivalve shells, covered with encrusting bryozoans,
with their calcific shells being micritic.

Distributed along the inner channel of the Dove Harle, the facies
F7 is exclusive to this area, with water depths ranging between 5
and 10 m.
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The sediment type changes along the morphology of the inlet
system. In the shallow gullies of the Wadden shoals between
the islands and the mainland, is mud, while at higher water
depths on the flanks and surfaces of the narrower channels,
are finer sands. As the water depths increase closer to the
inlet and the exchange area between the North Sea and the
Wadden Sea, the deep main channels are composed of medium
to coarse-grained sands. The main channels are separated by
a shallow sandbar, which interrupts the coarse facies with
finer facies.

4 Discussion

The inlet system of the Harle provides a distinctive case study
for investigating the impact of longstanding hard coastal protection
measure in tidal environments. The implementation of such
measures has resulted in significant alterations in flow dynamics
and a constriction in the exchange between the North Sea and
the adjacent Wadden Sea. Consequently, discernible perturbations
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FIGURE 4
Facies map of the working area. Dark brownish colors represent the first realm of facies F1 and F2 in the channels. Brownish and greenish colors in the
main channels and on the flanks represent facies F3, F4, and F5 of the second realm. Yellowish and grayish colors in the main channels represent the
third realm of facies F6 and F7. The colored points show the sample station and the associated facies.

can be observed in the inherent morphology of the inlet and the
sedimentological facies characteristics.

4.1 Facies distribution

In a comprehensive classification, the sedimentary facies
within the Harle inlet can be grouped into three distinct realms,
encompassing a total of seven facies. The first realm, the Wadden
realm, is represented by facies F1 and F2, predominantly occurring
within the gullies of the intertidal shoals, exhibiting a high content
of fine sediment and organic detritus. The second realm comprises
facies F3, F4, and F5, constituting the channel beds and flanks.
Within these subtidal areas, the sediment is predominantly fine-
grained, with a minor portion of fine fraction. Silicate grains
and bivalve shell debris are the primary constituents of these
facies. A sandbar present towards the southern region of Groyne
H, composed of facies F3, F4, and F5, shares sedimentological
characteristics with the channel beds and flanks. The third realm
is the main channel realm, characterized by facies F6 and F7.
These facies exhibit a sediment composition of medium to coarse-
grained sands, containing significant amounts of silicate grains and
bivalve shell debris. This realm is distinguished by the largest water
depths in the main channels, and the flow energy during tidal
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exchanges is most pronounced. Surface sediment structures are
constituted of sand rippels and sand waves (Mascioli et al., 2022).

Mascioli et al. (2022) proposed a similar classification for the
Harle, identifying an additional realm characterized by Holocene
peat or clay outcrops. This realm consists of hard substrate from the
Holocene, surrounded by sands, and is situated along the slope of the
main Harle channel. However, due to the limited spatial extent of this
realm and the lack of ground truthing, its presence is solely based
on the interpretation of hydroacoustic data. Observations by Streif
(2004) indicate the occurrence of a peat layer along the slopes of
the tidal inlets representing the termination of Pleistocene morainic
and glaciofluvial deposits overlain by Holocene marine sediments.
This peat layer suggests the erosion forces exerted by the current
flow and provides insights into the maximum depth of channel
deepening and the reworking of underlying coarse sediments
in the inlets.

Conspicuous features observed in Facies F7 include bivalve
shells encrusted by bryozoans (Figure 5.). While bryozoans are
present in Facies F4, F5, and F6, their abundance is less than
1%, indicating their underrepresentation. The primary occurrence
of bryozoans is found in Facies F7 along the channel of the
Dove Harle. Bryozoans, known to require hard substrates for
larval settlement only on solid surfaces (Ward and Thorpe,
1989; Kuklinski and Barnes, 2005). In unconsolidated sediment,
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FIGURE 5

Disarticulated bivalve shells of Mythilidae (A), Mya (B) and Cardiidae (C) and with overgrown bryozoans. Scale bar shows 1 cm.

sessile organisms can utilize mollusk shells as hard substrates.
Encrusting and boring bryozoans are particularly prevalent on
disarticulated bivalve shells in diverse marine coastal environments
(McKinney, 1996; Kuklinski et al., 2005; de Blauwe, 2006; 2020;
Brett et al., 2011; Denisenko etal.,, 2017; Almeida A. C.S. et al.,
2018; Almeida A. et al., 2018). The most stable position for shells in
high-velocity regimes is with the convex side facing upwards (Allen,
1984). In intertidal regimes, encrusting bryozoans, as described
by Almeida et al. (2015) and de Blauwe (2006), generally grow on
disarticulated bivalve shells on their convex side. Amini et al. (2004)
observed that areas with high sedimentation rates tend to have
fewer bryozoans. Disturbances such as substrate movement and
bioturbation can also decrease the bryozoan abundance (Kelly and
Horowitz, 1987; Smith, 1995).

In Facies F7, bryozoans are predominantly found on the convex
side of bivalve shells, suggesting a stable position. The presence
of encrusting bryozoans implies a low sedimentation rate in this
area, while the orientation indicates a stable substrate movement
with low grain movement. Liiders (1952) described a sediment
deposition process of an infill in the Dove Harle. Investigations
by Homeier (1973) and Ladage and Stephan (2004) indicated a
termination of the deposition, discussing the non-attainment of
dynamic equilibrium. The occurrence of bryozoans on the bivalve
shells also suggests restricted sedimentation within the Dove Harle.
Currently, it is assumed that 66% of the ebb current flows through
the Dove Harle (Ladage and Stephan, 2004). This indicate changes
in the hydrographic conditions, which caused the termination of
deposition in the Dove Harle channel.

4.2 Morphological structures

Groynes, in general, exert significant influence on various
environmental factors, including changes in bathymetry through
erosion and the formation of scours, alteration of flow patterns,
velocity, and turbulence sediment transport, deposition and erosion
processes, as well as impacting bed shear stress (Walker, 1991;
Kristensen et al., 2016; Wu and Qin, 2020; Zhou et al., 2021). Ladage
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and Stephan (2004) documented a bisection of the main channel,
resulting in the establishment of a dual channel system since 1998.
The modification appears stable, accompanied by the development
of a sand barrier between the main channels of the Harle and
Dove Harle.

Scouring and sediment deposition are the primary effects
of groynes on sediment dynamics. The sedimentation rate is
influenced by the length, angle, and crest elevation of a groyne,
lower crest heights resulting in higher erosion forces and a
negative sedimentation rate (Henning and Hentschel, 2013). Several
investigations have been conducted to examine altered flow
characteristics along groynes and groyne fields (Sukhodolov et al.,
2004; Henning and Hentschel, 2013; Biria et al., 2015; Higham et al.,
2017). Overall, flow velocity is increased at the tip of the groyne.
The specific characteristics of the groyne, whether emerged or
submerged, lead to variations in flow patterns and resulting
sedimentation patterns. On the downstream side of an emerged
groyne, flow velocity decreases, resulting in the development of
a mixed shear layer along the streamline and the formation of a
recirculation eddy near the groyne. Depending on the topography,
the number of recirculation eddys differs, with a single eddy
occurring in deep flows and a counteracting second recirculation
eddy occurring in shallow flows (Armaly et al., 1983; Talstra et al.,
2005). Based on sediment composition, larger grains settle along the
mixed shear layer due to decreased flow energy, while finer sediment
is transported by the eddy into the groyne field and subsequently
settles. Very fine sediments tend to be transported to the attached
corner of the groyne. In the case of submerged groynes, a vertical
eddy forms at the leeside, leading to erosion on the downstream
side. Lower flow velocities within the groyne field result in sediment
deposition in the center of the field (Carling et al., 1994; Henning
and Hentschel, 2013).

In the specific case of the tidal inlet of the Harle and Groyne
H, the main flow direction undergoes semidiurnal changes, with
the groyne being submerged during flood and partially emerged
during ebb, resulting in scouring north and south of the groyne
during flood conditions (Figure 6). The intensity of the scours is
greater in areas where the groyne crest is lower. South of Groyne
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FIGURE 6
(A) shows an overview of the East Frisian Islands and the tidal directions and the direction of the littoral drift. (B) shows schematically the prevailing

currents over the facies map, influenced by Groyne H (black line). During the onset of the flood current, the water flows into the inlet around the
partially emerged Groyne H (C). An eddy forms in the downstream area. A strong current develops at the tip of the groyne, leading to erosion. Behind, a
mixed shear zone develops where sediment is deposited. During high tide (D), the groyne is submerged and a vertical circulation cell develops, leading
to scour erosion south of Groyne H. During the onset of the ebb current (E), the groyne is submerged and the vertical circulation cell leads to scour
erosion north of the groyne. The strong current along the Dove Harle channel leads to erosion along the main channel.

H, a sand barrier composed of Facies F3 is formed orthogonally to  scours observed during flood conditions are the outcome of the

the groyne and parallel to the channels, permanently separating the  vertical eddy generated when the groyne is submerged. Conversely,

channels of the Harle and Dove Harle. The presence of groynes can  the formation of the sand barrier and the presence of finer grained

lead to the formation of sandbars, which induce changes in flow  sands in the attached corner of the groyne field are the result of

behavior. Along the mixed shear layer, where flow velocity decreases, ~ ebb conditions when the Groyne H is partially emerged, and the

sediment load settles. It can be assumed that the distance of 700 m  recirculation eddies and mixed shear layers are formed (Figure 6).

is determined by the flow dynamics of vertical circulation cell which

occurs during the overflow of the groyne at flood. The shape of

the sand barrier follows the flow edge, which can be observed 4.3 Comparison with a natural inlet

as breaking water in aerial photographs. The facies distribution

indicates the presence of finer grained sediments of facies F4 and To assess the impacts caused by the longstanding coastal

F5 in the area between Groyne H, Groyne U, and Groyne V. The  protection measures in the Harle, a comparison with a tidal inlet

recirculation eddy may transport these fine-grained sedimentstothe ~ system minimally affected is necessary. The tidal inlet system

corner, where they settle and deposit. between the islands Langeoog and Spiekeroog, respectively the
Considering the tidal influences, it is reasonable to infer = Otzumer Balje, provides a suitable basis for such a comparison,

that sediment deposits and erosion areas are influenced by both  being only protected by groynes along its northern coastline,

submerged and emerged groyne characteristics of Groyne H. The  leaving the inlet itself unaffected. Given the short distances between
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FIGURE 7
Overview map of the Otzumer Balje (A), with the subaqueous dune field in (B) and the marked cross section (blue line). Cross-section through the

subaqueous dunes (C) with a 10x vertical exaggeration (WSV, 2021).

of the impacts resulting from coastal protection measures. The
sediment dynamics of the inlet channel in the Otzumer Balje are
characterized by anticlockwise shifting due to sediment transport

the Harle and Otzumer Balje, as well as the similar geographic
and oceanographic conditions, a comparative analysis between
these two systems can offer valuable insights into the extent
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in the ebb delta, with recirculation of sediments occurring within
the delta (Son et al., 2011; Valle-Levison et al., 2018). The tidal flats
of the Otzumer Balje are dominated by a single main channel
(Figure 7). In contrast to the Harle, where the main channel is
divided into the Harle and the Dove Harle. The split-up of the
main channel in the Harle was a semi natural process that has
been influenced and restricted by human activities. However, the
altered current energies and bedload capacities have led to the
formation of a sandbar between the Harle and the Dove Harle.
This sandbar has developed as a result of the modified flow
patterns and sediment transport dynamics (Ladage and Stephan,
2004). In the Harle, the formation of the sand bar acts as a
barrier, whereas a similar sand bar has not formed in the Otzumer
Balje. Consequently, the current energy in the Otzumer Balje is
not restricted.

Digital Elevation Model data from the Waterways and Shipping
Authority Germany (WSA) show the main channel of the Otzumer
Balje. Here a subaquatic dune field has developed at the widest
section. These compound subaquatic dune field reach a maximum
height of 3.5 m and is extended to a length of 1,280 m (Figure 7).
Literature states that subaquatic dunes typically form under high
current velocity conditions ranging from 0.6 to 1.5 ms™' (Reineck
and Singh, 1980; Boothroyd, 1985; Ashley, 1990). Megaripples can
be observed within the tidal flats along the area of the Time Series
Station (Noormets et al,, 2006). Subaquatic dunes are commonly
found in tidal inlets, as seen in the inlet channel between islands
Skallingen and Fang, respectively, where they migrate at a rate of
0.07 m per day (Bartholomi et al., 2004). In contrast, the dominant
bedforms in the Harle are ripples to megaripples, with subaquatic
dunes being absent. The maximum currents in the Harle reach a
speed of 1 ms™! at the tip of the groyne, but on the downstream
side, the flow velocity decreases to 0.2 ms~! (Albinus, 2021). This
results in sediment deposition along the mixed shear layer in the
sand barrier. Large sand waves, rather than dunes, are observed by
Mascioli et al. (2022) in the Harle, particularly on the sand barrier
between the main channels. The height of these sand waves increases
with distance from Groyne H. Factors such as current energy and
water depth can influence the formation and height of subaquatic
dunes (Allen, 1968; Flemming, 1978), and in the Otzumer Balje,
the water depth along the dune catchment area ranges from 19 m to
25 m, whereas in the Harle, the water depth in the sand wave areas
is <10 m.

The sediment grain size in the Otzumer Balje varies between
350 um in the inlet channel and 88 um in the back-barrier intertidal
basin (Antia, 1994; Flemming and Nyandwi, 1994; Son et al., 2011).
Notably, sediments corresponding to Facies F7 are absent in the
literature about Otzumer Balje. Unlike the Harle, the Otzumer
Balje does probably not exhibit shill sediments characterized
by disarticulated shells overgrown by bryozoan colonies. As
previously hypothesized, the channel of the Dove Harle is covered
with this facies, indicating a low sediment bedload within the
channel. However, despite these conditions, no distinct bedforms
such as megaripples and sand waves are observed in the Dove
Harle channel.

Data on the northern side of Groyne H, specifically regarding
the “Harle Riff;” are currently lacking. However, it is reasonable to
assume that an ebb stream recirculation eddy occurs in this area.
This eddy would interact with the natural system, similar to the
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observed recirculation of sediments along the northern shoals in
the Otzumer Balje and it may assumed that the sublittoral sediment
transport is restricted to a minimum.

5 Conclusion

Overall the sedimentary facies within the Harle inlet can be
classified into three realms:

- Wadden realm (Facies F1 and F2): Found in intertidal shoal
gullies, this realm is characterized by fine sediment and
organic detritus.

- Channel realm (Facies F3, F4, and F5): Predominantly
consisting of fine-grained sediment with silicate grains and
bivalve shell debris. This realm encompasses the channel beds
and flanks

- Main channel realm (Facies F6 and F7): Characterized by
medium to coarse grained sands with high flow energy and
sand ripples. This realm is situated at the greatest depths within
the main channels.

The construction of groynes in the Harle has led to various
morphological changes, which are not observed in the natural
neighboring tidal inlet, Otzumer Balje. Depending on the
semidiurnal tides, resulting in the periodic emerge and submerge
of the groyne, contribute to morphological alterations in the
Harle erosion along the groyne flanks is likely induced by vertical
circulation cells at high water tides. Furthermore, erosion is evident
at the tip of the groyne, where increased flow exerts higher erosion
forces. Conversely, specific deposition areas emerge, such as the
occurring eddy during low water tides and in the mixing shear zone,
where flow decreases, and sediment load is lower. These dynamics
result in the separation of the two main channels, Harle and
Dove Harle, in the Harle inlet. Additionally, notable differences in
sediment bedforms are observed between the Harle and the natural
system of the Otzumer Balje. In the natural system, bedforms are
dominated by ripples and megaripples, with occasional subaquatic
dunes. In contrast, the Harle exhibits only ripples and megaripples,
subaquatic dunes are absent.

To enhance the comparison between the Harle and the Otzumer
Balje, it is imperative to generate a facies map for the Otzumer
Balje using the methodology outlined in this study. The existing
literature on the Otzumer Balje referenced in this research provides
a comprehensive overview of prior investigations, offering valuable
insights into the general disparities between the tidal inlets.
However, to enable a direct and robust comparison, the creation
of a comprehensive facies map is essential. Such a map would
illustrate variations in sediment distribution and surface sediment
influences across a broad expanse for the Otzumer Balje, facilitating
a more evident demonstration of the impacts of coastal protection
measures on the Harle inlet. Unlike individual sampling points used
as references, a facies map created with multibeam backscatter data
provides a holistic depiction of the overall surface sediments, thereby
offering a more nuanced understanding of the differences between
the two inlet systems.

This study highlighted the combination of hydroacoustic
backscatter data with sedimentological characteristics as grain size
and component analysis to interpret morphological alterations,
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sedimentation and transport processes in relation to tidal currents
and coastal protection structures, which could be easily applied at
other study sites.
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